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OBJECTIVE

Characterize specimens exposed to flowing Li in a thermal gradient to evaluate the effects on V-4Cr-4Ti
and a multi-layer electrically-insulating coating needed to reduce the magneto hydrodynamic (MHD) force
in the first wall of a lithium cooled blanket.

SUMMARY

The high temperature tensile behavior of V-4Cr-4Ti specimens was evaluated at 500°C in vacuum with a
strain rate of 10-3s-1 after exposure to flowing Li at 400°-700°C.  Specimens exposed in the loop exhibited
increased strength and decreased ductility and the effect increased with decreasing temperature at the
various locations in the loop.  Thus, the specimens from the bottom of the hot and cold legs of the loop
with exposure temperatures near 450°C showed the highest tensile strength, lowest ductility and also the
least dynamic strain aging.  For comparison, the tensile behavior of unexposed as-annealed V-4Cr-4Ti
specimens from the same batch of specimens also was measured as well as specimens (1) exposed to Li
for 1000h at 800°C in a capsule and (2) annealed for 2,350h at 700°C in an evacuated quartz capsule.
The present results were compared to similar studies in the literature.

PROGRESS AND STATUS

Introduction

One critical unresolved issue for the vanadium-lithium blanket concept [1,2] (and any liquid metal concept)
in a deuterium/tritium fueled fusion reactor [ 3 , 4 ] is the pressure drop associated with the
magnetohydrodynamic (MHD) effect of a conducting liquid flowing across the magnetic field lines One
proposed solution is to decouple the structural wall from the liquid metal with an electrically insulating
coating or flow channel insert (FCI).[5]  This coating application requires a thin, crack-free,[6] durable layer
with a relatively high electrical resistance.[7]  While a “self-healing” layer is possible in corrosion where a
re-passivation can occur by the re-formation of a surface oxide, this concept is not applicable to functional
(i.e. electrically resistant) coatings because a defect that shorts the coating is unlikely to “heal”.  Therefore,
a robust coating system or a FCI is needed for this application.  Due to incompatibility between Li and
virtually all candidate insulating oxides,[8-12] the current focus of the U.S. MHD coating program[10-12]
is evaluating the compatibility of durable, multi-layer coatings [7,13] where a vanadium overlayer prevents
direct contact between the insulating oxide layer and Li.  This concept shifts the compatibility concern from
the oxide layer to the thin vanadium overlayer.  In order to verify that a thin, ~10µm, V layer is sufficiently
compatible with Li to function in long-term service, a mono-metallic thermal convection loop was designed
and built to expose specimens with thin V overlayers to flowing Li.  The loop was operated at a peak
temperature of ~700°C for 2,355h.[14,15]  Initial characterization of the coatings and V-4Cr-4Ti specimens
in the loop was previously reported.[15-17]  Further progress with the characterization is reported here,
focused on the effect of the flowing Li exposure on the 500°C tensile properties.

Experimental Procedure

Details of the thermal convection loop exposure have been presented previously.[14-16]  The specimens
consisted of miniature tensile specimens (type SS-3:  25 x 4 x 0.9mm), tab specimens and specimens with
a dual layer MHD coating in a chain held together with V-4Cr-4Ti wire.  The tensile specimens were
annealed for 1h at 1050°C prior to exposure in Li.  Specimens from four loop locations were selected for
500°C tensile testing in a vacuum with a base pressure of 10-6Pa (10-8Torr) and a strain rate of 10-3s-1.
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Two unexposed, annealed specimens also were evaluated at 500°C to provide a baseline.  To further
understand the role of flowing Li, tensile tests were performed on specimens that had been (1) annealed
for 2,350h at 700°C and (2) exposed to Li in an isothermal 800°C capsule test.  The anneal was conducted
in an evacuated quartz ampoule to prevent oxidation and the time and temperature were selected to match
the time and peak temperature of loop operation.[15]  The capsule test was conducted by using a section
of V-4Cr-4Ti tubing fabricated for the loop and welding on end caps of V-4Cr-4Ti sheet.  The capsule
contained 6g of Li and four V-4Cr-4Ti SS-3 tensile specimens from the same batch used in the loop.  No
microstructural characterization of these V-4Cr-4Ti tensile specimens has been conducted at this time.

Results and Discussion

Table I summarizes the results from nine tensile experiments conducted at 500°C and the mass change
that occurred during loop exposure for each of the specimens.  The mass loss for the specimen at the top
of the hot leg was one of the smaller mass losses as this specimen was the eighth in the chain and saw
a temperature of ~627°C based on a linear extrapolation of the thermocouple data.[15]  The mass gain for
the specimen at the bottom of the hot leg was only 0.02 mg/cm2 which was lower than the 0.05-0.06
mg/cm2 for surrounding specimens.

In general, the loop specimens all showed some increase in ultimate tensile stress (UTS) compared to the
unexposed specimens and some decrease in ductility, Table 1.  Figure 1 shows the 500°C tensile
properties as a function of calculated exposure temperature for the four locations in the loop.  Combining
the hot and cold legs in one graph may be confusing the effect of temperature.  In both the hot and cold
leg, decreasing temperature resulted in a decrease in ductility and an increase in yield and ultimate stress.
The loop locations in Figure 1 also include a total of [O]+[C]+[N] in parentheses which is detailed in Table
2.  The chemical analyses of tab and tube specimens[15-17] consistently showed a decrease in the O
content and an increase in the C and N contents.  These changes in interstitial content are expected based
on Li thermodynamics of gettering O, but low affinity, compared to vanadium, for C and N.  The calculated
temperatures in Table 2 are different because the tab specimens that were chemically analyzed were at
different locations than the tensile specimens in Figure 1.  Characterization work is needed to determine
how the decrease in O and increase in C and N affected the precipitate composition and distribution.

In order to separate the effect of Li exposure, temperature gradient and simple temperature affects (e.g.
grain coarsening), two additional exposures have been conducted:  a Li capsule test at 800°C for 1000h
and an anneal at 700°C for 2,350h.  Table 3 summarizes the room temperature and 500°C tensile results
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Table 1.Summary of 500°C tensile data for V-4Cr-4Ti specimens with 10-3s-1 strain rate.

Location Mass Gain Yield Stress Ultimate Stress Uniform Elong. Total Elong.
(mg/cm2) (MPa) (MPa) (%) (%)

As-annealed N/A 218 384 25.3 25.6
As-annealed N/A 194 379 23.8 24.9
Top Hot Leg, 627°C -0.13 185 388 21.0 23.2
Top Cold Leg, 562°C 0.06 234 392 22.5 23.5
Bottom Cold Leg, 447°C 0.10 287 441 20.1 21.6
Bottom Hot Leg, 459°C   0.02 306 465 18.6 20.6
800°C Li capsule -0.04 178 351 25.3 27.3
800°C Li capsule -0.01 181 358 26.5 28.2
700°C anneal 0.01 220 371 21.9 23.6
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Figure 1.  Tensile properties measured at 500°C for the loop-exposed specimens as a function of the
calculated average exposure temperature for each specimen.  At each general location, the interstitial total
([O]+[C]+[N] in ppmw) in a nearby specimen is shown in parentheses.

for these various conditions along with two conditions from the loop.  The specimens exposed in the 800°C
Li capsule showed a reduction in UTS and a slight change in ductility. This change is consistent with O
removal from the specimen during the Li exposure at 800°C.  However, in a previous study examining the
effect of Li exposure at 700° and 800°C on mechanical properties of V-4Cr-4Ti,[18] O removal was not
clearly observed, which is somewhat surprising.  In that study, 500°C tensile testing showed an increase
in UTS during exposure to Li for up to 1,000h and a larger decrease in room temperature ductility.  One
difference in the Li exposure in the previous study is that it was conducted in an Ar-filled glove box,
nominally allowing a much greater contamination of the Li, particularly by O, than a capsule exposure
where the V-4Cr-4Ti capsule also was gettering C and N from the Li and the C, N and O contents were
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Table 2.  Measured interstitial composition for tab specimens and the calculated temperature at each
location.

Location Calculated Measured Composition (wppm)
Temperature (°C) O N C Total

Top Hot Leg 657 20 1590 190 1800
Top Cold Leg 556 310 160 170 640
Bottom Cold Leg 423 320 110 90 520
Bottom Hot Leg 416 320 110 80 510

Starting average content: 360 80 70 510
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fixed in the capsule.  Thus, the V-4Cr-4Ti tensile specimen from the capsule experiment likely had a lower
O, C and N content than in the previous study.  In the loop experiment, a major drop in O content was
observed in the hot leg and all of the specimens showed some reduction, Table 2.  The specimens from
the 800°C capsule experiment will be chemically analyzed now that they have been tensile tested.

Figure 2 shows another comparison with the prior study,[18] the effect of these various exposures on the
serrations in the stress-strain curve due to dynamic strain aging (DSA).[19,20]  Compared to the behavior
of the unexposed material, the specimens exposed in the loop showed a decrease in the serrations with
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Figure 2.  Expanded stress-strain curves of V-4Cr-4Ti specimens evaluated at 500°C in vacuum with a
strain rate of 10-3s-1 to show the dynamic strain aging behavior.
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Table 3.Summary of 500°C tensile data for V-4Cr-4Ti specimens with 10-3s-1 strain rate.

Location Ultimate Tensile Stress (MPa) Total Elongation  (%)
27°C 500°C 27°C 500°C

As-annealed* 466 381 35.7 25.2
Top Hot Leg 452 388 30.7 23.2
Bottom Hot Leg 597 465 24.8 20.6
800°C Li capsule* 432 354 33.5 27.7
700°C anneal 516 371 30.1 23.6

* average of 2-3 specimens
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increasing hardness which is not unexpected.  The 700°C anneal had almost no effect on the serration
behavior (dashed line in Figure 2 on top of unexposed curves).  The 800°C Li exposure resulted in a lower
strength but similar serrations, essentially the opposite behavior of the previous Li study.[18]  The
conventional explanation for DSA is the interaction of dislocations with solute interstitials.  Interpreting
these results is complicated by the competing reduction in O with the increase in C and N, Table 2.  A
complete characterization of the microstructure of these specimens is needed to understand the
mechanism.  However, based on the thermodynamics, a large O reduction would be expected from the Li
capsule exposure.  Such a reduction suggests that O content is not critical to the observed DSA behavior.
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