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ABSTRACT

To test the magnetohydrodynamic (MHD) pressure
drop reduction performance of candidate insulator
coatings for the ITER Vanadium/Lithium Breeding
Blanket, a test section comprised of a V-4Cr-4Ti liner
inside a stainless steel pipe was designed and fabricated.
Theoretically, the MHD pressure drop reduction benefit
resulting from an electrically insulating coating on a
vanadium-lined pipe is identical to the benefit derived
from an- insulated pipe fabricated of vanadium alone. A
duplex test section design consisting of a V alloy liner
encased in a SS pressure boundary provided protection
for vanadium from atmospheric contamination during
operation at high temperature and obviated any potential
problems with vanadium welding while also minimizing
the amount of V alloy material required.

From the MHD and insulator coating point of view,
the test section outer SS wall and inner V alloy liner can
be modeled simply as a wall having a sandwich
construction.

Two 52.3 mm OD x 2.9 m long V-alloy tubes were
fabricated by Century Tubes from 64 mm x 200 mm x
1245 mm extrusions produced by Teledyne Wah Chang.
The test section's duplex structure was subsequently
fabricated at Century Tubes by drawing down a SS pipe
(2 inch schedule 10) over one of the 53.2 mm diameter V
tubes.

I. INTRODUCTION

To test the MHD pressure drop reduction per-
formance of candidate insulator coatings for the ITER
Vanadium/Lithium Breeding Blanket, a test section
having a V-4Cr-4Ti inner liner with a stainless steel clad-
ding was designed and fabricated. Vanadium-base alloys
have significant advantages over other candidate alloys

(such as austenitic and ferritic steels) for use as structural
materials in fusion devices. In the past, extensive inves-
tigations have been conducted on the swelling behavior,
tensile properties, impact toughness, and microstructural
evolution of V, V-Ti, V-Cr, V-Cr-Ti, and V-Ti-Si alloys
after irradiation by fast neutrons at 420°C-600°C. These
investigations revealed that V-Cr-Ti alloys containing =4
wt.% Cr, =4 wt.% Ti, 400-1000 wt. ppm Si, and <1000
wt. ppm O+N+C were the most promising vanadium-
based candidate alloy for application in fusion reactor
structural components because they exhibit superior
physical and mechanical properties.1 Hence, V-4Cr-4Ti
was the material of choice for the inner liner.

The test section ID/OD were 48.4/58.6 mm; the wall
thickness' of the vanadium liner/stainless steel pressure
boundary were 2.3/2.8 mm. The V liner occupied the
central 2.9 m of the 3.5 m test section length. The
starting vanadium extrusion was produced by Teledyne
Wah Chang; Century Tubes performed the fabrication
steps necessary to produce the vanadium liner/stainless
steel duplex structure; ANL developed the overall test
section design and an outline of the fabrication steps;
preparation of the detailed manufacturing plan and day-
to-day manufacturing follow was provided by
McDonnell Douglas Aerospace. General Atomics pro-
vided special assistance and metallurgical expertise for
certain fabrication problems. Further fabrication details,
including numerous photographs, metallographic
sections, and additional data can be found in Ref. [2].

The fabrication began with a 62.2 mm X 63.5 mm
x 1245 mm bar which was saw cut from a -64 mm X
200 mm X 1245 mm extrusion. The bar was turned to a
61 mm dia. X 1245 long round, which was gun-drilled to
produce a thick walled tube. Several cold drawing steps,
each followed by cleaning and a vacuum anneal, were
performed to produce a liner with the desired
dimensions.



(I. DESIGN DESCRIPTION OF V/SS MHD TEST
SECTION

Figure i is a fabrication drawing or" the V/SS duplex
test section, intended for MHD testing of insulator
coating materials in flowing liquid lithium in the
Argonne Liquid Metal Experiment (ALEX). The test
section ID/OD were 48.4/58.6 mm; the wall thickness' of
the vanadium liner/stainless steel pressure boundary were
2.3/2.8 mm. The V liner occupied the central 2.9 m of
the 3.5 m test section length. The lithium pressure
boundary is a 60 mm dia. 304SS pipe (2 inch schedule
10) welded to schedule 10 300 series SS eccentric
reducers; all welding was performed to the ASME
B&PV Code. The end flanges, which were welded to
eccentric reducers, and which connect the test section to
ALEX loop piping, are a proprietary design (OTECO ,
Inc.), having a metal-to-metal seal between two 316SS
hubs using a 17-4 PH SS seal ring; their pressure and
temperature ratings are 12.7 MPa; 540°C, respectively.
OTECO® flanged connections have been successfully
used previously in ALEX at 0.14 MPa; 200°C NaK. The
present application, at 33 kPa and 550°C Li, resulted in
no leaks.

Table 1. Chemical composition (impurities in wppm) of
the industrial-scale (500 kg) heat of V-4Cr-4Tia ingot.

(2 ' SCH tfl 1
ASTU A3I2 1P3W)

Figure 1. V/SS duplex test section.

ffl. DESCRIPTION OF V-ALLOY STARTING
MATERIAL

The starting point in the fabrication of the vanadium
alloy liner material was a rectangular bar, 1245 mm in
length; one of several long bars =64 mm in thickness and
=200 mm in width, extruded from a 500-kg ingot of
V-4Cr-4Ti (heat No. 832665, produced by Teledyne Wah
Chang Albany). The ingot was produced by multiple
vacuum-arc melting using screened high-quality raw
materials of vanadium, chrome, and titanium.

The specification of the chemical composition of the
heat had been carefully determined to reflect the
experience and knowledge gained from fabrication,
testing, and microstructural examination of laboratory-
scale heats of V-Ti and V-Cr-Ti alloys. Particular
attention was paid to control of the following impurities:
Nb, Mo, Cu, Si, O, N, C, S, P, Cl, Ca, K, Na, and B. The
final specification of ingot chemistry is given in Table 1.

Element Spec. Pos. 1 - 3

Cr
Ti
Cu
Si
O
N
C
s
p
Ca
Cl
B
Al
Nb
Fe
Mo

4±0.5 wt.%

4±0.5 wt.%

<10
400-1000

<400

<200

<200

<10
1 <10

<2

"̂700

10
___

<10

3.72-3.83
3.79-4.16
<50

720-840
280-360
80-93
64-94
<10
<30
m
<2
<5-7

determined from 3 different positions in the 64-mm-
thick and 200-mm-wide extruded bar.

Local inhomogeneity of Cr and Ti was specified not
to exceed +0.3 wt.%. Only low-chlorine (< 5 wppm)
double- or triple-melted titanium feedstock was used in
making the ingot.

The results of chemical analyses, averaged over
three measurements on the 63-mm-thick extruded bars,
are also given in Table 1.

The procedures for ingot extrusion were specified to
closely reproduce procedures used in fabricating an
excellent laboratory heat of V-4Cr-4Ti (ANL ID BL-
47). Specifically, the machined cast ingot was encased in
an evacuated stainless jacket and extruded at 1150°C into
bar with a'nominal thickness of 63.5 mm (2.5 in.).

The satisfactory chemical composition of the ingot,
and the results of Charpy—impact tests showing that
mechanical properties of the large-scale heat were as
good as those of laboratory-scale heats, provided
assurance that heat No. 832665 of V-4Cr-4Ti possessed
the Same desirable properties as the most promising
vanadium-based candidate alloy for application in fusion
reactor structural components.

IV. INITIAL FABRICATION PLAN

Starting with the above described ~64 mm X 200
mm X 1245 mm V alloy bar, the initial fabrication plan
consisted of the following four main phases:



V allov tube blank preparation
saw cutting
lathe machining
gun drilling
cleaning
annealing

V alloy liner drawing steps
five cold drawing steps, -10% reduction, each
cleaning
annealing
six cold drawing steps, -10% reduction, each
cleaning
annealing
QA

V alloy liner expansion steps
three cold expansion steps, - 5 % dia. incr., each
cleaning
annealing
one cold expansion step, - 5 % dia. increase
cleaning
insert liner into pipe
two cold expansion steps, - 5 % dia. increase, each
cleaning

V. ACTUAL FABRICATION STEPS

See Table 2 for a summary of the actual fabrication
steps followed, and described below.

The first phase of the fabrication plan, V alloy tube
blank preparation, was followed closely; two smaller
bars of dimensions -62.2 mm X 63.5 mm X 1245 mm
each were saw cut from the starting bar. These roughly
square bars were lathe machined to 61 mm OD X 1245
mm long round bars and subsequently gun drilled to
produce 61 mm OD x 47.6 mm ID X 1245 mm long
tube blanks. The resulting IDs were quite rough, with
very pronounced grooves (perhaps 500 microinches),
resulting from the softness of the material. The grooves
disappeared following subsequent drawing operations.

The tube blanks were subsequently cleaned by first
degreasing and then immersing them in a 30 v/o Nitric
Acid - 3 v/o Hydrofluoric Acid solution at room
temperature for 15 minutes. Tubing ODs were checked
before and after this cleaning step and no dimensional
changes were found. All cleaning steps were as
described.

Finally, the tube blanks were vacuum annealed at
1025°C for one hour at less than 1 X 10'5 torr. Support
fixtures and a "tent," to prevent or minimize
contamination of the tubes in the furnace during the
anneal, were fabricated from Ti-6Al-4V. All annealing
steps were as described in Table 2.

Table 2. Actual V/SS tube fabrication outline.

-N, AREA
OPERATION REDUCTION

i , j

1. ; Tub* blank preparation !
1 a) ' saw cutting <

; b) > lathe machining !
• c) igun drilling
I d) 1st cleaning.

1st anneal

2. First draw cycle
cold draw • 1,1
cold draw * 1.2

10
10

c) cold draw #1 .3 ; 10
d) coW draw # 1 , 4 ! 10
a) 12nd charting I

f ) J2nd anneal

i j
3. Second draw cycle l

A.

a) cc4d draw * 2.1
b) cold draw » 2.2

c) cotd draw * 2.3
d) [3rd cleaning

1 0
1 0
10

§) 13rd anneal

Third draw cycle

«)

b)

c)

cold draw * 3,1

cold draw * 3.2

edd draw • 3.3

4th cleaning

•) 4th anneal

l

10

10

10

5. [First expansion cycle :

(a) !expansion # 1 . 1

I
S. 10 hontnq

|

7. OO centerfess grinding

3. Second expansion cyde
a) •expansion # 2.1

j b)j«xpansicn # 2,2

i

9 . ! SS outer tube coM working
i a) [expansion !
! b) shrink/swaging

10.! End ftanqe welding

Comments

Tube 1 Tube 2

62.2 x 63.3 t 1245 mm bar
St dia. * 1245 mm towj bar

61 OD x 47.6 ID x 1245 mm lube
30 v/o KN03 • 3 v/o HF. 15 min, RT

nominal

nominal
nominal
nominal
nominal

nominal

nominal
nominal
defects
defects

30 v/o HNO3 - 3 v/o HF, 15 min, RT

discoloration

nominal
nominal
nominal

discoloration

defects
defects
defects

30 v/o HNO3 • 3 v/o HF. IS min. RT
suspect, bluish tinge

00/10 circumferential
surface crackino,

OO/1D circumferential
surface cracking

00/10 circumferential
surface cracking

00/10 circumferential
surface cracking

00/10 circumferential
surface cracking

OO/1D circumferential
surface cracking;

30 v/o HNO3 - 3 v/o HF. 15 mm. RT

suspect, - 10e-3 torr, discoloration

not performed

•0.2 mm removed

-0.1 mm removed

not performed

not performed

nominal
nominal

nominal

tonqttudinat cracks

-0.2 mm removed

-0.1 mm removed

nominal

longitudinal cracking
discontinued

not performed
not performed

nominal

Following the first annealing step, the tube blanks
were put through the first draw cycle, see Table 2. For
this part of the fabrication, a mandrel is first inserted into
the tube, and hammered in using a light sledge until the
forward end of the mandrel exits the front end of the
tube. Then the tube is swabbed with die lubricant (a
plastic material contained in a solvent which after drying
leaves a thin acetone-soluble plastic film on the tube),
and pulled through the die (see Fig. 2). The mandrel is
then removed.

During the second drawing step, two bands of
discoloration or different structure along the length of
one tube blank (Tube #2), approximately 6 mm wide and
180 degrees apart, were noted. After 3 of the 5 specified
draws (-30% reduction, specified to go to -50% before
annealing, see Table 2) in this drawing cycle, both tubes
were performing very well, with a very nice external
appearance. During the 4th draw on Tube #2, however,



flaws began to form about 40% into the draw, starting as
a series of roughly parallel, small, slightly visible, - I mm
long, wavy transverse cracks or tears, reaching a
maximum size of -19 mm long by - 3 mm wide at about
60% into the draw, finally decreasing in size to about that
of the initial small cracks at about 80% into the draw,
and then disappearing. A virtual mirror image of this
same cracking pattern was observable on the reverse side
of the tube, -180 degrees away (see Fig. 3). The largest
tears had fractured surfaces that were black in coloration
and extended from the OD to the ID of the tube on both
sides.

Cylindrical
Mandrel

Figure 2. Tube drawing operation.

-4S0mm I • 760mm • [ I
~1.8m long

I 0 •tognn i i i i. '. ' i i l i l. '"!""!'""""'"

[i80

Cracks vary from
~20mm long by
~ 3 m m wide by
through the wall
to ~20mm long to
~ 1.5mm long hair-
line crocks

Figure 3. Defect locations in Tube #2 after 2nd anneal.

Additional visual observations revealed the same
"bands" mentioned above, again 180 degrees apart on
both sides of the tube, about 25 mm wide extending
along the tube from -1/4 length point to midpoint. The
defects of course were within these bands. The bands
could have resulted from grain size differences,
segregation, impurity banding, etc. The rest of the tube
looked very good.

The cracks appeared to be the result of a localized
exhaustion in the material's ductility due to a variation in
its as-received structure, i.e., a variation in grain size [the
grain size of the starting material in the vicinity of the
defected areas was large, probably in the range of 2-3
(ASTM)], inclusions, impurity and/or alloying addition
segregation, hot work, and/or other difference in
microstructure (e.g., some remaining cast structure
perhaps). The problem appeared to result from a large
inhomogeneity in the starting materials, apparently not
present in the other tube blank. - •

The drawing operations were stopped at that point.
The defects were partially spot-ground, especially the
edges of the larger defects, so the tube would continue to
draw, and both tubes were cleaned and annealed a second
time. Following the second cleaning and annealing
operations, both tubes were given a thorough visual
examination. As before, Tube #1 still looked good, with
many, but only minor longitudinal die marks (e.g., like
fine scratches) visible on its surface. The defected tube
appeared essentially the same as before cleaning and
annealing.

The tube lengths were put through a series of three
cold draws in a second draw cycle, totaling up to -30%
total reduction with -10% reductions per draw, see
Table 2. The second draw cycle went well; even for the
defected tube. The defects in this tube opened up only
slightly, but appeared to be blunting, and the maximum
length of cracked material extended slightly as the length
of tubing increased (the tubing was about 2.3 m long at
that point).. First hand observations indicated that the
material appeared to be drawing better at that point,
probably because the material was being made more and
more homogeneous due to the deformation/annealing
cycles being imparted.

Following the third cleaning and annealing
operations, the tube lengths were put through another
series of three cold draws in a third draw cycle, totaling
up to' -30% total reduction with -10% reductions per
draw, see Table 2. Again, the large cracks in the cracked
tube opened up slightly, but continued blunting.

However, both tubes now showed indications of
very fine-scale transverse (circumferential) surface
cracking, like the craze cracking or checking often seen
during grinding of some metals. These "craze cracks"



were fairly uniformly dispersed over the entire surface of
the tubes, both on the inner and outer surfaces. They
were first noticed after the first draw of the third draw
cycle. They could barely be felt with a fingernail (0.1
mm deep, perhaps). This surface effect has been
attributed to some contamination picked up during the
previous vacuum anneal. A bluish tinge or slight blue-
gray discoloration of the tubes had been noticed each
time they returned from annealing. The craze cracking
indications appeared to be only on the surface, however,
and the material continued to draw very well.

Visual observations following the fourth cleaning
and annealing operations indicated that: a) the craze
cracking on both tubes had become very evident; b) some
short, fine longitudinal cracks were present on the
surfaces of both tubes (these cracks were not extensive
and were first noticed with photographic equipment
producing a magnified image); c) patches of light tan to
dark brown/black discoloration were present on Tube #2,
with the darkest patches in the immediate vicinity of the
through cracks; d) light tan patches were present on Tube
#2 in the non-through-cracked areas initially developed
on the outer surface of the tubing as well as in regions
containing the more recent fine circumferential cracks;
and e) patches of light tan discoloration were also present
on Tube #1 in several places.

Following the fourth cleaning and annealing
operations, the defected tube (#2) was put through the
first expansion cycle (see Table 2) expanding the OD of
the tube by -0.25 mm. During expansion step #1,1 the
previously-observed fine-scale transverse surface cracks
opened up slightly, and additional fine-scale longitudinal
surface cracks of varying degree developed along the
length of the tube, on both outside and inside surfaces,
with the area of greatest severity being in the badly-
cracked, highly-strained (brown/black) areas. Expansion
was temporarily suspended at that point. A ~25 mm long
section near one end of the heavily-cracked tube (#2) was
removed for analysis. Metallography and microhardness
measurements of sections cut from the removed piece
revealed many fine sharp cracks to a depth of -0.13 mm
running in a longitudinal direction, many blunted
(-square-bottomed) cracks to this same depth running in
a transverse direction (circumferentially), and a very hard
surface layer -0.13 mm deep with an underlying material
having a hardness typical of the annealed alloy. More
than 200 small cracks were examined on the same
specimen; all of them had depths in the range of 0.075 to
0.13 mm.

A section of the removed piece was also soaked in
liquid nitrogen and bent 180 degrees. Although the
surface cracks opened up, the cracks did not propagate
across the section. These results were suggestive of the
development of a hard, brittle surface region, attributed
to oxygen pickup during vacuum annealing.

It was decided to remove -0.2 mm from the ID
surface of each tube by means of kerosene-lubricated
honing. Dry honing was unsuccessful; water-lubricated
honing consumed the stones too rapidly. A mechanical
guide was made for the honing tool to ensure centering
during the operation to avoid preferentially digging into
the soft parent metal of the tube below the oxygenated
layer. Honing was generally successful, but some traces
of surface cracking were still observable in some areas
upon completion, but they were not extensive.

Following honing, the tubing ODs were centerless
ground to remove -0.2 mm of surface material (i.e., the
hard layer) prior to continuing with the tubing
fabrication.

The second expansion cycle of the two vanadium
tubes started with the defected tube (#2) first, see Table
2. After expansion #2,2 some additional growth of the
through-cracks and some apparent surface checkering or
cracking in the vicinity of the through-cracks was
noticed.

Because of this undesirable behavior, the final
manufacturing steps were changed. Instead of expanding
the #1 Tube into the steel pipe, it was decided to leave
the V tube as-is and to draw down the steel pipe onto the
V tube. The resultant steel pipe OD became 58.6 mm
instead of 60.3 mm; the ID became 53 mm. This
compressed the V tube slightly from its OD of 53.2 mm.
The final steps to draw down the SS pipe" "onto the #1
vanadium tube went very easily.

VI. DISCUSSION AND CONCLUSIONS

The desired V/SS duplex test section was success-
fully fabricated. One vanadium tube (#1) was
successfully fabricated and used to make the duplex test
section; the second tube contained rather large defects in
one half of the tube while the other half was defect free.
Two completely unrelated fabrication difficulties were
encountered and overcome.

The first difficulty was the appearance and growth of
two through-wall crack regions on Tube #2. The two
cracks originally were parallel, each at about a 45-degree
angle to the tube axis. These cracks elongated through
the continued drawing operation from their initial
appearance as simple tears to semi-circular and finally
approaching circular shaped defects. At the point where
cold working operations on that tube were suspended,
they were several millimeters wide. Regardless, the
surrounding material continued to draw uniformly. The
cracks were probably about 10 cm apart axially in the
original 1245 mm-long bar (approx. 62 mm x 63.5 mm.
cross section).



The cracks are thought to be the result of a localized
exhaustion in the material's ductility due to a variation in
its as-received structure, i.e., a variation in grain size,
inclusions, impurity and/or alloying addition segregation,
hot work, and/or other difference in microstructure (e.g.,
some remaining cast structure perhaps). The problem
appeared to result from a large inhomogeneity in the
starting material, apparently not present in the other tube
blank. This fabrication difficulty was not encountered in
Tube # 1 and was restricted to about one half of Tube #2.

The second problem encountered was the
appearance of many fine sharp cracks to a depth of-0.13
mm running in a longitudinal direction, many blunted
(~square-bottomed) cracks to this same depth running in
a transverse direction (circumferentially), and a very hard
surface layer -0.13 mm deep with an underlying material
having a hardness typical of the annealed alloy. These
small surface cracks became significant during the
expansion steps following the fourth anneal. These
cracks are thought to be due to the development of a
hard, brittle surface region, attributed to oxygen pickup
during vacuum annealing in the large vacuum furnace.
In future V-alloy fabrication efforts, the quality of the
vacuum annealing furnace conditions should be carefully
evaluated to assure low oxygen and other contaminant
levels.
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