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Abstract

To simulate radiation damage under a future Spallation Neutron Source (SNS) environment, irradiation experi-
ments were conducted on a candidate 9Cr-2WVTa ferritic/martensitic steel using the Triple Ion Facility (TIF) at
ORNL. Irradiation was conducted in single, dual and triple ion beam modes using 3.5 MeV Fe™*, 360 keV He™, and
180 keV H* at 80°C, 200°C and 350°C. These irradiations produced various defects comprising black dots, dislocation
loops, line dislocations, and gas bubbles, which led to hardening. The largest increase in hardness, over 63%, was
observed after 50 dpa for triple beam irradiation conditions, revealing that both He and H are augmenting the
hardening. Hardness increased less than 30% after 30 dpa at 200°C by triple beams, compatible with neutron irradiation
data from previous work which showed about a 30% increase in yield strength after 27.2 dpa at 365°C. However, the
very large concentrations of gas bubbles in the matrix and on lath and grain boundaries after these simulated SNS
irradiations make predictions of fracture behavior from fission reactor irradiations to spallation target conditions in-
advisable. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

Austenitic and ferritic steels are potential candidate
alloys for structural materials for the Spallation Neu-
tron Source (SNS). In an earlier paper [1], the results for
accelerator-irradiated 316LN austenitic steel were re-
ported. This paper summarizes the results for 9Cr—
2WVTa ferritic/martensitic steel. This reduced-activa-
tion steel was chosen for investigation because of its
excellent response to neutron irradiation compared with
conventional Cr-Mo steels [2]. The major weakness of
ferritic steels is that irradiation affects toughness by
causing a large increase in ductile-brittle transition
temperature (DBTT) and decrease in upper-shelf energy
(USE) in a Charpy impact test. The 9Cr-2WVTa alloy
was developed as a reduced-activation steel in the US
fusion program, in which Mo and Nb in conventional
Cr-Mo steels were replaced with W and Ta, respectively
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[3,4]. Substantial data have been generated for this alloy
subjected to fission neutron irradiation [2], but none for
the SNS condition. However, information on radiation
damage effects in the SNS environment is urgently
needed for design purposes. Under the SNS environ-
ment, damage may be worse than in fission reactors due
to the very high energy protons (1 GeV), neutrons with
energies from the proton energy down to thermal ener-
gies, and high concentrations of transmutation products,
particularly hydrogen and helium. In an effort to obtain
materials performance data in such a severe irradiation
environment, experiments were carried out using the
Triple Ion Facility (TIF) at ORNL. The TIF was used
because it can simulate the gas/dpa ratios expected in the
SNS environment.

2. Experimental

Transmission electron microscopy (TEM) specimen
disks were prepared from Heat No. 3791 of the 9Cr—
2WVTa ferritic/martensitic steel. Nominal alloy
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composition is Fe-9Cr-2W-0.25V-0.12Ta-0.1C in
weight percent [2]. Disk specimens were austenized 0.5 h
at 1050°C under flowing helium followed by a fast inert
gas cool and tempered 1 h at 750°C followed by fast
inert gas cool. Electrochemically polished disks were
irradiated at 80°C, 200°C and 350°C in single, dual and
triple beam modes using 3.5 MeV Fe**, 360 keV He™,
and 180 keV HT. Details regarding the triple ion beam
facility can be found in Ref. [5] and additional infor-
mation regarding this experimental effort can be found
in the previous paper on austenitic steel [1]. The ion
energies were chosen to maximize the damage and the
gas accumulation at the same depth of ~1 um by using
the Monte Carlo simulation code, the Stopping and
Range of Tons in Matter (SRIM, 1996 version, formerly
known as TRIM) [6]. Although the SNS is expected to
operate with an atomic displacement rate of up to ~10~2
dpa/s in a pulsed mode with a microsecond beam du-
ration at a 10-60 Hz pulse frequency, in this work Fe*t"
ion irradiations were carried out in a non-pulsed mode
with 1 x 1073-3 x 1073 dpa/s damage rate. Helium and
hydrogen injection rates were ~200 appm He/dpa (0.5
1.5 appm He/s) and ~1000 appm H/dpa (3-8 appm H/s),
respectively, which correspond with the gas/dpa rates
expected in the SNS. For most irradiations, the accu-
mulated Fe** ion dose was 50 dpa (5 x 10%° ions/m?),
and corresponding He and H gas concentration levels at
the peak deposition range were 10 000 appm (3.5 x 10%
ions/m?), and 50,000 appm (1.4 x 10?! ions/m?), respec-
tively. For a Fe™ dose of 50 dpa, the displacement
contributions by He and H were 0.9 and 0.3 dpa, re-
spectively. To investigate the dose dependence of hard-
ness change, specimens were also irradiated at 200°C to
doses of 0.1, 1, 10, 30, 40, 50 and 80 dpa with triple ion
beams using the same He and H injection rates.
Variation in microstructure and hardness of irradi-
ated specimens was studied using TEM and a nanoin-
dentation technique. TEM specimens were prepared by
electrochemically removing a 600-700 nm surface layer
from the ion bombarded side and backthinning from the
unirradiated side until perforation, such that the perfo-
ration was close to the peak damage region. The thinned
specimens were examined in a Phillips CM-12 electron
microscope operated at 120 kV. Hardness changes were
measured using a nanohardness tester with a pyramidal
Berkovich indenter. Hardness data were obtained as a
function of indentation depth up to 700 nm. Since the
indentation strain field extends over about 7 times the
indentation depth, the effect of the underlying unirra-
diated substrate becomes significant as the indenter ap-
proaches the depth of the ion range. At shallow surface
depths less than 50 nm, measured hardness values are
unreliable because of uncertainties in the indenter tip
geometry and because of surface artifacts, such as an
oxide layer, surface roughness, and polishing defects.
For these reasons, the data tended to scatter consider-

ably from indent to indent at less than 100 nm inden-
tation depth. Therefore, the hardness values at 200 nm
indentation depth were used for comparison to minimize
the surface and substrate effects. Detailed consideration
for the choice of 200 nm as a reference depth was re-
ported previously [1]. The general procedure used for the
nanoindentation technique can be found elsewhere [7,8].

3. Results

TEM examination revealed that the unirradiated
specimen had a typical normalized-and-tempered mar-
tensite structure characterized by various sizes of laths
with varying high dislocation densities. Dislocation
density varied from lath to lath in the range of 10'4-10"°
m/m?. Major precipitate phases were large (~100 nm in
diameter) M»;Cs and smaller MC particles, precipitates
often being found at lath boundaries. These observa-
tions are consistent with previous reports [3,4].

Although various defects comprising black dots,
faulted and unfaulted loops, and line dislocations were
seen in all irradiated specimens, the defect structures
were obscured by the complex strain contrast arising
from the pre-existing high density dislocations, cell
structures, lath boundaries, and precipitates. Very little
recovery of the pre-existing microstructural features
seemed to occur during irradiation at these low tem-
peratures (80-350°C). Moreover, defects produced at
these low irradiation temperatures were small in size,
typically less than a few nm. Formation of a very high
number density of fine bubbles was apparent in all He-
and/or H-injected specimens. Randomly distributed,
large bubbles were found occasionally, but most bubbles
were too small, less than 1 nm in diameter, to be imaged
with clarity within the TEM resolution limit. For this
reason, no quantitative measurement could be made for
the radiation-induced loops, dislocations, and bubbles.
Significantly, however, clearly visible large bubbles (~6
nm in diameter) were observed at dislocations with
poorly defined small bubbles (<1 nm) in the matrix. A
bimodal cavity size distribution was observed for the
specimen triple beam irradiated to 50 dpa at 80°C, but
not for those irradiated at 200°C and 350°C. Typical
TEM microstructures for unirradiated and triple beam
irradiated specimens are displayed in Fig. 1.

Fig. 2 shows hardness variation as a function of in-
dentation depth for the specimens irradiated to 50 dpa at
80°C with triple, dual and single ion beams. There was
some scatter (£0.5 GPa) in hardness measurements from
indent to indent, particularly at shallow indentation
depths, mainly due to the non-uniform lath structure
with varying dislocation density in the normalized and
tempered martensitic steel. As mentioned already,
hardness values at a 200 nm indentation depth were used
for comparison, and hereafter, all hardness values re-
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Fig. 1. TEM microstructures of unirradiated (a) and triple beam irradiated to 50 dpa at 80°C (b). Other single and dual beam irra-
diated specimens also showed similar dislocation microstructure.

ferred to in the text are at a 200 nm depth. Fig. 3
compares the hardness values at 200 nm indentation
depth as a function of temperature for specimens irra-
diated to 50 dpa by single, dual and triple beams.

The hardness of the unirradiated steel was about 3.35
GPa. The largest measured hardness was 6.3 £ 0.5 GPa
for the triple beam irradiation to 50 dpa at 350°C.
Overall data showed that triple beams produced the
largest hardening, followed by Fe + He, Fe, Fe + H,
He, He + H, and H beams. In general, helium enhanced
hardening both in triple and Fe + He dual beam modes,
particularly at 200°C. On the other hand, above 200°C,
hydrogen reduced hardening in the dual beam mode
compared to single Fe irradiation but increased hard-
ening above that for Fe + He dual beams in triple beam
mode. A single He beam caused substantial hardening,
while a single H beam caused virtually no change in
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Fig. 2. Hardness values as a function of indentation depth for
9Cr-2WVTa steel irradiated to 50 dpa at 80°C for various ir-
radiation beam modes.

hardness from the unirradiated value except at 80°C.
Hardening tended to increase with increasing irradiation
temperature when the Fe beam was employed, singly or
together with He and/or H.

Fig. 4 (top) shows the dose dependence of hardness
for triple beam irradiation at 200°C. For comparison,
the yield strength changes are also shown in the figure
for the same alloy neutron irradiated in Fast Flux Test
Facility (FFTF). There was no discernible change in
hardness after 0.1 dpa. A slight increase (~10%) was
indicated up to 10 dpa. At 30 and 40 dpa, hardness had
increased about 25% to ~4.2 GPa. Hardness values
showed a large jump, over 63% to ~5.5 GPa, after 50
dpa. With increasing dose to 80 dpa, hardness declined
to ~5 GPa, indicating that perhaps some recovery of
dislocation structure might be occurring during irradi-
ation, especially at the higher doses.

T T
9Cr-2WVTa/ 50 dpa
200 nm depth

Hardness (GPa)
«
T
N,

Unirradiated
1 1

50 100 150 200 250 300 350 400
Irradiation Temperature (C)

Fig. 3. Hardness values as a function of irradiation temperature
for various irradiation modes.
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Fig. 4. Hardness and yield strength changes as a function of
dose for triple beam and FFTF neutron irradiations (top) and
corresponding percentage changes (bottom), respectively.

4. Discussion

TEM examination revealed that the microstructure
of the normalized-and-tempered martensitic steel had
a complex dislocation and cell structure, which made
quantitative characterization of irradiation-induced
defects very difficult, as seen in Fig. 1. For this reason,
although radiation-induced defects such as black dots,
loops, and bubbles are known to lead to hardening
[9-14], no quantitative correlation could be made
between microstructure and mechanical property
changes.

Of particular interest was the appearance of a bi-
modal cavity size distribution for the 80°C triple beam
irradiation. A similar observation was made for the
austenitic 316LN steel irradiated with triple beams at
80°C [1]. In the previous theoretical analysis [1], the
appearance of the bimodal cavity size distribution at
80°C was attributed to a smaller critical cavity size at
this low temperature. Although bias-driven cavity
growth is expected at the SNS operating temperature
range, cavity swelling is not expected to impose any se-
rious problem for the SNS target materials because the
cavity growth rate is extremely small at low tempera-
tures.

Hardness data showed that the pre-dominant cause
of radiation hardening was displacement damage by the
Fe-beam irradiation. While a single He-beam increased
hardening at all three irradiation temperatures, the effect
of a single H-beam irradiation was rather small. How-
ever, when He and H were injected simultaneously with
Fe, hardening was augmented, such that the most severe
hardening occurred with triple beams. These results
suggest that hardening of this material under SNS
conditions would be worse than those under fission or
future fusion neutron irradiations at a comparable dose
level.

At this time, there are some tensile data for Fe, Ta,
Fe-2Cr-1Mo, and Fe-12Cr-1Mo (HT-9) steels irradi-
ated by 800 MeV protons at the Los Alamos Meson
Physics Facility (LAMPF) [15], but no data are available
for 9Cr-2WVTa alloy for SNS conditions. However,
FFTF neutron-irradiation data indicated that 9Cr—
2WVTa steel showed by far the best performance among
a range of ferritic steels [2]. The yield strength increased
by 31% from 544 to 710 MPa after irradiation to 27.2
dpa at 365°C. The DBTT increased only 32°C, from
—88°C to —56°C and the USE decreased by 28%, from
11.2 to 8.1 J. This represents a considerable improve-
ment over conventional Cr-Mo Steels [2]. Fig. 4 (bot-
tom) shows that both hardness and yield strength
increased by a similar amount, ~30% after ~30 dpa.
Although the yield strength and DBTT increased con-
tinuously with increasing dose, there was no significant
loss of impact toughness up to 27.2 dpa at 365°C in
FFTF. If one could associate the neutron data for all
mechanical properties measured to ion data for hardness
only, then this steel irradiated under SNS conditions
might be used for a lifetime of up to 30 dpa. However,
this cannot be done in general, especially in this case,
since the lifetime may be shortened considerably due to
the high helium and hydrogen concentrations, ~200 He
appm per dpa and ~1000 H appm per dpa in SNS
compared to ~0.1 He appm per dpa and insignificant H
generation in FFTF.

For an Fe'™" dose of 50 dpa, the displacement dam-
age levels by helium and hydrogen are only 0.9 and 0.3
dpa, respectively. Additional hardening by He and H
could be due to direct dislocation pinning by gas bubbles
[10,14] and due to dislocation loops produced by
punching from over-pressurized bubbles [12] and by
excess interstitials left by the process of gas atom-va-
cancy clustering [13]. The detailed relationship between
hardening and the He and H transmutation products is
not known, but it is clear that the gases accelerate
hardening. Possible embrittlement effects caused by hy-
drogen and helium have not been studied in this work.
Such embrittlement is likely to arise from two sources;
hardening and the lath/grain boundary bubbles. Hy-
drogen embrittlement is not thought to be a problem in
fusion reactor materials when operating above 215°C for
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a hydrogen generation rate of 6 x 1077 wppm/s. Under
these conditions, hydrogen should diffuse from the steel
and not build up to the threshold amount required to
cause embrittlement [16]. The lower temperature and
higher hydrogen generation rates of the SNS and the
presence of a considerable concentration of helium
bubbles may lead to more hydrogen retention. Helium
effects have been studied in mixed-spectrum reactors
where it is possible to generate transmutation helium by
the interaction of nickel with thermal neutrons [17].
Neutron irradiation of nickel-doped modified 9Cr—1Mo
and Sandvik HT-9 steels in the High Flux Isotopes
Reactor indicated that helium may cause an increase in
DBTT beyond that caused by displacement damage
alone [17]. More work is required to determine whether
hydrogen and helium embrittlement will occur under
SNS conditions. Moreover, substantial amounts of
other inert gas atoms such as Ar and Ne will be also
generated in the SNS, whose effects are not known at
this time.

Hardness showed an increasing trend with dose,
peaking at 50 dpa, Fig. 4. Data by Camus et al. [18]
indicated that hardness saturation occurred near 25 dpa
for ferritic steels irradiated by 300 keV Fe' and 150 keV
He* dual beams with 200 appm/dpa helium injection
rate. In their work, the implantation depth was very
shallow, about 150 nm, due to the low ion energies, and
thus there was a considerable scatter in the hardness
data. Their hardness data showed virtually no temper-
ature dependence between 113°C and 400°C at all doses.
In the present work, a substantial increase in hardness
was observed with increasing irradiation temperature
when the Fe beam was employed. However, the tem-
perature dependency is not considered to be a critical
issue, since the present data also showed only mild
temperature dependency below 200°C, and the SNS
would be operated below 200°C.

5. Conclusions

In an effort to investigate materials performance
under the SNS environment, 9Cr-2WVTa steel speci-
mens were irradiated using the TIF at ORNL. Irradia-
tions were conducted at 80°C, 200°C and 350°C in
single, dual and triple ion beam modes with 3.5 MeV
Fe**, 360 keV He™, and 180 keV H*. Helium and hy-
drogen injection rates were ~200 appm He/dpa and
~1000 appm H/dpa, respectively.

Since bimodal cavity size distribution was observed
for 80°C irradiation, bias-driven cavity growth may
occur in the SNS target materials. However, cavity
swelling is not considered to be a problem because the
cavity growth rate is insignificant within the expected
SNS operating temperature ranges.

Hardness measurements revealed that the triple ion
beam irradiation produced the most severe hardening,
followed by Fe + He, Fe, Fe + H, He, and He + H
beams. Hydrogen alone produced virtually no hardening
at all temperatures, but its synergistic effect was quite
evident, particularly at 350°C. Hardness increases were
similar to yield strength increases after neutron irradia-
tion, ~30% after ~30 dpa. The presence of gas bubbles,
especially those on lath and grain boundaries, raises
concerns about interfacial weakening.
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