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Abstract

Tantalum has been used as cladding material for water-
cooled solid tungsten targets at many leading spallation neu-
tron production facilities thanks to its high neutron yield,
manageable radiation damage behavior, and excellent corro-
sion/erosion resistance in radiation environments. However,
from a safety hazard perspective, thermal neutron capture
of tantalum in spallation environments causes a high spe-
cific decay heat in the target volume, which often becomes
a limiting factor in increasing the beam power on the target.
In this paper, we studied vacuum hot pressing (VHP) pa-
rameters to diffusion bond zirconium to tungsten to explore
the feasibility of using zirconium alloys as an alternative
cladding material to tantalum. Zirconium alloys have long
been used as cladding material for early generation solid
spallation targets, and nuclear fuel rods. In spallation envi-
ronments zirconium has significantly lower decay heat with
shorter decay time compared to tantalum. The hot isostatic
pressing (HIP) of zirconium and tungsten is known to pro-
duce limited bonding quality due to the formation of the
brittle ZrW, intermetallic layer. To overcome this problem,
placing a vanadium interlayer between tungsten and zirco-
nium has been proposed by exploring parameter space in
binary alloy phase diagrams. Under the VHP conditions,
860 °C at 70 MPa for 4 hours, Zr-V and V-W showed good
diffusion bonding, which demonstrates the feasibility of a
single step HIP process to make the zirconium alloy clad
tungsten spallation volumes.

INTRODUCTION

Tantalum has been used as cladding material for water-
cooled solid tungsten targets at high-power spallation
neutron production facilities which include LANSCE at
LANL [1], TSI and TS2 at ISIS [2], and at CSNS [3]. Tan-
talum has high neutron yield thanks to its high nuclei den-
sity. It has shown manageable radiation damage behavior as
demonstrated in post-irradiation-examination (PIE) of tanta-
lum irradiated at ISIS [4] and at PSI [5], showing moderate
ductility at high displacement doses and excellent corro-
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sion/erosion resistance in radiation environments. However,
thermal neutron capture of '8! Ta in a spallation environment
produces '32Ta, which causes a high specific decay heat in
the target volume with a 114.4 day long decay time. Due
to its high specific decay heat the second-generation ISIS
targets made of pure tantalum suffered from high tritium
release during end of life storage [6]. In conceptualization
of next generation high power solid tungsten targets, the
high decay heat from tantalum clad volume is a limiting
factor in increasing the beam power on the target. A study
shows that the proton beam power higher than 400 kW on
a tantalum clad tungsten target could induce the maximum
temperature in the tungsten volume exceeding 800 °C [7] in
loss of coolant accidents (LOCA). Above 800 °C in steam
environment, tungsten oxidizes aggressively and becomes
airborne [8], posing radiological safety hazards.

Zirconium alloys have long been used as cladding material
for early generation solid spallation targets at KENS [9],
IPNS [10] and ISIS [2] and for canning material at PSI lead
target [11], and it has been widely used as a cladding material
for nuclear fuel rods. It causes significantly lower specific
decay heat with shorter decay time compared to tantalum
in spallation environments. However, the technology to
diffusion bond zirconium alloys to tungsten has not been fully
explored, which is required for a successful development
of a zirconium alloy clad tungsten target subject to a high
proton beam power.

Hot Isostatic Pressing (HIP) of zirconium cladding on
tungsten has been studied in Ref. [12] for a peak pressure of
180 MPa kept at 1200 °C, 1300 °C and 1400 °C for 4 hours.
The depth of diffusion layer was 6—13 um, which increased
with the HIP temperature. At a different HIP condition with
a peak pressure of 100 MPa kept at 900 °C for 1.5 hours
followed by 70 MPa kept at 750 °C for 2 hours formed a
150 pm thick interlayer between W and Zr [13]. The mea-
sured W to Zr ratio of nearly 2 suggested the formation of a
ZrW; intermetallic phase. Recent studies on the interdiffu-
sion behavior of the Zr-W binary systems for the temperature
range from 1300 °C to 1500 °C showed that the ZrW; in-
termetallic phase was formed in the diffused region with
its layer thickness growing with temperature in accordance
with the Arrhenius relationship [14]. It can be read from
the Zr-W binary alloy equilibrium diagram that ZrW, is the
only intermetallic phase. The formation of the brittle ZrW»
intermetallic layer creates a weakness where stresses, due
to differential heating and cooling, coupled with significant
differences in thermal expansion coeflicients, create a delam-
ination at the bond line, which results in reduced fracture
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toughness and fatigue life of a zirconium alloy clad tungsten
target that is subject to intensive proton beam pulses.

In principle, to avoid the formation of the brittle interlayer,
the parameter space at both ends of the W-Zr binary alloy
phase diagram could be explored, where W and Zr form a
solid solution. However, this requires a HIP temperature
above 1400 °C where tungsten recrystallizes and becomes
brittle. At this high temperature significant grain growth in
the zirconium alloys would be expected. To overcome this
problem, we explored the feasibility of placing a vanadium
interlayer between tungsten and zirconium. If vanadium is
used as an intermediate layer the ideal processing window
is predicted in the temperature range between 840 °C and
860 °C for the V-Zr bonding. The justification for this pro-
cessing window is to stay below the (3 transus for zirconium
at 863 °C but be sufficiently high in temperature to create
diffusion between W and V in a reasonable time. If we pro-
cess above zirconium’s 3 transus then we would be prone
to grain growth in the vanadium and to the formation of the
ZrV, intermetallic when cooled below the 3 transus. On
the other hand, the V-W phase diagram shows V-W solid
solution region for a temperature below 1910 °C.

In this paper, we present the vacuum hot processing (VHP)
process to diffusion bond zirconium to vanadium and vana-
dium to tungsten and evaluate the microscopic characteris-
tics of bonding qualities. This is to explore the feasibility of
using zirconium alloys as an alternative cladding material
to tantalum.

EXPERIMENTAL PROCEDURE
VHP Samples

A pure tungsten coupon with a dimension of 63.5 mm X
25.5 mm X 6.0 mm was cut from a 48 mm thick forged plate
purchased from Plansee SE. A zirconium coupon with di-
mension 63.5 mmx25.5 mmx 1.0 mm was cut from a 1 mm
thick rolled plate. A vanadium coupon with a dimension
of 63.5 mm X 25.5 mm X 1 mm was cut from a 1 mm thick
rolled plate. The bonding surfaces of each material were pre-
pared by using an ethyl alcohol plus 70 pm diamond abrasive
slurry to remove native oxide just prior to the thermal cycle.
The slurry was manually rubbed on the mating surfaces until
a fresh surface was observed.

VHP Setup

The VHP setup is schematically described in Fig. 1. The
Zr, V and W coupons were stacked on top each other. On
top of the tungsten coupon, a ceramic (Al,O3) coupon was
placed. These four coupons were wrapped in a Zr-foil that
works as gas getter. The Zr wrapped VHP specimen was
placed on a W plate coated with Y,0O3 which was mounted
on the graphite ram. On top of the Zr getter foil, Y,O3 coated
graphite plate was placed.

VHP Parameters

The thermal mechanical process performed in the vacuum
hot press to create the W-V and V-Zr bonds was a vacuum
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Figure 1: The VHP setup used for the study.

level of < 2 - 107* torr with an applied bonding pressure
of 70 MPa at 860 °C. The bonding cycle temperature was
maintained for 4 hours for both W/V and V/Zr bonding.

RESULTS AND DISCUSSIONS
Metallography

Figure 2 shows the sample assembly removed after the
VHP process as wrapped with zirconium getter. The Zr getter
adhered to the Zr coupons exhibiting Zr to Zr bonding under
the applied VHP conditions. The W, V and Zr coupons are
bonded to each other with a slight bow. This was because
the fracture of graphite platen occurred during the VHP
procedure.

Figure 2: Sample assembly removed after the VHP process
as wrapped with zirconium getter.

The bonded specimen was cut with a diamond bandsaw
and the cut cross section was ground and polished. Figure 3
shows the optical metallographic image of the cut cross
section at 200x magnification. Large grain structure of W
typical of the large forging where the plate originated, as well
as a 50 um grain size of both the Zr and V were observed. A
metallographic image of the interface area between W and
V is shown in Fig. 4. At 1000x magnification on the top the
diffusion zone is observed where V moved into the W. A
metallographic image of the interface area between V and
Zr is shown in Fig. 5. The bonding area width is between 2
and 5 pm.

Scanning Electron Microscopy

Figure 6 (top) shows the scanning electron microscopic
(SEM) image of the interface area between V and Zr. The
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Figure 3: Metallography image of the cut cross section at
200x magnification.

Figure 4: Metallographic image of interface area between
W and V at 1000x magnification.

Figure 5: Metallographic image of interface area between V
and Zr.

bond line between the Zr and V was found to be approxi-
mately 2.5 um wide as measured in the SEM using a com-
bined energy dispersive spectroscopy (EDS) line scan as
shown in the figure (top). An elemental dot map was also
produced as shown in figure 6 (bottom) showing the diffu-
sion zone to be approximately a 1:1 ratio of zirconium to
vanadium, indicating solid solution with the absence of the
ZrV, intermetallic.

Figure 7 shows the SEM image of the interface area be-
tween V and W. The W-V bonding region shows about 1 um
of diffusion depth.

CONCLUSIONS

Vacuum hot pressing (VHP) of tungsten, vanadium and
zirconium plates was performed to form diffusion bonding.
During VHP, maximum temperature 860 °C under 70 MPa
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Figure 6: SEM image and EDS line scan (top) and elemental
dot map (bottom) of the interface area between V and Zr.
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Figure 7: SEM image and EDS line scan of the interface
area between V and W.

pressure was held for 2 hours duration. The diffusion depth
of the V and W bonding region was about 1 um showing a
smooth elemental transition from the W to V. The interaction
zone between the V and Zr was also about 1 ym. In the
bonding region, the elemental mixture was about 50:50 for
V and Zr. This indicates that the VHP applied condition was
enough to form diffusion bonding between V and Zr, but not
enough to make the bonding region reach V-Zr binary alloy
equilibrium state, forming a brittle ZrV; intermetallic layer.
These observations show the feasibility of cladding tungsten
with zirconium alloys by applying vanadium foil inter layer.
Zirconium alloys and vanadium are low activation materials
compared to tantalum. This opens a way to develop a water-
cooled tungsten target that is subject to low decay heat, which
will allow higher proton beam power on the target from a
safety hazard perspective in LOCA.
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