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Abstract 

I n  the design of liquid-metal cooling systems for fusion-reactor blanket applications, 
the corrosion resistance of structural materials and the magnetohydrodynamic (MHD) force 
and its subsequent influence on thermal hydraulics and corrosion are major concerns. 
When the system is cooled by liquid metals, insulator coatings are required on piping 
surfaces in contact with the coolant. The objective of this study is to develop stable 
corrosion-resistant electrical insulator coatings at the liquid-metal/structural-material 
interface, with emphasis on electrically insulating coatings that prevent adverse MHD- 
generated currents from passing through the structural wall, and Be-V intermetallic 
coatings for first-wall components that face the plasma. Vanadium and V-base alloys (V-Ti 
or V-Ti-Cr) are leading candidate materials for structural applications in a fusion reactor. 
Various intermetallic films were produced on V-alloys and on Types 304 and 3 16 stainless 
steel. The intermetallic layers were developed by exposure of the materials to liquid Li 
containing <5 at.% dissolved metallic solutes (e.g., Az, Be, Si, Pt, and Cr) at temperatures of 
4 16-880°C. In principle, intermetallic layers can be converted to electrically insulating 
coatings by in-situ oxidation or nitration. Oxygen or oxygen/nitrogen-rich surface layers 
were developed on V-base alloys by exposure to flowing 99.999%-pure A r  or N2 at 
temperatures of 500- 1030°C. CaO electrical insulator coatings were produced by reaction 
of the oxygen-rich layer with <5 at.% Ca dissolved in liquid Li at 400-700°C. The reaction 
converted the oxygen-rich layer to an electrically insulating film. This coating method is 
applicable to reactor components because the liquid metal can be used over and over; only 
the solute within the liquid metal is consumed. The technique can be applied to various 
shapes (e.g. , inside/outside of tubes, complex geometrical shapes) because the coating is 
formed by liquid-phase reaction. This paper will discuss initial results on the nature of the 
coatings (composition, thickness, adhesion, surface coverage) and their in-situ electrical 
resistivity characteristics in liquid Li at high temperatures. 

*Work supported by the U.S. Department of Energy, Office of Fusion Energy Research under Contract W-31- 
1 09 - Eng-38. 
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1. Introduction 

Corrosion resistance of structural materials and magnetohydrodynamic (MHD) force 
and its influence on thermal hydraulics are major concerns in the design of liquid-metal 
cooling systems for fusion first-wall/blanket applications 11-31. The objective of this study 
is to develop in-situ stable corrosion-resistant coatings, as well as insulator coatings at the 
liquid-metal/structural-material interface. The electrically insulating coatings should be 
capable of forrning on various shapes such as the inside of tubes or irregular shapes during 
operational conditions to prevent adverse currents that are generated by MHD forces from 
passing through the structural wall in the fusion reactor, shown schematically in Fig. 1. [4] 
The coatings could also improve general corrosion resistance and act as a diffusion barrier 
for hydrogen isotopes, viz., deuterium and tritium. 
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In this study, in-situ coatings in liquid-Li were selected based on screening test results 
of the compatibility of ceramic materials in liquid-Li. Even though we examined ceramic 
materials that were thermodynamically stable in liquid Li, most of the ceramic materials 
dissolved. We conclude that this was caused by thermodynamically unstable impurities 
that formed at grain boundaries during the fabrication process, e.g., 0 in AlN. For 
example, sintered AlN disintegrated in liquid Li, but AlN exhibited compatibility when 
yttrium, which acts as an oxygen getter and stabilized the material (Y/Y2O3), was added 
during sintering. [5] Three types of experiments have been conducted to develop electrical 
insulator coatings for use in liquid Li: (a) a screening test for the candidate ceramic 
materials in liquid Li [5,6], (b) in-situ fabrication of intermetallic layers for subsequent 
conversion to eZectricaZZy insulating Zayers b y  oxidation or nitration, (c) reaction of an oxygen- 
rich surface layer in a V-base alloy with Ca dissolved in liquid Li to produce a ceramic 
insulator coating (CaO) on the material, and (d) in-situ electrical resistance measurements 
of insulator coatings on V-alloys as a function of time and temperature in Li. 

2. Formation of intermetallic coatings on high-temperature alloys in liquid Li 

Various intermetallic layers were developed by exposure of V-5Cr-5Ti and Types of 304 
and 316 stainless steel to liquid Li containing dissolved metallic solutes (A, Be, Mg, Si, Ca, 
Pt, Y, and Cr), where most of the solutes were chosen based on thermodynamic stability of 
their metal oxides or nitrides in Li as well as results of compatibility screening tests for 
ceramic materials in Li. 

2.1. Aluminide coatings 

Aluminide coatings that form on structural alloys during exposure to liquid Li that 
contained dissolved Al suggest a means for producing stable electrical insulator layers, 
such as AlN, by subsequent nitration of the intermetallic layer in the liquid-metal 
environment [SI. The formation of several aluminides WxAly) that contain >40-50 at.% Al 
on V-base alloys can be predicted from the V-AI phase diagram [7,8]. The Al-Li phase 
diagram indicates that Al is soluble in liquid Li, whereas V is not soluble in Li [8]. These 
phase relations make up the underlying basis for the formation of aluminide coatings on V 
and its alloys in liquid Li. Aluminide coatings were produced on the alloys by exposure to 
liquid Li that contained 3-5 at.% Al in sealed V and V-20Ti capsules. The nature of 
aluminide coatings formed on V, Ti, and V-STi, and V-2OTi, V-5Cr-5Ti and V-15Cr-5Ti and 
mes 304 and 316 stainless steel at 650-880°C was investigated. 

The specimens and liquid Li were contained in V-20Ti and V or stainless steel capsules 
that were placed in a larger stainless steel container. An Ar cover gas (99.999% pure) was 
maintained in the system to prevent oxidation of the V capsules and the Li. The whole 
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assembly was placed in a vertical furnace. At the end of the test, the capsules were cut 
open above the Li level to remove the samples. The capsules were placed in a beaker of 
water to dissolve the small volume of Li, and the samples were removed and cleaned 
ultrasonically in acetone and ethanol and dried in air. The samples were examined by 
optical microscopy and scanning-electron microscopy (SEM), and analyzed by EDS and x- 
ray diffraction. Hardness of the coating layers and bulk alloys was determined by Vickers 
indentation measurements with a Leitz microhardness tester. Degree of surface coverage 
and thickness of the layers varied considerably, depending on  exposure time and 
temperature. At temperatures and exposure times of ~800°C and c90 h, respectively, the 
aluminide layers were not uniform. At the lowest temperature (775"C), small grains on the 
surface began to connect with neighboring grains by a grain-growth mechanism. At the 
highest temperature (880"C), the microstructure reveals that grain size is larger by at least 
one order of magnitude. Dependence of AI concentration at the coating surface on 
temperature is shown for several samples in Fig. 2. The EDS analysis of the coating 
surface was obtained over a region of 1,000 x 1,000 pm. 
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A typical cross section of an aluminide coating layer is virtually defect-free, but an 
array of small defects is present beneath the compact layer. These defects may be clustered 
near a dislocation zone that is depleted in AI and rich in Li because of fast diffusion of Li via 
dislocations. Composition-vs.-depth profiles for the V and V-2oTi specimens are shorn in 
Fig. 3. The depth of Al interdifhsion in V-20Ti is three to four times greater than in pure V 
at  86OoC, which suggests a higher mobility of Al in V-20Ti than in V. Vickers hardness 
measurements of the aluminide layers and the underlying V and V-20Ti alloy were 
conducted at 25- and 50-g loads. The aluminide layers were harder than either V or V- 
2OTi, which can be attributed to interstitial Al atoms in the cubic lattice of V. Because the 
distribution of nonmetallic elements (0, N, C, H) between V-base alloys and Li favors the Li, 
the alloys tend to become depleted in these constituents during exposure to high- 
temperature Li. Consequently, the hardness increase is most likely caused by diffusion of 
Al, C, and N into V and V-2OTi. Our experience indicates that V becomes more ductile after 
exposure to liquid Li in a closed capsule. The aluminide coating is not only present on the 
surface of the tube and the face of the disk, but also penetrates the 1-mm space between 
the V-2OTi tube and V disk. The thickness of the coating in this region is similar to that on 
the inner surface of the tube and the disk exposed to liquid Li. The coating behavior 
suggests that bulk diffusion is the main process. Similarly, an iron aluminide coating was 
produced on Types of 304 and 316 stainless steel. Microstructures of surface and cross 
section are shown in Fig. 4. 
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2.2. Be coating on V-5Cr-5Ti I 

Beryllium forms intermetallic phases with many elements, namely, Ba, C, Ca, Co, Cr, 
Cu, Fe, Hf, Ir, Mg, Mn,  Mo, N, Nb, Ni, 0, Po, Pt, Pu, Re, Rh, Ru, Sb, Sc, Se, Sr, Ta, Th, Ti, U, 
V, W, Y. Yb, and Zr. Consequently, this property can be potentially useful in the formation 
of Be-(V, Cr, Ti) intemetallic coatings on V-Cr-Ti alloys. Beryllium intermetallic coatings 
that form on structural alloys during exposure to liquid Li that contains dissolved Be 
suggest a means for producing stable electrical insulator layers, such as BeO, Be3N2, or Be- 
0 -N,  by subsequent oxidation or nitration of the intermetallic layer in the liquid-metal 
environment. According to the Be-V binary phase diagram shown in Fig. 5, Bel2V and 
Be2V intermetallic phases are present. Similarly, Cr and Ti f o m  CrBe2 and CrBela and 
TiBe2, TiBe3, TizBelz, and TiBel7, respectively. Thus, the major alloy constituents of 
V-5Cr-5Ti can form intermetallic phases with Be. Intermetallic phases can also form when 
Fe-Cr-based alloys are exposed to liquid Li that contains dissolved Be. Figure 6 shows the 
Be2V intermetallic phase on the surface of a V-5Cr-5Ti specimen, after exposure to liquid Li 
containing Be, and a Be depth profile obtained by secondary-ion mass spectroscopy. 



8 

2000 

1800 

1600 

1400 

1200 

1000 

800 

600 

I I I I I I I I 

L M.P. 6 
- - 1 700°C \ 191ooc - 

1630 t 50°C - /  
0 

- 

- 

I I I I I 1 I I I 

100 \i V 

/ 0 
M.P. 

/ 1289°C 

1270°C 
&P 

'N 'N a F 

- 8  m 

0 20 40 60 80 
Be At. % Vanadium 

Fig. 5. Be-Vphase diagram 

Position (pm) 

[c) S I M S  profile for (b) 

Fig. 6. (a, b) Be2V intermetallic phase on a V-5Cr-5Ti surface and cross section, 
and (c) Be depth proJle obtained by secondary-ion mass spectroscopy 



9 

2.3. Silicide coating on V-SCr-5Ti 

Similar to the formation of aluminide or beryllide on V-alloys, the kinetics of silicide 
growth on the V-5Cr-5Ti at 760°C and 890°C are shown in Fig. 7. Figure 8 shows a typical 
SEM photograph and EDS profile of the surface of a silicide layer that formed in liquid Li 
containing 3-4 at.% silicon at 890°C for 30 h. According to the results of X-ray diff.action, 
the silicide layer was composed of V3Si and VsSi3. Silicide coatings formed on Types 316 
and 304 stainless steels at lower temperatures than those on V-5Cr-5Ti. The surface of a 
silicide coating on Type 3 16 stainless steel that formed at 650°C is shown in Fig. 8. 
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F'ig. 8. Silicide coating formed on Qpe 316 stainless steel in liquid Li at 650°C 
[a) surface, [b) cross section, and [c) more extended region of [b) 

2.4. Oxygen or nitrogen charging of the surface of V-5Cr-5Ti 

In the event that metallic solutes dissolved in Li (e.g., Ca, Y#, or Mg) do not produce 
intermetallic phases or diffusion interactions with V or its alloys are very slow, another 
fabrication approach can be adapted to facilitate formation of an insulating coating. I t  is 
well known that 0 can be incorporated into the interstitial sublattice in body-centered- 
cubic (bcc) V and its alloys [lo]. Thus, if 0 or N is present in the alloy (as a reactant), these 
elements may have a higher affinity for solutes. such as Ca or Mg dissolved in Li, compared 
to that of the alloy elements. In the bcc lattice of V-5Cr-5Ti, 0 can occupy interstitial sites 
within a lattice up to several atomic percent. Oxygen charging of V-5Cr-5Ti was conducted 
at temperatures between 500 and 1030°C in flowing high-purity Ar and N2 (99.999%) that 
contained impurity oxygen for times up to 48 h. The weight gain 11s. reciprocal temperature 
is shown in Fig. 9. 

' ~ ~ ~ ~ I I I  does not dissolve in liquid Li: lionmetallic impurities (C, 13, 0. N) I-caclcd \ ~ ~ i t h  I-. The reaction layer 
was identified by X-ray diffraction as  a 11-12 cubic phase cf. Y (I-ICP]. ICP was uscd t o  cfetcrmine H below 
5 at.% and Li below 200 u-t. ppni. Therefore. Y-17 intermetallic coatings on V were pr-nc1ucc.d b!. a molten salt 
technique (ref. 191). 



1 1  

-2.4 

-2.6 
h 

N ' -2.8 B 
Q) 
ET, 
C 
CTJ -3 
6 
s 
3 

-3.2 

-3.4 

740 ,695 T"C 835 815 780 61 0°C 

J . 4  i J. 
[ 0 and N charaina in V-5Cr-5Ti 1 

Slope = 0.83 eV 
(0-in 99.99PhAr) 

Slope = 0.80 eV 
(0, N-in 99.999% 4) 

'1 0 
01 

-3.6 " " I '  ' ' ' ' " " " " " " 
9.00 10" 9.50 10" 1.00 10" 1.05 10" 1.10 10" 1.15 10" 

1 /T°K 

Hg. 9. Weight gain of V-5Cr-5Ti us. reciproca2 temperature 
after exposure toJowing Ar and N2 for 48 h 

3. Formation of ceramic coatings on high-temperature alloys 

Ceramic coatings were produced (a) by gas-phase oxidation of intermetallic coatings 
under controlled conditions (e. g., Al2O3), (b) reaction of intermetallic layers with dissolved 
0 or N in liquid Li (e.g., TiN), or (c) reaction of dissolved oxygen at the surface of V-5Cr-5Ti 
(500-10,000 ppm) with a dissolved solutes such as Ca in liquid Li (e.g., CaO). 

3.1. A2203 coating on stainless steels in air 

A1203 electrical insulator coatings were produced on intermetallic aluminide layers 
(Fed) formed on Types 304 and 316 stainless steel in liquid Li (Fig. 4) by air oxidation at 
1000°C. Al2O3 coating layers were shown to be very good insulators at ambient 
temperatures. Further tests were not conducted in liquid Li because of previous results 
indicating that A1203 was not compatible in liquid Li. [5] 

3.2. TIN coating on Ti in Liquid-Li 

Titanium nitride (TiN) is a well-known ceramic material that exhibits electronic 
conduction and is thermodynamically stable in liquid Li. TiN films were produced by 
exposure of Ti to Li that contained N. A sample of pure Ti and a pair of Ti electrodes were 
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placed in small capsules containing liquid Li and Li3N for seven days at 71OoC to 
investigate the formation of TiN. An attempt was made to enhance the resistivity ofh-situ- 
formed TiN films by adding to the Li small amounts of AI, Si, and Mg, which might be 
incorporated into the films. One sample and set of electrodes was nitrided in Li containing 
Li3N and another was immersed in pure Li. The electrical resistance of the films was 1.0 to 
1.5 R and increased slightly with temperature, which is indicative of metallic conduction. 
The calculated resistility (r) values of doped TiN range from ~ 8 0 0  to 3900 R-cm. 

3.3. CaO coating on V-5Cr-5Ti in liquid Li 

Several experiments were performed to test the hypothesis proposed in section 2.4. 
Samples of V-5Cr-5Ti were heat-treated in flowing N2 or Ar at temperatures of 510 to 
1030°C to charge the surface of the alloy with N or 0. Then the samples were immersed in 
Ca-bearing liquid Li for four days at 420°C to investigate the formation of CaO. Figure 10 
shows an SEM photomicrograph of the surface and cross section of CaO on a V-5Cr-5Ti 
specimen together with an EDS spectrum from the CaO layer. For specimens exposed to Li 
containing Ca at 7OO0C, a CaO film that contained 12% V formed. The film had of a thick 
outer layer and a transparent inner layer as shown in Fig. 11. 

CaO on V-5VoCr-5YoTi 
formed in Li (-4 at.% Ca) 

--____ T = 42O"Cj 

Fig. 10. (a) SEM photomicrograph of surface of CaO layers on V-5Cr-5Ti, 
[b) enlargement of part of (a), (c) cross-sectional view. and 
[d) EDS spectrum from CaO layer formed 41 6°C 
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~-5Cr-5Ti has smaller coefficient of thermal expansion than that of stainless steel (9.2 
x 10-6/K vs. 1 7  x 10-6/K), as shown in Fig. 1 2 .  The value for the V-5Cr-5Ti is relatively 
close to that of most of the ceramic insulator materials. Consequently, less stress will 
develop between a V-alloy and a ceramic insulator during thermal cycling conditions. [3] 
However, a CaO insulator formed in-situ on a V-alloy will be subjected to a compressive 
stress during cooling. 
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Temperature dependent electrical resistance showed predominantly ceramic insulator 
behavior (Fig. 13). When direct current was supplied through the electrodes at 539OC, 
polarization behavior was observed and the ohmic values increased as shown in Fig. 13. 
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In-situ forming insulator in liquid-Lo (-4 at.% Ca) 
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Fig. 13. Temperature and in-siix electrical resistance of CaO coating 
in liquid Li containing 4 aL% Ca as afunction of time 
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4. Determination of Ca-Li phase diagram 

Before and after tests in which V-alloy samples were coated, the composition of liquid 
Li was determined by heating and cooling curves where temperature was monitored as a 
function of time. Several Ca compositions of the Li were used to form CaO coatings on 
oxygen-charged V-5Cr-5Ti specimens. Figure 15 shows the Li-rich portion of Ca-Li phase 
diagram determined in this study. 

200 

180 

Y 

160 
i? 
2 
E 
3 

Q) 
0. 
E 140 

).’ 

120 

* -0- 

100 
0 2 4 6 8 10 12 

at YO Ca 

F?g. 15. Li-rich region of the Ca-Li phase diagram 

5. Conclusions 

Based on liquid Li compatibility tests of coatings produced on V-base alloys, a 
fabrication method was developed for in-situ insulator coatings in a liquid-Li environment. 
Surface modification via high-temperature liquid-phase deposition can provide intermetallic 
phases on V-base alloys. This process is facilitated in liquid Li because surface 
contamination by 0 or oxide films is virtually eliminated, and the process to produce 
homogeneous coatings on various surface shapes can be controlled by exposure time, 
temperature, and composition of the liquid metal. Conversion of intermetallic or 0 and N 
enriched layers to an electrically insulating coating (e.g., AIN for intermetallic aluminide 
coatings and CaO for surface 0-enriched V-S%Cr-5%Ti) in liquid Li was demonstrated in 
the temperature range of 416 to 880°C. A CaO layer formed relatively easily in liquid Li 
containing Ca at 416°C. Additional work will be performed to improve the mechanical 
stability of the coatings during thermal cycling and to establish the mechanisms for self- 
healing of the coatings. 
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