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Abstract
High power particle producing target components in re-

search facilities often consist of refractory metals. They
experience challenging thermo-mechanical conditions and
therefore require dedicated cooling systems. Employing
water-cooling in direct contact with the target materials, espe-
cially tungsten (W), induces erosion and corrosion. Cladding
the target blocks with erosion/corrosion-compliant materials
is also a solution for a reliable heat transfer from the core
materials to the coolant. Tantalum (Ta) is used in various
facilities as cladding due to its corrosion resistance, outstand-
ing thermo-mechanical properties, and diffusion bonding
compatibility. The Beam Dump Facility (BDF) - a new pro-
posed fixed target experiment at CERN – explored at first
Ta2.5W cladding for molybdenum-based alloy TZM and
pure W blocks. However, Ta presents non-negligible decay
heat and high price. In this study, niobium-based materials
– pure Nb, Nb1Zr, and Nb10Hf1Ti (C-103 alloy) – are eval-
uated as an alternative for cladding. The niobium alloys are
assessed by their diffusion bonding via Hot Isostatic Press-
ing (HIP) and by thermo-mechanical characterization of the
interfaces. Simulations of the impact with a high-power
proton beam complement the study.

INTRODUCTION
The Beam Dump Facility (BDF) is a new proposed fixed

target experiment at CERN which is part of the "Search
for Hidden Particles (SHIP)" collaboration [1]. A high en-
ergy proton beam of 400 GeV/c, with 4 × 1013 protons per
pulse and a projected cumulated of 4 × 1019 protons on tar-
get (POT) per year is foreseen. The average power deposited
in the target is around 305 kW. The physics requirements de-
mand a target material with a high density, a high atomic and
mass number, and a short nuclear interaction length. In ad-
dition, these materials face challenging thermo-mechanical
conditions and thus need superior thermo-mechanical mate-
rial properties and dedicated water-cooling. As a result, the
chosen materials are TZM, a molybdenum alloy with tita-
nium and zirconium, and pure tungsten (W) [2]. However,
tungsten undergoes erosion, corrosion, and embrittlement
when in direct contact with water [3]. Therefore, tantalum
(Ta) has been selected to clad the core materials, as em-
ployed in other facilities such as KENS [4], LANSCE [5],
and ISIS [6]. Based on the described design, a BDF target
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prototype was manufactured and irradiated in 2018 [7, 8].
Loss-of-cooling-accident studies expressed concerns due to
the high decay heat created by the Ta cladding [9]. These
findings initiated the research of an alternative cladding ma-
terial despite having a solid baseline design. This paper is
assessing niobium (Nb) alloys by thermo-mechanical sim-
ulations with a high-energy beam impact. In addition, the
diffusion bonding capabilities are studied and compared to
a previously done cladding study with Ta [10].

CLADDING MATERIALS
Niobium was selected as an alternative cladding material

due to its bonding compatibility with W and molybdenum
(Mo) [11]. Ta and Nb show identical diffusivity rates and
full solubility towards W and Mo [12]. Besides presenting
ductile behavior, both refractory metals have outstanding
thermo-mechanical properties. In addition, Nb has under
BDF operational conditions less activation as well as lower
decay heat than Ta. Three different Nb alloys were assessed:
(1) pure Nb, (2) Nb1Zr, and (3) Nb10Hf1Ti (C-103). Nb1Zr
consists of 1 % zirconium and its mechanical properties are
higher than pure Nb. C-103, 10 % hafnium and 1 % titanium,
is known for its remarkable mechanical properties.

THERMO-MECHANICAL
CALCULATIONS

Finite Element Model (FEM)
Calculations were run to compare the Nb alloys with

Ta2.5W, a tantalum alloy with 2.5 % tungsten, cladding for
the most critical TZM - Block 4 - and W - Block 14 - blocks
of the BDF target. The cladding has a thickness of 1.5 mm,
the block diameter is 250 mm, and the thickness is 25 mm
for Block 4 and 50 mm for Block 14. The energies deposited
on the target blocks were calculated with FLUKA Monte
Carlo simulations [13], and imported into ANSYS® Mechan-
ical™ [14] for thermo-mechanical finite element analyses
(FEA). Figure 1 illustrates for all cladding materials the
maximum deposited energy density per cycle in longitudi-
nal direction for the BDF target. It is noticeable that the
deposited energies in the niobium-cladded targets are sim-
ilar. The shown energy depositions were used to calculate
the steady-state condition followed by a transient thermal
simulation of three beam impacts from steady-state temper-
ature. At the end, structural simulations were performed
using the computed temperature distribution of the 3rd pulse
as an input to calculate the thermal-induced stresses. All
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FEA models considered the same thermal (forced convec-
tion) and structural boundary conditions (spatial constraints
with no residual stresses). The material properties of the
Nb alloys were taken from literature [15] while the material
models of Ta2.5W, TZM, and W were built from internal
material characterization studies.

Figure 1: Maximum deposited energy density per cycle for
different cladding materials in the BDF target.

FEM Simulation Results
As illustrated in Fig. 1, the energy deposition is lower

in niobium than in the tantalum cladding which correlates
to the thermal results of Block 4. The Ta2.5W cladding
reaches a maximum temperature of 170 °C while Nb, Nb1Zr,
and C-103 reach 135 °C. Therefore, the maximum tempera-
ture of the Ta2.5W-cladded TZM is slightly higher than the
niobium-cladded TZM (see Fig. 2). The equivalent (von-
Mises) stresses correlate with the observed maximum tem-
peratures. As a result of the lower energy deposition in the
niobium cladding of block 1 to 13, more energy is deposited
in the W core material of Block 14. Therefore, the maxi-
mum operational temperatures of the niobium-cladded W
cores are slightly higher, 10 °C, than the tantalum-cladded W
block. This results in higher equivalent (von-Mises) stresses
in the niobium-cladded W core. However, the stresses in
the Ta2.5W cladding are slightly higher than in the niobium,
mostly driven by the higher Young Modulus of tantalum.

The safety margins of Ta2.5W, Nb, Nb1Zr, C-103, and
TZM are derived from the von-Mises yield criterion. W is
considered brittle during operational temperatures, thus it
is advised to use the Christensen criterion [16]. Since W
is lacking in compressive strength data under operational
conditions, the maximum-normal-stress criterion has been
used. Table 1 is showing the highest equivalent (von-Mises)
stress 𝜎𝑣𝑚, maximum principal stress 𝜎1, yield strength 𝜎𝑦 ,

Figure 2: Maximum temperature in the longitudinal (Z) axis
for different cladding materials in Block 4.

ultimate tensile strength (UTS), and the resulting safety fac-
tors for each material combination. The W core has limited
safety margins for all cladding options due to the low UTS
of 142 MPa determined from sintered W with high porosity
which was also used for the BDF target prototype in 2018.
In contrast, higher values of 330 MPa [2] are expected from
literature for sintered and HIPed W.

Nb, Nb1Zr, and C-103 cladding, including the core mate-
rials, showed similar thermal and structural behavior: tem-
peratures, equivalent (von-Mises) stresses, maximum princi-
pal stresses, and minimum principal stresses despite having
different FEA input parameters. Nevertheless, the yield
strength of the niobium alloys differ significantly. For in-
stance, the safety margin for pure Nb is too small, therefore
it is not recommended as a cladding alternative for the BDF
target. Nb1Zr and C-103 have sufficient safety margins and
the safety factors for C-103 cladding is even higher than
Ta2.5W.

Table 1: Safety Factors of Different Cladding Materials for
the Most Critical BDF Blocks 4 and 14

Block Cladding 𝜎vm, 𝜎1 𝜎y, UTS Safety
Nr. / Core [MPa] [MPa] Factor

4 Ta2.5W / TZM 127 / 123 227 / 460 2 / 4
Nb / TZM 79 / 120 149 / 460 2 / 4
Nb1Zr / TZM 72 / 121 170 / 460 2.5 / 4
C-103 / TZM 63 / 121 254 / 460 4 / 4

14 Ta2.5W / W 80 / 96 227 / 142 3 / 1.5
Nb / W 70 / 120 149 / 142 2 / 1
Nb1Zr / W 72 / 117 170 / 142 2.5 / 1
C-103 / W 71 / 116 254 / 142 3.5 / 1

DIFFUSION BONDING OF PROTOTYPES
Prototype Design

The previous study on Ta cladding was used as a refer-
ence to compare the diffusion bonding capabilities of the
Nb alloys with TZM and W. Therefore, the same prototype
geometry and diffusion bonding procedure was applied in
the Nb alloy cladding study. The prototype consists of four
components: a cylindrical core material and three cladding
parts, a tube and two cylindrical discs. They have a diameter
of 26 mm, a height of 50 mm, and a cladding thickness of
1 mm (cylindrical) and 10 mm (top and bottom). The ma-
terial combination of each prototype is shown in Table 2.
During the study, material quality issues occurred in the
Nb-cladded prototypes 1 − 4, thus 15 − 18 were added sub-
sequently. In the Ta study, a 50 𝜇m thick Ta foil was used as
a diffusion interfacial aid which has shown improved diffu-
sion bonding results [10]. Therefore, the same Ta foils were
utilized at the bottom of each prototype.

Methods
To achieve diffusion bonding between the cladding and

core materials, Hot Isostatic Pressing (HIP) was used. The
following steps were considered for the fabrication of the
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Table 2: Material Combinations and Leak Test Results

Nr. Cladding Core Leak
Material Material Test

1 Nb W Failed
2 Nb W Failed
3 Nb TZM Passed
4 Nb TZM Failed
5 Nb1Zr W Passed
6 Nb1Zr W Passed
7 Nb1Zr TZM Passed
8 Nb1Zr TZM Passed
9 C-103 W Passed
10 C-103 W Passed
11 C-103 TZM Passed
12 C-103 TZM Passed
13 Ta W Passed
14 Ta W Passed
15 Nb W Passed
16 Nb W Passed
17 Nb TZM Passed
18 Nb TZM Passed

HIPed prototypes: (1) The four prototype components had a
tight fit to each other. (2) The cladding tube and discs were
joined by electron-beam welding (EBW) with a Pro-beam
K25 [17] . The top was welded, cooled down over night,
and then the same was repeated at the bottom. The welding
chamber had a vacuum below 6 × 10−4 mbar and the parame-
ters were: a voltage of 80 kV, a current of 40 mA, a welding
speed of 40 mm/s, and beam deflection was used instead of
mechanical movement. (3) To confirm the welding quality,
helium leak testing was performed. The procedure is based
on the standard BS EN 13185:2001 [18] and the leak detec-
tor ASM340 was used. The prototypes were impregnated
in a bombing vessel for 20 h with 4 bar. After the removal
from the vessel, they rested for 20 min and were tested in-
dividually in a vacuum chamber with a leakage sensitivity
of 1 × 10−8 mbar l/s. (4) Afterwards, the prototypes were
HIPed in two cycles with the same pressure, 200 MPa, and
dwell time, 3 h but different temperatures. The first cycle was
run with the odd numbered prototypes at 1200 °C and the
second with the even numbered ones at 1400 °C. While the
heating rate of the second cycle was higher, 6.3 K/min and
7.6 K/min, the cooling rates were almost similar, −8.7 K/min
and −8.5 K/min. (5) After HIPing, ultrasonic testing (UT)
by immersion was performed from all sides to confirm suc-
cessful bonding. For each material combination, a reference
body was used which was a not welded and not HIPed pro-
totype. (6) Finally, they were cut longitudinally and the
bonding interface was investigated by optical microscopy.

Diffusion Bonding Results
The prototypes were firstly EB welded and afterwards

leak tested with helium. The results are presented in Table 2.
While only prototypes 1, 2, and 4 failed the leak test, all Nb
discs of 1 − 4 showed quality defects originated from the
cladding supplier’s manufacturing process. Therefore, the
prototypes 15 − 18 were added to the study and the mate-

rial defects in the cladding of 1 − 4 were patched by local
welding. All prototypes passed the UT test except prototype
1 (see Fig. 3). The UT results show discontinuity as red
while blue represents continuity at the bonding interfaces.
After being cut in two halves, prototype 1 showed no signs
of bonding as cladding and core material fell apart instantly.
The failed prototypes 1, 2, and 4 were not leak tested again
therefore it is possible that the cracks were not closed during
the weld patching. This would allow pressure to enter the
area between the core and the cladding material and thus
counteract the pressure applied from the HIPing furnace.
The other prototypes did not separate after cutting and the
bonding interfaces were inspected by optical microscopy. In
general, the bonding interfaces showed no signs of detach-
ment between cladding, core, and Ta foil (see Fig. 4) and
the Nb alloys demonstrated enough ductility to deform with
the chosen HIPing parameters.

Figure 3: UT testing results (C-scans) of the not-HIPed
reference body Ref 1 and the HIPed prototypes 1 and 3.

Figure 4: Optical microscopy of the prototype 15.

CONCLUSIONS
The thermo-mechanical calculations showed the poten-

tial of using Nb alloys as cladding material for the BDF
target. The calculated stresses for the cladded Nb, Nb1Zr,
and C-103 blocks had alike stress distributions despite hav-
ing different FEA input parameters. Nevertheless, the Nb
alloys have varying yield strengths which results in different
safety factors. The safety margins of the Nb1Zr-cladded
blocks are comparable and the ones of C-103 are even better
than Ta2.5W. Furthermore, the niobium-cladded prototypes
showed no signs of detachment when inspected by optical
microscopy. Prototype 1 also allowed some interesting con-
clusions about the applied diffusion bonding process. Firstly,
the UT procedure is well suited to identify not bonded inter-
faces after the HIPing process. Secondly, it is important to
achieve a leak tight weld between the cladding components
(tube and discs) during the EB welding.

It is foreseen to assess the bonding interfaces of the pro-
totypes further by extracting specimens in the interface area.
The specimens will be used for tensile and thermal diffusiv-
ity tests to characterize the different material combinations.
Moreover, if the BDF facility is approved a new reduced-
scale BDF target prototype with new cladding materials
would be designed, manufactured, and tested with beam
during 2024 − 2026.
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