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a b s t r a c t

Ta and Ta–1% W are being considered to be used as target clad materials in the LANSCE proton beam line
for the material test station (MTS). To investigate the embrittlement of these materials due to oxygen
contamination and proton irradiation, Ta and Ta–1 wt% W (as received and with �400 ppm O) were
exposed to a 3.5 MeV proton beam at the ion beam materials laboratory at LANL. After irradiating the
samples in the proton beam, nanoindentation was performed in cross-section to investigate the hardness
increase of the materials due to irradiation. The nanoindentation showed that the hardness increase due
to irradiation is between 9% and 20% depending on the material. The results show good agreement with
mechanical testing results on tantalum and Ta–1 wt% W after high energy proton irradiation to doses up
to 23 dpa.

Published by Elsevier B.V.
1. Introduction

Tantalum is a refractory metal with many desirable properties
for use as a spallation target. It has a high melting temperature
and high density coupled with ductility at room temperature. It
is also corrosion resistant in water and under irradiation from
experience using it as a spallation target at 50–100 �C. In addition,
pure tantalum (>99.99% wt%) has shown retention of ductility after
irradiation at ISIS to a dose of 11 dpa at irradiation temperatures
below 200 �C and tested after irradiation at 25 and 250 �C. Strain
to necking still measured above 11% (Chen et al., 2001, 2003)
[1,2]. On the other hand, previous results [3,4] of testing tantalum
with higher impurity content after irradiation in a high energy pro-
ton beam show a reduction of uniform elongation to less than 1%
after irradiation to less than 0.5 dpa. In addition, a much higher
hardening rate was observed when compared to the data of Chen
et al. [1].

Thus, Ta (in the following designated as pure tantalum) and
Ta1W (tantalum with 1 wt% W) are being considered as target clad
materials for the material test station (MTS) at the Los Alamos
Neutron Science Center (LANSCE) proton beam line at the Los
Alamos National Laboratory (LANL). At elevated temperatures,
during processing or welding, tantalum can pick up a significant
amount of oxygen based on its oxygen solubility [5]. To study
the effects of oxygen on irradiation hardening in these alloys, the
hardening of pure tantalum and Ta–1 wt% W due to irradiation
has been studied for alloys in the as-received condition and after
addition of �400 ppm oxygen through performing nanoindenta-
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tion testing in cross-section after ion irradiation. This method has
been used in the literature on steels to measure hardness increase
due to irradiation more accurately [6,7]. The results were com-
pared to shear punch results tested after exposure to high energy
proton and neutron irradiations performed at the SINQ facility at
the Paul Scherrer Institute (PSI) in Switzerland and LANSCE proton
beam line at Los Alamos National Laboratory (LANL) in the USA.

2. Experimental setup and analysis

2.1. Ion beam materials laboratory (IBML) irradiation and
nanoindentation measurements

Two different Ta sheet materials (250 lm thick) were used in
this experiment. Pure tantalum (Lot #A24M02) was purchased
from Alfa Aesar. Ta with 1 wt% additional W (66% cold rolled)
was received from Oak Ridge National Laboratory (ORNL). One
sample of each material was used in the as-received condition
and a second sample underwent a heat treatment. The heat treat-
ment was 2 h at 1200 �C and 10�4 Torr vacuum. The sample was
free standing in the furnace so it did not touch any of the furnace
components. The end where the sample was held in place was cut
off after the heat treatment. During this process �400 ppm oxygen
diffused into the Ta (see Table 1). After the heat treatment, the
samples (as received and annealed) were sliced into six pieces
and five were analyzed for their oxygen and nitrogen content using
a LECO TC 600 ion spectrometer. The calibration for this instru-
ment was done using titanium standard 501-653 and a zirconium
standard 502-047. Also four additional reference samples which
underwent the same heat treatment were analyzed using this pro-
cess. The results of these measurements are presented in Table 1.
Thus four different specimens were tested: pure Ta, as-received
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Table 1
Presents the oxygen content bulk hardness (micro and nanoindents), bulk E-modulus (gained by nanoindentation) and tensile test results.

Material Oxygen
content (ppm)

Standard
deviation

Nanohardness bulk
200 nm indents (GPa)

Standard
deviation

E-Modulus
(GPa)

Standard
deviation

Mic. Hard.
Berkovic (MPa)

Mic. Hard.
Vickers (MPa)

Yield
strength
(MPa)

Ta1W 106 50 3.39 0.17 174 4.1 2400 2099 600
Ta1W + O 360 35 3.85 1.60 182 3.6 1850 1570
Ta 72 51 2.06 0.10 160 4.5 1050 921 210
Ta + O 377 38 3.60 1.14 176 3.2 2030 1660
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Fig. 2. Calculation results of dose vs. distance from the surface using SRIM.
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(Ta); Ta–1W, 66% cold worked (Ta1W); Ta annealed to pickup
�400 ppm O (Ta + O) and Ta1W annealed to pickup 400 ppm oxy-
gen (Ta1W + O). After the annealing treatment, the remaining parts
of the four samples were ground on both sides (last step 1200 grit)
to ensure a flat and clean surface. The final thickness of the speci-
men was �200 lm. The edges were ground and polished (last step
1 lm diamond polish) so the four samples fit side by side in the
irradiation holder. The specimens were mounted on a copper sam-
ple holder using Ag paste to ensure good thermal and electrical
conductivity. The copper sample holder was air cooled from the in-
side. The temperature on the Cu sample holder was monitored
with a thermocouple on the Cu sample holder placed next to the
samples (1–2 mm from the samples). The measured temperature
stayed between 25 and 35 �C. Two strips of scintillators were
mounted on top of the samples having a 2 mm gap in between
to localize the beam on the samples (see Fig. 1b). The mounted
samples were placed in the tandem accelerator located at LANL
in the ion beam materials laboratory (IBML). The sample holder
was electrically insulated from its surrounding beam line parts
using Teflon plastic. Therefore it was possible to count the total
amount of charged particles hitting the specimen. To induce the
radiation damage a 3.5 MeV proton beam was used with a nominal
current of about �1 lA on target. The beam was rastered over a
2 mm � 4 mm surface area hitting all four samples at the same
time. Therefore the total area irradiated on each sample was
1 mm � 2 mm. During the experiment (10 h irradiation time) a
total of 2.25 � 1017 protons were counted. The amount of protons
and the 8 mm2 surface led to the depth dose profile shown in Fig. 2
using SRIM Monte Carlo simulation [8]. The damage in the near
surface region (�10 lm) was �0.5 dpa, in the deeper surface re-
gion (10–25 lm) was 0.5–1 dpa and in the particle stopping region
(�35 lm) �4.5 dpa. The total beam penetration depth was
�40 lm. After the irradiation experiment, the 200 lm wide sample
edges were polished to finish with 1/10 lm diamond. The resulting
RMS surface roughness measured using AFM on a 5 lm � 5 lm
scan area was 5.6–10 nm. The polished samples were analyzed in
a Hysitron nanoindenter machine (low load head with a maximum
Fig. 1. The experimental setup in the beam line (a); view on the sam
load of 10 mN) using a Berkovich Indenter. On each sample, a ras-
ter of 12 rows and 10 columns of nanoindents were made (a total
of 120 indents). Constant displacement mode to �200 nm depth
was used and the distance between the indents was �4 lm
(Fig. 3). To determine the hardness and E-modulus of the non-irra-
diated samples, seven indents in an H shaped array were made on
each sample away from the irradiated area using the same inden-
tation parameters. To determine the indentation size effect [12,13]
the Hysitron high load head was used (maximum load 2 N) with a
high load Berkovich tip and indentation depth vs. hardness curves
were measured in the unirradiated area.

2.2. SINQ target irradiation program (STIP) II and LANSCE irradiations

About 3 mm diameter disks of pure Ta were put in the STIP II
irradiation [9]. In this irradiation, the samples were placed in
sealed stainless steel rods in the center of the SINQ spallation tar-
get. A 570 MeV proton beam interacts with this target to produce
neutrons while uniformly irradiating the samples. The samples
were irradiated in this target to a maximum dose of 21 dpa. The ex-
act location of the samples and the known beam profile were used
to determine the exact dose to which the samples were irradiated.
The irradiation temperature was below 300 �C. Three millimeter
ples and the Scintillator through the beam line CCD camera (b).



Fig. 3. (a) 50 � 50 lm 3D AFM image of the 10 � 12 indents array. The strong edge
rounding is visible. Z range = 3 lm; (b) Optical image of the area shown verifies the
distance from to the edge.
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diameter disks of Ta1W (66% cold rolled) were irradiated in the
LANSCE 800 MeV, 1 mA beam line. The samples were irradiated
to doses up to 23 dpa in sealed, water cooled metal containers
[10]. The irradiation time was �6 months and the temperature
ranged from 30 to 90 �C. After the samples were irradiated, shear
punch tests were performed. The shear punch device is located
in the Wing nine hot cells of the CMR building at LANL. Shear
punch tests allow the determination of shear yield strength and
a shear maximum strength. To correlate the data with tensile data,
control tensile tests were performed on the as received Ta material
at room temperature. The samples were wire EDM cut from the ex-
act same sheet as the samples for the irradiation experiment. The
specimen used was an S-1 tensile specimen with gage dimensions
of 5 mm � 1.2 mm � 0.25 mm thick. The tensile tests were per-
formed on an Instron machine at room temperature. Specimens
were tested at an initial strain rate of 10�4/s. Load and displace-
ment were measured and converted to stress and strain. The
stress/strain curve for each specimen was corrected for machine
compliance. The compliance-corrected stress/strain curves were
used to determine 0.2% offset yield stress, ultimate tensile strength
and uniform elongation and used to relate to the properties mea-
sured from shear punch testing.
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3. Results

3.1. Nanoindentation measurements on the IBML irradiated samples

The results of the oxygen analysis are given in Table 1. There it can
be seen that the heat treated samples had a factor of 3–5 times higher
oxygen content than the non-treated specimens. In Table 1 the hard-
ness and Young’s modulus of the bulk materials are presented as
determined from the nanoindentation measurements. The values
are averaged from seven indents measured at a location 100 lm
away from the surface. The hardest material is the Ta1W + O speci-
men while the softest is the pure Ta sample. It is known [11–13] that
nanoindentation measurements have higher values than a large scale
hardness measurement would give because of the indentation size
effect. For this reason, this data cannot be compared directly with mi-
cro- and macroscopic hardness values. Therefore calibration curves
had to be done on the unirradiated sample by performing indentation
depth vs. hardness measurements. The indentation depth was in-
creased from �100 to 3500 nm in steps. Seven indents of the same
depth were performed. These calibration curves are shown in Fig. 4
along with the modeled hardness vs. indentation depth curves using
the Nix and Gao model [12].

3.2. Shear punch measurements on LANSCE and STIP II irradiated
samples

Shear punch measurements were performed on STIP II irradi-
ated Ta specimens and LANSCE irradiated Ta1W specimens at room
temperature. The total dose of these specimens was up to 23 dpa.
Each test produced a shear stress vs. shear displacement curve.
Shear yield stress was measured from each curve and yield
strength was calculated from the shear yield strength measure-
ments with a factor of 1.77 [14]. Fig. 5 presents the shear punch re-
sults of these alloys tested in a uniform neutron flux. It can be seen
that the Ta1W yield strength increase is less with irradiation than
the pure Ta irradiated in STIP II.
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4. Discussion

The oxygen measurements correlate with the Ta–O phase dia-
gram [5] where a high solubility of oxygen in tantalum is shown
at elevated temperature. In [15–17] the O enrichment in Ta vs.
gas pressure, temperature and Ta-alloy is reported. Although the
Ta there was not treated under the exact same conditions used
in this experiment (different temperatures, different gas pres-
sures), it can be seen that the oxygen content reported is in a sim-
ilar range as observed here. By removing 20–50 lm from the
samples surface and cutting of the ends of the Ta sheet it was as-
sured that the sample material was not contaminated with other
impurities than O, after the heat treatment. The Leco elemental
analysis also showed that the N content is not significantly higher
in the annealed material than in the as received material.

The nanohardness results showed initially that the Young’s
modulus increases in the region near the surface, and the hardness
increases to a lesser extent near the surface region. It is known that
the Young’s modulus of a material does not change during low en-
ergy proton irradiation. Therefore, it can be stated that the higher
E-modulus readings towards the surface result from surface stress
and edge effects. Since the Young’s modulus values appear to be
inaccurate, the measured hardness values also need to be cor-
rected. Assuming that the Young’s modulus (E-modulus) is con-
stant throughout the entire material, a new corrected indentation
area is calculated using:

Acorrected ¼ AmeasuredðEmeasured=EbulkÞ2 ð1Þ

The assumed Ebulk is the Young’s modulus measured deep in the
material (100 lm away from the surface and radiation area).

This new Acorrected is used to calculate the corrected hardness by
using:

Hcorrected ¼ Forceapplied=Acorrected ð2Þ

This method has been previously shown to give accurate corrected
contact areas in metals with known residual stress [18]. The nano-
indents were 200 nm deep and �1 lm in lateral direction. These
relatively large indents should not be affected by any surface stress
or damage caused by the preparation. The corrected hardness val-
ues across the sample cross-section are presented in Fig. 6. The
shape of each curve follows the dose vs. distance calculation in
Fig. 2. The first two rows of indents (up to 8 lm–10 lm distance
from the edge) were not used for any calculation or a diagram since
the indents there are not triangular shaped and the rounding of the
edge effects the measurements. A trend of hardness increase in all
four materials to about 30 lm in depth can be seen. The hardness
drops then further into the material. Quantitative analysis of the
nanohardness data shows noticeable hardening in the pure Ta and
Ta + 1W alloys due to irradiation. These results show that the
Ta1W (66% cold rolled) is twice as hard as the Ta in the unirradiated
area. Ta1W + O and Ta1W (cold rolled) have similar hardnesses
within the uncertainty. Therefore, it appears that the high defect
density caused by the cold rolling anneals out (due to the 1200 �C
heat treatment) while the additional oxygen causes an additional
hardness increase. The irradiation dose seems to have less of an ef-
fect on the Ta1W-(cold rolled) alloy than on the pure Ta which can
be explained by the higher defect density due to the cold rolling and
the O and W additions which can act as defect sinks. But to explain
this behavior in detail, TEM analyses need to be performed. The
measurements which demonstrate the indentation size effect [13]
(Fig. 4) show that the cold rolled material has much more data scat-
ter which might be based on the fact that the local dislocation den-
sity varies strongly because of the rolling deformation. The fit for
the size effect curves shown in Fig. 4 was performed using the
Nix and Gao model [12]. As it is shown, the model does not fit very
well with the data. Also the calculated H0 and h* are not in very
good agreement with the measured data. For irradiated salt crystals,
hardness results [19] show a similar disagreement with the Nix and
Gao model. The reason for the disparity was attributed to a different
hardening mechanism [19]. Irradiation primarily induces point de-
fects, which block dislocation motion and increase hardness, but
not with the same square root dependence that results from dislo-
cation–dislocation interactions, which is the hardening mechanism
modeled in the Nix and Gao model [10]. But since there are no bet-
ter models available, the Nix and Gao model was used to correlate
the nanoindentation data to micro indentation data using:

H=H0 ¼ ð1þ h�=hÞ0:5 ð3Þ

where H0 is the hardness in the limit of infinite depth and h* is a
characteristic depth dependent on the shape of the indenter [10].

Using the nanohardness measurements performed here and the
calibration curves from Fig. 4, the Berkovich microhardness in-
crease due to O in the unirradiated area is found to be
�1000 MPa for pure Ta and not significant for the for the Ta1W
(cold rolled).
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The radiation induced hardness increase is the highest in the
Ta + O material while Ta1W + O and Ta1W (cold rolled) show the
lowest which could be caused by the defect sinks, present in
the high defect density on the cold rolled and the O added materi-
als. Fig. 7 presents a comparison of the hardness increase due to
irradiation of the four IBML tested Ta materials and the STIP and
LANSCE irradiated alloys. This bar graph shows a relative strength
increase (in percent) to the unirradiated condition. It can be seen
that the Ta1W-(cold rolled) and Ta1W + O samples show similar
strength increases at 0.5 dpa and very little additional increases
in strength are observed for additional dose to 3 dpa. Also the Pure
Ta and Ta + O IBML irradiated materials show similar strength in-
creases at 0.5 dpa but additional dose to 3 dpa using Cu ions [20]
and 7 dpa from STIP irradiation results in additional increases
in strength. Thus, it appears that the defect density has saturated
in the Ta1W material after only 0.5 dpa but this is not evident in
the pure tantalum where the strength continues to increase up
to 7 dpa exposure.

5. Conclusions

� The irradiation induced hardening in pure Ta, oxygen doped Ta,
66% cold rolled Ta1W and oxygen doped Ta1W was tested and
quantified using low energy protons followed by nanoindenta-
tion on the sample cross-section. It is shown that similar to what
is reported in the literature cross-section nanooindentation can
be used to measure the hardness increase due to irradiation.

� It was found that only 400 wppm of oxygen in Ta can cause a
significant hardness increase and therefore ductility decrease.
The hardening observed from oxygen in tantalum is in agree-
ment with the literature. This lead to the conclusion that if Ta
is used as structural component it has to be ensured that the
environment is at low temperature (to avoid oxygen pickup)
and/or oxygen free.

� It was found that the addition of W leads to a smaller percentage
(compared to initial yield stress) hardness increase due to irra-
diation as well as a much smaller percentage hardness increase
due to oxygen content increase. The effects of the addition of W
on ductility changes were not investigate which may show dif-
ferent trends.

� The nanoindentation data and shear punch data follow the same
trend of property changes. The Ta1W material seems to harden
less than the pure Ta material with dose.
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