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Abstract 

The self-cooled lithim-dvanadium blanket concept has several attractive features for fusion power 

systems, including reduced activation, resistance to radiation damage, accommodation of high heat 

loads and operating to temperatures of 650-700 C .  The primary issue associated with the 

lithiudvanadium concept is the potentially high MHD pressure drop experienced by the lithium as 

it flows through the high magnetic field of the tokamak. The solution to this issue is to apply a thin 

insulating coating to the inside of the vanadium alloy to prevent the generation of eddy currents 

within the structure that are responsible for the high MHD forces and pressure drop. This paper 

presents progress in the development of an insulator coating that is capable of operating in the 

severe fusion environment, progress in the fabrication development of vanadium alloys, and a 

summary of MHD testing. A large number of small scale tests of vanadium alloy specimens coated 

with CaO and AlN have been conducted in liquid lithium to determine the resistivity and stability of 

the coating. In-situ measurements in lithium have determined that CaO coatings, -5 pm thick, 

have resistivity times thickness values exceeding lo6 sZ-cm2 . These results have been used to 

identify fabrication procedures for coating a large vanadium alloy (V-4Cr-4Ti) test section that was 

tested in the ALEX (Argonne Liquid metal Experiment) facility. Similar test sections have been 

produced in both Russia and the USA. 



1. Introduction 

The lithiudvanadium alloy (Li/V) blanket represents an attractive option for advanced performance 

fusion power systems. Figure 1 (1,2) illustrates a possible design for the LiN self-cooled system 

where liquid lithium is both the breeding material and the coolant and a vanadium alloy, e.g. V- 

4Cr-4Ti, is the structural material. The major features of the LiN blankets are: 

1. High heat load capability due to the favorable physical properties of vanadium alloys and the 

good heat transfer characteristics of liquid lithium, 

2. High operating temperatures, up to 650-700 C for vanadium alloys, which provides for high 

power conversion efficiency, 

3. Long lifetime as a result of low swelling and good retained ductility in vanadium alloys plus the 

fat that liquid lithium is not subject to radiation damage, 

4. Relatively simple design which can translate to ease of fabrication and greater system reliability, 

5. Reduced activation since the V-Cr-Ti-Si alloys and liquid lithium are considered to be low 

activation materials, and 

6 .  Tritium recovery outside the fusion core which allows for greater flexibility in selecting and 

operating the tritium recovery system. 

The development of attractive LiN systems requires the resolution of several issues. The frrst 

issue is the development of vanadium alloys, since they have a limited industrial base. The areas 

of interest include optimization of vanadium alloys for use in the fusion environment, e.g. neutron 

irradiation response, and development of industrial procedures for fabrication. Liquid metals 

moving through a magnetic field are subjected to magnetohydrodynamic (MHD) effects which can 

increase the pressure drop and affect the flow profiles and heat transfer. In order to reduce the 

pressure drop, insulating coatings applied to the inner surfaces of cooling channels have been 

proposed. Insulating coatings are at an early development stage, and the areas of interest include 



coating fabrication, response of the coatings to the fusion environment, and capability for re- 

healing during operation. Other issues for the LI/V system are reactivity with air and water, 

selection and demonstration of a suitable tritium recovery method, and overall materials 

compatibility. 

The number of issues that can be addressed here is limited. Recent developments for vanadium 

alloys will be highlighted. The main areas to be addressed are the development of insulator 

coatings and MHD testing. 

2. Vanadium Alloy R&D 

A summary of recent R&D activities for vanadium alloys is presented in Table 1.  There has been 

considerable progress in the area of vanadium fabrication. In particular, the capability for large 

scale fabrication of primary forms has been enhanced. In the US, a 500 kg heat and a 1200 kg 

heat of the V-4Cr-4Ti alloy have been produced (3,4). The 500 kg heat has provided specimens 

for the base property and irradiation effects tests within the US materials program, and it has also 

provided the blanks for tests section tubes for the MHD tests in ALEX (see section 4). The 1200 

kg heat was produced to provide material for fabrication development tests and sections of the new 

D-III divertor system now under fabrication. In the Russian Federation (FW) two V-alloys are 

considered at present as perspective for fusion application: V-4wt.%Ti-4wt%Cr and V-lOwt.%Ti- 

5wt.%Cr and the fabrication technique was developed by Institute of Rare Metals; ARSRIIM and 

RDIPE (Moscow). This technique includes ingot melting, semi-finished products in the form of 

rolled sheets, plates and tubes manufacturing and welding technology (5). 

The V-alloys with compositions of interest are highly ductile and readily fabricable. The total 

elongation from conventional tensile tests are in the range of 20 - 35% from room temperature to 

700 C. The uniform elongations are typically about 75% of the total elongation. The V-alloys 



with less than 10% (Cr+Tu) also exhibit high ductility in hgh  strain rate charpy impact tests. 

These properties mean the V-alloys are easily fabricable into plates (0.5, 1, and 5 mm thick), rods 

(to 18 mm in diameter), and tubes (10 to 25 mm in diameter with wall thickness of 0.3 to 2 mm). 

Reductions in thickness as large as 85% between anneals have typically been obtained. 

A number of techniques have employed to weld V-alloys including electron beam welding, 

tungsten inert gas (TIG) welding, LASER welding, inertial welding for tubes, resistance welding, 

and diffusion bonding. [2, 6-91. A key to successful welds of V-alloys is the control of the 

environment to prevent introduction of interstitials (C, 0, and N) into the metal. The minimization 

of heat into the weld reduces the size of the heat affected zone and the level of grain growth and 

leads to improved weld properties. 

The property database for V-alloys has greatly improved in recent years with contributions from 

the US, RF, Japan, and the EU. The main areas that have received attention are base properties, 

irradiation properties, compatibility, and hydrogen effects. It is beyond the scope of this paper to 

review the status of the V-alloy database, and readers are referred to recent overviews for 

additional details [10,11] 

3. Insulator Coating Development 

As part of the blanket design studies, it became apparent that electrically insulating duct walls 

would be required to reduce the MHD pressure drop for liquid metal - cooled blankets for high 

magnetic field fusion devices [ 12,131. The use of an electrically insulating coating will reduce the 

total pressure drop by a factor of 100 to 1000 over bare walls. As a result, development of 

insulator coatings was recommended as the most appropriate approach for resolving this issue. 

Key considerations for the selection of candidate coating materials include: 

- chemical stabilitykompatibility with lithium at elevated temperatures 



reasonably high electrical resistivity (p *t > 10-100 ohm-cm’) 

- potential for coating of complex channel geometries 

potential for in situ self-healing of any defects that might occur 

thermal expansion match with the vanadium alloys 

safety/environmental characteristics, e.g., low activation properties 

- 

- 

- 

- materials availability/cost 

- radiation damage resistance 

Oxides were generally considered initially as the preferred candidates to meet the specified 

criteria, however, only a limited number of oxides are stable in lithium. Nitrides are generally 

more stable than the oxides in lithium; however, many of the nitrides do not exhibit high electrical 

resistivity. For example, both VN and TiN are stable in lithium; however, they do not exhibit high 

resistivity. Similarly, most carbides and silicides do not typically exhibit high resistivity. 

Therefore, oxides such as CaO, Y,O,, BeO, MgO, MgAl,O,, Y,Al,O,,, and nitrides such AlN, 

BN, and Si,N, were considered as potential candidates based primarily on thermodynamic 

considerations. Following a series of scoping compatibility tests and an evaluation of fabrication 

approaches, the development of insulator coatings for the LiN system focussed on two candidates, 

AlN and CaO. The electrical resistivity of these materials is sufficiently high that coatings of only 

1-10 pm in thickness are lo3 - lo6 times that needed to satisfy the MHD requirements. As shown 

in Table 1 , both of these coating materials have been investigated by the US and RF. 

The AlN potentially offers a possibility for formation by either of two processes, Le., aluminizing 

the vanadium surface and reacting with nitrogen from the lithium or by reacting nitrogen from the 

vanadium with aluminum dissolved in the lithium [14]. Reacting nitrogen from the lithium with an 

aluminized vanadium alloy surface was selected in the US as the best option for AlN, although 

scoping tests were conducted by adding both nitrogen and aluminum to the lithium. Procedures 

were developed for aluminizing the vanadium alloy surface and subsequently nitriding the 



aluminized surface. The aluminizing process requires temperatures of approximately 800 C. Thin 

coatings of AlN were produced on several vanadium alloys. These coatings were characterized 

and tested for compatibility and resistivity in lithium. The coatings generally exhibited good 

compatibility with lithium and significant electrical resistivity; however, the resistance was typically 

much less than values for monolithic AN. 

In the RF, AlN coatings were prepared in-situ using small ampules. Preliminary optimization of 

coatings formation technology was done on a number of V-alloys with Cr concentration from 7 to 

10 wt%, Ti concentration from 5 to 15 wt%, Zr - from 0 to 1 wt% and non alloyed V during hot 

treatment in Li with additions of Al (5-15 at%), N (0.1-6 at%), Si (1-15 at%) and B at 

temperatures 500-800 C and time duration up to 200 hrs [15]. Ampules were made of non alloyed 

niobium or V-8Cr alloy, Al was introduced as pure AI in thin sheets (0.995 Al), Si - as small 

crystals, B - as ferroboron (30%B) in powder form, N - either in gaseous form or as Li,N (36- 

39%N). X-ray phase analysis and electron microscope analysis revealed the presence of AlN- 

based layer with the thickness of 2-4 pm. Coatings electrical resistance measurement showed that 

it did not depend on alloying elements concentration in V-alloys but rather on the formation 

technology. Best results for parameter pi4 ,  were around 0.4 - 3 Ohm-cm2. 

12 ampules containing V-4Ti-4Cr samples with coatings formed according to above described 

technology were put in BOR-60 reactor in the RF. Two ampules with one sample in each allowed 

to monitor the coating’s electrical resistance during irradiation while applying d.c. voltage -0.W. 

Ten other ampules had two samples in each without external leads for in-reactor resistance 

measurement [ 161. Tests were conducted at T=527-562C with fluences up to (7.5-10).1025 m-2. 

Preliminary results showed that no essential degradation of electrical resistance took place (the 

measured resistance value fluctuated between 0.9- 1 of initial value [ 171, which means that radiation 



induced electrical degradation (RED) of electrical insulation is of no effect on a low resistance 

coating. 

The primary effort in the US has been devoted to in situ coating development of calcium oxide. 

The primary mechanism of coating formation involves reactions of oxygen from the vanadium 

alloy with calcium dissolved in the lithium. Several variables involved in this reaction include 

temperature, time, oxygen concentration in vanadium alloy, and calcium concentration in lithium. 

Scoping tests were conducted by exposing small coupons of vanadium alloys at various 

temperatures to lithium containing various concentrations of calcium. It was generally found that 

increasing the oxygen concentration in the surface of vanadium by exposure to low pressure 

oxygen environments before exposure to the lithium-calcium alloy produced thicker oxide reaction 

products. A range of conditions (temperature, oxygen pressure, and time) were investigated to 

determine which conditions provided better coating characteristics. Typical conditions for the CaO 

coating procedure are given in Table 2. CaO coatings 5-10p.m thick were successfully formed on 

vanadium alloys, but satisfactory coatings were not obtained in all cases. 

Following this coating procedure, the Vickers hardness values as a function of depth for CaON- 

4Cr-4Ti were determined, as shown in Fig. 2 [18]. The ceramic CaO layer has a hardness value of 

-780 kg/mm2. The oxygen charged layer of the V-4Cr-4Ti has a hardness value of -500 kg/mm2, 

compared with a value of -200 kg/mm2 for the bulk material. Visual examination of the surface of 

this CaO coating shows no microcracks or spallation. An example in-situ measurements of a high 

resistivity coating is given in Fig. 3. The CaO coating showed good performance in the 2 at.% Ca- 

Li over 700 h at 300-464C. When temperature was changed between 300 and 464"C, the ohmic 

values decrease, as expected, as shown in Fig. 3. When the sample was removed from the melt 

after 700 h exposure, a shinny coated liquid metal surface was observed, indicating good wetting 

around the dipped parts. This wetting was important to observe due to very high ohmic values of 



CaO coating. Following in-situ testing, the sample was destructively examined. The composition 

of the coating and near substrate is illustrated in Fig. 4 [ 181. The thickness of the coating is 7-8 

pm thick with a high level of Ca near the surface. Note the level of oxygen is not shown due to 

difficulty in measuring this element using EDS. 

Preliminary studies have been conducted to explore the self-healing properties of CaO coatings 

under temperature cycling [ 191. Figure 5 shows the temperature-and-ohm x area-versus-time 

response during thermal cycling of a coated specimen in liquid Li. During several thermal cycles, 

the resistivity was observed to drop precipitously, which is indicative of crack development. 

However, when the pot temperature was raised to a level of -450 C, the resistivity increased over 

time which is indicative of rehealing. The rehealing process raised the resistivity to a level well 

above that required for MHD pressure drop reduction. The CaO coating was examined following 

the thermal cycling as shown in Fig. 6. Crazing cracks were observed, but no spalling or flaking 

was observed. Another illustration of the potential for self-healing is shown in Fig. 7. In-situ 

resistivity was measured during the process of applying the Ca layer, prior to the oxidation step. 

The results indicate that after -1 minute at 500 C, the resistivity rose above the level needed for 

MHD considerations. The resistivity remained at a level of - 40 Ohm-cm’ through the end of 

testing of about 100 hours. Finally, some samples exhibited a loss of resitivity after a relatively 

short period as shown in Fig. 8 [18]. After - 1 hour the in-situ resitivity was observed to drop 

from > 1090hm.cm2 to -1 Ohm-cm2. This behavior indicates the formation of cracks or other 

defects, and the test temperature of 300 C appears to be below that needed for rapid rehealing. 



4. Large Scale Testing 

A program was conducted to demonstrate the use of the insulator coating for the LiN system with 

a large scale test in the ALEX facility. The major parts of the program are 1) conversion of ALEX 

to Li operation, 2)fabrication of large V-alloy tubes, 3)application of a CaO coating to the large 

tube, and MHD pressure drop tests In ALEX. The ALEX facility was successfully converted to 

liquid Li operation, and the facility parameters are given in Table 3. Additional details of the 

conversion can be found in Ref. 20. Large tubes of the V-4Cr-4Ti alloy were successfully 

fabricated by the US and the RF. The dimensions of the tubes are give in Table 4. Additional 

details of the fabrication are provided in Refs. 2 and 21. The CaO coating of the test section took 

place in a separate apparatus as shown in Fig. 9. The test section has attached electrical heaters is 

placed in a vertical position above a large pot of the Li-Ca mixture. The steps outlined in Table 2 

can then be carried out for the large test section. 

The first large test section was prepared for ALEX testing in late 1995. The MHD tests that were 

conducted at that time yielded negative results, indicating that an insulating layer had not been 

formed during the coating operations. Following these tests, additional effort was spent on 

improving the coating process, and additional tests in ALEX were planned for late 1996. 

Unfortunately, these tests could not be conducted due to funding limitations in the US. 

5. Conclusions 

The L W  concept has several desirable features for advanced fusion systems, and key technologies 

are being addressed with promising results. However, additional effort is required in all areas to 

demonstrate consistent performance and large scale operation. At present, progress in the areas of 

insulator coatings and MHD are limited by funding levels. 



The following areas need to be addressed in future work. 

1. v-alloys 

0 Continue international effort on alloys 

Need better understanding of low temperature irradiation effects 

Continue development of welding 

2. Insulator Coatings 

0 Emphasize fundamental understanding of formation and properties of CaO coatings 

Develop methods for scale-up of technology 

Perform in-situ irradiation studies of resistivity 
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Table 3 - ALEX Facility Parameters Following Conversion to Li Operation ( ). 

Pressure (MPa) 
Magnetic Field (T) 
Magnet Gap (cm) 

Parameter I Value 
Flow Rate(Vs) I 0.3 - 28 I 

0 -  1 
-2 
20.3 

Temperature (C) 
Li Volume (1) 

350 
300 

Table 4 - Dimensions of V-4Cr-4Ti tubes fabricated by the US and RF for large scale MHD 
tests in ALEX 

Dimension 
' ID/OD(mm) 
Wall thickness; V/SS (mm) 
V/SS overall length (m) 
Volume (1) 

Value 
48/60 
2.312.8 
2.913-5 
8.2 
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Figure 1 - Example of sef-cooled L i N  blanket design ( ) 

Depth (P) 
Figure 2 -Vickers hardness values as a function of depth for CaON-4Cr-4Ti post exposure 
in 2 at.%Ca-Li for 700 h at 300-464°C. 
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Figure 3 -In-situ R*A vs time for CaO coated V-4Cr-4Ti at temperatures between 300 and 
464°C 
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Figure 4. Chemical composition obtained from EDS analysis as a function of depth for 
CaON-4Cr-4Ti post exposure in 2 at.%Ca-Li for 700 h at 300-464°C. 
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Figure 5. Temperature and ohmic resistance x area (R x A) vs. time during thermal cycling. 
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Figure 9 - Apparatus used for application of insulator coating of large V-alloy test section. 
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Figure 9 - Apparatus used for application of insulator coating of large V-alloy test section. 
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