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1. INTRODUCTION 

Recently, the Director-General of ITER has indicated that he considers a 
vanadium alloy to be the prime candidate material for the first wall of ITER. 
The main reason for this preference is that vanadium alloys arc better capable 
to accommodate high beat loads than austcnitic and martensitic steels. 

Application of a vanadium alloy in ITER would imply for Europe a drastic 
deviation from its present course to an experimental fusion reactor. This is 
the reason why the EC-ITER team has proposed to carry out in the coming 
months a survey of all relevant properties of vanadium alloys and to make 
an "assessment of the R&D necessary to qualify a vanadium alloy for 
application in and licensing of ITER" (action 1 of the 3ri EC Blanket/' 
Structural Materials Meeting, 29 April 1993). ECN has been assigned the task 
to coordinate this effort, which is supported by various European contributors. 

A workshop on vanadium alloys, organized by JRC and held in Ispra on July 
5 and 6, formed a crucial part of the assessment procedure. This report 
consists of written contributions prior to the workshop and a summary of the 
discussioas following the presentations of the various authors. Conclusions 
arc based on the written contributions as well as on the outcome of the 
workshop. 
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2. PRESENT STATUS OF ALLOY 
DEVELOPMENT 

2.1 Mechanical properties and long term activation 
(K. Ehrlich, S. Kelzenberg, A. Möslang, 
L. Schafer and M. Schirra) 

Within the frame of a vanadium alloy development programme for Fast 
Breeder cladding materials the tensile, creep and creep rapture behaviour of 
the following composition groups have been tested mainly between 1964 and 
1971: 

Alloy 

V-pure 

V-Ti, P-20% Ti) 

V-Ti-Nb, (1-20% Ti, 10-20% Nb) 

V-Zr-Cr, (1.7-3% Zr, 1.6-15% Cr) 

V-Zr-Nl», (3% Zr, 15% Cr) 

V-Ti-Cr, (0-5% Ti, 2-13% Cr) 

V-Ti-Nb-Cr,(l-5% Ti, 5-10% Nb, 5-
10% Cr) 

V-Ti-Si, (3% Ti, 1-1.5% Si) 

V-Ti-Nb-Si, (3% Ti, 1% Si, 5-15% 
Nb) 

V-Ti-Ge, (3% Ti, 1-4% Ge) 

Objective 

Improvement of tensile strength, 
better fabrication 

Matrix strengthening 

Improvement of corrosion 
resistance 

Improvement of corrosion 
resistance 

Improvement of corrosion 
resistance 

Improvement of corrosion 
resistance, matrix strengthening 

High strength alloy (-•850°Q 

High strength alloy 

Substitution of Si 

2.1.1 Tensile strength and ductility of V-Ti-Cr alloys 

With increasing Ti-contcnt short time tests show a significant improvement 
of strength (Fig. 1). Both the yield strength and the ultimate tensile 
strength are sufficient up to high temperatures. Below 800°C yield 
strength of e.g. V-5Ti-5Cr is above 270 MPa and tensile strength above 
370 MPa. In the whole temperature range between 0 and 800°C suitable 
ductility properties have been found with total elongation between 12 
and 26%. 

ECN-RX—93-082 9 
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Fig. 1. Tensile-strength and creep-strength versus Ti-conlenl. 

2.1.2 Creep strength and creep rupture propeities of V-Ti-Cr 
alloys 

Long-term investigations have been carried out up to 43,000 hours at 
temperatures of up to 875°C. Oxygen pick-up in the vacuum furnace was 
suppressed by Ti-chips. After rupture the O-conccntration was determined to 
be <2200 ppm in all specimens investigated. Fig. 1 shows, that in contrast to 
short time tests, Ti-contents beyond 4% significantly deteriorate the long 
term creep strength. Therefore, a Ti-contcnt between 1 and 3.5% is strongly 
recommended. 
Fig. 2 shows the creep strength as a function of the Larson-Miller-Parametcr 
for vanadium and various V-(l-3)Ti-13Cr and V-Ti alloys. The creep and 
creep rupture properties of V-(l-3)Ti-Cr alloys are favourable up to high 
temperatures. 
The outstanding influence of interstitial impurities and their interaction with 
titanium have been established. 
It is also shown that a controlled amount of oxygen (800-2000 ppm) 
improves the creep and creep-rupture behaviour. On the other hand, during 
long term exposure at temperatures above about 500°C even very small 
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vacuum leakages can result in uncontrolled interstitial pick-up followed by 
extreme corrosion and embankment. 
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Fig. 2. Creep strength as a function of the I Arson- Miller- Parameter 
for Vand various V-(]-3)Ti-13Cr and V-Ti alloys. 

2.1.3 Impact properties of V-alloys 

Charpy impact tests with subsized specimens have been performed on various 
V-alloys containing different amounts of Cr, Ti, Fe, Zr and Si. V-Ti-Cr 
alloys with about 3-8 wt% Ti+Cr concentration showed Ductilc-to-Britllc-
Transition Temperatures (DBTT) as low as -170°C after vacuum annealing at 
1000'C/lh. However, this superior behaviour could not be repeated with V, 
V-3Ti-lSi and V-3Ti-lSi-4Fe specimens, which showed DBTTs between 
25 and 50°C in the "as received" condition. The upper shelf energy was 
suitable in all specimens investigated. 
Hydrogen concentrations of typically 1000 appm have been found to increase 
the DBTT by 503C in the V-5Ti-5Cr alloy [B. Loomis, et al., ANL]. 

The effect of elevated temperature irradiation on DBTT depends strongly on 
alloy composition and irradiation temperature. Impact tests on e.g. V-17.7Ti 
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following 41-44 dpa irradiation at 420*0, showed a DBTT of about 100*C 
[B. Loomis, et al., ANL]. 

2.1.4 Neutron induced activation 

Calculations with an advanced FISPACT code including sequential (xji)-
reacüons have been perfonned assuming the Culham FW spectrum and a 
loading of 12.S MWa/m2. The contact dose rate without any impurities (Fig. 
4) and with the lowest amount of impurities technically achievable (Fig. 3) 
nave been calculated for V-5Ti-5Cr, V-3Ti-lSi and a reduced activation 
ferritic/martensitic steel (for comparison). 

rWoft» mötüan C*w») : w any w x * x p*«> 

Fig. 3. and Fig. 4. Neutron wall loading: 12.5 MWalm1, FISPACT code 
including sequential (x,n)-reactions. 

"Pure" V-Ti-Cr alloys possess an attractive long term activation which is 
induced by inelastic neutron and sequential reactions. Unfortunately, this 
advantage is lost, if commercial alloys with amounts of impurities usually 
found are employed. Even with the lowest achievable degree of impurities the 
long term activation approaches the values of optimized fcrritic/martcnsitic 
alleys with one order of magnitude. 

2.1.5 Assessment of mechanical properties 

Vanadium alloys of type V-Ti-Cr have two distinct advantages when 
compared with Fc-bascd alloys: one is the better heat load capacity which is 
due to low thermal expansion and high tcrmal conductivity, which produces 
smaller secondary stresses under cyclic operation. The other advantage is a 
superior creep strength which, in principle, allows much higher maximum 
temperatures. However, this beneficial property cannot be used at present 
because in the proposed blanket concepts with He or liquid Li (alternatively 
LiPb) the oxidation and the interstitial pick-up lim.t the upper operational 
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temperature to 450 and 500*C, respectively. Advantageous application of 
vanadium alloys is therefore dependent upon the possibility to protect this 
material by coating with A1N or other insulating thin films up to about 
650*C. 

Information is urgently needed on the irradiation hardening and ernbrittkment 
behaviour in the relevant temperature region below 400*C Like in ferritic/ 
martensitic steek a strong shift in DBTT is expected in the bec vanadium 
alloys which could limit the temperature window through marked increase of 
the IOWJT operational temperature. 
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Korrosionsb^tandigkcit von Vanadinlcgicrungcn in flüssigcn 
Alkalimctalcn", Mctall-Hcft 3 (1979), p. 265-266. 
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2. Edition). 
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2.2 Radiation effects (W. van Witzenburg) 

The primary causes of neutron induced radiation damage are atomic 
displacements and transmutations, especially these producing helium. 
Combined or separately they may lead to dimensional instability, resulting 
from swelling, and to effects on mech;-."ical properties such as embrittlement 
and changes in strength. The current data base for vanadium alloys is more 
limited than for austenitic and ferritic steels. However, existing data are 
sufficient to indicate trends and severity of dominant effects. Since a high 
flux 14 MeV neutron source is not available, the radiation data for all 
materials of interest are based predominantly on fission neutron and ion 
irradiations. The experimental data must therefore be viewed with some 
reservation. That reservation is justified is clear from the fact that different 
methods of simulating the effect of 14 MeV neutrons have not always led to 
the same results [e.g. 1]. 

Swelling, which results mainly from cavity formation, has been observed in 
most neutron and ion irradi?*ed metallic systems, including vanadium alloys. 
Cavity formation and swelling are dependent on dose and temperature, but 
also on the composition of the alloys. Experiments have shown, more than 
two decades ago, that Ti concentrations of only a few percents strongly 
suppress swelling [2, 3]. More recently reported swelling data for a variety of 
vanadium alloys irradiated to neutron fluence levels of 84 dpa (displacements 
per atom) at 600°C indicate that addition of Cr has just the opposite effect by 
increasing swelling substantially [4, 5]. Fe also appears to have a stimulating 
effect on swelling, at least in the binary alloy V-5Fe [6]. For more complex 
V-Ti-Si-Fe alloys, on the other hand, increase in Fe content from about 1 to 
4% actually decreased ion irradiation induced swelling [7]. Helium in general 
has either no effect or slightly enhances swelling of neutron irradiated V-
alloys [5, 8, 9]. Occasionally, significant increase in swelling due to helium 
has also been observed [10]. 

Comparison of experimental data indicates in general lower swelling for 
vanadium alloys and ferritic steels than for austenitic steels, particularly at 
high dpa leve's [11, 12]. Gone are the days, however, that vanadium alloys, 
which have a bec lattice structure, were considered to be inherently low 
swelling materials compared to swelling rates of ~ 1% per dpa as observed in 
fee metals. For the binary alloy V-5% Fe, for example, a swelling rate of 
about twice that level was observed [6], Nevertheless, with presently available 
data it should be possible to select vanadium alloys with swelling rates in the 
range 0.01-0.1% per dpa at temperatures between 400 and 600°C and up to 
-100 dpa. 

Increases in ultimate tensile strength and yield strength following neutron or 
ion irradiation have been reported for several vanadium alloys, the extent 
again being dependent on irradiation temperature, dose level and composition 
of the alloys. Recent data for various vanadium alloys, after neutron 
irradiation to 90 dpa in the temperature range 420-600°C show the yield 
strength to reach a maximum at 40-50 dpa [13]. Increase in strength due to 
radiation hardening is not considered to be a problem. On the other hand, loss 
of ductility and increase in DBTT (ductile brittle transition temperature) arc 
major concerns. The available data indicate that although substantial 
reductions in ductility arc observed after neutron irradiation, in particular at 
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temperatures up to around 500°C, significant residual ductility (> 5% total 
elongation) is retained, at temperatures from 500-700°C [5, 14, 15, 16]. No 
tensile data are available for temperatures between 200 and 400°C. The loss 
of ductility in this temperature range, which is of relevance for the present 
ITER concept, is expected to be severe. As far as the combined effect of 
helium and displacement damage is concerned, extensive experimental results 
reporteJ in the literature for various metallic systems indicate that helium 
embrittlement, if it occurs at all, sets in generally at - 0,5 Tm, with Tm being 
the absolute melting temperature. For vanadium this corresponds to around 
800°C. This is in line with recent observations that for various neutron 
irradiated vanadium alloys the negative effect of preimplanted helium on the 
ductility is clearly accelerated above 700°C, although the extent of the effect 
again depending on the alloy composition [17]. Helium embrittlement of V -
alloys without displacement damage has also been observed above this 
temperature [18, 19, 20]. 

Neutron irradiation increases the DBTT. For vanadium alloys with a large 
fraction of alloying additions the increase can be substantial. The DBTT of 
neutron irradiated V-alloys containing Cr, Ti and Si, up to ~ 40 dpa at 
420CC, apparently remains below room temperature when the combined 
alloying addition is less than 10% [21]. 

Data concerning the effect of radiation on creep and fatigue of vanadium 
alloys are very limited. Creep properties data, also generated more than two 
decades ago, indicate that significant radiation hardening, as occurs in the 
alloy V-15Cr-5Ti, leads to considerable degradation of stress rupture 
performance [5]. The effect of neutron irradiation on creep rupture behaviour 
of alloys showing less radiation hardening, for example V-3Ti-lSi and V-
20Ti, appears to be very small. Literature data concerning the effect of 
neutron irradiation on fatigue of vanadium alloys are also from many years 
ago and limited to the alloys vanstar 7, 8, 9 [22]. Dpa levels up to 5.4 dpa 
had no significant effect on low cycle fatigue of these alloys irradiated at 
400°C. Recently published data concerning fatigue crack growth indicate that 
irradiation to 6 dpa at temperatures in the range 500-700°C had no effect on 
the crack growth rate of V-3Ti-lSi at 200°C, whereas irradiated V-15Cr-
5Ti showed irregular crack growth and a higher growth rate [23]. Difference 
in radiation hardening was also here considered to explain the different 
behaviour. 

A phenomenor which can have profound influence on swelling and 
mechanical properties is radiation induced precipitation. Particularly Ti02 and 
Tis (Si,P)3 precipitates, recently identified in V-Cr-Ti-Si alloys following 
neutron irradiation up to 114 doa in the temperature range 420-600°C [24], 
seem to degrade ductility and fracture toughness of the alloys, while Tis 

(Si,P)3 was observed to reduce void swelling. The implication appears to be 
that control of Ti and Si concentrations, as well as those of interstitial 
impurities which form Ti(0,N,C) precipitates by thermal processes, could be 
important in inhibiting swelling and at the same time ensuring acceptable 
mechanical properties. 

In summary, radiation induced swelling of selected vanadium alloys for 
application in ITER is not expected to be a problem. Jn order to avoid 
cmbrittlcmcnt due to radiation hardening as well as embrittlcmcnt due to 
helium, the operation temperature should be in the range 500-700°C. At 
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temperatures between 200 and 400°C, which are relevant for the present 
ITER concept, embritHement may be a serious problem, even for low fluence 
applications such as ITER. 
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2.3 Corrosion (E. Fromm) 

This short overview characterizes the corrosion behaviour of vanadium metal 
in gas atmospheres containing oxygen, nitrogen, CO, C02 and H2 at pressures 
below 1 Pa and temperatures in the range 200 to 1000 K. 

Vanadium belongs to the reactive transition metals of group 3 to 5 of the 
periodic table and forms very stable hydrides (*H« -30 kJ/H), carbides (*H 
- -120 kJ/C), nitrides (*H - -360 kJ/O). 

Vanadium dissolves relative large amounts of H, C, N, and O as intcrsitital 
atoms in the lattice (il-10 at.%). Removal of these impurities by vacuum 
metallurgical treatments is impeded by relative high metal vapour pressure 
which is comparaable to the VO (gas) and N2 equilibrium pressure at lower O 
and N contents. Therefore, vanadium metal samples with a residual gas 
impurity content below 0.3 at.% have been produced by costly special 
techniques, for example by electrotransport refining. 

Vanadium oxides cannot be reduced by H2 or carbon by forming H20 or 
CO/C02. This has the consequence that below 1000 K H20, CO and C02 arc 
absorbed by vanadium too. The oxide scale on vanadium metal is not as 
protective as Ti02 or Ta2Os coatings at moderate temperatures (s 700 K). The 
relative high absorption rates fore reactive gases favour the use of vanadium 
as a getter matterial in vacuum technology. A crucial problem in high 
temperature corrosion is the low melting point of V2Os at 940 K 
(pestoxidation). 

The corrosion behaviour of a vanadium sheet subjected to a temperature 
gradient depends also on transport processes of impurities inside the metal 
(diffusion, thermo- and electromigration). The terminal solubility of H, C, N, 
and O decreases strongly with temperature and, therefore, precipitation of 
hydrides, oxides, nitrides and carbides can occur inside the material in the 
course of longtime exposures. 

Low concentrations of impurities (s 1 at.%) and precipitations inside the 
grains produce strcnghtcning of the material. However, impurity 
concentrations beyond this limit and grain boundary precipitation cause 
normally cmbrittlement of the metal. 

All effects mentioned so far arc strongly temperature dependent. Thus, more 
detailed analysis of the corrosion problems requires a detailed specification of 
the dimensions and the temperature distribution of the sheets as well as the 
maximum level of impurity partial pressures and the exposure times planned 
in the gas atmosphere. 

As a general trend for longtime exposure of vanadium to gas impurities at 
elevated surface temperatures one has to assume that large amounts of the 
impurities present in the system will be "gcttcrcd" by a vanadium wall. Since 
the initial impurity level of vanadium metal sheet is in general relatively high 
the "gcttcring capacity below embrittlcmcnt" is limited. This capacity can 
probably be increased if alloys arc used with alloying elements being more 
reactive than vanadium or which form protective surface coatings, such as 
titanium and zirconium. 
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2.4 Hydrogen effects (M. Pick) 

Vanadium alloys, and in particular the alloy V-5Cr-5Ti, have been shown to 
exhibit many properties which would make them prime candidate materials 
for the first wall of ITER. However, detailed studies of numerous aspects 
associated with the use of these materials are still to be made before 
qualification of such an alloy for application in and licensing for ITER can be 
contemplated. One of the more serious problems associated with trie use of 
these alloys is the fact that they are strong exothermic occluders of hydrogen. 
From this point of view these alloys resemble the titanium alloy chosen as the 
material for the vessel of the TPX machine at Princeton. Consequences to 
considere are 1) the effect of hydrogen on the mechanical properties of the 
alloy, and 2) the question of tritium inventory in the first wall. 

2.4.1 What is the effect of hydrogen on the mechanical 
properties? 

Although there are only few studies of the effect of hydrogen and its 
concentration dependence on the mechanical properties of the particular 
V-Cr-Ti alloys being proposed for ITER, it is certainly clear that 
concentration in excess of 0.1 at.% do cause considerable problems in similar 
alloys. For example: 

The ductile to brittle transition temperature (DBTT) of a V-i5Q-5Ti sample 
rose from 210 K for the sample with negligible hydrogen to above room 
temperature (310-350 K) in a sample with 0.1 at.% hydrogen. This increase 
was associated with an enrichment of the grain boundaries with sulphur and 
titanium [1]. 

The DBTT of hydrogen free samples depends strongly on the amount of Cr 
and Ti in the alloy. According to Loomis [2] the alloy V-5Cr-5Ti is close to 
the minimum DBTT for this alloy system at about -200°C. The increase of 
the DBTT with hydrogen was investigated here and was shown to be over 
100°C for the V-15Cr-5Ti alloy and about 50°C for the V-5Cr-5Ti alloy, 
each with about 0.1 at.% dissolved hydrogen 

Hydrogen has been shown to have a deleterious effect on the fatigue 
properties of VTi alloys [3]. Hydrogen is responsible for a transition in the 
fracture mode from ductile to cleavage. At 1 at.% H the fracture mode is 
100% cleavage with very little deformation v. hilst below about 0.5 at.% it is 
predominantly ductile. The number of cycles to failure is also strongly 
dependent upon the hydrogen concentration at these concentration levels. 

There are numerous other effects caused by the presence of hydrogen which 
could make the use of these alloys impractical. One of the most obvious is 
the precipitation of the brittle hydride phase for hydrogen concentrations 
above a few at.% and temperatures lower than about 200°C. There is 
evidence that a shift in the solvus due to stress in the material can cause 
hydride precipitation at higher temperatures. Another is the fact that the local 
hydrogen concentration depends on the local temperature, i.e. hydrogen will 
tend to diffuse to and accumulate in regions where the temperature is the 
lowest. In order to be able to estimate the concentration gradients set up by 
temperature gradients, it is necessary to determine the value of the "Heat of 
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Transport". This has only been investigated more fully for pure vanadium as 
well as niobium and tantalum hydrogen systems. Furthermore, hydrogen tends 
to diffuse to and accumulate in regions which are under dilatational stress 
(Gorsky effect). 

The vanadium alloys under discussion tend to have excellent resistance to 
radiation induced swelling [4]. However, the influence of hydrogen on 
swelling of neutron irradiated samples has not yet been established. There is 
evidence that there is a correlation between hydrogen concentration and 
swelling in alloys. 

Regarding all the above it is necessary, on L.e basis of specifications which 
must be defined and extensive experimental investigations which have not yet 
been performed, to decide on a value for the maximum permissible hydrogen 
concentration for the particular vanadium alloy to be used. It is likely, taking 
into account the scant data available ..ow, that this value will be on the order 
of 0.1 at.% or less. 

2.4.2 What hydrogen concentration can we expect to reach in 
the first wall material? 

The first wall of ITER will be exposed to mainly two sources of hydrogen: 

- During glow discharge cleaning a hydrogen pressure of approximately 
1-5 x 10"1 mbar is introduced into the torus before the discharge is 
started. During the discharge the gas pressure is usually reduced to 
approximately 1-10 x 10'3 mbar. Glow discharge cleaning is carried out 
for several days at a time. The ion flux to the wall is on the order of 
1018/m2s. The energy of the particles impinging on the wall is 200-300 
eV. 

- During plasma operation the first wall is exposed to a flux of charge 
exchanged neutral hydrogen atoms. The flux density is assumed to be 
approximately 1-10 x lOi^/mh [5]. The energies of these particles range 
up to 300 eV depending on plasma conditions. These values will also 
strongly depend on the local conditions of the plasma. The quoted values 
are those expected in the worst conditions. 

Vanadium is a strong exothermic occluder of hydrogen, i.e. the equilibrium 
concentration increases with decreasing temperature, and the hydrogen in 
solution has a very high diffusion constant [6], The addition of small amounts 
of substitutional additions of chromium tend to make the alloy less 
exothermic whilst the addition of small amounts of titanium have the opposite 
effect. In first approximation we can assume that a V-5Cr-5Ti alloy will 
have a hydrogen solubility similar to that of vanadium itself. Under that 
assumption the equilibrium hydrogen concentration in the first wall during 
glow discharge cleaning, assuming a hydrogen pressure on the order of 0.1 
mbar and disregaring the large ion fraction, will reach that nf the brittle 
hydride (~50% atomic ratio) at room temperature. At 300°C the equilibrium 
concentration will be on the order of 1% atomic ratio at the same pressure. 
These equilibrium concentrations will develop in the first wall given enough 
time at that pressure. At ~400°C the equilibrium concentration is negligble. 
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The actual concentration after a given time will depend on the kinetics of 
hydrogen absorption. These are governed mainly by the nature of the surface 
of the material and the impinging flu*. When the first wall surface is 
bombarded by a flux of hydrogen ions at energies up to about 300 cV, this 
hydrogen can penetrate thin oxide layers which normally exist on the surface 
and go into solution. The concentration of hydrogen which can be built up in 
the metal by this process can be orders of magnitude higher than that which 
would be set up if the same flux were molecular in nature [7]. This is 
because in the case of molecular hydrogen a surface banier such as an oxide 
only affects the kinetics and not the equilibrium value of the concentration. In 
the case of atomic hydrogen implanted into the material the thin surface oxide 
does not substantially affect the entrance of hydrogen into the metal but 
strongly impedes its exit. The steady state concentration set up under these 
conditions can exceed the equilibrium concentration, which would result if 
the flux were molecular, by orders of magnitude. This increase in hydrogen 
concentration when a metal with a surface barrier is exposed to atomic 
hydrogen is dramatically demonstrated by the so-called "super-permeation'' 
effect. 

If no additional precautions are taken it <s inevitable that within a very short 
time the hydrogen (tritium) concentration in the first wall will grcatlv exceed 
1 at.%. The situation will be further aggravated by the fact that higher 
concentrations will be built up in regions which are either highly stressed 
(welds, connection points and other stress enhancers) or which are cooler 
(areas away from heated surfaces). The expected concentration is therefore in 
excess of the likely maximum acceptable value. 

2.4.3 Can we ensure that the maximum concentration is not 
exceeded? 

There are only very few precautions which can be taken from a design point 
of view to decrease the likelihood of high hydrogen concentrations in the first 
wall. These have been addressed by the TPX group in Princeton in their 
design considerations for the Ti alloy vacuum vessel [8]. 

They have envisaged. 

1. To protect the vessel from direct line of sight of the plasma. This should 
be accomplished by other plasma facing components. 

2. Heat shield panels for high radiation flux areas for which no other plasma 
facing components exist. These panels would be covered by a permeation 
barrier (sec point 3). The heat shield panels would be removable because 
erosion of the coating can be expected to allow hydrogen concentrations 
to exceed the cmbrittlcment levels. 

3. Hydrogen permeation barriers consisting of coatings which include the 
following candidate materials: TiC, TiN, NiAI and pure Al. 

Protecting the vessel from direct line of sight of the plasma requires 
protection tiles of a material which is compatible with the high fluxes and 
with the plasma. It is expected that this would have to be beryllium for an 
ITER device. The proposal to install heat shield panels which would be 
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removed when the hydrogen or, in this case, tritium concentration exceeded 
the embrittlcmcnt level, is not an option which is viable for ITER. A large 
retention of tritium in first wall components must be avoided. Permeation 
barriers which arc exposed to high energy particle and radiation fluxes and 
also to occasional high power deposition due to disruptions will have a 
limited lifetime. For an ITER type device this is considered unacceptable. 
Experience at JET has shown that covering the first wall with protection tiles 
is a) not possible for the complete coverage which would be required, and b) 
docs not guarantee that no electrical arcs or discharges arc created between 
the protection and the wall. An arc will effectively clean the wall of all 
surface layers and will allow rapid uptake of any hydrogen, be it molecular or 
atomic, until a new surface oxide passivates the surface. 

The only way to ensure that the hydrogen concentration in the first wall 
remains low is to allow for a relatively high temperature of the first wall. A 
temperature of ~400°C should ensure that the hydrogen concentration of the 
first wall is within the allowable limits. The exact temperature would, 
however, be the subject of a study. 

2.4.4 Conclusions 

Taking into account the high affinity for hydrogen of the vanadium alloys 
proposed for the first wall of ITER and assuming that the temperature of the 
first wall is kept at <?00°C the material choice is not considered compatible 
with the requirement that, for reasons of mechanical integrity and low tritium 
inventory, the hydrogen concentration be kept well below 1 at.%. 
Precautionary measures, such as shields or plasma sprayed protective layers 
etc., designed to protect the first wall from hydrogen absorption, are not 
considered to be either practicable for ITER or ultimately effective. 

The problem of hydrogen dissolution in the first wall material can be 
minimised and possibly eliminated by maintaining a higher first wall 
temperature. A temperature of ~400°C will ensure a very low concentration 
of hydrogen in the first wall provided that no substantial permeation barriers 
are applied to the surface. 

A number of properties related to the behaviour of hydrogen in the particular 
alloy chc sen for the first wall should be investigated separately: 

1. hydrogen-alloy phase diagram (solubility limits) 
2. heat of solution and trapping at substitutional sites (prcssurc-composition-

tempcraturc isotherms, in particular in the composition range around 1%) 
3. diffusion constant 
4. heat of transport 
5. outgassing at elevated temperatures including the effect of surface layers. 
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2.5 Compatibility with coolants (H.U. Borgstedt) 

The solubility of vanadium and the alloying elements, chromium and 
titanium, in liquid alkali metals is extremely i w [1]. Thus, alloys based on 
vanadium should be compatible with these liquid metals. Even the solubility 
of the above mentioned transition metals in liquid lead was shown to be low 
enough [2] to consider vanadium based alloys for the application in a Pb-
17Li self-cooled liquid metnl blanket. 

The high affinity of vanadium to non-metals and its ability to dissolve these 
elements in solid solution to a certain degree complicates the situation, since 
the formation of binary or ternary compounds of vanadium with alkali metals 
and oxygen, carbon, or nitrogen may interfere with the corrosion based on the 
simple dissolution process. 

The compatibility of vanadium alloys with several liquid metals is a complex 
phenomenon which is dependent on the alkali metal, its content in oxygen, 
carbon or nitrogen, and on parameters as temperature and flow velocity of the 
liquid metal. Table 1 compares the free energies of formation of oxides, 
carbides and nitrides of vanadium, its alloying elements chromium and 
titanium and the alkali metals lithium and sodium. 

Tabic 1. Free energies of formation of oxides, carbides and nitrides at 700 K 
in kJ/mole of non metal 

Metallic Oxides Carbides Nitrides 
component 

V 

Cr 

Ti 
Li 
Na 

Pb-17Li 

VO - 503.25 
V,0 - 393.1 
Cr203" 317.8 

Ti02 -393.1 
. Li20 -507.7 

Na20 - 315.3 
(Li20)- 392.3 

VC - 112.6 
V2C - 144.45 

LiA - 26.6 
Na2C2- 7.6 
-

VN 
V2N 
CrN 
Cr2N 
TiN 
Li3N 
-
-

- 110.35 
- 135.5 
- 70.5 
- 66.7 
-2593 
- 668 

-
-

The values in Tabic 1 clearly indicate that alloys V - Cr - Ti take up oxygen 
from sodium with certain contents of oxygen as was shown in several experi
mental studies [3, 4J. Thus, the internal oxidation of V alloys containing Ti is 
the main corrosion effect in liquid sodium. The reaction produces, however, 
non-protective surface oxides which are dissolved or spallcd off by the flo
wing sodium. The mass losses arc significantly enlarged if such reactions 
might be favoured by the conditions in liquid sodium. The transport of C and 
N contributes to internal reactions in the V alloys. Carburization and nitriding 
of V alloys by liquid sodium can be minimized by a proper choice of the 
accompanying materials which should not be sources of the two non-metals. 
Stabilized austcnitic steels do not carburizc and nitride V alloys. 

Oxide formation docs not play a role in the lithium corrosion of V alloys as 
can be seen from the Tabic 1. This was confirmed in an experimental study 
in which the alloy V 3Ti ISi was exposed to flowing lithium at ~550°C [5]. 
The same study indicated a weak increase of the carbon content of this alloy. 
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The stabilized austenitic steel of the loop was probably a weak source of 
carburization. The nitrogen content of the samples of this alloy increased by a 
factor of ten in the course of this study. The results are in agreement with the 
values in Table 1. The increase of the nitrogen content of the alloy V 3Ti iSi 
with time is shown in Fig 1. The nitriding of the samples was also dependent 
on the concentration of nitrogen in lithium which was slightly differing in the 
three different runs. 
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Fig. 1. Increase of the nitrogen content of the alloy V 3Ti ISi due to the 
exposure to Li with nitrogen contents of <100 ppm at 550°C (after 
15]). 

The nitrogen contents of lithium influence the weight loss rates of different V 
based alloys in dynamic tests (6). This was also evident in the Jests at very 
low nitrogen contents [5]. The formation of surface layers of nitrides or 
carbo-nitrides docs not protect the alloys against the metal loss to the liquid 
mctil. It was shown that VN occurs as a reaction product in Li with a content 
of 140 ppm N (as Li3N) at 750 K [7]. The dissolution of N in the lattice of 
the vanadium based alloys results in the formation of hardened layers, the 
thickness of which was found to be 50 \xm after an exposure of 1058 h at 
823 K [8]. The formation of the hardened subsurface layers significantly 
exceeds the corrosion effects of the dissolution as is shown in Figure 2. 

The internal corrosion cannot be suppressed by means of a proper purification 
of the liquid lithium, since the purity of the lithium used in (5, 8] was below 
100 wppm N. The effect might be reduced at lower temperature, since 
solubility and diffusion of N in the vanadium lattice depend on the 
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temperature. This would limit the application of the vanadium alloys to 
temperatures below 773 K. 

I 50 190 150 MO 
CorrasiM Depth [|i»/o) 

Fig 2. Comparison of internal corrosion effects and losses of material of two 
vanadium base alloys and austenitic and feritic steel due to corrosion 
by liquid lithium at 823 K (after [8]). 

Thus, vanadium alloys arc sensitive to corrosion reactions which occur 
between the alloys and the non-mctallic impurities in the liquid metals. Hot 
trapping of sodium or NaK cutcctic alloy may be sufficient to reduce the 
internal corrosion to an acceptable degree, while the purification of lithium 
would not solve the problem of internal corrosion. 

The necessity of introducing an insulating layer on the surfaces of the struc
tural materials may be helpful to reduce the corrosion of vanadium based al
loys in lithium and the other alkali metals. It was already shown, that alu-
minides show a considerable corrosion resistance against liquid lithium [9]. 
The insulating layer of A1N formed on an intermediate vanadium aluminidc 
layer would additionaly protect the alloy against dissolution as well as e x 
change of nitrogen. 

2.5.1 Conclusions 

1. Mass losses due to liquid metal corrosion can be neglected, if the liquid 
metals arc properly purified and the temperature is maintained at s773 K. 

2. A corrosion protection has to be used, if the temperature of 773 K should 
be exceeded. 

3. The V alloy-Li sclf-coolcd blanket needs electrical insulation in order to 
suppress MHD effects. The feasibility of the direct insulating by means of 
plating with a vanadium aluminidc layer and the formation of A1N surface 
layers has to be urgently proved. 

4. The availability of a Li loop for testing vanadium alloy specimens 
covered with direct insulating layers is necessary. 
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2.6 Recycling and waste (M. Zuchetti) 

An activation analysis for three vanadium alloys (V-15Cr-5Ti, V-5TiT 

V-3Ti-lSi) is performed when used as structural material in ITER, in 
comparison with steels. The problem of the impurity level is addressed. 
Recycling and waste management options are examined, as well as 
short-term activation. 
Potential hazard of vanadium alloys, in case of accidental release of activated 
materials to the environment, is discussed. Some safety implications of the 
high tritium inventory in vanadium alloys are investigated. 

2.6.1 Alloys composition and impurities 

Vanadium Alloys (VA) have been recently proposed as structural material 
for ITER. Many different types of VA are under development and study [I, 
2] and a definitive composition has not been assessed. 
Since the activation of VA docs not depend on their main component (V), but 
on the other alloying elements and on impurities [3, 4], a clear definition of 
the alloy composition is important. In this paper, three alloys will be 
considered: V-15Cr-5Ti, V-5Ti, and V-3Ti-lSi. 
An activation analysis will be performed, and some safety issues related to 
the radioactivity in VA for ITER will be addressed. A detailed knowledge of 
the impurity level in VA is essential for their activation analysis. This paper 
will refer mainly to the work in [3], where the results of an effective study on 
the impurities in V. Cr and Ti arc presented. 
Table I reports the compositions of some vanadium alloys. Alloy A is the 
vanadium alloy considered in the SEAFP study [5]: impurities were taken 
from [6). Alloy B has been studied in an activation analysis in [7]. Alloys C 
and D arc hypothetical alloys obtained starting from purified elements of [3]. 
Alloys E and F arc hypothetical alloys obtained from non-purified elements 
of (3): some main impurities (0, N, C, Si, Fc) arc taken from [8]. Alloy G is 
a V-3Ti-lSi alloy obtained with the purified V and Ti in [3]: impurity level 
in Si is taken from a paper [9] to be presented at ICFRM-6 (Sept. 93). 
Excluding the alloy B, all other compositions do not refer to real alloys, but 
arc useful for the activation analysis. 

2.6.2 Irradiation conditions 

Given the nature of this analysis, neutron fluxes calculated for ITER/CDA 
have not been considered. More recent neutron fluxes calculated in the frame 
of the SEAFP study have been used [10). They refer to a mean neutron wall 
loading of 2 MW/m2, in agreement with the most recent specifications of 
ITER/EDA. An irradiation of 1.5 full power years has been considered, 
resulting in a flucncc of 3 MWa/m2. The irradiation sequence: neutron pulses 
of 1000 s, paused by 50 s intervals has been considered. 
The analysis has been performed with the FÏSPACT-2 inventory code [11 J, 
provided with the EAF-2 library. Irradiation in the first wall (FW), blanket 
(mid-position), shield and vessel has been considered. 
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Table I. Vanadium alloys composition (wppm) 

Alloy 

V 
Cr 
Ti 
Si 

C 
N 
0 
Al 
P 
S 
CI 
K 
Fe 
Ni 
Cu 
As 
Nb 
Mo 
Ta 
\V 
Ho 
Sm 
Ag 
Tb 
Co 

A 

bal. 
-
5% 
510 

60 
80 
360 
165 
-
-
-
-
180 
-
-
-
20 
35 
-
232 
-
-
-
-
— 

B 

bal. 
15% 
5% 
300 

50 
100 
100 
200 
30 
10 
1 
0.1 
40 
4 
2 
2 
4 
10 
10 
2 
-
-
-
-
-

C 

bal. 
-

5% 
-

_ 

-
-
-
-
-
26 
0.1 
-
-
-
-
0.005 
38 
-
-
0.005 
0.006 
0.032 
0.005 
0.002 

D 

bal. 
15% 
5% 
-

_ 

-
-
-
-
-
26 
0.1 
-
-
-
-

0.005 
32 
-
-
0.004 
0.005 
0.028 
0.004 
0.003 

E 

bal. 
-

5% 
300 

120 
110 
570 

-
-
26 
0.1 
100 
-
-
-

0.09 
9 
-
-
0.005 
0.006 
0.57 
0.005 
0.06 

F 

bal. 
15% 
5% 
300 

120 
110 
570 
— 
-
— 

26 
0.1 
100 
-
-
-

0.07 
7.5 
— 
-
0.004 
0.005 
0.48 
0.004 
0.05 

Alloy G: V-3Ti-lSi. For impurity content sec [9]. 

2.6.3 Long term low-activity limits 

This paper will not go into detail of the waste management issues envisaged 
for fusion reactor activated materials. Reference will be made to papers [12, 
13], while a summary will be given here. 

Shallow land burial is not seen as a viable solution for fusion waste. 
Recycling (either hands-on or with remote handling) is the main goal for 
fusion activated materials. When recycling is not possible or not convenient, 
geological disposal must be foreseen. In an increasing order of radioactivity, 
the following different classes of radioactive materials can be defined [12, 13] 
for the rationale behind these definitions): 

- NRW = Non-Radioactive Waste. This is useful for components extremely 
far from the plasma. For instance, UK regulations require an activity 
concentration less than 0.4 Bq/g. 

- HOR = Hands-On Recyclable material. Dose rate D < 25 ^Sv/h. 
- LLW = Low-Level Waste. Dose rate D < 2 mSv/h and Decay Heat H < 1 

W/m3. 
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This material can be transported and handled for short periods without the 
need of additional shielding. It can be recycled, if remote handling operation 
is available. Otherwise, it can be disposed in geological repositories as LLW. 
- MLW = Mediun-Level Waste. Dose rate D < 20 mSv/h and Decay Heat 

H < 10 W/m\ 
This material can be transported and handled for short periods with the help 
of standard additional shielding. It can be recycled, ir remote handling 
operation is available. Otherwise, it can be disposed in those geological 
repositories accepting MLW. 
- HLW = High-Level Waste. Dose rate D > 20 mSv/h and Decay Heat H > 

10 W/m3. 
The transportation of this material needs special precautions. It cannot be 
recycled. It must be disposed in those deep geological repositories accepting 
HLW. All these limits have to be satisfied after an intermediate decay of no 
more than 50-100 years. Maximum concentration limits for elements 
irradiated in the ITER first wall, in order to meet the HOR limit, are listed in 
Table II. These limits vary with the irradiation conditions, so they are valid 
only for this configuration (2 MW/m2, 1.5 y of irradiation in the FW). It can 
be seen that V and Ti have no concentration limit, while the limit for Si 
(15%) is high compared with the expected levels of this element in vanadium 
alloys. Many of the impurities usually present in non-refined vanadium, 
however, show very stringent limits (e.g., Ag, Nb). 

Table II. Maximum concentration (wppm) of elements in ITER FW to meet 
HOR requirement. Fluence: 3 MWafm2. NR = No Restriction 

Element wppm Element wppm Element wppm 

Ho 
Ag 
Tb 
Ir 
Nb 
Bi 
Eu 
Sm 

0.055 
0.066 
0.088 
0.6 
0.6 
1.8 
3.2 
18 

Hf 
Mo 
Ba 
Al 
Co 
W 
Si 
Cl 

20 
60 
200 
300 
0.22% 
1.8% 
15% 
18% 

Ta 
Ni 
K 
Cu 
V, Ti 
Fe, C 
Y, As 
H, N, O 

29% 
44% 
65% 
70% 
NR,NR 
NR,NR 
NR,NR 
NR 

2.6.4 Recycling and waste management 

Table HI reports some results of the activation analysis of the vanadium 
alloys of Table I, and in particular the dose rates after 50 y and 100 y of 
cooling. Decay heat becomes negligible after some years of decay and it is 
not reported (maximum value after 50 y of decay, first wall, less than 15 
mW/m3). Activity of first wall and blanket materials does not permit to 
classify them as NRW. Activity concentration in the V-5Ti alloy A, 
irradiated in the shield, is about 15 Bq/g after 50 y of decay and about 10 
Bq/g after 100 y of decay. Activity concentration in the same alloy, 
irradiated in the vessel, is about 0.1 Bq/g, and therefore vanadium alloys can 
be classified as NRW when used as vessel structural material. 
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All VA can always be classified as LLW, even if exposed in the first wall, 
so attention will be put on the possibility of their hands-on recycling (HOR). 

Alloy A (V-5TÏ from SEAFP study [5]) shows a dose rate 40 times the limit 
for HOR, when irradiated in FW: it is mostly (97%) due to Nb-94, an 
activation product of Nb (98.5%) and Mo (1.5%). The Nb (a V impurity) 
content in this alloy is taken from an old reference [6]: if the value of the 
non-refined vanadium of [3] was taken, then the alloy could be classified as 
HOR. However, the level of Ag in this alloy is not specified: it will be shown 
that Ag is a critical impurity for VA. 

Alloy A irradiated in the blanket is classified as HOR (dose rate 2 times 
below the limit even after only 50 years of decay). Alloy A irradiated in the 
shield is HOR as well. Alloy A irradiated in the vessel is NRW. 

Due to these low activity values, only results relative to FW irradiation will 
be reported from now on. However, for waste management, it could be more 
correct to consider the mean values of activation for the first-wall and 
blanket structures, since these two components are integrated, and probably 
will be shipped together for final disposal. In this case, for VA, due to the 
relatively low quantity of material in the first wall, compared with a great 
deal of less activated blanket structure, the mixture of the two components 
can be classified as HOR material, without any problem of impurity 
activation. 

Alloy B (V-15Cr-5Ti from ref.7) shows a dose rate 8 times the limit for 
HOR, when irradiated in FW: it is mostly (91%) due to Nb-94. Same 
considerations as for alloy A can be done: if a lower value of the Nb content 
was adopted, the alloy could be classified as HOR, while the content of Ag is 
not specified. 

Alloys C and D (V-5Ti and V-l5Cr-5Ti obtained from purified elements, 
[3]) show dose rates close to the limit for HOR, when irradiated in the first 
wall (1.4-1.5 times the limit). Concerning for instance the V-5Ti alloy, the 
100-y dose rate is due to Nb-94 (34%), Ag-108m (32%), K-42 (16%), 
Nb-91 (7%), Ho-166m (6%), etc. Apart from K-42 (an activation product 
of Ti) all the rest is due to impurity activation, mainly Mo, Nb, and Ag. For 
instance, the production of Nb-94 and Nb-91 is, for this alloy, almost 
entirely due to the activation of Mo (and not of Nb). The content of Mo is 
increased during the refinement process of V, as described in [3]. In fact, 
non-refined V contains a mean level of 9 ppm of Mo, while the refined V 
contains about 40 ppm of Mo, a value close to the limit for HOR (60 ppm). 
If this undesired effect of the refinement process could be avoided, then 
alloys C and D could have dose rate values around the limit for HOR. 

Alloys E and F (V-5Ti and V-15Cr-5Ti obtained from non-purified 
elements, [3]) cannot be classified as HOR. Their 100-y dose rate is about 8 
times the limit for HOR and it is mostly due to Ag-108m, an activation 
product of Ag. 

It is evident, comparing alloys E-F (purified) with alloys C-D (non-
purified), that all other impurities but Ag, Nb and Mo play a minor role. Ag, 
Nb and Mo are mainly coming from non-rcfincd vanadium. Mo content may 
also be increased by the refinement process, as it is described in [3]. 
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Alloy G (V-3Ti-lSi, with refined V and Ti from [3], and Si from [9]) shows 
a 100 y dose rate about 6 times the limit for HOR. It is due to some Si 
impurities (Tb-158, 38%; Ho-166, 21%; Ir-192, 14%) and to some V 
impurities (Nb-94, 11%, Ag-108m, 8%). Activation of Si itself (with 
production of Al-26) is not a problem, since the Si content is low (1%), 
compared with the maximum concentration limit for HOR (15%, see Table 
I). Moreover, the irradiation is at a relatively low fluence (3 Mwa/m2) 
compared with other studies [9, 12, 14]. 

Finally, Table III reports the values also for AISI 316L and MANET. Their 
dose rate and decay heat values (not reported) classify them into the 
MLW-HLW classes. 

Some dose rate curves versus cooling times are reported in Fig. 1. 
Conclusions about recycling and waste management arc reported in section 8. 
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Fig. 1. Dose rate versus cooling time for different VA and AISI 316L, 
irradiated in the ITER FW (3 MWalm2). 
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Table III. Long-term dose rates of vanadium alloys and steels irradiated 
in ITER (Sv/h). Fluence: 3 MWafm2. 

Alloy 

AinFW 

A in 
blanket 
A in 
shield 
A in 
vessel 
AISI316 
in FW 

50-y 
Doie 

9.8* 104 

i.i*io-5 

6.7*10"» 

<io-8 

6.0* 102 

100-y 
Dose 

9.3 *10"4 

l.l*10"s 

6.6*10-* 

<io-8 

3.1 *10"2 

Alloy 50-y 
Dose 

B in FW 2.5* 104 

C in FW 8.5*10"s 

D in FW 8.1*10's 

E in FW 3.2*10"4 

FinFW 2.8*10'4 

G in FW 2.1*104 

MANET 7.1*10"2 

in FW 

100-y 
Dose 

2.1 *10-5 

3.7*10"s 

3.4*10-s 

2.3 *10"4 

2.0* 10-4 

I-5'IO-4 

6.9*10"2 

2.6.5 Short-term activation of vanadium alloys 

Comparing the short-term dose rate in vanadium alloys and in steels (see Fig. 
1) it turns out that, when irradiated in the first wall, vanadium alloys show 
initially higher values. This is true also for the short-term decay heat, which 
may be important in case of accident. For instance, if a total LOCA occurs, 
the po'.t-accidental temperature of the structures is increased by the release of 
their decay heat. The critical zones are those closest to the plasma (first wall 
and front blanket) where the decay heat is the highest and the temperature 
peaks are located [15]. Therefore, it is not correct in this case to consider the 
mean values of activation and decay heat for the whole blanket. Global 
values are necessary to estimate the total amount of decay heat to be removed 
by active emergency cooling systems. In conservative accidental analyses, 
however, all active cooling systems are supposed mot to be working, while 
only passive mechanisms are considered (natural convection, irradiation, etc.): 
in this case, short-term decay heat in the first wall and front blanket are the 
crucial points. 

Concerning the behaviour of vanadium alloys, Fig. 1 shows that they have an 
activation which is higher than steels in the first few hundreds of seconds 
after shutdown. After 1 minute of cooling, VA have a decay heat nearly 
double that of steel, while after 10 minutes the situation is almost reversed. 

The value and the importance of temperature peaks during accidental 
situations do not depend only on decay heat, but also on the material 
properties. Vanadium alloys have far better thermomechanical properties 
than steels, and their melting temperature is significantly higher. Therefore it 
is not expected their higher decay heat at very short term after shutdown to 
be a problem. 
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2.6.6 Accidental release potential hazard 

Given the inventory at shutdown in three VA irradiated in the FW of ITER 
(V-15Cr-5Ti, V-5Ti, V-3Ti-lSi), it has been calculated the early dose to 
the population (MEI, Most Exposed Individual) in case of accidental release 
of a given quantity of material. The values have been computed, starting from 
the FISPACT output, with the GENII code [16], and are not affected by the 
impurity content. Weather conditions Pasquill F2, release height of 20 m and 
distance of 1000 m have been considered. 

Taking into account the maximum early dose value of 100 mSv per 
accidental event with very low probability, considered in ITER safety reports 
[17], it has been computed the maximum quantity of activated material that 
may be released to tiic environment in order not to exceed the 100 mSv limit 
for the early dose (sec Table IV). Some conclusions about this point are 
reported in section 8. 

Table IV. Early dose D to the MEI due to the accidental release of I Kg 
of activated material from ITER VW, and maximum quantity for 
D < 100 mSv. 

Alloy Early dose (mSv/kg) Max.quantity (kg) 

V-5Ti 1.6 63 
V-15Cr-5Ti 2.0 50 
V-3Ti-lSi 0.94 106 
AISI 316L 56.8 1.8 
MANET 15.3 6.5 

2.6.7 Tritium inventory and potential hazard 

A recent work [18] has investigated the effects on the tritium inventory of 
the substitution of steels with VA as structural material. Reference is made to 
a DEMO reactor, with a LiPb blanket. The blanket and first wall T inventory 
in the structures has been calculated for different materials: it is of 320 g of T 
for AISI 316L and 2.6 g for MANET, versus a total inventory of few kg in 
all the machine components and materials. If a vanadium alloy is adopted, 
the T inventory in the FW and blanket structures rises to more than 200 kg, 
becoming by far the main contribution to the global inventory. However, this 
calculation has been carried out without taking into account of possible 
permeation barriers that could be added if vanadium alloys were used: it is 
certainly too pessimistic. 

Considering the potential accidental release to the environment of the retained 
T in the HTO form, with the same assumptions as in section 5, it turns out 
that vanadium alloys may be the only case in which the dose caused by the 
retained tritium is not negligible compared with the dose caused by the 
activation products: for a V-5Ti alloy exposed in the ITER FW, for 
instance, the two values arc of 0.22 mSv/Kg due to retained T, and 1.6 
mSv/Kg due to activation products, according to the estimates on tritium 
inventory reported above. 
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While these numbers must be verified, once a detailed blanket design for 
ITER/EDA will be available, the results of this section show, at least, that the 
problem of tritium retention in vanadium alloys is of primary importance 
from the safety and environmental impact point of view, and should be 
considered with the greatest attention. 

2.6.8 Conclusions 

- About recycling and waste management of VA first-wall 
components:Long-tcrm activation of vanadium alloys in ITER FW is 
dominated by the impurities, even if Si is present. V-15Cr-5Ti, V-5Ti 
and V-3Ti-lSi alloys have similar behaviour. All VA may be classified as 
LLW, while their classification as HOR depends on the impurity content. 
Steels, on the contrary, have to rated as MLW-HLW. 

- About impurity activation in VA: 
Nb content in V must be monitored, but there is recent evidence on 
non-purified V and Ti materials with acceptable Nb levels. The maximum 
concentration limit for Nb to meet HOR requirements is 0.6 ppm, while 
non-refined V and Ti samples show Nb levels of 0.09 ppm and 0.03 ppm 
respectively [3]. 
Ag is the main troublesome impurity: its removal from V is necessary. The 
maximum concentration limit for Ag to meet HOR requirement is 0.06 
ppm. Non-refined V samples show Ag levels of 0.6 ppm, reduced to 0.033 
ppm after purification [3]. 
Mo content in vanadium may be increased by purification processes [3]: 
this must be avoided, since it affects long-term activation of vanadium 
alloys. If Si is present, activation of some of its impurities (Ir, Tb, Ho) 
may prevent the classification of the vanadium alloy as HOR. 

- About recycling and waste management of other VA components: 
Blanket and Shield structural components made with vanadium alloys can 
be classified as HOR, regardless of their impurity content. Materials in 
outer structures (vessel) may be classified as NRW. 
If the first wall and the blanket are considered as an integrated structure, 
and mean values of activity for this structure are computed, then all 
vanadium alloys can be classified as HOR, with no problem of impurity 
activation. 

- About short-term activation of VA first wall Short-term decay heat in VA 
alloys, when irradiated in the FW, is higher than that of steels during the 
first minutes after shutdown. This is not expected to be a problem for 
accidental situations, due to the better thcrmomcchanical and physical 
properties of VA. 

- About accidental release conditions: 
The potential hazard of VA activated in ITER first wall (for instance, a 
V-5Ti alloy), measured in terms of early dose to the MEI in case of 
accidental release, is about 10 times lower than MANET and about 35 
times lower than AISI 316L. 

- About tritium inventory: 
The adoption of VA instead of steels may increase dramatically the tritium 
inventory in ITER. The hazard of retained tritium in VA could become 
comparable to that of activation products. 
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3. ITER RQUIREMENTS 

3.1 Design concepts and operational conditions 
(E. Zolti) 

In the presently proposed ITER EDA machine, as documented in the 
Summary Report of the Technical Meeting in Garching in March/April '93, 
the main changes having the largest implications for First Wall/Blanket-
structural materials are (with respect to CDA): 
- higher fusion power (3 GW versus 1 GW), 
- the consideration of possible power excursions to 4 or 5 GW, 
- the chemical environemt associated with the working fluids and 
- the requirement to proceed from a non-breeding, 'Basic Performance 

Phase' operation to a breeding 'Enhanced Performance Phase' without 
changing the basic structural components except for the working fluids. 

Relevant operating conditions are given in Table 1, concepts options in Table 
2 and the geometry of equatorial cross section of two blanket cooling 
concepts are shown in Fig. 1. 

INLET 

FIRST WALL 

RETURN 

\ ' V FIRST WALL 

Fig. 1. Equatorial cross section of two blanket cooling concepts 

ECN-RX--93-082 37 



Assessment of vanadium alloys for ITER application 

These new trends result in general in considerably more demanding 
requirements for the structural materials. In particular, their selection may be 
largely determined by their potential (along with other design choices such as 
e.g. geometry, thermohydraulic conditions, welds location and type) to 
accommodate: 
- peak neutron fluence of 4.5 MWa/m2, 
- off-normal peak surface heat flux of 0.9 MW/m2 for 10 s and s 100 times 
- compatibility with Li. 

On the contrary, 
- the normal surface heat flux is comparable or lower (s0.5 versus to 0.6 

MW/m2), due to the absence of a-particle loadings and 
- the geometry of the First Wall (Without integrated coolant channels) allows 

an easier fabrication. 

Table 1. Main ITER EDA Parameters relevant for structural materials of 
First Wall/Blanket (June V3) 

Normal 
Conditions 

Off-Normal 
Conditions 

Peak/aver. FW n-fluencc 
Peak/aver, n wall load 
Peak/aver. surf, heat flux 
Number of cycles (full load) 
Total bum time 
Pulse duration 
Temperature, baking/between pulses 

- Power excursions (to 4/5 GW) 
number 
duration 
Peak/aver, n wall load 
Peak/aver. surf, heat flux 
Peak/aver, volum. heat 

- Disruptions (full curr., nom. pow,) 
Thermal quench: min. time 
Max. energy deposition 
current quench: min. time 
max. energy deposition 
run away cl. (s300 McV) 

MWa/m2 

MW/m2 

MW/m1 

h 
s 
°C 

s 
MW/m2 

MW/m2 

MW/m2 

ms 
MJ/m2 

ms 
MJ/m2 

MJ/m2 

4.5/3. 
2.8/2.0 
0.5/0.4 
104 

3.10* 
-1000 
350/200 

slOO 
10 
473.3 
0.9/0.7 

100 
0.5 
5 
2 

Table 2. Main ITER EDA options for FW/Blankei 

Cooling concept 

Self-cooled 

Tube in pool 

coolant 

Li 

NaK 
He 

HjO 

breeder 

Li(+De) 

Li(vBc) 
Li(-iBe) 

Pb-17Li 
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3.2 Licensing (B. van der Schaaf) 

The general frame for licensing activities for ITER in Europe has been 
reported by the ITER licensing working party [1). In general three different 
stages can be distinguished in Europe: 
- Site and construction license 
- Operation license 
- Disposal of waste. 

The ITER-EDA team is required to provide the host country with the 
following documents: 
- Safety objectives. 
- Plant description. 
- Environmental Impact Assessment. 
- Accident Analysis. 
- Quality assurance programme. 

For the design and construction of ITER national standards and guidelines 
will have to be applied to confirm whether the technical criteria can be 
satisfied. The main areas of concern are radiation dosis limits and engineering 
standards. The latter arc of special concern for the introduction of vanadium 
base alloys for the FW of ITER. It is concluded by the working party that, 
based on the experience with fission, foreign codes and standards can be 
easily adapted by the licensing authorities. From the report it is evident 
that the approach of the ASME Code Case N47 or the RCC-M would be 
accepted in Europe, without great difficulty or time delay due to basic 
procedure problems. For the design of primary components this would 
nevertheless mean the production of a database for mechanical properties with 
environmentaI(radiation, chemical) reduction factors of considerable 
magnitude. One major problem is that the design has to be settled before the 
data base is complete. Accident analysis will come up with scenarios which 
require additional data of which those beyond design base will have to be 
settled as soon as possible. In all five documents indicated above vanadium 
base alloys will be included. The listing of the specific data required is a 
process that has to be entered now. 
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4. R&D WITH MANUFACTURING 
INDUSTRY 

4.1 Alloy selection process (W. van Witzenburg) 

Since only 5-6 years are available to adequately characterize a vanadium 
alloy for application in ITER, it is clear that there is no time for further alloy 
development work. Candidates will have to be chosen from the alloys which 
have been studied so far. Optimization in terms of thenno-mechanical 
treatment and impurity content should be feasible though. 

Alloys which were originally developed for fast breeder application in the US 
and Europe, V-lSCr-STi respectively V-3Ti-lSi, have served for some time 
as reference vanadium alloys for the fusion programme. Altough these alloys 
were developed partially on the basis of good radiation resistance, they were 
never considered to represent optimized alloy compositions for fusion. During 
the past decade the high Cr content in the former alloy was found to be res
ponsible for various types of embrittlemcnt, such as low temperature irradia
tion embrittlemcnt [1], hydrogen cmbrittkment [2] and cmbrittlcmcnt caused 
by exposure to lithium [3]. As a result, the present US preference is for a 
lower Cr content: V-5Cr-5Ti. Results of efforts in Europe to improve the 
strength of the alloy V-3Ti-lSi, while retaining other favourable properties 
(4,5,6] point to the alloy V-3Ti-lSi-4Fe-0.34 as possibly being attractive 
for fusion application. Also, the binary alloy V-5TÏ has been proposed as 
candidate in Europe [7]. 

A possible route towards selection of a particular vanadium alloy for ITER 
would be to concentrate for the next five years on candidates nominated by 
each of the four parties participating in ITER. Investigation of the four 
resulting alloys could be carried out jointly by the ITER participants, 
resulting in selection of one alloy in about seven years time. 
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4.2 Industrial alloy production (M. Riihle) 

4.2.1 Supply, prices 

Vanadium is an abundant element with considerable deposits in many coun
tries (table II in [1J). Vanadium is almost exclusively produced as a 
by-product of pig-iron, and in addition of phosphate, titanium, copper, lead, 
zinc, uranium. Recently residues of certain coals and oils as well of bauxite 
become increasingly important as a vanadium source. 

The main producing countries are listed in table III in [1], to which the 
Peoples Republic of China has to be added (page 1176 in [1]). 

The nominal actual price of V205 (the predominantly traded vanadium pro
duct) today is lower than in 1954 (compare the table on page 1282 in [1] 
with [2])! 

4.2.2 Production of vanadium metal 

Vanadium metal today is produced from VA1, a commercial master alloy 
used for non-ferrous V-containing alloys. V-Al is remelted repeatedly in an 
electron beam furnace to evapoiate most of the aluminium. The product is 
more than 99,7 % pure. Important impurities are C, N, O and Al. Other pro
duction routes have been developed but are currently not applied commerci
ally. 

Vanadium metal today has no market price. But - once produced on an in
dustrial scale - there is no reason, why it should be much mce expensive 
than titanium sponge which today is traded not much above 10 DM/kg 
(assuming that there are no new severe requirements regarding impurity 
levels). 

4.2.3 Alloy development 

More than 20 years ago vanadium alloys have been developed and produced 
by industrial means for the sodium cooled fast breeder canning - see e.g. [3]. 

Most of these contain 1 - 5 mass-% Ti. Together with controlled levels of 
C, N and O titanium does not only impart superior creep resistance in the 
range of about 600 - 900°C but also improves workability. Some solid 
solution hardening elements like Cr, Mo and Nb can be accepted in quantities 
up to about 5 mass-% without unduly impairing workability. 

4.2.4 Production of semi-products 

For the ITER design at present three types of semis are required: 

- Seamless Tube 22 mm o.d. x 2 mm w.th. x 10 m length (7,7 kg/piece) 
- Sheet 5 - 7 m m x l m x l 0 m (300 - 400 kg/piece) 
- Plate 70 mm x 1 m x 10 m (4300 kg/piece) 
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These can be produced by industrial equipment according inc following 
simplified flow scheme (equipment required in parantheses): 

1. Crucible free repeated melting of vanadium rod 
together with alloying elements under inert 
conditions. Size of billets: "tons" 
(Arc melting furnace) 

I 

2. Forging at 1000 - 1100°C, reduction min 50 % 

(Forging press + heating furnace + manipulator). 

I 

3. Annealing 1200 - 1250°C 

(Vacuum furnace desirable but not mandatory) 

I 

4. Forging 

- see s'ep 2 -

I 

5. Annealing 

- see step 3 -

I 

6. Machining for the removal of contaminated layers 
and to get proper geometrie 
(Milling m chines, lathe) 

I 

(Continuation on next page) 
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Drilling, 
canning 

T7 

I 
(Conventional workshop) 

Plate 
Cold rolling 
(Rolling mill) 

S7 

T8 
Tube extrusion 
(Extrusion press min. 
3200 t capacity) 

S8 
Intermediate and final 
annea l ings above 
1000°C 
(Annealing furnaces) 
- see step 3 -

T9 
Decanning 
(lathe, pickling-tub) 

S9 
Inspection 
(common equipment) 

Rocking 
(Rocking bench) 

T10 Sheet 

Til 
Annealing 
(Vaccum furnace, pos
sibly inductively) 

Testing 
Common 
ment) 

testing 

T12 

equip-

Tube 
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It should be pointed out that some steps or sequences of steps may be run 
through several times. Ai> the equipment indicated is available in industrial 
shops on different locations. None of them is fully occupied. 
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4.3 Critical areas for production of components 
(H. Clemens, M. Witwer) 

A brief description is given of manufacturing of semifinished products 
(plates, sheets, tubes) made of V and V-alloys and an overview of the most 
critical areas for production of components. 

4.3.1 Manufacture of vanadium and vanadium-alloys 

Due to the required chemical composition as well as the high-purity level of 
the material an arc melted ingot (several times remelted) should be used. The 
content of interstitials (H, N, O, C) should be very low in order to prevent 
embrittlement. The powder metallurgical route cannot be proposed, because 
of the high content of these elements in the V-powder. 

The arc melted ingot should be available in the dimensions required by the 
final product (ingots of up to 7 tons are possible to be produced by TWCA). 
The first critical step of the production is primary forming (breakdown) of the 
ingot without initiating cracks. This operation must be done at elevated 
temperatures (1050-1150°C). 

As a next step machining of the primary forged ingot has to be done to 
remove the oxides as well as the oxygen enriched surface layer. Prior to the 
following hot rolling operations the forged and machined ingot must be 
canned applying a special canning technique. Due to the poor oxidation 
resistance of V and V-alloys (liquid oxides are formed at 675°C) the material 
has to be protected during all further hot forming operations. After the hot 
rolling and intermediate annealing steps the material is decanned and prepared 
for cold rolling. Final surface treatments or annealings can be performed if 
required. Almost the same manufacturing procedure can be applied for tube 
production. 

4.3.2 Critical areas 

The main critical areas for the production of components are: 
- quality of ingot 
- primary forging (breakdown) 
- joining of similar and dissimilar materials 
- non-destructive inspection. 

Since the activation analyses have shown that the long term activation of V 
and V-alloys is dominated by the impurity content, very pure materials must 
be used. But up to now no specification exists, neither for the composition 
(alloy) nor for the impurity tolerances. The achievable impurity level (see 
Table 1) seems to be not acceptable with respect to activation. Therefore, the 
quality of the ingot must be improved. 
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Table 1. Chemical composition (weight percent) of commercially available V 
(vanadium specification, Teledyne Wah Chang Albany) 

Element Guarantee (W/0) 

Vanadium 99.6 minimum (by difference) 
Hydrogen 0.005 maximum 
Carbon 0.02 maximum 
Nitrogen 0.02 maximum 
Oxygen 0.05 maximum 
Aluminum 0.05 maximum 
Silicon 0.20 maximum 
Iron + Nickel + Chromium 0.05 maximum 
Niobium + Molybdenum + Tantalum 0.10 maximum 
Titanium + Zirconium + Hafnium 0.05 maximum 

The primary forging of the ingot is an essential step, the brittle coarse grained 
cast ingot must be forged at high temperatures and special forming conditions 
(e.g. low deformation rates). A fine grained and crack-free plate or pancake 
must be achieved. 

The joining of similar materials can be done by means of welding. Since 
there is a strong affinity of V and V-alloys to gases (N, O, H) particular 
precautions must be taken to protect the welding zone from these gases. 
Tungsten intert gas and plasma welding work well when all surfaces of the 
weld (front and back) are covered with inert gas (Ar, He). The weld has to be 
protected at all temperatures in excess of about 200°C. It is strongly 
recommended to perform welding in special welding boxes. The joining of 
dissimilar materials can be done cither by welding or brazing. Vanadium can 
be welded to most of the transition metals like titanium, zirconium, niobium, 
tantalum and chromium as well as to austenitic and ferritic steels. However, 
there is only little experience in joining of V and V-alloys. Hence, proper 
welding techniques have to be improved and partly developed. An alternate 
solution is brazing where welding cannot be applied succesfully. Capability 
exists to apply high-temperature high-vacuum brazing techniques for a broad 
variety of products which arc exposed to high thermal as well as mechanical 
loads. The selection of the braze metal and the process parameters plays a 
dominant role since brittle intcrmetallic phases may be formed at the interface 
leading to unacceptable component behaviour. The activation of braze metals 
must be considered, too. 

Of prime importance is the non-destructive inspection of bulk materials 
(sheei, plate, tube) and joint composite structures. Available techniques must 
be adapted and verified for these V-alloys, 

4.3.3 Summary and conclusions 

The manufacture of thick plates can be considered to be feasible. However, 
for larger dimensions special adjustments of the forming equipment and 
operating parameters have to be taken into account. 
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For tube manufacturing no major problems are expected, provided that the 
material can be protected against oxidation during the drawing procedure. 

In all cases the problem of high-temperature annealing of large parts in 
vacuum has to be mastered. For those large parts expected to be used for 
ITER at the time being no proper facilities are available. 

With regard to the joining-techniques of V and V-alloys additional 
development work is necessary especially in the case of the manufacture of 
full scale components for ITER. As a first estimate of time schedule for the 
development of this technique at least three years have to be envisaged. 

48 ECN-RX—93-082 



R&D with manufacturing industry 

4.4 Engineering data (E. Zolti) 

The largest data base is available for the commercial alloys V-5Ti-15Cr and 
V-3Ti-lSi. In USA-, EC-, and Japan-programmes more than 20 new alloys 
with additions of Ti, Cr, Si, and, in some cases, of Fe, Mn, W, Zr and Y, 
have been object of basic studies including tensile and impact tests, irradi
ations in fast breeders and thermal reactors with and without a-particles pre-
injection or 10B-doping, and microstructural investigations. 

For the ITER main candidate alloys V-5Ti-5Cr the present data base is 
limited to that typical of experimental alloys. Nevertheless, it is sufficient to 
show its actractiveness over other structural materials and to carry out several 
predesign studies. In particular, the available data include the following: 
- physical and thermo-mechanical properties, needed to calculate 

temperatures and deformations, stresses and strains in the elastic regime 
(they can be assumed to be the same as those of the commercial alloys); 

- for the unirradiated material: 
- tensile properties (including yield and ultimate strength, uniform and 

total elongation) in the range RT to 700°C; 
- ductile-brittle transition temperature, also for hydrogenated alloys (with 

a H content up to 1200 appm); 
- some thermal creep-stress rupture data (e.g. at 650°C) and some 

information on fatigue on the basis of those of the commercial alloys; 
- significant amount of data on irradiation effects on tensile properties, shift 

of DBTT and swelling has been produced showing the clearly more 
favourable behavior of the candidate alloys (with s5% Cr) as compared to 
the commercial ones. 

However, the present data base is largely insufficient to start ITER EDA. 
Apart from the completely missing data on static and dynamic fracture 
toughness, there is the need of a detailed characterization for the base 
material and its joints in the range of parameters (such as temperatures, 
stresses, strains, fluence, He and H content, chemical environment) required 
to cover all the normal and off-normal opcrationg conditions. Table 2 gives a 
list of essential data with an indication on the priorities (preliminarily only 2) 
with respect to their staged needs, namely: since the beginning of the design 
by analysis (priority 1) or only for a final detailed lifetime evaluation and 
safety analysis (priority 2). 
In addition to the production of the engineering data, an extensive R&D 
programme is required to establish a comprehensive metallurgical under
standing and, particularly, a relationship composition-structurc-propcrtics. 
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Table 3. Material properties needs and priority indications for structural 
design and analysis 

A) Engineering/Technology 

physical, thermal and mechanical 
1) Thermal conductivity, density, specific heat, emissivity, 

electrical resistivity, Elasticity modulus, coeff. of 1 
thermal expansion, Poisson's ratio, ƒ 

2) yield strength, ultimate strength, i 
uniform and total elongation, fatigue / 
thermal creep, creep-fatigue interaction, 
static and dynamic fracture toughness, 
fatigue crack growth 

Priority 
1 2 

radiation effects 
- embrittlement (fracture toughness, ductility) 
- hardening 
- swelling 
- irradiation creep 

x 
x 
X 

compatibility 
- with liquid metals; 

He (realistic purity) 
- tritium solubility and permeability 

x 
x 
x 

plasma-material interaction 
- sputtering (physical, chemical) 
- outgassing 

fabricability 
- forming, machining 
- joining (welding, brazing) 
- industrial capability 

x 
x 
(X) X 

cost (X) X 

B) Safety and environment 

activation and decay behavior: 
dose rate, after heat 
melting temperature, heat of fusion 
heat of vaporization, vapor pressure 
high temperature oxidation 
reactivity with steam and air 

x 
x 
x 
x 
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5. PARTICIPATION AND COOPERATION 

5.1 R&D institutes (B. van der Schaaf) 

The European institutes CEA, ECN, ENEA, JRC, KFA, KfK, PSI, RIS0, 
SCK and Studsvik have all expressed their interest in participating in R&D 
vvork on vanadium as indicated in the BLRD-2 and 7 documents prepared for 
ITER application in FW and blanket. In principle the know-how and 
expertise exists in Europe to perform the necessary testing and prc-exposure 
programmes. The test equipment is all available on a small scale. Major 
investments are required in test apparates and control instruments to embark 
the work on the required much larger scale than is possible with the present 
devices. 

Neutron and particle irradiation facilities suitable for the research are 
available. Neutron radiation temperatures in the range of RT to 1000 K can 
be obtained in more or less standard irradiation devices. Dual beam and high 
energy particle facilities are present and their capacity seems adequate. 
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5.2 Licensing authorities (B. van der Schaaf) 

The conclusions drawn by the ITER licensing working party arc based on the 
prc-requisite that the ITER site be chosen in 1996. This mile-stone gives the 
host country and the ITER EDA team sufficient time to finalize the 
discussions on the licensing and design code. Further can the host country 
influence the production of data in the way needed for the national 
requirements layed down in the documents indicated in section 3.2. The 
approach of present design codes and standards in the European countries 
shows a promising similarity also for alloys not yet included in the master 
tables. There has to be defined a minimum design data base early in order to 
coordinate the test effort. The role of the IAEA in establishing the rules and 
data basis must be appreciated, considering the potential sites for ITER. 
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6. TIME SCHEDULE (B. van der Schaaf) 

In Table 1 the time schedule for the research, development and growth of the 
production scale is given. This time schedule reflects the main milestones 
needed with a scenario starting with four alloys in 1994. The number of 
alloys should be narrowed to two candidates in 1997, leading to the ordering 
of the final alloy and manufacturing procedures in 2001. The final product 
should be in place in 2003. The schedule is developed with its final target as 
leading item. It is not expected that the present European infrastructure can 
accomplish the tasks required in time on its own. With well-organized 
cooperation of all partners involved and considerable upscaling of facilities 
and professional contributions the fabrication of a vanadium first wall is 
possible in time. It is assumed that the major problems can be solved by 
materials science and technology or design of the components and their 
environment. 

The schedule has been divided into three main streams: 
- Research with a materials science and engineering character. 
- Development of manufacturing techniques and component testing. 
- Production upscaling of vanadium alloy and semi products. 

These streams should interact fruitfully. The results of the characterization of 
the alloys should serve both the manufacturing and design code development. 
The production limitations should be fed into the testing and component 
building streams. For clarity the streams given in the tabic will be shortly 
described with their most important interfaces indicated. 

In 1994 four alloys will have to be selected on the basis of a study, carried 
out in 1993, on the presently available vanadium experience. The alloys will 
have to be available in quantities of 2000 kg each in 1995. The industry will 
however first have to produce quantities of 500 kg to estimate the problems 
encountered in upscaling in 1994. Then the research on compatibility, 
mechanical properties and fabricability start. In 1996 an intermediate 
evaluation of the four heats will be necessary and the results discussed with 
both designers and the licensing authorities. On the basis of the outcome the 
melt production facilities and joining techniques will be upscaled for the 
production of two 15000 kg heats. In 1997 the four alloys will be finally 
evaluated and the specifications of two alloys for component production will 
be decided upon. The design of the large components: first wall and blanket 
modules will be designed in 1997 and built in 1998. The test program for the 
com poncnts will be settled with the licensing authorities. 

In 1998 the production of the design code data base must start to satisfy both 
designers and licensing authorities requirements for analysis with 
experimentally obtained uncertainties. The tests of components also serve this 
purpose. Since neutron irradiation up to 20 dpa will take about two years post 
irradiation data relevant for the half life of ITER will become avaialable in 
2000. The 40 dpa data (end of ITER life) will start to become available in 
2002. 

At the end of the century the production facilities must be upgraded to allow 
the production of heats with a total weight of approximately 400,000 kg of 
vanadium with a composition fine-tuned with the results obtained in the 
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research programme and the special requirements of designers aodlicensing 
bodies. In parallel the final manufacturing procedures will have to be in place 
based on the research and component test results. 

Table 1. Time schedule 

YEAR 

1994 

1995 

19% 

1997 

1998 

1999 

2000 

2001 

2004 

2002 

RESEARCH 

Selection 4 
candidates 

Mechanical 
testing of 
compatibilities 
heats and joints + 
environmental 

Testing and 
intermediate 
evaluation 

Evaluation of 
the 4 candidates 

Start engineering 
database production, 
including environmental 

n 

Preliminary database 

Final test scries in 
support of design 
database for licensing 

Design database report 
final 

Fabrication ITER first wall 

DEVELOPMENT 

Thermo mechanical 
treatment 

Plasma welding 
Brazing 

Manufacturing 
procedures and 
licensing 
requirements 
established 

Design representative 
components 

Production of 
vanadium components 

Service testing of 
components and 
emergency conditions 

IT 

Adjustment fabrication 
and joining techniques 

PRODUCTION 

2 heats 
500 kg 

4 heats of 2 ton 

20 m of welds 
Upscaling 
mcltcapacity 

2 heats of 15 tor 
40 m joints 

Upscaling production 
facility 

400 ton of VAFTT 
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7. FINANCIAL MATTERS 
(B. van der Schaaf) 

Tabic 1 summarizes the financial support nee Jed for the realization of the 
tasks described in section 6. The three main streams can be easily recognized. 
The research stream has been subdivided into three branches: 
- Theory, an ongoing activity during the whole project. 
- Evaluation and selection of candidates with cxperimcntals results. 
- Production of the engineering data base from 1998. 

The research program costs are estimated to about 55 MECU in total over a 
period of 11 years. 

The development stream is divided into three streams: 
- Joining techniques. 
- Procedures for manufacturing including heat treatments. 
- Component building (12 MECU) and service (14 MECU). 

The total sum for development work is 51 MECU, with more than half of it 
devoted to components in the last three years. 

For the production of alloys and wcldmcnts in the sclction phase until 1999 a 
total amount of about 84 MECU is foreseen. The investments done by 
industry to produce up to 15000 kg casts has not been included. The research 
and development and prcproduction cast of a vanadium alloy fit for ITER is 
thus estimated to be 190 MECU over a period of 11 years. The cost and 
involvement of the licensing authorities have not been included, though their 
participation is crucial. 

The production of the final amount of vanadium alloy is estimated to cost 
about 500 MECU. This amount will have to be included in the building cost 
of ITER. 
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Table 1. Financial requirements for VAFIT in MECU 

RESEARCH 

Theory 
Data Candidates 
Eng. Data Base 

DEVELOPMENT 

Joining 
i*rocedures 
Components: 

fabrication 
service testing 

PRODUCTION 

2 heats 500 kg 
4 heats 2000 kg 
Weldments/Brazings 
2 heats 15000 kg 
1 heat 400000 kg 
Upscaling facility 

TOTAL 

94 

6 

1 
5* 

-

1 

4 

3 

1 

10 

95 

5 

1 
3 
1 

3 

1 
1 

16 

15 
1 

24 

96 

8 

1 
3 

4* 

2 

1 
1 

3 

3 

13 

97 

8 

1 
3 

4* 

3 

•5 

1 

4 

1 

3* 

14 

98 

7 

1 

4 

2 

1 
1 

52 

2 
50 

61 

99 

5 

1 

4 

8 

0 

2 

4* 

5 

5 

18 

00 

4 

6 

10 

1 
2 

8 
2 

100* 

14** 

01 

4 

6 

10 

2 

6 

400 

14** 

02 

4 

4 

10 

2 
2 

6 

14 

03 

2 

2 

2 

04 

2 

2 

2 

* capacity increase 
** exclusive of cost ITER construction 
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8. OUTCOME OF THE WORKSHOP 

8.1 Summary of the won. p (B. van der Schaaf) 

Besides the authors, who have contributed to this report, other specialists in 
the field have participated in the workshop devoted to the utilization of 
vanadium basis alloys for the ITER first wall and blanket. From the ITER 
team in Garching Gohar was present to elucidate the main reasons leading to 
the vanadium choice for the present ITER concept. Smith was present to 
summarize the present status of the vanadium developments in the USA. The 
list of participants is given in Appendix I. The workshop programme is given 
in Appendix II. 

The workshop was organized around the presentations of the authors of 
thisreport followed by discus-ion of the matter at hand. The afternoon of July 
5 and the morning of July 6 were devoted to the presentations. In the 
afternoon of July 6 a general discussion of the main topics was held leading 
to conclusions drawn up by the chairman Schiller. The conclusions printed 
were amended by participants to the workshop still present the next day for 
the meeting on the discission of the research proposals for vanadium and 
steels. These amended conclusions are given in the next chapter. 

Two major items in the design brought up by Gohar are: 
- The getter function of Lithium with respect to Tritium in the vanadium 

alloys can by countered by the insulator layer of A1N, needed to reduce 
currents in the blanket modules. 

- The peak temperature foreseen in the design is limited to only 700 K 
maximum, which implies that the materials data base of relevant alloys has 
to be expanded to the range of 400 to 700 K, since the present data are 
aiming at a much higher application temperature, considering the high 
temperature strength potential of these alloys based on a refractory metal. 

These two items both have a strong effect on the time scale a vanadium alloy 
can be developed for application in ITER. 

The main conclusion of the workshop is that, when Tritium retention pro
blems and hydride effects on vanadium properties can be overcome in 
priciple, the time schedule for the development of a vanadium alloy, 
approved by the licensing authorities, is very tight. A risk with respect to the 
resolution of any radiation induced reduction of toughness in the end of life 
condition of ITER cannot be avoided. 
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8.2 Conclusions of the workshop (P. Schiller) 

On July 5 and 6 a Workshop has been organised at the JRC Ispra on the 
possibilities of vanadium alloys as structural material in ITER (participants: 
see Appendix I). 

The actual state of knowledge has been presented in a number of 
contributions (see Appendix II). The content of the different presentations has 
been discussed extensively and the following conclusions have been drawn: 

1) The work presented shows that a great number of binary and ternary 
alloys have been screened and the composition field has been nar
rowed down to low V-Ti-Cr alloys (Ti 0-5%, Cr 0-5%), which is 
a compromise between low swelling behaviour and acceptable 
strength and post-irradiation ducility, at temperatures above 700 K. 
The amount of C, N and O has to be adjusted at low levels for 
convenient workability. 

2) Activation analysis has shown that long term activation of all consi
dered vanadium alloys for ITER FW conditions is dominated by the 
impurity content. All existing alloys can be classified as low level 
waste after less than 50 years. Hands-on recycling of the first wall 
will be possible if the content of certain impurities (Ag, Nb, Mo) is 
reduced below the actual level in technical alloys. It appears that 
this is possible. V alloys which will be used in parts behind the first 
wall in ITER are even less problematic. 

3) The knowledge on tensile and creep rupture properties of unirradia
ted vanadium alloys is sufficient to conclude that their behaviour in 
the temperature range up to 973 K is excellent. The Ti content 
should be kept between 1 and 3.5. wt%, as the creep-rupture 
experiments have shown. Data on fatigue behaviour are available on 
Vanstar type alloys and on V-15Cr-5Ti, for which they are judged 
good. Trr.y are missing for other alloys. 

4) Post-irradiation tensile data are limited to temperatures between 700 
and 973 K. The strength at these temperatures and up to 40 dpa is 
high and, with the exception of V-15Cr-5Ti, the ducility never falls 
below 5%. There are uncertainties on the influence of high He 
concentrations on the post-irradiation tensile properties. Data for 
temperatures below 700 K are missing. Equally missing are data on 
post-irradiation fracture toughness and fatigue crack propagation. 
In-pile data on crack growth and creep have to be produced. 
Data on weldmcnts after irradiation arc not available. The influence 
of coatings (i.e. Be and A1N), especially on the fatigue behaviour, 
has to be investigated. They are considered critical, since cracks in 
the coatings can zci as crack starters in the V alloys. 

5) Corrosion of vanadium alloys in flowing lithium depends strongly 
on the impurity level (mainly N and C), in the liquid metal. For N 
content smaller than 10"2% and temperatures below 723 K. there 
docs not exist any problem. For temperatures up to 923 K, a 
protective coating (i.e. Al) will be necessary. In ciruits formed by 
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different metals, care has to be taken that the second metal is not 
acting as a carbon source. For more studies, investments in 
corrosion loops will be necessary. The interaction of V-alloys and 
coatings under ITER conditions needs clarification. 

6) Sufficient V is available. The price should go down if production is 
starting. In Europe there is sufficient experience to produce semi
products, after some additional development. No problems are anti
cipated for the production of sheets and tubes. The possibility to 
produce thick plates of large dimensions is not sure. It is estimated 
that, in about 5 years, the feasibility can be proved (-500 m tubes 
or 10 plates 1x5x0.07 m3 or sheet). Industrial equipment for the 
production of V metal as well as of tubes, sheets and plates out of 
vanadium alloys is available at different locations. 

7) Electron beam welding and TIG welding in glove boxes have been 
demonstrated. Large equipment is available in Europe. In- field 
welding has to rely on TIG procedures, which should be possible. 
Weldments with dissimilar materials have to be developed. 
For the quality control of weldments, the developement of NDT 
methods and procedures is necessary. It is also necessary to develop 
defect classification and a data base for acceptable defects. This data 
base has to consider the different states of the material (O content, 
neutron dose, H content). It is foreseen to assemble large parts of 
the structure in the shop and transport them to the installation. It is 
feared that, during transport, the structure may undergo locally 
plastic deformation (vibrations, shocks, etc.) which will alter locally 
the properties of the material. 

8) Vanadium alloys are picking up 02, N2 and C. These gaseous 
impurities reduce ductility considerably, if their concentration is 
higher than 1500 ppm. The solubility of V-5Cr-5Ti for O, N and C 
is not known. The quantity of additional oxygen, which is picked up 
during normal reactor operation, should be evaluated as soon as the 
partial pressure in ITER is known. This should also be done in the 
case of the presence of a Be coating. Larger amounts of O, N and C 
may be dissolved in off-normal 
conditions. 

9) The possibility of the pick-up of hydrogen isotopes was discussed 
extensively. High H concentrations will strongly deteriorate the 
mechanical properties and in the case of T, present a major radiation 
hazard. 
After a long discussion the participants of the workshop agreed on 
the statement that this problem is not yet solved and the concern 
remains to what extent the mechanical properties of the alloy can be 
assured and which tritium inventory has to be considered. 

10) The participants tried to define a minimum time which will be ne
cessary to execute all the R&D activities to get a well qualified al
loy. Assuming that the managment is ready to take the risk to start 
the construction of the machine when the radiation behaviour of the 
chosen alloy is shown to be acceptable at half the final fluence (20 
dpa), then the minimum time necessary will be 7 years (2 years for 
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the production of a significantly large heat of the alloy, 4 years for 
irradiation at low temperature, which cannot be done in a fast flux 
reactor, 1 year for post-irradiation testing), the data for full fluence 
(end of life condition) will need at least 12 years. This includes: i) 
to accept the uncertainty of extrapolation to end of life fluence and 
to fusion neutron spectra; ii) to be limited to one alloy and iii) to do 
the design with a limited data base. It also asks for large space in 
existing fission reactors. It should be noted that the development 
time for fission reactor materials exceeded in all cases 30 years. The 
minimum time can be achieved provided there is a large 
characterisation programme executed in parallel. The participants do 
not believe that 50 M$ are sufficient. 
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Appendix I List of participants 

H.U. Borgstedt 
H. Clemens 
J. Danner 
J. Eyssermans 
P. Fenici 
G. Filacchioni 
E. Fromm 
Y. Gohar 
B. Josefsson 
A. Moslang 
S. Paidassi 
A. Perujo 
M. Pick 
P. Rocco 
M. Riihle 
B. van der Schaaf 
P. Schiller 
M. Schirra 
B. Singh 
D.L Smith 
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Appendix II Programme of the workshop 

Monday, July 5 

14.00-1445 Schirra 
Tensile and creep properties of V-alloys 

14.45-15.30 Van Witzenburg 
Radiation damage and mechanical properties 

15.30-15.45 Break 
15.45-16.30 Rühle 

Alloy development, fabrication, availability of V-alloys 
16.30-17.15 Clemens 

Existing possibilities for the production up-scaling 
17.15-17.35 Zucchetti 

Activation and waste 
17.35-17.55 Möslang 

Activation of V-alloys 

Tuesday, July 6 

09.00-09.45 Fromm 
Gases in V-alloys 

09.45-10.30 Pick 
Tritium in V 

10.30-10.45 Break 
10.45-11.30 Borgstedt 

Liquid metal corrosion 
11.30-11.50 Gohar 

ITER logic for V 
11.50-12.30 Smith 

Mainpoints for V 
12.30-14.00 Lunch 
14.00-16.00 Conclusions 

End of workshop 
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9. Summary and final conclusions 
(W. van Witzenburg, B. van der Schaaf) 

The assessment effort concerned required evaluation of various relevant 
properties of vanadium alloys. The outcome predictably shows that these 
properties, as well as timing, funding, manufacturing and licensing aspects, 
each set their own specific boundary conditions for application of these alloys 
in ITER. 

Some of these are not really felt as constraints. Their capacity to 
accommodate high heat loads, for example, is better than other candidate 
materials and appears to be the main reason for the present interest in these 
alloys. Other favourable properties include neutronic properties (low nuclear 
heating rates, good tritium breeding performance and low helium generation 
rates), intrinsically low activation, excellent tensile and creep properties up to 
high temperatures and high strength-to-density ratio. Not all of these 
properties necessarily are relevant for ITER, but they would be important for 
longer term application. 

In addition to these favourable properties vanadium alloys, like any other 
material, also have their problem areas. Particular concerns relate to their 
reactivity with non-metallic elements, such as O, N, C and H, tritium 
inventory and embrittlement due to neutron irradiation at lower temperatures. 
Written contributions as well as presentations at the workshop dealt with 
these concerns, which clearly put constraints on application of these alloys. 
Indications are that the proper choice of alloying elements can alleviate some 
concerns, such as corrosion, compatibility and radiation induced swelling, to 
make them manageable. In addition, ITER should be designed in such a way 
that the vanadium alloy structure will be protected from exposure to air 
during off-normal conditions. Absorption of O, N and C during normal 
operation of the machine should be minimized by a combination of contact 
with liquid lithium (which has a higher affinity for oxygen than vanadium 
has) and avoiding transport of N and C toward the vanadium alloys structure 
or keeping the temperature below 500°C. 

Two critical areas, however, appear to stand out in imposing constraints on 
operation of vanadium alloy structures in ITER: low temperature radiation 
embrittlement and hydrogen embrittlement. At temperatures in the range 200-
400°C, which is of relevance for the present ITER concept, radiation 
hardening is certain to severely limit ductility of vanadium alloys, already at 
low dpa levels (< 5 dpa). It is not possible to quantify the effect because no 
experimental data have been produced in this temperature range. Not only the 
embrittlemcnt itself may be unacceptable, also any licensing authority will 
require data for these temperatures. Production of these data, even up to only 
20 dpa, does not appear to be possible in less than at least seven years 
because irradiation of specimens at the needed temperatures can only be 
performed at moderate flux levels, not in fast flux reactors. The implication, 
therefore, is that an operation temperature for any vanadium alloy in ITER 
below 400°C would, at any rate, affect the time schedule of ITER 
construction and may ultimately prove to be too low. The upper temperature 
of operation has been shown to be limited by helium cmbrittlemcnt to 700°C. 
The second critical area, hydrogen cmbrittlcmcnt, is more difficult to assess. 
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Assessment of vanadium alloys for ITER application 

Without precautions such as hydrogen permeation barriers the 
hydrogen/tritium concentration in a vanadium alloy first wall at temperatures 
below 300°C will exceed 1 at.%, which is an order of magnitude more than 
can be tolerated from the point of view of mechanical properties. 
Unfortunately, application of coatings to form permeation barriers in the 
reactor environment may well present an unacceptable risk, at least 
considering the present state of development of such coatings. The only 
alternative at this stage appears to be to operate the machine with liquid 
lithium in contact with the vanadium alloy structure, which would ensure a 
sufficiently low hydrogen concentration. In addition, the problem of tritium 
inventory, also of considerable concern, would be alleviated. 

Since only a very limited period is available to adequately characterize a 
vanadium alloy for ITER, it is clear that candidates, probably V-Cr-Ti-Si 
alloys (e.g. V-5Cr-5Ti, V-3Ti-lSi and V-5Ti), will have to be chosen from 
the alloys that have been studied so far. Although .ome vanadium alloys 
have been investigated extensively (e.g. V-15Cr-5Ti and V-3Ti-lSi), the 
presently available data base is largely insufficient for design purposes. 

Fabrication and welding of large vanadium alloy structures are expected to be 
possible. However, a period of about five years is needed to prove that this is 
the case. 

Most of the European research institutes have expressed their interest in 
participating in vanadium alloy research. Investment in test equipment is 
necessary. Neutron and particle irradiation facilities are available. 

The design code approach in the European Community is rather similar. 
Introduction of vanadium base alloys should not be a major problem, 
provided that discussions with national licensing authorities can start soon. 
The decision on the ITER site should therefore be taken at the earliest 
possible occasion. 

In seven years time 20 dpa data could be available for designers and licensing 
authority consideration. The management would then have to decide to 
proceed with vanadium alloy components in anticipation of 40 dpa, end of 
life, radiation damage level. The end of life results will become available 12 
years after starting the development project. 

As far as the financial aspects are concerned the three main elements in the 
cost estimate of the development of vanadium base structural alloys for ITER 
are: 
- 55 MECU for alloy development and data base establishment, 
- 51 MECU for component construction and service, 
- 85 MECU for production facility upscaling and 40 ton of vanadium base 

alloy half products. 
The development of a vanadium base alloy for acceptation by the licensing 
authorities thus will cost about 190 MECU. 

In conclusion, a vanadium alloy seems to be a viable option for application in 
ITER, if radiation cinbrittlcmcnt below 400°C proves to be acceptable. The 
ITER coolant must then be liquid lithium. 
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