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Abstract

Specimens prepared from a spent tantalum target of the pulsed spallation source ISIS, irradiated with 800 MeV
proton to a maximum fluence of 1.7 x 10 p m~2 at temperatures lower than 200 °C, were investigated by micro-
hardness, three-point bending and tensile tests at room temperature (RT) and at 250 °C. All three types of mechanical
measurements consistently showed irradiation hardening. Furthermore, the tensile tests showed that the increase in
yield strength is accompanied by a reduction of the strain-to-necking at both test temperatures. For instance, at RT, the
strain-to-necking was reduced by irradiation from initially 30% to about 10%. This drop in ductility occurred at doses
below 0.6 dpa, whereas afterwards the strain-to-necking remained constant up to the maximum dose of about 11 dpa.
The results of tests at 250 °C were similar to those at RT. SEM investigation revealed typical ductile fracture surfaces
even for the highest doses. Optical micrography after bending tests showed no cracks even after bending of a 2 mm
thick specimen end to end, indicating that pure Ta retained very high ductility after proton irradiation. © 2001 Elsevier

Science B.V. All rights reserved.

PACS: 61.80; 81.40

1. Introduction

The lifetime of the structural target components of
spallation neutron sources and accelerator-driven sys-
tems (beam window, liquid metal container, return hull,
etc.) is determined by irradiation-induced changes of
their mechanical properties. Up to now, only scarce
information has been available on the behaviour of
candidate materials under such conditions: high radia-
tion damage levels, very high rates of helium and hy-
drogen generation, and relatively low irradiation
temperatures. Typically, the target window of the

* Corresponding author. Tel.: +49-2461 612 473; fax: +49-
2461 614 413.
E-mail address: j.chen@fz-juelich.de (J. Chen).

planned European Spallation Source (ESS) [1] will ac-
cumulate a maximum proton fluence of 1.6 x 10%/m?
within one year of full power operation. In steels, e.g.,
this leads to a displacement dose of about 60 dpa and
1 at.% helium [2]. To build up a spallation materials
database, we therefore initiated an extensive test pro-
gramme based on the investigation of specimens ob-
tained from spent target components of operating
spallation sources (LANSCE, Los Alamos National
Laboratory and ISIS, Ruthford-Appleton-Laboratory).
Four different classes of materials are investigated, in-
cluding a nickel-based alloy (Inconel 718), an austenitic
stainless steel (AISI 304L), a martensitic stainless steel
(DIN 1.4926) and a refractory metal (tantalum). The
preliminary results for AISI 304L, DIN 1.4926, and
Inconel 718 have been published [3-5]. Here the results
on pure tantalum (99.99%) from a spent target of the
ISIS facility are reported.
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2. Experimental

The ISIS target consists of a window made of 304L
stainless steel and 23 water-cooled Ta plates with 90 mm
in diameter and thicknesses ranging from 7.7 to 26.2
mm. The high purity tantalum for the plates was sup-
plied by Plansee GmbH, Austria. It had been cold rolled
with intermediate annealing at 1280 °C and finally an-
nealed at 1200 °C for 2 h. The metallography showed
equiaxed grains with a mean size of about 50 pm and
only a few grains with sizes as big as 300 pm. The
maximum values of the impurity levels quoted by the
supplier and by our IR-spectroscopy and atom-spec-
troscopy analysis are listed in Table 1.

During service in the period 1988-1994, the target
was irradiated with a pulsed 800 MeV proton beam
(pulse length 0.5 ps, repetition frequency 50 Hz) at
temperatures lower than 200 °C. The total accumulated
number of protons incident on the target was 3.9 x 10?2,
To identify the profile of the proton beam on the spent
ISIS target, y-scans were performed on the beam win-
dow of the target in the hot cells of FZ-Jiilich. It was
found that positron decay of Na??, Ti*, Co”, etc. was
mainly due to the proton beam. Therefore the integrated
positron decay distribution was used to obtain the
proton beam profile, giving a two-dimensional Gaussian
distribution with horizontal and vertical variances of
0, =(170£0.2) mm and ¢, =(20.7+0.4) mm, re-
spectively (see Fig. 1). These values together with the
total number of protons result in a maximum fluence of
1.7 x 10% p m~2, corresponding to one-tenth of a year
of full power operation of ESS. Taking for Ta a dis-
placement damage cross-section and He-production
cross-section of 6650 and 0.342 b, respectively, [6], the
maximum displacement dose and helium concentration
should be 11.3 dpa and 580 at. ppm, respectively. The
cross-sections used here are lower than those calculated
earlier by the code HETC [7-9] which overestimates the
helium production cross-section when compared to
measured values. It should be noted that the neutron
contribution to displacement damage and He produc-
tion is not included in the above numbers.

For sample preparation, two 2.5 mm wide strips of A
and B were first cut from the Ta plate closest to window
(No. 1 with thickness of 7.7 mm) along the vertical di-
rection close to the centre of the proton beam (marked
in Fig. 1). Before cutting strip A into bending samples,
Vickers micro-hardness tests were performed on the cut
and polished surface as a function of the position along
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Fig. 1. Two-dimension Gaussian distribution of the 511 keV y-
intensity reflecting the proton beam profile on the ISIS target.
(a) and (b) are the distributions of 511 keV y along short and
long axes, respectively. The solid lines are the best fits. The
sample cutting is illustrated by the vertical strips and horizontal
bars. The origin of the coordinate system coincides with the
geometrical centre of the target.

the strip. To examine possible differences along beam
direction, the micro-hardness was also measured close to
the front side and back side of the plate. However, no
difference could be detected, indicating that the tem-
perature distribution along beam direction, i.e., across
the plate thickness, had no effect on the mechanical
properties. Afterwards, the strip A was cut into bending
samples, 15 mm long, 2.5 mm wide and 2.0 mm high.
The reason for this unusual geometry of bending sam-
ples was to keep the dose variation in each specimen
small and to have a sufficient number of specimens for
studying the dose dependence. The three-point bending
tests were performed with a cross-head speed of 0.2 mm/

Table 1
Maximum concentrations of main impurities in pure tantalum (wt% ppm)
Element C N O Zr W Nb Mo Hf Others Ta
Quoted 30 5 40 1 20 400 10 5 117 >99.99 (wt%)

Analysed 20 6 8 5 10

10 2 5 - >99.99 (wt%%)
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min at room temperature (RT) (the bending device is
described in 3). Strip B was used to machine tensile
samples. For the same reason, miniature-type dog-bone
tensile specimens were used in the present study, i.e.,
strip B was cut into bars of 15 mm length and then slices
of about 0.7 mm thickness were cut from the bars. After
machining them to a dog-bone shape, the surfaces of the
slices were polished. Finally, tensile samples with 0.5
mm thickness, 5 mm length and 1.2 mm width in the
gauge area were obtained. The tensile tests were per-
formed at RT and 250 °C, respectively, using a 2 kN
MTS tensile machine equipped with a video-extensom-
eter so that the elongation could be measured directly in
the gauge area. The strain rate was about 1073 s~!. After
tensile testing, the fracture surfaces were investigated by
scanning electron microscopy to identify the fracture
mode.

3. Results

The first tests conducted were micro-hardness mea-
surements since they are easy to perform and provide a
quick qualitative information on the changes of me-
chanical properties. The results given in Fig. 2 show the
expected increase of the hardness with dose. The sub-
sequent bending tests confirmed the hardening but
moreover indicated high ductility because none of the
specimens failed within the maximum available bending
deflection of 2.0 mm. Even bending an irradiated spec-
imen end to end did not lead to rupture (Fig. 3(a)) and
optical micrography of its tensile region did not reveal
any cracks (Fig. 3(b)). This finding came as a surprise
because earlier results on less pure and alloyed Ta
[10,11] showed drastic embrittlement already at very low
doses.

Therefore, in order to quantify our bending results,
we performed tensile tests at RT and 250 °C, respec-
tively. This is the temperature range of operations for
structural materials in spallation sources employing
liquid mercury targets, such as ESS or its US pendant
SNS under construction in Oak Ridge. Fig. 4 gives the
stress—strain curves for three typical doses. At RT
the unirradiated specimens show a sharp yield point
followed by slight work hardening and strains-to-neck-
ing of 30%. Irradiation causes significant strengthening
and a reduction of strain to necking down to about 10%.
This drop in ductility occured at doses below 0.6 dpa
without a further decrease up to the maximum available
dose of 11 dpa (Fig. 5). A similar behaviour was found
for the test temperature of 250 °C. Here, the slight work
softening of the irradiated samples (Fig. 4(b)) made it
difficult to specify the ductility precisely. We defined the
strain-to-necking as the strain at which stress started to
drop rapidly. This was also the point where visible
necking was observed in the video-extensometer. It is
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Fig. 2. Dependence of Vickers micro-hardness HV0.2 at RT on
displacement dose.

known from other work that under condition of local-
ized deformation, engineering stress decreases without
necking [12].

After tensile testing, the fracture surfaces were ex-
amined by scanning electron microscopy to identify the
fracture mode. The fracture morphologies of the sam-
ples after testing at RT and at 250 °C are shown in Figs.
6 and 7, respectively. A wedge-shaped neck is formed
during failure of the reference material with almost
100% reduction of area at both test temperatures. An
example is given in Fig. 6(a). The reduction of area
decreased with increasing displacement dose. For tests
at RT, reductions in area are 100% for 0 dpa, 70% for
8.5 dpa and 56% for 11 dpa. In all cases a rough dim-
pled fracture surface was observed, characteristic of a
ductile transgranular fracture mode. The only exception
was a specimen irradiated to 11 dpa which, besides
overall necking, also exhibited ‘necking’ of individual
grains (Fig. 6(b)), sometimes up to the formation of
sharp wedges (Fig. 6(c)) before rupturing with the usual
rough dimpled surface (Fig. 6(d)). For the samples
tested at 250 °C, the reductions in area are 100% for 0
and 0.6 dpa, 95% for 3.3 dpa and 61% for 11 dpa. The
fracture surfaces (Fig. 7) show the same features as
those observed for the RT tested specimen, indicating
ductile transgranular failure also at the higher test
temperature.

4. Discussion and conclusion

The steels developed in the European fusion pro-
gramme, austenitic AISI 316L, and ferritic-martensitic
MANET, are also candidate materials for the Hg-
container, safety hull and proton beam window in ESS
and SNS. However, both types of materials exhibit
deterioration which may limit their lifetime in high-
power spallation targets to rather low values. For
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Fig. 3. Optical micrographs of a sample irradiated to 10 dpa after bending end to end. The scale in the photo indicates 2 mm and 0.2

mm for (a) and (b), respectively.

example, in AISI 304L intergranular failure covering
about 60% of the total fracture surface was found al-
ready below 8 dpa [5]. Moreover, the uniform elonga-
tion approached zero in 160 °C tensile tests on AISI
304L and 316L [13] at even lower dose levels. The
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Fig. 4. Stress—strain curves of Ta specimens: (a) tensile tested at
RT with a strain rate of 1073 s~!; (b) tensile tested at 250 °C
with a strain rate of 107% s,

martensitic steels EM 10 and T 91 were found to fail in
the elastic range after implantation of 0.5 at.% helium
[14]. On the other hand a LAMPF beam window made
from Inconel 718 did not fail within a service time
corresponding to 20 dpa, although post-irradiation test
revealed zero ductility [15]. Which kind of impact such
findings will have on the use of these materials in
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Fig. 5. Yield strength (filled symbols) and strain-to-necking
(empty symbols) as a function of the displacement dose for Ta.
The circles and triangles indicate the present results of high pure
tantalum tested at RT and 250 °C, respectively, the squares
indicate data for impure tantalum (from [10]). The solid and
dashed lines serve as a guide to the eye.
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Fig. 6. Scanning electron micrographs of the fracture surfaces of tantalum specimens tensile tested at RT, (a) unirradiated sample,
(b) sample with 11 dpa, (c) an enlarged part of (b), showing individual grain-necking (d) an enlarged part of (b), showing a rough
dimpled fracture surface. The scale in the photo indicates 250, 250, 40 and 20 pum for (a), (b), (c) and (d), respectively.

spallation target technology depends on the engineering
design criteria which are not yet clearly determined for
the spallation case.

Nevertheless, it is desirable to extend the present
palette of candidate materials. The present results
suggest that pure Ta is such a promising alternative.
Similar as that found in martensitic steels, irradiation
of Ta to a few tenth that of a dpa decreases its ductility
which then remains constant up to the maximum
available dose of 11 dpa (Fig. 5). However, the ‘satu-
ration’ strain-to-necking in martensitic steel is less than
1.5% [4] whereas it remains around 10% for Ta. A
possible criterion for the use of structural materials is
their toughness. A qualitative measure of this param-
eter is the area under the stress—strain curve, the so-
called tensile toughness. For Ta, the relatively moder-
ate drop in irradiation-induced ductility is compensated
by the strength increase, leading to a practically irra-
diation-independent tensile toughness (Fig. 8). Its small
absolute value (80 and 50 MJ/m? for RT and 250 °C,
respectively) is due to the low initial strength of pure
Ta (Figs. 4 and 5), an apparent disadvantage which the
materials share with annealed austenitic steels. How-
ever, tantalum has a low thermal expansion coefficient
and a high thermal conductivity. Therefore, its result-
ing thermal stress coefficient which determines the

thermal stress loads on a material is 15 and 3.5 times
lower than for austenitic steels and ferritic-martensitic
steels, respectively.

Besides its favourable thermomechanical properties
and resistance to irradiation embrittlement, pure tanta-
lum has excellent corrosion resistance, especially also to
mercury up to 600 °C [16]. In spite of these prospects, a
full evaluation of the potential of Ta as a superior
structural material for spallation targets cannot be done
before proving that the saturation of irradiation-induced
changes of mechanical properties is maintained to dose
levels which considerably exceed the values available up
to now.

At present it is not clear why the ductility of irradi-
ated Ta remains high whereas earlier experiments [10,11]
showed drastic embrittlement already at very small
doses. Two possible reasons have been discussed.
Firstly, it could be suspected that the protons in ISIS,
bundled into extremely short pulses (0.5 ps), are less
effective than the long pulses (1 ms) of LAMPF [10] and
the continuous flux of reactor neutrons [11]. However, a
careful theoretical analysis [17] rules out any pulsing
effects on radiation damage in the spallation-relevant
parameter ranges. An experimental verification will soon
be available by comparing the results on spent targets
(pulsed irradiation [3-5] and present work) with the
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Fig. 7. Scanning electron micrographs of the fracture mor-
phology of tantalum specimens tensile tested at 250 °C, (a) 0.6
dpa, (b) 3.3 dpa and (c) 11 dpa. The scale in the photo indicates
4 um.

continuously irradiated specimens from the STIP-Pro-
gramme. !

A more likely reason for the discrepancy of the pre-
sent results with those of [10,11] is the different purities
of specimens. Whereas the total impurity content of Ta
in the ISIS target is less than 100 wt% ppm (Table 1), the
‘technical’ Ta used in [10,11] usually contains high
concentrations of interstitial impurities (C, N, O) picked
up during heat treatments in poor vacuum. This differ-

! STIP stands for SINQ Target Irradiation Programme, an
international collaboration using the Swiss Spallation Source as
an irradiation facility.
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Fig. 8. Comparison of the tensile toughness of austenitic steel
AISI 304L, martensitic steel DIN 1.4926 and high purity tan-
talum as a function of proton fluence. For lifetime consider-
ations the proton fluence is a more meaningful parameter than
the dpa number because the displacement cross-section of Ta is
higher than for steels.

ence is reflected in the yield stress of the unirradiated

materials: 210 MPa for the pure material and 340 MPa

for the material of [10]. In an international collaboration

(FZ-Jilich, Los Alamos and Oak Ridge Nat. Labs.,

Paul-Scherrer-Institut) experiments are under way to

clarify the synergistic effects of radiation damage and

impurities on the ductility of tantalum. In addition,

TEM investigations of specimens from the ISIS target

are in progress to correlate the changes of the mechan-

ical properties with the underlying microstructure. Fi-
nally, cyclotron experiments for studying helium effects
are planned at FZ-Jiilich.

It is anticipated that the results of these investigations
and their analysis will allow well-founded extrapolations
of the irradiation behaviour of tantalum to higher doses.
However, a safe prediction of its lifetime as structural
material in the 5 MW ESS target which would also be
accepted by licensing authorities will require irradiation
experiments to the desired dose levels of about 70 dpa/
0.6 at.% He, corresponding to a full power service time
of six months.

The main conclusions drawn from the present results
and their discussion can be summarized as follows:

1. Micro-hardness, three-point bending and tensile tests
gave consistent results showing irradiation hardening
of high purity tantalum irradiated as target in ISIS.

2. Optical micrography after bending tests and even af-
ter bending end to end showed no cracks, indicating
that Ta retained a very high ductility under 800
MeV proton irradiation.

3. This was confirmed by tensile tests at RT and 250 °C
which showed that the strain-to-necking dropped
from about 30% and 20% to about 10% and 8%,
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respectively, after irradiation to 0.6 dpa, and then re-
mained constant up to the maximum available dose
of 11 dpa.

4. SEM investigation revealed typical ductile fracture
surfaces even for the highest dose at test temperatures
of 25 °C as well as 250 °C.

5. TEM investigations and simulation irradiations are
under way to uncover the microstructural reason
for the good resistance of pure tantalum against irra-
diation embrittlement.

6. Further irradiation experiments must prove that the
high saturation ductility of around 10% is also main-
tained at very high dose levels.
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