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ABSTRACT 

Current fusion reactor design concepts are based on 
deuterium-tritium plasma fuel. The fuel and possible internal 
proton creation by (n,p) reactions provide sources of hydrogen 
isotopes which may have serious deleterious effects on the 
integrity of containment materials in a thermonuclear reactor. 
This paper considers the potential deleterious effects of 
hydrogen isotopes on the mechanical behavior of candidate con
tainment materials, such as vanadium, niobium, molybdenum and 
others. Current knowledge of hydrogen-induced embrittlement 
in these metals is reviewed in relation to CTR application and 
other potential material problems caused by hydrogen isotopes 
under fusion reactor operating conditions are indicated. Related 
information such as hydrogen solubility, hydrogen-metal phase 
diagrams, and hydrogen diffusivity are included. 
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I. Introduction 

Current designs of projected controlled thermonuclear 
reactors, hereafter denoted CTR, are based on the deuterium-
tritium (D-T) fuel cycle for several reasons: The D-T mixture 
has the lowest ignition temperature known; it has the highest 

p reaction rate; it offers a pessimistic situation because it in-
p volves tritium as an environmental hazard; and many of the 

problems associated with it appear similar to problems in alter
nate fuel cycles-^. 

Since tritium is rare - it would take the entire world's 
2 4 

supply of 10 kg just to get a CTR started at an estimated cost 
of 1 million dollars per kg - it is necessary to produce tritium, 
by breeding, in excess of the amount consumed in the D-T fusion 
reaction so that CTR's can be considered an economically viable 
source of power. Thus a finite tritium inventory must exist in 
a CTR system. The tritium inventory in the breeding blanket, 
the D-T fuel, and the protons created in the structural material 
by (n,p) reactions present a potentially serious materials inte
grity problem that will have to be dealt with in CTR design and 
ultimate operation. 

Even without an established design for the projected CTR, 
it is evident that the effect of hydrogen and its isotopes on the 
mechanical behavior of the first wall material and other struc
tural components is a potential design limiting factor. 

A diagram of a conceptual CTR core structure, taken largely 
from the design of Fraas and Postma^, is shown in Fig. 1. 
Cylindrical walls with struts in the coolant zone have been 
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indicated, although the design of Fraas employs a modular struc
ture to avoid buckling instabilities. The simpler form was used 
here for clarity. It is believed that Fig. 1 illustrates the 
essential features of the design that are pertinent to hydrogen 
problems; it is not meant to suggest that this would be the 
ultimate design for CTR's . 

Little information concerning the effects of tritium or 
deuterium on the mechanical behavior of materials exists. Accord
ingly, it is necessary to assume that the effects of hydrogen will 
provide a reasonably accurate picture of what problems to expect 
from its isotopes. Hence, in the following the use of the term 
hydrogen will be meant to include tritium and deuterium. 

Neutronic properties and mechanical strength requirements 
for the CTR operating temperature range, 600°C to 1000°C, tend to 
favor vanadium, niobium, molybdenum or their alloys for the first 
wall material. Since CTR prototypes are likely to be built and 
used for experimentation at lower temperatures before full-scale 
operations are constructed, it is worthwhile to consider austen-
itic stainless steels and perhaps titanium, zirconium and yttrium 
alloys in the context of this paper. Accordingly, the remainder 
of the text will consider the potential effects of hydrogen on 
the mechanical behavior of the metals and alloys just named. 

The sources of hydrogen will be discussed, then a summary 
of the current stale of our knowledge regarding low temperature 
(<300°C) hydrogen embrittlement of the metals and alloys previous
ly mentioned will be presented because this will be important 



. 4
during CTR shutdown procedures. Several hydrogen effects that 
could occur at CTR operating temperatures will be indicated and 
their probability of occurrence and potential seriousness with 
respect to CTR operation will be evaluated. 
II. Sources of Hydrogen Isotopes in the First Wall 

This paper is concerned primarily with the first wall region ■ 
i 

including the vacuum, coolant and structure. An enlarged view of 
this region is shown schematically in Fig. 2 which attempts to 
give some idea of the conditions that are likely to prevail. 

Virtually all the potential first wall material degrading 
phenomena depend on the concentration of hydrogen isotopes in the 
wall. This concentration will depend on the hydrogen isotope 
concentration in the blanket, the gas pressure on the vacuum side, 
the neutral isotope flux from the plasma to the wall and on the 
protons generated by neutron captures of the (n,p) type in the 
wall. Other neutron capture reactions can produce hydrogen 
isotopes but the quantity expected is minor compared to the pro
tons. Where this is not true, the additional reactions have been 
lumped with the (n,p) reactions to estimate total hydrogen isotope 
generation. In the following, an attempt is made to estimate 
hydrogen isotope concentrations in the wall from each of the 
sources just mentioned. 
IIl. From the Blanket 

As was mentioned above, the CTR*s must maintain a finite 
tritium inventory in the blanket in order to be economically 
feasible. The source of tritium for the inventory is through 
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breeding by way of Li(n,a)T and 7Li(n,an')T reactions. The in
ventory will depend on the tritium extraction efficiency which 
involves the rate of coolant cycling. (Note: The tritium 
extraction cycle, another region of potential hydrogen isotope 
problems, will not be discussed here). 

The partitioning of tritium between the blanket and the 
wall will depend on the equilibrium tritium partial pressure over 
the lithium coolant at appropriate temperatures. This pressure 
will depend on the amount of tritium in the lithium blanket. 

4-6 Analyses suggest a tritium inventory of the order 0.05 atom 
percent (a/o) or 0.002 a/o is desirable. Adequate equilibrium 

7 ft 

P-T-C data for the lithium-hydrogen exist'' at the temperatures 
of CTR operation. But, data do not exist for the compositions 
that are expected . Furthermore, lithium-hydrogen P-T-C equili
brium data are not available for temperatures below about 700°C 
and this information could be important as will be indicated later. 

7 Fig. 3 is a schematic Li-LiH phase diagram from Messer' . The 
cross-hatched region on the left-hand side of the diagram depicts 
an exaggerated version of the expected CTR temperature and tritium 
concentration range. Some equilibrium partial pressure-cumposi-
tion data for the Li-T and Li-H system are available for a few 

7 ft temperatures in the CTR range'' as shown in Fig. 4. Since these 
data do not extend to the low concentration range expected in the 
CTR blanket, it is necessary to extrapolate the existing data. 

o 
Consequently, the 700°C data of Fig. 4 from Heumann and Salmon 
were replotted in the form of log pressure versus log hydrogen 
concentration as shown in Fig. 5. It is evident that excessive 
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extrapolation is required to reach the expected CTR concentration 
range indicated near the lower left-hand corner of the figure. 
It is also clear that Sievert's law is not obeyed by the experi
mental data. Failure of Sievert's law makes it impossible to 
extrapolate the data in a meaningful way. In order to estimate 
the equilibrium pressure at the low CTR concentrations, the author 
assumed that Sievert's law would hold at concentrations lower than 
the existing data. Lines intersecting the existing data plots and 
their extrapolation were drawn in to conform with Sievert's law 
(slope = 2). The latter are shown as lighter lines in Fig. 5. 
The most favorable situation, i.e., low equilibrium pressure, is 
obtained by assuming that Sievert's law begins to be obeyed at the 
lowest existing data point while the least desirable case is given 
by the linear log-log extrapolation of the existing data for 
tritium. The most likely situation would probably be obtained by 
assuming Sievert's law becomes valid at about 1 a/o, hydrogen or 
tritium. Fig. 5 also shows a list of the equilibrium pressures 
for the most favorable, likely and least favorable situations for 

4 S the two tritium concentrations suggested by Fraas '-\ The range 
-ft is from roughly 10"" torr to 0.25 torr but the most likely 

equilibrium partial pressure range is probably between 10" and 
10 u torr. It would seem a bit premature to attempt a more 
exact figure at thlw time or until lower concentration data are 
obtained. 
II-2. From the "Vacuum" Side of the Wall 

There are two, perhaps related, sources of hydrogen isotopes 
from the vacuum side of the first wall. These are the current of 
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neutral deuterium and tritium particles from the plasma and the 
gas in the region adjacent to the wall. According to Steiner's" 
summary of the present knowledge, a gas pressure of 10 to 10 
torr might be expected. To be conservative this gas should 
probably be assumed to consist entirely of hydrogen isotopes. 

The current of neutral deuterium and tritium particles 
incident on the wall is anticipated to be 10 to 10 

p particles/cm -sec., depending on the plasma confinement time, at 
an energy of about 20 keV if the effect of gas adjacent to the 

q wall is neglected . A justifiably crude approximation, assuming 
the maximum depth of penetration or range of the energetic 
isotopes is 1000A, indicates that these currents would deposit 

_p an average concentration of 10 to 3 atom percent of deuterium 
and tritium per second in the 1000A skin nearest the plasma 
(Table I). It should be cautioned that the above estimate 
assumed that the total current of particles is trapped. However, 
McCracken found that the trapping efficiency varied with the 
heat of solution and temperature. Backscattering reduces the 
total effective flux. Naturally the deuterium and tritium will 
tend to escape the wall by diffusion and a steady-state concen
tration will be reached. The steady-state concentration and 
distribution will depend on the equilibrium solubility of the 
isotopes in the material which in turn depends 
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on the pressure on either side of the wall. Neglecting all other 
sources of isotopes, a concentration, peaking at about the depth 
of maximum penetration, can be estimated by equating the particle 
current, Ip, to the diffusion flux, J, which is given by Fick's 
first law if the concentration, C, is in units of atoms/cc. Thus, 

X
P
 J " D dX * 

Q 
Letting 4£ ~ vtnax, where X' is the maximum penetration depth and 

dX " Xmax m a x 
C „ is the concentration at the peak in units of atoms/cc, and 
max 
setting D tt 10" cm /sec, I p „ 10 ■> isotopes/cm sec and X „ 

_C ill . Q 
10

 J cm, the value of C is about 10 isotopes per cmJ of metal 
max 

(«10 ' atom percent). Thus, unless the isotopes are prevented 
from escaping, the expected steadystate peak concentration should 
be acceptably low from this source even though the estimate is 
probably no better than + 2 orders of magnitude. 
II3. From Neutron Capture Reactions in the Wall 

The major source of hydrogen from neutron captures in the 
first wall is the (n,p) reactions. If the neutron flux of 

15 2 1 
3.7 x 10 ^ cm  sec through the wall is accepted and it is 

12 
assumed that about onefourth of this flux is at 14 MeV , an 
approximate proton generation rate can be calculated. Using the 

1^ 
(n,p) crosssections D given in Table II, the hydrogen concentra
tions generated per second have been determined for the materials 
of interest (Table II). If the hydrogen production rates 
indicated were continued for a month with no concomitant loss, 
the resulting concentration would constitute a serious materials 
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problem in the form of blisters, internal fissuring and embrittle-
ment during cool-down at least. 

However, the low solubilities (Figs. 6-12) and high 
diffusivities (Figs. 13 and 14) of hydrogen in these materials 
would probably not permit such concentrations to develop. A 
reasonably accurate estimate of the hydrogen concentrations 
attainable from this source can be made by assuming steady-state 
conditions for an infinite slab (approximating the first wall) 
with concentration C on.the blanket side and concentration C, 

o 1 
on the plasma side with a volumetrically uniform constant proton 
source from (n,p) reactions, R. This problem is similar to heat 
flow from an infinite slab with uniform internal heating. The 
generalized equation resulting from a mass balance at steady 
state is: 

-DV 2C = R(r) 

For the planar approximation of interest here this reduces to: 

-D(0) - R - [§] 
The solution, when R is constant independent of position for the 
boundary conditions prevailing, is: 

cm - TIT + (^r2 + §5> + °o 
where D = diffusivity, R, C-̂  and CQ as defined above and L is 
the wall thickness. Maximizing this expression leads to: 
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Xo(°max) " E (Cl"Co' + I 

and °max " ± ? (Cl-°o)2 + ^4^ + t £ 

Since the values of C-. and C will depend on the equilibrium 
partial pressures of hydrogen on either side of the wall and 
these are unspecified, an estimate of the concentration is best 
obtained by assuming C, = C = 0. Then: 

RL2
 rH Cmax BIT [*4 ̂  max 

Taking L = 0.5 cm, picking the diffusivities at about 700°C 
from Figs. 13 and 14 and the values of R given in Table II the 
values of C listed in the fourth column of Table II are max 
obtained. All the values are of the order of 1 ppm atomic or 
less. Examination of the solubilities in Figs. 6-12 reveals 
that the contribution of hydrogen from (n,p) reactions is either 
much less than the concentrations C, and C or that the combined 

(n,p) generated hydrogen and the equilibrium solubility 
is ̂ 1-10 ppm atomic (e.g. molybdenum). Accordingly, it seems 
that (n,p) reactions in the wall will not contribute hydrugen 
concentrations significantly above those in equilibrium with the 

-ft" —"3 hydrogen pressure (10~ to 10--3 torr) on either side of the wall, 
At this point a summary of the hydrogen isotope sources and 

the quantities of isotopes they generate is in order. Unfortu
nately, all quantities are only best estimates based on 
anticipated conditions. Tritium concentrations of the order 
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0.002 to 0.05 atom percent in liquid lithium coolant will have 

-ft -"3 estimated equilibrium partial pressures between 10~ to 10"J torr. 
—ft - P On the plasma side of the first wall pressures of 10~ to 10 

torr may exist. For safety sake this gas pressure is assumed to 
be tritium and deuterium. From the plasma, escaping neutral 
atoms of deuterium and tritium will bombard the wall at a current 
of 10 to 10 atoms/cm2-sec. These atoms injected into the wall 
to a depth of about 1000A will produce an estimated concentration 
of hydrogen isotopes of about 10"' atom percent assuming diffusion 
controlled escape from the wall. However, surface effects may 
control, and the hydrogen isotope build-up under- these conditions 
are, at present, difficult to determine because the surface 
controlling mechanism is not known. At the extreme condition of 
complete surface blocking on the plasma side but diffusion con
trolled desorption on the blanket side, a steady-state average 
concentration of about 50 atom percent would develop. Finally, 
the production of protons in the wall from (n,p) reactions will. 
amount to concentrations of. the order 1 ppm atomic at steady state, 
Again, however, curface blocking.could permit damaging quantities 
of hydrogen to build up. 
Ill. Low Temperature (<r300°C) Hydrogen Embrittlement 
III-l. Niobium and Vanadium 

Niobium and vanadium (also tantalum) are catastrophically 
embrittled by relatively low concentrations of dissolved hydrogen 

30-47 near room temperature.. This fact is well documented-^ ' * 
Researchers differ about such things as whether ductility is 
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returned at liquid nitrogen temperature and whether hydride or 
hydrogen in solution causes the embrittlement. However, there 
is no argument about the increased ductile-brittle transition 
temperature (DBTT) induced by the presence of hydrogen. This is 
the important concern for CTR design and safe operation. 

No attempt will be made to critically review or discuss 
the mechanisms suggested for hydrogen embrittlement of the metals. 
Rather, only the characteristics of the DBTT as affected by hydro
gen concentration will be indicated and discussed in terms of CTR 
operation. Fig. 15 illustrates the general features of the 
ductility as it varies with test temperature for either niobium 
or vanadium containing dissolved hydrogen. It is evident that, 
for a fixed hydrogen content the reduction in area (R.A.) drops 
off gradually as the test temperature is decreased to some 
critical value, at which point it drops more sharply, depending 
on the hydrogen content, to virtually zero ductility. Depending 
on the hydrogen content, the ductility may return to substantial 
values (~60$ R.A.) at the temperature of liquid nitrogen. At 
higher hydrogen contents the ductility does not return at low 
temperatures. This phenomenon and its explanation are not 
important for the considerations at hand. 

The general characteristics of R.A. vs temperature curves 
for increasing hydrogen contents are shown in Fig. 16 for vanadium. 
Tantalum and niobium behave similarly. It is clear that the 
nature of the DBTT region changes as the hydrogen content increases. 
The ductile-brittle transition appears to become less sharp as the 
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hydrogen content is increased. The dependence of DBTT on 
hydrogen content is illustrated graphically in Fig. 17. Because 
the initial gradual drop in R.A. makes it difficult to decide 
what temperature to assign to the transition, it has been 
arbitrarily selected as that temperature where the R.A. has 
dropped to half the value of the hydrogenfree vanadium. 

lip 
Included in Fig. 17 are the results of Longson*^ for niobium. 

It should be mentioned that hydrides do form in these metals 
and that there appears to be a subtle relation between the hydride 
formation temperature and the DBTT. However, the available phase 
diagrams (Figs. 18 and 19) for vanadiumhydrogen and niobium
hydrogen indicate a critical temperature above which no hydride 
forms. The question then arises: ■ Does the low temperature 
embrittlement and its associated DBTT behavior^persist above the 
critical temperature where all the hydrogen is in solution? The 
answer would appear to be yes for niobium, based on the results 

'44 4P 

of Walter and Chandler and of Longson . They both show DBTT 
behavior above the critical temperatures shown. Data for 
vanadium have not been determined at sufficiently high tempera
tures but, if we acaept the similarity between niobium and vanadium 
and note the results of Longson in Fig. 17 > it seems that vanadium 
would also exhibit the DBTT behavior above the critical tempera
ture providing the hydrogen concentration was high enough. 
III2. Molybdenum and Austenitic Stainless Steel 

The available experimental evidence indicates that molybdenum?0 

is not embrittled by hydrogen at low temperatures although there 
has been reported a reduction of ductility at room temperature for 
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specimens exposed to hydrogen at elevated temperatures (800°C) 
However, it appears that this reduction of ductility is a result 
of degradation at the elevated temperature rather than hydrogen 
embrittlement at room temperature. 

With regard to austenitic stainless steel there are some 
conflicting interpretations^ , but it seems that stable 
austenitic stainless steels are not significantly embrittled at 
low temperatures by hydrogen. 
III-3. Titanium, Zirconium and Yttrium 

The effects of hydrogen at low temperature on alpha, alpha-
beta and beta titanium"9-79 a n d aipna and alpha-beta zirconium 
have received considerable attention. The behavior of these 
metals and their alloys are quite similar. Two types of embrittle
ment caused by hydrogen in these metals have been established: 
one, impact embrittlement is associated with hydride plates and 
is accentuated by low temperatures and high strain rates; the other 
is characterized as a low strain rate embrittlement similar to hy
drogen embrittlement of steels and has been attributed by some as 
being caused by dissolved hydrogen. Regardless of the mechanism 
both metals exhibit low temperature hydrogen-induced embrittlement. 

To the author's knowledge no complete or systematic study of 
the effects of hydrogen on the ductility of yttrium has been con
ducted. Nevertheless, the characteristics of yttrium being simi
lar to titanium and zirconium, analogous effects of hydrogen are 
expected. 
III-4. Evaluation of the Probability of Low Temperature Hydrogen 

Embrittlement under CTR Conditions 
This particular phenomenon will be a problem only during the 
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CTR shutdown operations assuming that temperatures will be 
dropped to near room temperature. In order to assess the proba
bility of embrittlement, we must compare the hydrogen concen
tration required for the DBTT to be raised above room tempera
ture (Fig. 17) with the concentration in equilibrium with hydro
gen gas pressures in the 10~ to 10"5 torr range (Figs. 6 and 7) 
for vanadium and niobium. Fig. 17 shows that the DBTT is room 
temperature at hydrogen concentrations near 1.4 atom percent 
(«M150 ppmw) for niobium and at 2.7 atom percent (~550 ppmw) for 
vanadium. According to Figs. 6 and 7 these concentrations are 
easily reached at room temperature for hydrogen gas pressures of 

—ft ■} 
10~ to 10 torr. It was already mentioned that molybdenum and 
stable austenitic stainless steels are immune to this type of 
embrittlement. On the other hand, titanium, zirconium and 
yttrium will contain hydrides at room temperature in the hydrogen 
gas pressure range of concern as shown in Figs. 1012. Therefore, 
their ductilities can be expected to be reduced. 

The hydrogen gas pressure range being considered is that 
over LiH at 700°C . The equilibrium pressure range at 1000°C 
will be higher, but at lower temperatures, especially approach
ing room temperature, the equilibrium hydrogen pressure will be 
considerably lower. Until data for the LiH system and the wall 
material  hydrogen systems in the appropriate ranges are avail
able it would not be wise, from the safety point of view, to con
sider that low temperature hydrogen embrittlement of some of the 
potential wall materials is of little concern. At the current 
state of knowledge, it would be advisable to extract the hydrogen 
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isotopes (tritium) from the lithium and plasma zone before cool
ing down. 
IV. Hydrogen Isotope Effects in the CTR Operating Range 

The effects of hydrogen at low pressures (<1 torr) on metals 
in the CTR operating range (600°C to 1000°C) are virtually un
explored. Consequently, the hydrogen-induced first wall material 
degrading effects itemized below are only potential problems 
envisioned by the author. 
IV-1. Hydrogen Embrittlement at CTR Temperatures 

By this is meant a continuance into the higher temperature 
range of the type of embrittlement observed at low temperature. 
Since the mechanism of low temperature hydrogen embrittlement is 
not established, it is impossible to say that it will not occur 
at higher temperatures than have been investigated to date. 
However, several factors can be mentioned which should help to 
evaluate the probability of this type of material degradation. 
Whether it is hydrogen in solution or as precipitated hydride or 
in some undetermined distribution that produces the catastrophic 
embrittlement, the fact remains that the enhanced ductility of 
the matrix at higher temperatures will mitigate the tendency for 
cleavage crack propagation. Furthermore, extrapolation from the 
low temperature range (Fig. 17) indicates that substantial hydro
gen concentrations would be necessary to produce a ductile to 
brittle transition in niobium or vanadium and that the concentra
tion of hydrogen required for hydride formation in titanium, 
zirconium and yttrium would be high. Also, the hydride of 
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titanium becomes ductile™ above about 300°C thereby reducing 
the embrittling tendency of the hydrides. For example, Fig. 17 
shows that about 36 atom percent (6000 ppmw) hydrogen in niobium 
and about 93 atom percent (2 x H P ppmw) in vanadium would be 
required to raise the DBTT to the CTR temperature range. Accord
ing to Fig. 6 and 7 these concentrations of hydrogen could not be 
attained from the hydrogen gas pressures suggested in section II, 

-ft -"3 viz., 10~ to lO"-3 torr. However, conditions in the surface of 
the wall near the plasma could attain compositions high enough 
due to energetic isotope injection if outgassing could not occur. 
This is discussed more thoroughly in section IV-2 where 
it is shown that blistering would probably occur rather than 
brittleness. 

In regard to titanium, zirconium and yttrium, which appear 
to be embrittled by hydrides, it should be noted that the hydrides 
will tend to dissociate over most of the CTR temperature range. 
So, unless solution hydrogen can embrittle these metals, embrittle
ment would not be anticipated. 

If the low temperature behavior of stable austenitic stain
less steel and molybdenum prevails, these metals also should not 
be embrittled by hydrogen at CTR temperatures. 
IV-2. Blistering 

Blistering is the localized bulging of the surface of a metal 
caused by internal gas pressure as illustrated schematically in 
Fig. 20. This process would not normally occur under equilibrium 
conditions. However, when a metal is super-charged with gas atoms, 
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the atoms can combine, usually at lattice discontinuities such 
as grain boundaries, radiation induced voids, helium bubbles, 
second phase particle interfaces, etc., to. form the molecular 
gas phase at a pressure in local equilibrium with the super
saturated matrix. This local equilibrium pressure frequently is 
extremely high, causing the metal to deform. At the surface this 
produces blisters while, internally, fissures can be formed. 

The CTR first wall is subjected to two sources of non-
equilibrium hydrogen isotopes: The injected energetic tritium 
and deuterium and the protons created internally by (n,p) 
reactions. Even with high mobilities it is possible for these 
non-equilibrium isotope atoms to be trapped at lattice discon
tinuities of the type cited above. Thus the atoms could combine 
and produce blistering. These blisters could effect heat 
transport, leading to hot spots, or they could eventually rupture, 
reducing the local wall thickness, and emit their contents to the 
plasma zone. i 

The blistering phenomenon is well documented88-91 for steels 
charged with hydrogen at high temperatures, then quenched to room 
temperature where the equilibrium solubility is much less and for 
steels charged with hydrogen electrolytically at ambient tempera
ture because very high effective pressures are developed at. the 
steel specimen cathode. 

Based on the analysis in section II-2 of the maximum concen
tration, Cmax, developed by injection of neutral deuterium and 
tritium and the expected proton levels from (n,p) reactions con-
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sidered in section II-3, it would not seem likely that blisters 
would form under CTR conditions in the first wall candidate 
materials. For example,«.if it is assumed that an internal 
pressure of 5000 psi (2.6 x 10^ torr) would be required to cause 
blistering, the local super-concentration of isotope atoms would 
have to be•substantial as shown by Figs. 6-12. The results of 
the analyses in section II indicate that these concentrations 
would never be attained. However, recent experiments have revealed 

6 -" 
blisters numbering 6 x 10 cm-^ in niobium which had been bom
barded with deuterium at CTR temperatures-^ '" . In view of the 
contradiction between experiment and analysis, it must be admitted 
that diffusing isotope atoms encounter very efficient traps near 
the surface with significant frequency to produce blistering of 
serious proportions. Apparently, it is not simple volume diffu
sion that controls the emission or out-gassing kinetics. 

While no test of the blistering propensity of the hexagonal 
metals titanium, zirconium or yttrium has been performed, it would 
seem that the phenomenon would be minimal in these metals. All of 
them form hydrides which are stable to temperatures approaching 
CTR range. Even at the high side of anticipated CTR temperatures 
where the hydrides of these metals will dissociate, the pressures 
will not be high. 

The tendency to blister should increase with decreasing solu
bility of the hydrogen isotopes and with decreasing diffusivity. 
However, as noted above, surface effects may dominate and these 
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are very difficult to anticipate. In summary, blistering due to 
hydrogen isotopes introduced by particle bombardment and (n,p) 
reactions should be acknowledged as a potentially serious first 
wall degrading phenomenon. Systematic investigations of this 
problem should be given consideration. 
IV-3. Internal Hydriding 

The problem of internal hydriding would not exist for wall 
materials made of pure metals. However, the creep and tensile 
properties required for the CTR operating temperature range demand 
that the materials being considered, with the possible exception 
of molybdenum, must be strengthened by alloying. Typical of the 
alloys currently known are Nb-5V-1.25Zr, Nb-10Ti-5Zr, Nb-lZr, V-l 
to 20Ti, V-Ti and Mo-0.5Ti-0.1Zr. 

The requirements for a system to exhibit internal hydriding . 
are: (a) the solute must have a higher affinity for hydrogen than 
the matrix, (b) the matrix must have a finite hydrogen solubility, 
and. (3) the diffusivity of hydrogen must be higher in the matrix 
than that of the metallic solute species . These conditions appear 
to be satisfied for the alloy systems just mentioned. A schematic 
illustration is provided by Fig. 21. 

It is possible that internal hydriding could improve the high 
temperature creep and tensile properties. On the other hand, if 
the necessary high temperature mechanical properties are derived 
from second phase particles whose stability is low with respect 
to the hydrides, then the latter will form at the expense of the 
hardening phase. Depending on the relative strengthening effects 
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of the hydride phase and the intentional second phase, the system 
could be strengthened or weakened. In addition to the mechanical 
property effects just mentioned, there is another effect or inter
nal hydriding which seems to be only detrimental. It has been 
shown-^ that alloy additions, e.g., titanium to vanadium, can 
mitigate radiation induced void formation. Internal hydriding of 
the alloy addition would reduce its effectiveness in this process. 
On the other hand, zirconium as a transmutation product of niobium 
might be hydrided with the result that properties could be improved. 

Finally, if internal hydriding occurs in the CTR operating 
temperature range without deleteriously affecting the properties, 
the effect of the hydride second phase on the ductility of the 
wall material during reactor cool-down must be considered. For 
example, molybdenum containing titanium hydride particles might 
have impaired ductility near room temperature due to thermal 
stresses around the hydride particles. 

To evaluate the probability of internal hydriding in 
candidate first wall materials the thermodynamics of the following 
type of chemical reaction must be examined. 
(I) M(T,P) + [S]M(NS,T,P) + X[I]M(NI,T,P) - M(T,P) + GIX(T,P) 

where M = matrix element or solvent element, e.g., Molybdenum 
[S]M = substitutional solute dissolved in solvent, e.g., 

zirconium in molybdenum. 
[I]M = interstitially dissolved gas atom, H isotopes in this 

case. 



-22-
T,P = usual significance 
N = atom fraction of substitutional solute s 
NT = atom fraction of dissolved gas atoms 

The free energy change for this reaction, assuming the total 
pressure, P, is one atmosphere is: 

AGR = ^ S I x (T) - U [ S ] M (N S,T) - Xn[I]M(NrT) 

or in different form: 
r
aSI , 

AGR - AG° = RT In - — - _-x— 
R La[s] • ari] J 

For facility in obtaining tabular data we chose as the standard 
reaction the following: 

S(solid, T) + | I2(g,T) - SIx (Solid, T) 

Since the standard reaction data are usually tabulated for 
T = 298°K a free energy term must be added to the standard 
reaction free energy at 298°K to raise it to T. Since this is 
primarily an entropy change we can assume the change for the 
solid phases, S and SI , are negligible and deal only with the 
change for the gas phase. Therefore, 

AGj - AG°9g + AG 
where AG = £ [nz (g,T) - u-,- (g,298)] 

2 2 
and this can be obtained from thermodynamic tables. 
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To be consistent with the temperature taken for the LiH 
system, the internal hydriding situation is examined for 700°C 
(973°K). At equilibrium, AGR = 0. Therefore 

AGJ = RT In [ SIx x "j. 
a
[S]'

 a
[I] 

Since the composition of SI is virtually constant let a = 1 
x
 b i

x 

and assume the metalsolute system is ideal so that a, , = N„ 
and that Sievert's law holds for the gas species so that 
a [ I ] 

_ p X / 2 
■L2 

There fo re : 

AG° = RT m[ws • <21 
o r 

c. !b 

AG£ 
: e HRT-

n2/X 

Typical of the alloys which might be used for the first wall 
material are: 

Mo + 0.1 Zr 
Mo + 0.5 Ti 
Nb + 1 Zr 
VI 20 Ti 

The hydrides of zirconium and titanium are ZrH? and TiH^; thus, 
X = 2 in the above equation and S = Zr or Ti and I = H. Therefore 

AG = uH (g,T)  nH (g,298) 

Appropriate data from Fast^ f0r T = 1000°K (close enough to 
973°K) for H2(gas) are: 
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hj - h° g = 4940 cals/mole, (S°-S°gg) = 8.49 cals/deg-mole 

and S° n = 31.21 cal/deg-mole. This gives 

AG = ̂  (T) - nR (298) = (hj - h°9g) - T(SJ - S°9g) - (T-2 98)S° 9Q 

= + 25,460 cals/mole 
Therefore for all dihydride systems: 

AG° = AG°g + 25,460 cals/mole 
From Libowitz96: AG° g (ZrH2) = -29,300 cals/mole 
and AG° g (TiH2) = -20,000 cals/mole. Using these values, the 
standard reaction free energies, AG°, at 700°C (973°K) are: 

AG° (TiH2) = +5460 cals/mole 
AG° (ZrH2) = -3840 cals/mole 

Thus, for ZrH2 at 700°C, 
P rtorr, - I6^ exn [^P] - ^ FK0 ixorr) ~ N exp L 1946 1 ~ N 

Since N can't be greater than unity, it is clear that the hydrogen 
pressures required for internal hydriding of zirconium are much 
larger than those expected in the CTR. Furthermore, TiH2 is 
unstable at 700°C and ZrH2 is just barely stable and would become 
unstable at a slightly higher temperature. For example, at 600°C, 
the dissociation pressures of ZrH2 and TiH2 are O.93 torr and 
52 torr respectively"'. Consequently, the likelihood of internal 
hydriding under CTR conditions seems remote for the first wall 
material. If temperatures at the second wall are substantially 
lower than at the first wall internal hydriding may be an 
important factor tnere. 
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IV-4. Hydrogen Reaction with Other Impurities 

The type of degradation implied here involves chemical 
reaction of hydrogen with other impurities to form gaseous 
reaction products. Rogers9 has called this hydrogen attack. 
Classic examples are found in copper99~103 silver 1°^-10o and 
steels 107-111̂  in copper and silver hydrogen diffuses into the 
metal and combines chemically with the oxygen of the respective 
oxides to produce water vapor which, above the critical tempera
ture for water of s»375°C, produces high gas pressures. The 
pressure and linking-up of bubbles produces inter- and intra-
granular fissuring. Or, if this occurs near the surface, the 
fissures are expanded by the gas pressure to produce blisters or 
surface upheavals similar to those discussed earlier. In steels, 
it has been found that methane-1-1-*- forms by combination of hydrogen 
with carbon. This has the combined effect of depleting the 
carbides and producing fissures. Grain boundary fissuring due 
to the interaction of hydrogen and oxygen in iron has also been 
observed 

The fact that such processes occur in the above-mentioned 
metals does not mean a priori that they will occur in the metals 
likely to be used for the first wall in a CTR. However, it 
serves as a warning that such degrading effects are possible. 
For example, there is evidence^! that molybdenum, exposed to 
hydrogen for 4 hours at 10~^ torr pressure at 800°C followed 
with 6 hours in vacuo at 5 x 10~' torr at the same temperature, 
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had reduced properties when tested at 25°C. Furthermore, results 
44 

have been reported which indicated that argon atmospheres 
containing as little as 2% H? can decarburize molybdenum. 

Of course, whether such processes will occur depends on the 
relative thermodynamic stability of other impurity phases with 
respect to hydrogen. This, in turn, will depend, among other 
things, on temperature and hydrogen pressure. Generally hydro
gen attack has been observed in rather high hydrogen pressures 
(>1 atmosphere). 

The type of reaction considered here is, for example, 

(II) [N]^
at + 3 ^ ] ^  NH3 

AGII = (%H3 ~ *mj " ^ [ N ] | f " \ HN2> " ( 3^[H]N b " I ^H.) 

+ (̂ NH3 " 2 % " 2 % ) 

The last term in parentheses is for the standard reaction: 
1 3 
2 N2(g

) *2 H2^g
) ^NHQCS) a n d t h e free energy of this standard 

11? T 
reaction is given by Kubachewski and Evans as AG = 10,400 + 
7.IT log T + 3.79 T. Therefore 

P 
AGTT(T)  AG° = RT In  T 7 5 ^ • 

p ' P3/2 
r
N2(Sat)* ^H2 

■At equilibrium, AGyjfT) = 0. 

Therefore, P ^ = P^f S a t ) • ^ exp [-7.3] 
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Values of P„ /oat iooo°K^ f o r ni°bium» tantalum and chromium are 
of the order 10 torr or less1^ and it seems reasonable to expect 
similar values for molybdenum and vanadium. Thus, 

P M (1000°K) « 10"3 . P3/2 (6.8 x 10"4) 

„ 6.8 x 107 (P3/2
) 

n
2 

Since P„ « 10~  105 torr it is evident that the NHQ pressures 
will be much too low to cause internal rupturing of the material 
if hydrogen pressures are in the range 10~ to 10 ^ torr. 
Similar conclusions hold for the reaction of hydrogen with carbon 
and oxygen in these first wall candidate materials. 
IV5. Effects of Hydrogen on Creep Resistance 

There is a meagre evidence that the presence of hydrogen 
accelerates creep. For example, DouglasllS found that the creep 
strength of Inconel was less in hydrogen than in argon at 704 and 
8l5°C. McCoy observed inferior creep resistance of Inconel, 
Nickel 200, Nickel 270, electronbeam zonerefined nickel and high 
purity copper in hydrogen. In all cases the minimum creep rate 
was greater and the rupture life shorter in hydrogen. However, 
the rupture ductility was not influenced by the hydrogen environ
ment. Of more direct relation to CTR materials is the observation 
of McCoy and Douglas^ that the creep rate of niobium at 3500 psi 
and about 980°C was greatly accelerated by moist or dry hydrogen 
flowing at 0.2 cfh as shown in Fig. 22. 
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Insufficient information is available to predict what the 

hydrogen pressure dependence of the creep behavior of these 
materials might be. 

There is no established mechanism to explain this creep 
acceleration. It may be due to a hydrogen-impurity interaction 
which weakens the grain boundaries or hydrogen reduction of 
strengthening surface oxide films. Either rationalization is 
strictly conjecture at this point. Clearly, the above results 
require that hydrogen-environment accelerated creep must be 
reckoned with for stability of the CTR first wall structure. 
IV-6. Hydrogen Environment Accelerated Crack Propagation 

This potential phenomenon, illustrated schematically in 
Fig. 23, may well be more important at low temperatures but 
since it is possible at CTR operating temperatures, it is 
mentioned here. Any microscopic crack under tensile loading in 
the first wall will be exposed, on the plasma side, to deuterium 
and tritium. The coolant side will be exposed to liquid lithium 
containing tritium. 

Recent work of Williams and Nelson on steel provides some 
insight to this potential problem. They have demonstrated that 
the crack growth rate of steels in a molecular hydrogen gas 
environment is proportional to the hydrogen pressure to positive 
powers from 0.5 to 1.5. Furthermore, they demonstrated that the 
crack growth rate decreased with increasing temperature above 
approximately room temperature in a molecular hydrogen atmosphere. 
However, they showed subsequently!!? that the crack growth rate 
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increased with increasing temperature in the presence of a 
partially dissociated hydrogen environment at a molecular hydrogen 
pressure of 8 x 10"-* torr. 

Since their work on steel covered a relatively low tempera-
ture range (up to 160°C) and pressures only down to 8 x 10 torr, 
it is difficult to predict how the hydrogen environment under CTR 
conditions would effect crack growth rate of the wall material. 
They have developed a theory which would enable a prediction of 
the crack growth rate under CTR conditions providing certain 
surface adsorption data are available. The necessary data are 
the surface atom migration energy and the heat of adsorption of 
hydrogen on the material in question. 

Their observation that dissociated hydrogen gas produced 
enhanced crack growth rates may be especially relevant to the 
CTR situation where tritium in the liquid lithium blanket might 
be atomic. Combining the effects of liquid metal penetration 
into latent cracks with the atomic tritium could provide the 
condition for enhanced crack growth which would lead to premature 
rupture of the wall. Clearly, this is an area that needs atten
tion. 
IV-7. Interaction with Radiation-Produced Defects 

Hydrogen atoms in the first wall may interact with radiation-
produced point defects and helium atoms. The type of interaction 
envisioned are combinations such as H-He, H-vacancy, H-inter-
stialcy or clusters of these. The effect that these combinations 
might have on the properties of the first wall material is 
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difficult to predict. Although the binding energies for the 
postulated interactions are unknown, it seems rather remote that 
they would be of sufficient magnitude at CTR temperatures. This 
is an area that should be investigated. 

Even in the absence of any effects resulting from inter
actions of hydrogen atoms with other radiation-produced defects, 
voids created by vacancy combinations or helium bubbles could act 
as sites for hydrogen trapping which could then produce fissures 
on the type of spalling mentioned above. 
IV-8. Helium Generation from Tritium Decay 

Wall material can act as a source of helium which can itself 
lead to embrittlement^A^ . This comes about, as pointed out by 

120 Green t from the 12-year half-life radioactive decay of tritium 
3 3 according to HJ -* He^ + (3 . Clearly the amount of helium 

generated in this way will depend on the concentration of tritium 
in the wall material. A typical helium generation rate from (n,a) 
reactions in the wall would be about 0.02 atom percent per year 
from the CTR neutron flux. To develop an equivalent quantity of 
helium by tritium decay would require a steady tritium concen
tration of about 0.48 atom percent in the wall material (~40-80 
ppmw depending on the wall material). As shown in Figs. 6-12 
this concentration may be in the solubility range of the wall 
materials under CTR operating conditions. Thus, the possibility 
exists for tritium to enhance helium bubbles or embrittlement in 
the CTR structural material. 
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IV-9. Plasma Contamination or Poisoning 

Whether plasma contamination by' hydrogen isotopes is a real 
problem is uncertain to the author. The diffusion of protons 
back into the plasma region may constitute a poisoning action but 
the source of protons is only from (n,p) reactions and the 
quantity of protons developed in this manner is small, as indi
cated earlier. Since deuterium and tritium atoms escaping the 
plasma will be present in any event it would seem that back 
diffusion of deuterium and tritium would not be contaminating. 
Although there is no available evaluation of the effect of hydro
gen isotopes diffusing back into the plasma zone, it is appro
priate to recognize that this might occur to a significant degree. 

If these hydrogen isotopes constitute a contaminant of the 
plasma, it appears that the permeation rate of tritium from the 
blanket will be the prime source of contamination. The permeation 
rate will depend on whether the transport of tritium is dependent 
on surface reactions or on bulk transport. Surface reaction con
trol will depend on too many factors to be able to anticipate the 
magnitude of the rate. Experimental information is sorely needed 
here. 

On the other hand, if bulk transport controls permeation, 
then the solubility of hydrogen isotopes and their diffusivity 
will be the important factors. The solubility, neglecting the 
(n,p) generated protons and the tritium and deuterium injected 
from the plasma, will depend on the hydrogen pressures surround-
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ing the wall. This follows from Fick's first law for one dimen
sional planar diffusion: 

where 6C 
6X 

K(P^ 2 - P^ 2) 

-DK(P^/2- P*/2) 
J ^ ^ — 

Where J = flux or quantity of gas atoms per unit time passing 
2 unit area in units of micron liters per cm per sec, 

D = diffusivity of gas atoms in wall material, 

D = D„ exp ["""^diffusion! 
° I- RT ' 

P2 = hydrogen isotope pressure on the blanket side of the 
wall, 

Pi = hydrogen isotope pressure on plasma side of the wall, 
d = wall thickness, 
K = solubility coefficient: K = K exp \~m p£lutionl o RT 

Thus, it is evident that the permeability will depend on 
the pressures existing on either side of the wall. As mentioned 
earlier, these are not known presently but could both be in the 
range 10" to 10"3 or 10~2 torr. 

Furthermore, it can be seen that the permeability increases 
as temperature is raised and as the heats of solution and 
diffusion decrease. On the other hand, as mentioned earlier, 
surface reactions may control and the above comments about 
permeation related to bulk diffusion become meaningless. 
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SUMMARY 

The sources of hydrogen isotopes available to the CTR first 
wall are: (a) tritium from breeding reactions in the lithium 
blanket with an anticipated partial pressure of 10" to 10~ torr 
depending on the tritium inventory selected; (b) . tritium and 

-6 -2 deuterium at pressures, ranging from 10 to 10 torr on the 
"vacuum" side of the wall; (c) injected energetic neutral 
tritons and deuterons escaping the plasma; (d) protons generated 
by (n,p) reactions in the wall. Of these sources, the injected 
energetic neutrals and the (n,p) reaction generated protons would 
appear, under normal conditions, not to contribute a significant 
quantity of hydrogen isotopes to the first wall. However, during 
CTR operations other point defects.such as helium atoms and 
vacancies are produced in the wall and these may have a profound 
effect on the hydrogen isotope - wall material thermodynamics. 
While calculations based on a wall material containing only 
hydrogen isotopes suggest that the quantities of injected neutrals 
and (n,p) protons would be insignificant, the observation of 
hydrogen blisters indicates that very effective trapping sites or 
surface effects control the emission of the isotopes from the 
wall. Since little is known about the effectiveness of helium 
atoms and vacancies or clusters of them to trap hydrogen isotopes 
in the CTR operating range it is imperative that work be done in 
this area before it is possible to predict the steady-state 
distribution from the two sources just mentioned. 
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Hydrogen embrittlement will be a problem if the tritium 

inventory in the blanket is maintained during cool down except 
for stable austenitic stainless steel and molybdenum. Internal 
hydriding and reaction of hydrogen with other impurities such as 
oxygen, nitrogen and carbon seem to be rather innocuous under 
the conditions expected. Additional work is required before the 
effect of hydrogen on the creep resistance of potential first 
wall materials can be assessed accurately. This is also the 
situation regarding hydrogen environment accelerated crack propa
gation under CTR conditions, particularly since the hydrogen is 
dissolved in liquid lithium. 

The generation of helium by tritium decay in the wall 
material and plasma poisoning due to hydrogen isotope emission 
from the wall will depend on the actual tritium inventory in the 
blanket and the gas pressure on the "vacuum" side. A factor of 
ignorance here is the equilibrium partial pressures of hydrogen 
or tritium over the lithium blanket under CTR conditions. 
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Table I. Hydrogen Concentration to 1000A Depth Due to Energetic 
D or T 

Meta l 

Atomic Vol . 
( c c ^ v atom' 

Atoms 
Cm^x 

i n 
1000A (M) 

| l t / M | 
l ' l -'.' 1 0 cm -r. i :c . 

- 1 
sec . 
_ 1 10 l fV.m~'°-sec."1 

Vanadium 1.39 x 1 0 " 2 3 7 .21 x l O 1 ? -4 1.4 x l O 4 1.4 x 1 0 " 2 

Molybdenum 1.56 6 . 4 1 1.5 1.6 

Niobium 1.79 5 .58 1.8 1.8 

A u s t e n i t i c 
S t a i n l e s s 1.16 " 8 .61 1.2 1.2 

T i tan ium I . 7 6 " 5.67 1.8 1.8 

Y t t r i um 3 • 30 3 .03 3 .3 3 .3 

Zirconium 2 . 3 3 4 . 2 8 2 . 3 2 . 3 



Table II. Proton Production Rate and Maximum Concentration 
from (n,p) Reactions 

Metal a(n,p) barns R, sec -1 c i i 
ma x 

Vanadium 
Molybdenum 
Niobium 
Austenitic 
Stainless 

Titanium 
Yttrium 
Zirconium 

O.O36 
0.120 
0.022 

0.151 
0.091 

0.023 
0.025 

3.6 x 10 
12.0 x 10 
2.2 x 10 

■11 
-11 
-11 

15.1 x 10 
9.1 x 10 
2.3 x 10 
2.5 x 10 

-11 
-11 
-11 
-11 

0.007 x 10 
3.75 
0.005 

O.I89 
0.284 
0.072 
0.078 

-6 

+ For 14 MeV neutrons 
++ At steady-state assuming C-, and C are zero 
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FIGURE CAPTIONS 
Fig. 1. A conceptual CTR core cross-section after 

Fraas and Postma-3. 
Fig. 2. An enlarged view of the first wall region of the 

conceptual CTR core illustrated in Fig. 1 showing 
anticipated environmental conditions. 

Fig. 3. A schematic illustration of the Li-LiH phase diagram 
7 after Messer . The cross-hatched region at the upper 

left-hand side is an exaggerated indication of the 
CTR range. 

Fig. 4. Some equilibrium pressure-temperature-composition 
7 plots for the Li-LiH system after Messer'. 

Fig. 5. A log-log plot of the 700°C data for Li-T and Li-H 
o from Heumann and Salmon . Actual data are indicated 

in the upper right-hand portion of the graph. 
Extrapolation to the anticipated CTR range of 
composition by extension of the data lines or by 
Sievert's Law (log p = 2 log C) is shown by dark or 
light lines respectively. 

Fig. 6. Equilibrium pressure-temperature-composition data for 
the V-H system in the anticipated CTR temperature 
range. These curves are based on an extrapolation to 
lower pressures of data from Velickis and Edwards 

Fig. 7. Equilibrium pressure-temperature-composition data for 
the Nb-H system in the anticipated CTR temperature 
range. The upper set of curves ax-e based on extra
polation of Veleckis and Edwards data and the lower 
set are experimental data from Johnson et al. -> 



Fig. 8. Equilibrium pressure-temperature-composition data for 
the Mo-H system plotted on a log composition vs 
reciprocal absolute temperature scale to include the 

expected low pressure value. Data are from Sievert's 
; sn 
,18 

1 -1 C -\ry 

and Bruning , and Oates and McLellan ' and the small 
line from Hill's equation for the range studied' 
The plots of Jones et al. " represent their equation 

— f > at 760 torr and 10~ torr hydrogen pressure. 
20 Fig. 9» Equilibrium pressure-temperature-composition data 

for 18 Cr-8 Ni austenitic stainless steel. The 900°C 
data were determined by extrapolation. 

21 Fig. 10. Equilibrium pressure-temperature-composition data for 
zirconium in the temperature range of interest. 

22 Fig. 11. Equilibrium Pressure-temperature-composition data for 
titanium in the temperature range of interest.. 

2"3 Fig. 12. Equilibrium pressure-temperature-composition data - for 
yttrium in the temperature range of interest. 

Fig. 13. Diffusivities of hydrogen and its isotopes in the 
metals indicated. The hydrogen-stainless steel data 

?4 are from Geller and Sun, the tritium-stainless stee 
data from Austin and Elleman, ^ the molybdenum data 

19 
26 
19 from Jones et al. y and the niobium and vanadium data are 

from Volki et al.' 



Fig. 14. Diffusivities of hydrogen and its isotopes in the 
metals indicated. Data for a Zr are from Mallett and 

?7 28 
Albrecht , and for p Zr from Gelezumas et al. while 29 the data for titanium are from Wasilewski and Kehl . 

Fig. 15. Schematic illustration of the ductility behavior of 
hydrogen charged metal depicting four temperature 
ranges, A,B,C and D, of special interest. 

Fig. 16. Ductility of vanadium containing indicated concen
trations of hydrogen vs. test temperature showing 
that the DBTT increases with hydrogen concentration. 
The cross-hatched region indicates the temperature 
range of visual observations of hydride formation on 
cooling. 

Fig. 17. Relation between hydrogen content and the reciprocal 
of the DBTT for vanadium. The behavior of niobium is 

4? from Longson 
Fig. 18. Phase diagram for the vanadium-hydrogen system given 

48 by Maeland . 
Fig. 19. Phase diagram for the niobium-hydrogen system given 

by Walter and Chandler °. 
Fig. 20. A schematic illustration of the blistering phenomenon 

due primarily to injected energetic deuterium and 
tritium atoms including the contributions from internal 
hydrogen. 

Fig. 21. A schematic illustration of the physical processes of 
internal hydriding using dissolved titanium as the 
example. 



Fig. 22. Experimental results from McCoy and Douglas D 

showing the effect of a hydrogen environment on 
creep of niobium. 

I?ig. 23. A schematic illustration of the physical process 
envisioned for hydrogen atmosphere accelerated 
crack propagation. 
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Fig . 3 . A schematic i l l u s t r a t i o n of the Li-LiH diagram 
a f t e r Messer7. The cross-hatched region a t the 
upper lef t-hand side i s an exaggerated ind ica t ion 
of the CTR range. 
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Fig. 8. Equilibrium pressure-temperature-composition data for 
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Fig. 17. Relation between hydrogen content and the 
reciprocal of the DBTT for vanadium. The 
behavior of niobium is from Longson^2. 
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Fig. 18. Phase diagram for the vanadium-hydrogen system 
48 given by Maeland 



u. 

700 

600 

500 

£ 400 

2 300 
u a. 
2 200 
I -

1 0 0 -

T T T T T 

A 
a 

X-RAY DIFFRACTION, DISAPPEARING "PHASE 
TECHNIQUE 

BCCttORTHORHOMBIC, DISAPPEARING "PHASE 
TECHNIQUE 

THERMAL DATA FOR POWDER SPECIMENS 
THERMAL DATA FOR SOLID SPECIMENS 
LATTICE PARAMETER DETERMINATIONS 

I 

340°F 
^4-ivr-

I I 1 J- I I J. 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 

H/Cb ATOM RATIO 
0.8 0.9 1.0 
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Fig. 21. A schematic illustration of the physical 
process of internal hydriding using 
dissolved titanium as the example. 
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