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Abstract

Vanadium±chromium±titanium alloys are attractive materials for fusion reactors because of their high-temperature

capability and their potential for low neutron activation and rapid activation decay. A V±4Cr±4Ti alloy has been

selected in the US as the current leading candidate vanadium alloy for future use in fusion reactor structural appli-

cations. General Atomics (GA), in conjunction with the Department of Energy's (DOE) DIII±D Program, is carrying

out a plan for the utilization of this vanadium alloy in the DIII±D tokamak. The plan will culminate in the fabrication,

installation, and operation of a V±4Cr±4Ti alloy structure in the DIII±D Radiative Divertor (RD) upgrade. The de-

ployment of this vanadium alloy will provide a meaningful step in the development and technology acceptance of this

advanced material for future fusion power devices. Under a GA contract and material speci®cation, an industrial scale

1200 kg heat (ingot) of a V±4Cr±4Ti alloy has been produced and converted into product forms by Wah Chang of

Albany, Oregon (WCA). To assure the proper control of minor and trace impurities which a�ect the mechanical and

activation behavior of this vanadium alloy, selected lots of raw vanadium base metal were processed by aluminothermic

reduction of high purity vanadium oxide, and were then electron beam melted into two high purity vanadium ingots.

The ingots were then consolidated with high purity Cr and Ti, and double vacuum-arc melted to obtain a 1200 kg V±

4Cr±4Ti alloy ingot. Several billets were extruded from the ingot, and were then fabricated into plate, sheet, and rod at

WCA. Tubing was subsequently processed from plate material. The chemistry and fabrication procedures for the

product forms were speci®ed on the basis of experience and knowledge gained from DOE Fusion Materials Program

studies on previous laboratory-scale heats and a large scale ingot (500 kg) of V±4Cr±4Ti alloy produced by WCA for

Argonne National Laboratory (ANL). Charpy V-Notch (CVN) impact tests have been conducted on sheet material

from the 1200-kg heat. The values are compared to data obtained on previous heats of the alloy. Ó 1998 Elsevier

Science B.V. All rights reserved.

1. Introduction

General Atomics (GA), along with Argonne Na-

tional Laboratory (ANL), Oak Ridge National Labo-

ratory (ORNL), and Paci®c Northwest National

Laboratory (PNNL), has developed a plan for the uti-

lization of vanadium alloys in the DIII±D tokamak

which will culminate in the fabrication, installation, and

operation of a V±4Cr±4Ti alloy structure in the DIII±D

RD upgrade [1,2]. The use of a vanadium alloy in this

plan will provide a meaningful step towards developing

advanced materials for fusion power applications by (1)

demonstrating the in-service behavior of a vanadium

alloy (V±4Cr±4Ti) in a typical tokamak environment,

and (2) developing knowledge and experience on the

design, processing, and fabrication of large-scale vana-

dium alloy components.

The program consists of three phases: ®rst, small

vanadium alloy coupons have, and are continuing to be

exposed in DIII±D at positions in the vessel ¯oor and

behind the existing divertor structure (i.e., non-plasma-

facing conditions). Post-exposure evaluation is being

performed at ANL to determine the e�ects of the
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tokamak vacuum environment on the alloy [3]. Second,

a V±4Cr±4Ti alloy demonstration component will be

fabricated using candidate joining methods, and third,

during the upcoming RD upgrade, a portion of the

upper section of the double-null, slotted divertor will be

fabricated from V±4Cr±4Ti alloy product forms. The

plan is being carried out in conjunction with GA and the

Fusion Materials Program of the Department of Ener-

gy's O�ce of Fusion Energy (DOE/OFE). The execution

of the plan is a joint e�ort by GA, the DIII±D Program,

and DOE Material Program participants, primarily

ANL, ORNL, and PNNL.

2. Fabrication of product forms for the radiative divertor

On the basis of the excellent properties that have

been determined for both laboratory-scale and produc-

tion-scale heats (produced at WCA), V±4Cr±4Ti alloy

has been identi®ed as the most promising vanadium-

based candidate alloy for application in fusion reactor

structural components [4±6]. This alloy was selected by

GA for procurement from WCA in product forms ap-

plicable for the manufacture of a portion of the DIII±D

RD upgrade.

The production campaign included: (1) ingot pro-

duction and conversion to product forms by wrought

processes; (2) analyses of chemical composition, after

di�erent stages of processing; and (3) charpy V-notch

(CVN) impact testing to determine the ductile±brittle

transition temperature (DBTT) of the alloy. A large-

scale (1200 kg) V±4Cr±4Ti alloy ingot was produced by

electron beam melting of unalloyed vanadium ingots

and then alloying the vanadium with high purity Cr and

Ti using vacuum-arc melting (two times). The alloyed

vanadium ingot was extruded into rectangular bars and

warm-rolled into plate. Subsequent conversions by

warm- or cold-working, and intermediate heat treat-

ments were used to produce sheet, rod, and tubing.

2.1. Speci®cation of chemical composition

The speci®cation for the chemical composition of the

alloy was developed by GA to re¯ect the valuable

experience and knowledge gained from fabrication,

testing, and microstructural examination of laboratory-

scale heats of V±Ti and V±Cr±Ti alloys, and a relatively

large heat (500 kg) of a V±4Cr±4Ti alloy [4±6]. Partic-

ular attention was given to the control of impurities to

meet the immediate goals for the RD program and also

future goals for further deployment of vanadium alloys

in advanced fusion systems. This e�ort included the

minimization of Nb, Mo, and Ag for low neutron acti-

vation; the optimization of Si (400±1000 ppm) to sup-

press neutron-induced swelling and the limitation of

other minor impurities (e.g., O, N, S, P, etc.) to avoid

grain boundary segregation and precipitation of vana-

dium-based embrittling phases (oxycarbochlorides,

vanadates, and borides) [5]. The ®nal speci®cation re-

quirements for unalloyed and alloyed vanadium chemi-

cal composition for the V±4Cr±4Ti alloy procurement

are listed in Table 1.

2.2. Screening of raw materials

The major sources of intrinsic impurities for the V±

4Cr±4Ti alloy are entrained in the raw vanadium, raw

chromium, and raw titanium base metal stocks used in

processing the ingot material [5].

Raw vanadium, in the form of �100 kg lots, was

prepared from high purity vanadium oxide by alum-

inothermic reduction. This process generally produces

material with lower impurities compared to other typical

reduction processes (e.g., calcium-reduction process) [5].

Chemical analysis of �30 processed lots revealed that all

of the lots contained only 100±200 wppm Si, less than

the Si (400±1000 wppm) speci®ed. This variation ob-

served in processed raw vanadium is due to the varying

levels of Si typically found in the starting material, va-

nadium oxide. Approximately half of the vanadium lots

contained �40 wppm Nb; the other half contained

substantially higher levels (several hundred wppm).

Variations in other elements were also noted; most ele-

ments were within speci®cation limits for all of the lots.

The primary source of the Nb was attributed to con-

tamination of equipment which is also utilized by WCA

for processing raw Nb.

The raw vanadium lots were divided into two groups.

Ingots of 395 mm diameter vanadium, one weighing

�900 kg and the other �2200 kg, were processed by

electron beam melting. Chemical analysis of the result-

ing ingots indicated that both were generally within

speci®cation limits except for Nb, which was above

speci®cation (see Table 2). One ingot (�900 kg,

Ht.#820645) had a Nb level which averaged 40 wppm:

the larger ingot (�2200 kg, Ht.#820642) averaged 226

wppm. A combination of the two ingots was required

for producing a su�cient quantity of the vanadium al-

loy. A decision was made to blend the lower-Nb ingot

and part of the higher-Nb containing ingot to produce

the V±4Cr±4Ti alloy heat (Ht.#832864). Measurements

of Ca, Na, K, Mg, and Ag were conducted but with

insu�cient sensitivity (see Table 2). As a further check

on the vanadium ingot impurities, samples were excised

from the surfaces of the two ingots at their midlengths to

provide material for CVN toughness tests. Toughness is

a property which is extremely sensitive to impurities in

vanadium [5]. The excised ingot material was ®rst pro-

cessed further by cold rolling and annealing at ORNL,

machined into CVN specimens, and then tested at ANL

at temperatures of )196°C and above. Both vanadium

ingot materials exhibited ductile behavior and had
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impact toughness (ductility) values similar to that ob-

tained by ANL for the pure vanadium ingot material for

a previous 500 kg V±4Cr±4Ti alloy heat [7]. These re-

sults con®rmed the purity of the vanadium ingots and

the absence of embrittling precipitates.

The major source of the undesired impurities, Cl, K,

and Na, observed previously in V±Cr±Ti alloys, is now

known to be from low-quality sponge Ti stock, which

is normally produced by the Kroll process. Therefore,

to preclude these impurities the use of double- or

triple-vacuum-melted Ti was mandated in the alloy in-

got speci®cation. High purity chromium was also spec-

i®ed.

2.3. Speci®cation of secondary fabrication and conversion

The procedures for extrusion, secondary fabrication,

and conversion to ®nished product forms were speci®ed

to closely reproduce the procedures used by WCA in

fabricating the previous large scale (500 kg) heat of V±

4Cr±4Ti alloy for ANL (plate, sheet, and rod) [5].

Conversion procedures for tubing were based on prior

experience in fabricating tubes from extruded material

from this heat [8].

2.4. Alloy melting and hot processing (extrusion)

The two vanadium ingots were machined into large

chips and consolidated with high purity Cr and Ti

(double vacuum-melted Ti chips), and a 1200 kg ingot

was produced by double vacuum-arc melting (Fig. 1).

The ingot was 34.9 cm in diameter by 210.8 cm in length.

Chemical analysis of the ingot (Table 2) indicated that it

was generally within preferred speci®cation limits for all

elements except for the Nb, Ca, Na, K, and Mg impu-

rities. The ingot chemistry was also determined to be

homogeneous, a major accomplishment for an ingot of

this size, and was therefore accepted for continued

processing.

The diameter of the ingot was machined to 32.1 cm

and the ingot was sectioned into two �85 cm lengths.

Each section was then encapsulated in a stainless steel

can fabricated from rolled and seam-welded �4.8 mm

thick sheet; the cans were evacuated to �4 ´ 10ÿ3 Pa

and seal welded. The canned sections were heated for

several hours in a slightly reducing, gas-®red furnace to

a temperature of �1140°C and extruded in a 49 MN

capacity press to form rectangular billets of �11.4

cm ´ �24.1 cm cross-sections (extrusion ratio of �3).

Chemical analyses of the billet ends veri®ed that no

additional pickup of impurities occurred during the ex-

trusion process (Table 2).

The billets were then rough machined (to remove the

stainless steel cans) and ®nish ground into sheet bars of

dimensions of 10 ´ 23 cm by lengths of 245 and 107 cm.

The sheet bars were then acid pickled in a solution of 50T
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vol% water +30 vol% nitric acid +20 vol% hydro¯uoric

acid. They were then annealed at 1050°C for 2 h in a

6 4 ´ 10ÿ4 Pa vacuum in preparation for longitudinal

rolling into plate product form.

2.5. Final products

Plate: The sheet bars were heated in air to 400°C and

longitudinally rolled into 4.7 cm thick ´ 23 cm wide

plate (�540 and �240 cm lengths, plates A and B1, re-

spectively). Plate A was cut into seven 60 cm long sec-

tions, one 67 cm long section, and one 40 cm long

section. Plate B1 was cut into three 60 cm long sections

and one 44 cm long section.

Sheet: The ten 60 cm long sections from both

aforementioned plates were cross-rolled, after heating in

air to 400°C, and successively reduced to sheet 0.48 cm

thick ´ 65 cm wide by 185 cm long. Several 400°C

rolling cycles of 50 � 15% total cross-section reduction,

were performed, using no more than 15% thickness re-

ductions per rolling pass. After each rolling cycle, vac-

uum anneals were conducted for 2 h at �1050°C and a

vacuum pressure of 6 4 ´ 10ÿ4 Pa. The sheets were

trimmed to 59 cm wide ´ 178 cm long and roller leveled

after heating to 315°C. Finally, the sheets were cleaned,

acid pickled, and annealed in vacuum (6 4 ´ 10ÿ4 Pa)

for 2 h at 1000°C. A metallographic analysis of samples

taken from both ends of a sheet indicated 98% recrys-

tallization of the material and an equiaxed grain size of

�25 lm. Quantitative chemical analyses for H, O, N,

and C, performed on samples taken from each of the

®nished sheets, indicated levels within speci®cation lim-

its (Table 2).

CVN tests were conducted at ANL on miniature

specimens excised from sheet material to characterize

the fracture behavior. Tests conducted between )196°C

and +25°C (no pre-crack, 0.076 mm root radius, 0.61

mm depth, 30° notch) indicated ductile behavior for all

temperatures. As a result, the 1200 kg heat was char-

acterized as having a ductile/brittle transition (DBTT)

temperature below )196°C and an upper shelf CVN

energy of �10 J. The DBTT of the heat is similar to that

obtained for previously-processed V±4Cr±4Ti and V±

5Cr±5Ti alloy heats. However, the 10 J shelf is slightly

lower than the reported 12±16 J upper shelf energy for

these previous heats [9].

Rod: The 67 cm long section from Plate A, taken

from the middle of the sheet bar, was cut into several

4.7 ´ 4.7 ´ 67 cm3 long sections, and machined to a

diameter of �4 cm. This material was swaged after

heating to 400°C in air and successively reduced to 11

mm diameter rod in several 400°C swaging cycles. No

Fig. 1. Fabrication of product forms from 1200 kg V±4Cr±4Ti alloy ingot.
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more than 15% cross-section reductions per swaging

pass were used, and intermediate vacuum anneals for 2 h

at �1050°C and 6 4 ´ 10ÿ4 Pa were performed after

50 � 15% total cross-section reduction. The rods were

cut into ®fteen 180 cm lengths, straightened and cen-

terless ground to 10.1 mm diameter. They were then

cleaned, acid pickled, and ®nal annealed in vacuum

(6 4 ´ 10ÿ4 Pa) for 2 h at 1000°C. Metallographic

analysis of samples taken from the ends of one repre-

sentative production-annealed rod length indicated 95±

98% recrys-tallization of the material and an equiaxed

grain size of �50 lm. Chemical analyses for H, O, N,

and C, determined on samples taken from three repre-

sentative ®nished rod lengths, indicated levels within

speci®cation limits (Table 2).

Tubing: The starting material for tubing fabrication

was saw cut, along the rolling direction, from one edge

of a section of the 4.7 cm thick plate. Two pieces were

gun-drilled and ®nished machined on the O.D. to a 4.57

cm diameter ´ 1 cm wall thickness. These tube blanks

were then solvent cleaned, acid pickled, and annealed at

1000°C for 1 h in vacuum (6 2 ´ 10ÿ4 Pa), and then

cold drawn through a hardened steel die with a mandrel

supporting the internal bore of the tube blank. During

the ®rst draw cycle, the cross-section was reduced in

successive �5% passes to achieve a total reduction of

�20%. During the second and the third draw cycles, the

reduction per pass and total reduction, respectively,

were successfully increased to between 10±15% per pass

and between 30% and �50% total reduction. A fourth

draw cycle reduced the tubes to their ®nal size of 26.7

mm diameter ´ 3.2 mm wall thickness by utilizing re-

ductions of between 10±15% per pass. [Note: after each

of the four draw cycles conducted, the tube blanks were

solvent cleaned, acid pickled, and annealed in vacuum

(6 2 ´ 10ÿ4 Pa) at 1000°C for 1 h.]

3. Conclusion

The vanadium alloy V±4Cr±4Ti has been identi®ed

previously in the US as the primary vanadium-based

candidate alloy for structure applications in fusion re-

actors. A heat of this alloy was successfully produced for

the ®rst time in a 1200 kg size which is a size large en-

ough for production manufacturing of large scale com-

ponents. The melt processing included: electron-beam

melting of screened, high-quality vanadium; consolida-

tion of the vanadium with high-purity titanium and

chromium; and double vacuum-arc melting of the V±

4Cr±4Ti alloy ingot. The ingot was converted by ex-

trusion into ¯at bar; warm and cold working processes

were used to fabricate plate, sheet, rod, and tubular

product forms. The alloy chemical composition, of the

ingot and of material after secondary fabrication, was

found to be satisfactory. Results of CVN tests showed

that the fracture properties of this large-scale heat were

approximately the same as those obtained on previous

smaller heats. This overall accomplishment demon-

strates the fabrication methods used will be reliable for

the production of industrial-scale ingots and wrought

product forms of the V±4Cr±4Ti alloy.
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