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a b s t r a c t

A mono-metallic V–4Cr–4Ti thermal convection loop was operated in vacuum (�10�5 Pa) at a maximum
Li temperature of 700 �C for 2355 h and Li flow rate of 2–3 cm/s. Two-layer, physical vapor deposited
Y2O3–vanadium, electrically insulating coatings on V–4Cr–4Ti substrates as well as tensile and sheet
specimens were located in the flow path in the hot and cold legs. After exposure, specimens at the top
of the hot leg showed a maximum mass loss equivalent to �1.3 lm of metal loss. Elsewhere, small mass
gains were observed on the majority of specimens resulting in an increase in hardness and room temper-
ature yield stress and a decrease in ductility consistent with the observed uptake of N and C from the Li.
Specimens that lost mass showed a decrease in yield stress and hardness. Profilometry showed no signif-
icant thickness loss from the coatings.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

One of the critical unresolved issues for the vanadium–lithium
blanket concept [1,2] (and any liquid metal concept) in a deute-
rium/tritium fueled fusion reactor [3,4] is the need to reduce the
pressure drop associated with the magnetohydrodynamic (MHD)
effect of a conducting liquid flowing across the magnetic field lines.
One solution to the MHD problem is to decouple the structure 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 resis-
tance [7]. While a ‘self-healing’ layer is possible in corrosion where
a re-passivation can occur with the re-formation of a surface oxide,
this concept is not applicable to functional (i.e. electrically resis-
tant) coatings because a defect that shorts the coating and fills with
liquid metal is unlikely to ‘heal’. Therefore, a robust coating system
or a FCI is needed for this application. Due to incompatibility be-
tween Li and virtually all candidate insulating oxides [8–12], the
current focus of the US MHD coating program [10–12] is on evalu-
ating 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 or-
der to verify that a thin, �10 lm, V layer is sufficiently compatible
with Li to function in a long-term situation, a mono-metallic
thermal convection loop was designed and built to expose thin V
overlayers to flowing Li. The loop was operated with a peak
temperature of �700 �C for 2355 h. Initial characterization of the
ll rights reserved.
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coatings and V–4Cr–4Ti specimens in the loop are presented. Addi-
tional characterization of the coatings will be presented in future
publications.

2. Experimental procedure

A harp-shaped thermal convection loop was constructed of
drawn tubing made from the large US heat of V–3.8 wt%Cr–
3.9%Ti (Heat# 832665 made at Wah Chang, Albany, OR) [14] with
an outer diameter of 19 mm and a 1.6 mm wall thickness. The hot
and cold legs were �85 cm long and the top and bottom legs were
�33 cm long with a fill/expansion tank at the top of the hot leg. The
loop was fabricated using gas tungsten arc welding in an Ar-filled
glove box and state-of-the-art expertise [15]. The loop contained
four thermal wells that extended �5 mm into the flow path and
contained type K thermocouples. The experiment was conducted
in a stainless steel vacuum chamber. The loop was heated by three
Mo wire furnaces, two on the hot leg and one on the Li tank. A total
of 18 type K and 2 type S thermocouples were used to control the
furnaces and monitor the temperatures around the loop. Wire and
specimens all made from the same V–4Cr–4Ti heat formed �80 cm
long chains that were placed in the hot and cold legs. The 29
specimens in each chain consisted of alternating interlocked
tabs (31 � 13 � 0.9 mm), which held the chain in the center of
the tube, and pairs of miniature tensile specimens (type SS-3:
25 � 4 � 0.9 mm). Prior to exposure, the tensile specimens were
vacuum annealed for 1 h at 1050 �C. The tab specimens were not
annealed and had a fine-grained, cold-rolled microstructure. Spec-
imen mass was measured on a microbalance with a ±0.01 mg/cm2

error. Six of the exposed tabs had an electron-beam physical vapor
deposited (EB-PVD) Y2O3 coating completely covered by an outer
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layer of unalloyed vanadium [11,12]. The coatings were made in
two batches [16] and the unexposed coating thicknesses are shown
in Table 1.

Sticks of Li (as-received batch: <100 ppmw N, 95 ppmw C and
950 ppmw O) [12] totaling �275 g were loaded into the tank in a
glove box and the lid of the tank was welded shut. The loop and
tank were then evacuated with a roughing pump, leak checked
and valved off. The loop was placed in the vacuum chamber and
instrumented using Ta foil to hold the thermocouples and prevent
them from direct contact with the V–4Cr–4Ti tubing. After baking
for 48 h at 150 �C, the chamber achieved a base vacuum of
4 � 10�6 Pa (5 � 10�8 Torr) as measured on a vacuum gauge lo-
cated on the chamber wall opposite the vacuum pump. The loop
was then slowly preheated to �250 �C while maintaining the
chamber pressure at �2 � 10�4 Pa using the hot leg heaters and
resistively heating a W wire insulated with ceramic beads on the
cold leg. After further heating the hot leg, a drastic increase in cold
leg temperatures suggested the start of Li flow. After stabilization,
temperature was subsequently controlled by maintaining the ther-
mal well at the top of the hot leg at 700 ± 10 �C. Operation contin-
ued for a total of 2355 h and stopped due to a weather-related
power outage. Temperatures in the four thermal wells are shown
in Fig. 1. The chamber pressure initially spiked above 5 � 10�4 Pa
but then continued to drop during exposure, reaching the desired
<10�5 Pa by 400 h, Fig. 1. A much larger than expected temperature
gradient was observed during the first 1248 h phase of operation.
Initially, the difference between the top and bottom of the hot
leg was 340 �C and slowly increased to almost 400 �C, Fig. 1. Using
thermocouples to measure the movement of a hot spot created by
Table 1
Profilometry data of the V/Y2O3 coatings on V–4Cr–4Ti substrates after exposure to
flowing Li for 2355 h in a V–4Cr–4Ti loop with a maximum temperature of 700 �C.

Location Batch 1 Batch 2

V layer Y2O3 layer V layer Y2O3 layer

Unexposed (lm) 9 13 10 17
Top hot leg 8 12
Top cold leg 8 11
Middle cold leg 7 12
Bottom cold leg 10 15
Bottom hot leg 9 17
Middle hot leg 9 16
As-deposited* 7.4 ± 0.3 11.7 ± 0.5 9.9 ± 0.4 15.7 ± 0.9

* Ref. [16].

1E-06

1E-05

1E-04

1E-03

Pr
es

su
re

 (
Pa

)

300

350

400

450

500

550

600

650

700

T
em

pe
ra

tu
re

 (
°C

)

0 400 800 1200 1600 2000 2400

Operation Time (h)

top hot leg

top cold leg

bottom hot leg

bottom cold leg

chamber pressure

Fig. 1. Temperatures and vacuum pressure during the loop operation. Two phases
of operation occurred due to an unexplained upset between 1248 and 1262 h.
a pair of SiC heating elements, the Li velocity was estimated to be
�2 cm/s during the first phase. After an unexplained upset that oc-
curred between 1248 and 1262 h, Fig. 1, the cold leg temperatures
increased and the gradient was only �225 �C suggesting a faster Li
velocity of >3 cm/s (based on the lower T gradient) which was sim-
ilar to the velocity measured in the stainless steel test loop oper-
ated at �550 �C [17]. However, the higher cold leg temperatures
during the second operation phase prevented an accurate velocity
measurement. The inability to maintain the peak temperature at
700 �C for the second operational phase (Fig. 1) was subsequently
attributed to a loose furnace connection. One hypothesis for the
high first phase DT is that the Li flow was restricted by the speci-
men chain and that specimen movement or the chain breaking
(which was not observed during disassembly) allowed more rapid
Li flow during the second phase. Additional operational details are
provided elsewhere [18].

After the experiment ended, the chamber was opened and the
loop inverted and re-instrumented. The chamber was then
pumped down and the loop was heated to �400 �C allowing the
Li to drain back into the tank. The loop was then cut open in an
Ar-filled glove box. The top tab specimens were not located below
the cross-over joints in the hot and cold leg as designed and there-
fore could have restricted Li flow. The specimen chains were par-
tially removed from the tubing and residual Li was removed
using liquid ammonia followed by soaking in ethanol and then
water.

Initial characterization of the specimens and tubing included
metallographic cross-sections, hardness (Vickers, 300 g) measure-
ments, chemical analysis using combustion and inductively
coupled plasma analysis, and room temperature tensile testing at
10�3 s�1 strain rate. Selected specimens were examined using
scanning electron microscopy (SEM) equipped with energy disper-
sive X-ray (EDX) analysis. The EB-PVD coatings were examined by
SEM/EDX, contact profilometry and X-ray diffraction (XRD).

3. Results and discussion

Fig. 2 shows the mass change data for both specimen chains
with the nominal temperature profiles in the hot and cold legs
assuming a linear temperature profile between the thermal wells.
Mass losses in seven specimens from the hot leg were consistent
with dissolution of metal (maximum �0.6 mg/cm2 is equivalent
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Fig. 2. Specimen mass gain for V–4Cr–4Ti specimens in the hot and cold leg of the
mono-metallic loop along with the temperature that the specimens saw during the
two phases of operation assuming a linear profile. In the hottest section of the loop,
mass losses were observed, elsewhere, small mass gains were measured. The
specimen at the top of the hot leg, marked by �, may have been above the Li flow
path.
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to 1 lm vanadium) and/or loss of interstitials such as oxygen.
Assuming linear kinetics, the maximum observed loss is equivalent
to �2.5 mg/m2 h which is similar to the rate reported previously at
538 �C for V–15Cr–5Ti with Li + 50 ppm N in a pumped loop
(1 l/min) [19]. However, the results in that study were complicated
by the use of a stainless steel loop. Prior results in a mono-metallic
loop at 700 �C reported small mass gains after 1000 h [20].

Three specimens at the top of the hot leg did not show a mass
loss, Fig. 2, which may be explained by temperature or Li flow dif-
ferences. As mentioned previously, the chain was not positioned in
the loop as designed and the first specimen in the chain (� in Fig. 2)
appeared to be above the Li flow path, which may explain its high
mass gain (i.e. higher interstitial pickup and/or less metal transfer).
The second and third specimens appeared to be within the Li flow
path although they were located above the hot leg furnace about
�2 cm from the hot leg thermal well where the 700 �C temperature
was measured. Elsewhere in both legs, all of the specimens showed
a small mass gain. The location of the six EB-PVD coated specimens
are shown in Fig. 2, and each had a mass gain comparable to neigh-
boring specimens.

Chemical analyses of the interstitial contents for selected tab
specimens at the top, bottom and middle of the hot and cold leg
are shown in Table 2. As expected, there was a decrease in the O
content for all of the specimens and an increase in the N and C con-
tent. However, that effect was particularly strong in the hottest
section where the O content decreased to 20 ppmw and the N con-
tent increased to 1590 ppmw. There was no significant change in
the V, Cr or Ti contents measured. Table 2 also shows the measured
and calculated mass change based on the chemistry change. The
small mass change observed in most of the specimens is likely
associated with the uptake of N and C minus the decrease in O.
However, the mass gains in the coldest parts of the loop are not ex-
plained by this uptake and may be due to a small amount of metal
deposition, e.g. a 0.06 mg/cm2 mass gain would be equivalent to a
�100 nm layer of metal. For the highest temperature specimen
analyzed from the hot leg, the large increase in N content resulted
in a calculated net mass gain, suggesting that the metal loss may
have been on the order of 0.8 mg/cm2 or �1.3 lm.

Fig. 3 shows results from room temperature tensile tests of
specimens from the hot and cold legs as well as average values
for unexposed specimens from the same specimen batch which
have similar properties to prior studies [21–23]. The 0.2% yield
and ultimate tensile strengths increased in specimens as the expo-
sure temperature decreased, Fig. 3(a). The mass gain and associ-
ated N and C increase for many of these specimens suggest
interstitial hardening as a mechanism to increase the yield and
ultimate tensile stresses. The variation with temperature is likely
due to thermal ageing during the 2355 h exposure. The specimens
from the hot leg with mass losses showed a large decrease in yield
strength, which is not consistent with the large N increase but is
Table 2
Measured interstitial composition and mass gain data and calculated mass gain based
on the interstitial composition change. The measured mass change is the average of
the two tab specimens that were chemically analyzed.

Location Temperature Measured change
(wppm)

Mass change (mg/cm2)

O N C Measured Calculated

Top hot leg 657 �340 +1510 +120 �0.50 +0.30
Top cold leg 556 �50 +80 +100 +0.06 +0.03
Middle hot leg 532 �70 +230 +90 +0.06 +0.06
Middle cold leg 487 �30 +30 +70 +0.04 +0.02
Bottom cold leg 423 �40 +30 +20 +0.09 +0.002
Bottom hot leg 416 �40 +30 +10 +0.12 0.0
Starting content 360 80 70

Fig. 3. Room temperature tensile properties of a subset of V–4Cr-4Ti specimens
after exposure in a mono-metallic loop: (a) 0.2% yield and ultimate tensile stress
and (b) uniform and total elongation. The temperatures assume a linear profile. The
specimens in the hottest locations that lost mass showed a decrease in strength and
less loss in ductility than the other specimens that had a mass gain after exposure.
consistent with the large drop in O content, Table 2. In Fig. 3(b),
modest decreases in the uniform and total elongations also were
observed compared to unexposed specimens. These ductility val-
ues are somewhat higher than were previously reported [20].
Additional tensile specimens will be tested at 500 �C to compare
to prior work on Li-exposed material [24].

Fig. 4 shows the change in average hardness (from a starting va-
lue of 204 ± 6 Hv for the starting unannealed cold-rolled material)
and mass for tab specimens as a function of nominal average
temperature based on their location in the specimen chain and
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assuming a linear temperature change between the thermal wells
on the hot and cold legs. The hardness, but not the net mass
change, showed a correlation with exposure temperature. Hard-
ness values and standard deviations are based on 7 measurements
across the polished �0.9mm tab cross-section. The decrease in
hardness with temperature is consistent with thermal annealing
of the original cold-rolled microstructure of the tab specimens.
Fig. 5 shows etched metallographic cross-sections of two of the
hot leg tab specimens from Fig. 4 and Table 2 with the surface at
the top of each figure. The specimen exposed at �655 �C
(Fig. 5(b)) showed a much larger re-crystallized grain size and a
surface layer which appeared to be depleted in precipitates. A sim-
ilar layer or recrystallization was not observed in the other five
specimens. The near-surface microhardness has not been investi-
gated yet. Prior work, showed a �30 lm deep microhardness gra-
dient in V–15Cr–5Ti after exposure at 482–538 �C [19].

Finally, Table 1 shows the profilometry data for the EB-PVD
coatings after exposure. Batch 1 coatings were exposed at the high-
er temperatures because they were of higher initial quality [16]. No
Fig. 5. Light microscopy of V–4Cr–4Ti tab specimens after exposure to flowing Li.
(a) Bottom of the hot leg (�415 �C). (b) Top of the hot leg (�655 �C) where the
surface grains appear depleted in precipitates. These specimens were not annealed
prior to exposure.
significant loss in thickness was detected. However, the unexposed
coated specimens were concave indicating that the as-deposited
coatings were under compression while the coated specimens ex-
posed at the highest temperatures were all convex after exposure
which could indicate stress relief or some type of degradation such
as cracking or expansion due to reaction with Li. A procedure is
being developed to electrically isolate the oxide coating in order
to measure the post-exposure electrical resistance.

4. Summary

A mono-metallic V–4Cr–4Ti thermal convection loop was run
for 2355 h with a maximum temperature of 700 ± 10 �C to deter-
mine the compatibility of V–4Cr–4Ti and Y2O3/V coatings with
flowing (�2–3 cm/s) Li. Small mass losses (equivalent to 61.3 lm
of metal loss) were measured at the top of the hot leg. Elsewhere,
small mass gains were measured. Specimens that gained mass also
showed an increase in yield stress and modest decrease in ductility
consistent with the observed increase in N and C contents. The EB-
PVD Y2O3/V coatings showed no significant loss in thickness, how-
ever, further characterization is needed to determine their electri-
cal resistance and microstructure after exposure.
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