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Abstract

Charpy impact tests were performed on martensitic/ferritic (MF) steels T91, F§82H, Optifer-V and Optimax-A/-C
irradiated in SINQ Target-3 up to 7.5 dpa and 500 appm He in a temperature range of 120-195 °C. Results demonstrate
that for all the four kinds of steels, the ductile-to-brittle transition temperature (DBTT) increases with irradiation dose.
The difference in the DBTT shifts (ADBTT) of the different steels is not significant after irradiation in the SINQ target.
The ADBTT data from the previous small punch (A DBTTsp) and the present Charpy impact (ADBTTcyy) tests can be
correlated with the expression: A DBTTsp = 0.4ADBTTcyn. All the ADBTT data fall into a linear band when they are
plotted versus helium concentration. The results indicate that helium effects on the embrittlement of MF steels are sig-
nificant, particularly at higher concentrations. It suggests that MF steels may not be very suitable for applications at
low temperatures in spallation irradiation environments where helium production is high.

© 2005 Elsevier B.V. All rights reserved.

1. Introduction

Martensitic/ferritic (MF) steels were selected for li-
quid metal containers in high-power spallation targets
because of their higher mechanical strength at
<500 °C, better thermal mechanical properties and low-
er irradiation induced swelling as compared to annealed
austenitic steels [1,2]. However, it is known that MF
steels suffer from irradiation induced embrittlement in
the low temperature regime, <350 °C. Moreover, a num-
ber of studies demonstrated that the embrittlement
could be enhanced greatly by the helium (He) content
in MF steels produced via nuclear reactions between
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neutrons and nuclides such as '°B and *Ni [3-5]. Since
the He production rate in steels under the irradiation in
spallation targets is very high, to understand the behav-
iours of MF steels in such irradiation environments is an
important materials issue for developing high-power li-
quid metal spallation targets, particularly for those to
be operated at temperatures below 350 °C. Hence, a
number of MF steels were included in the SINQ target
irradiation program (STIP) and irradiated to doses up
to 20 dpa [6,7]. Some interesting results have been ob-
tained. For example, investigations on the microstruc-
ture of MF steels, 9Cr1IMoVNb (T91) and F82H,
show that high-density helium bubbles of about 1 nm
large can be already observed in samples irradiated to
about 10 dpa and 500 appm He at about 200 °C and
the bubble size increases with irradiation temperature
and dose [8]. In the present paper, the Charpy impact
tests have been performed on MF steels, T91, F82H,
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Optifer-V, Optimax-A and -C irradiated in SINQ Tar-
get-3 to a maximum dose of 7.5dpa in a temperature
range of 120-195 °C.

2. Experimental
2.1. Materials and specimen

The materials studied in this work include the con-
ventional MF steel T91, and the reduced activation
MF steels F82H, Optifer-V, Optimax-A and Optimax-
C obtained from the fusion materials program. The
TO91 steel was obtained from Oak Ridge National Labo-
ratory (ORNL). It was in form of a 10 mm thick plate
with heat treatments as such: normalized at 1040 °C
for 1 h in air and followed by air cooling; then tempered
at 760 °C for 1 h followed by air cooling. The F82H
(8Cr-2W, the TEA Heat 9741) steel was obtained from
the fusion materials program. The steel was normalized
at 1040 °C for 38 min and followed by air cooling; then
tempered at 750 °C for 1 h followed by air cooling. The
Optifer-V (9Cr-1W) steel was developed at Forschungs-
zentrum Karlsruhe (FZK). It was in form of a forged
bar with a cross-section of about 24 mm X 24 mm. The
specimens were provided by Forschungszentrum Jiilich
(FZJ). The Optimax-A (9Cr-1W) and -C (9Cr-2W) steels
were developed by the Fusion Technology Materials,
CRPP/EPFL, Switzerland. The steels were in form of
8-10 mm thick plates with heat treatments: normalized
at 1050 °C for 1 h followed by air cooling, then tempered
at 750 °C for 2 h followed by air cooling. The composi-
tions of the steels are listed in Table 1.

One-third-size =~ Charpy  specimens measuring
3.3%3.3x254mm with 0.51 mm-deep 30° V-notches
were used.

2.2. Irradiation

The specimens were irradiated in the first SINQ tar-
get irradiation program (STIP-I) at the Paul Scherrer
Institut (PSI), Switzerland during 1998 and 1999. For
each of the steels, the specimens were irradiated to two
doses in a range of 4.2-7.5dpa. The information of
the irradiation dose, helium and hydrogen concentra-

tions and irradiation temperature of the specimens are
given in Table 2. The details of STIP-I can be found
in Ref. [6] and the information about the determination
of irradiation dose, helium and hydrogen concentrations
can be found in Ref. [9]. As can be seen in Table 2, the
ratio of He/dpa is not constant due to the different pro-
ton and neutron spectra at different positions in the
target.

2.3. Mechanical tests and TEM observation

Charpy impact tests were performed using an instru-
mented Charpy impact testing machine with an energy
capacity of 30 J. The machine was equipped with a tem-
perature control device (TCD) which can vary the test-
ing temperature from about —180 to 500 °C. A test at
higher or lower temperature than room temperature
started in 15 min after inserting the specimen into the
TCD which had reached the desired temperature
already. The time from transporting the specimen from
the TCD till to breaking the specimen was less than
2's. During this time the temperature had almost no
change. The force-time curves and the absorbed energy
were automatically measured.

3. Results

The results of the T91 steel are shown in Fig. 1. For
unirradiated samples, the upper-shelf energy (USE) is
about 9.4 J and the ductile-to-brittle transition tempera-
ture (DBTT) is about —54 °C, which is defined as the
temperature corresponding to the half of the USE. After
irradiation to 4.6 dpa and 265 appm He at about 120 °C,
the USE of the samples decreases to 5.8 J and, mean-
while, the DBTT increases to about 54 °C, which gives
a DBTT shift of about 108 °C. The other group of sam-
ples irradiated to higher dose of 6.8 dpa and 450 appm
He at 180 °C shows no more reduction in USE but a fur-
ther increase in DBTT to 165 °C.

The F82H samples were irradiated at the same condi-
tions as the T91 samples, namely one group irradiated to
4.6 dpa and 265 appm He at about 120 °C, and the other
group irradiated to 6.8 dpa and 450 appm He at 180 °C.
The unirradiated F82H samples show a higher USE of

Table 1

Compositions of the MF steels

Steel Fe Cr Ni Mo Mn \" Nb \%% Ta C Si N P

T91 Balance  8.32 0.09 0.86 048 0.20 0.06 0.01 0.15 0.055  0.01
F82H Balance  7.87 0.02 0.1 0.19 1.98  0.03 0.09 0.07 0.007  0.003
Optifer-V Balance  9.48 0.06 0.55 0.24 098  0.065 0.12 0.04  0.044 0.0015
Optimax-A  Balance 9.3 <0.01 0.09 0.60 024 <0.01 0.97 0.098  0.02  0.001 0.01
Optimax-C Balance 9.5 <0.01 0.15 040 0.25 <0.01 1.97 0.11 0.03 0.007  0.011
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Table 2

Irradiation conditions and Charpy test results of F82H, T91, Optifer-V and Optimax-A and -C samples

Materials Specimen dpa He He/dpa ratio H* Irrd. temp. DBTT ADBTT USE
1D (appm) (appm/dpa) (appm) (°C) (°C) (°C) )
T91 Un-irr - - - 140 - —54 - 9.4
I-A 4.6 266 57.8 560 122 54 108 5.8
1-B 6.8 449 66 800 185 165 219 5.8
F82H Un-irr - - - 140 - —84 - 10.5
P-A 4.6 266 57.8 560 122 50 134 9.0
P-B 6.8 449 66 800 185 71 155 8.4
Optifer-V Un-irr - - - 140 - —112 - 10.1
M-A 5.0 285 57 610 130 -27 139 10
M-B 7.5 500 66.7 880 195 70 182 6.0
Optimax-A Un-irr - - - 140 - —-80 - 10.5
N-A 4.2 250 59.5 520 115 -7 73 9.5
Optimax-C Un-irr® - - - 140 — -55 - 10.5
N-B 6.15 405 65.9 730 175 57 112 9.3

% The hydrogen contents are calculated based on the measured results [9]. The values for unirradiated samples are referred to that

of unirradiated F82H [10].

® Data of unirradiated Optimax-C were provided by Baluc [11].
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Fig. 1. The testing temperature dependence of the absorbed
energy of the T91 Charpy samples at different irradiation doses.

10.5J and lower DBTT of —84 °C, as compared to the
unirradiated T91 samples. After irradiation to 4.6 dpa
and 265 appm He, the USE of the F82H samples de-
creases slightly to 9.0 J but the DBTT increases substan-
tially to 50 °C. At the higher dose of 6.8 dpa and
450 appm He, the USE decreases to 8.4 J and the DBTT
rises to 71 °C, as shown in Fig. 2.

Fig. 3 presents the results of the Optifer-V samples.
In unirradiated condition, the USE is about 10J and
the DBTT is at about —112°C. After irradiation to
5.0 dpa and 285 appm He at 130 °C, the USE remains
unexpectedly unchanged although the DBTT shifts up
to —27 °C. However, the samples irradiated to 7.5 dpa
and 500 appm He at 195 °C present a lower USE of
about 6 J and a DBTT of 70 °C.
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Fig. 2. The testing temperature dependence of the absorbed
energy of the F82H Charpy samples at different irradiation
doses.

The unirradiated Optimax-A samples have similar
USE and DBTT values like the unirradiated F§2H sam-
ples, namely about 10.5J and —80 °C and also show a
very sharp ductile to brittle transition, as can be seen
in Fig. 4. Although the unirradiated Optimax-C samples
were not available for testing in the present work, it is
shown by Baluc [11] that its USE is similar to that of
the unirradiated Optimax-A, while its DBTT is
—55°C. After irradiation to 4.2 dpa and 250 appm He
at 115 °C, the USE and DBTT of the Optimax-A sam-
ples change to 9.5J and —7 °C, respectively. The Opti-
max-C samples which were irradiated to 6.2 dpa and
405 appm He at 175 °C show an USE of 9.3J and a
DBTT of 57 °C.
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Fig. 3. The testing temperature dependence of the absorbed
energy of the Optifer-V Charpy samples at different irradiation
doses.
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Fig. 4. The testing temperature dependence of the absorbed
energy of the Optimax-A/-C Charpy samples at different
irradiation doses.

The USE and DBTT values of all the samples are
listed in Table 2 and also plotted as a function of irradi-
ation dose in Fig. 5. It is interesting to note that for all
the four steels, the DBTT increases with increasing irra-
diation dose and does not saturate in the dose range.

4. Discussion

The irradiation in SINQ targets differs greatly from
irradiations in nuclear reactors in respect to the high
production rate of helium, hydrogen and other transmu-
tation elements through spallation reactions. Therefore,
the irradiation effects in materials in spallation targets
cannot be simply simulated by any other methods such
as neutron irradiations and ion implantations. The dif-
ferent characteristics of irradiations in nuclear reactors
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Fig. 5. The dose dependence of the DBTT and USE for the
T91, F82H, Optifer-V, Optimax-A and -C after irradiation.

and spallation targets demonstrate significant different
results. For example, in the STIP irradiation, high-den-
sity tiny He bubbles were observed in F82H and T91
samples irradiated to 5.8 dpa at about 200 °C [8], while
no bubbles or voids could be observed in T91 and
HT9 samples irradiated to 38 dpa at 300 °C in the HFIR
[12].

For MF steels, one of the most concerned issues is
helium induced embrittlement effects at low tempera-
tures. It is well accepted that the irradiation induced
DBTT shift is mainly attributed to the irradiation in-
duced hardening [13,14], which is often expressed as
ADBTT Ao, (A, is the increase of yield stress). How-
ever, it is also noted that helium can play an important
role in the DBTT shift after irradiation. The early data
of the T91 and HTY irradiated in the FFTF and the
HFIR indicated that the irradiation in the HFIR intro-
duced a much larger ADBTT than in the FFTF. The
reason was believed to be due to the higher helium con-
centration produced in the samples irradiated in the
HFIR [15,16]. More recently, some experiments in the
HFR at Petten [5,17] demonstrated that the difference
in the DBTT shift of different MF steels after irradiation
could be attributed to the different helium production in
those steels. Furthermore, the saturation of the DBTT
shift with irradiation dose followed more or less the pro-
file of the transformation of helium from boron via the
B(n,a) Li reaction. Either our previous results of small
punch tests [18,19] or the present results of Charpy im-
pact tests indicate that the DBTT of the MF steels in-
creases with irradiation dose and even quicker at
higher doses above about 6 dpa. This is inconsistent with
the behaviour observed after neutron irradiations where
the DBTT shift saturates at a dose of 1-5 dpa. The con-
tinuous increase of DBTT at higher doses is believed to
be due to helium effects. Our previous small-punch tests
demonstrated that the DBTT shifts of different steels
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were linearly proportional to helium concentration [19].
In fact, the DBTT shift evaluated from the small punch
tests (ADBTTsp) can be well correlated with what ob-
tained from the present Charpy impact tests with the
expression: ADBTTsp = 0.4ADBTTcyy. Fig. 6 includes
the results from both the small punch and Charpy im-
pact tests of the samples from the same irradiation. It
illustrates that all the data fall into a linear band against
helium concentration.

Furthermore, the large difference in the DBTT shift
of different MF steels after irradiation in the HFR
[5,17] is not observed in the present case. This can be
understood based on the helium effects, because the
helium production rates in the different MF steels are
very close during irradiation in the SINQ target.

Although it is not understood yet why the DBTT
shifts of the MF steels depend linearly on helium con-
centration, it is clear that helium has significant effects
on the embrittlement of MF steels in the low tempera-
ture regime. This suggests that MF steels are not very
suitable for applications at low temperatures in spalla-
tion irradiation environments where helium production
is high.

It is also well known that hydrogen has embrittle-
ment effects on MF steels at low temperatures. As illus-
trated in Table 2, the hydrogen concentrations in the
present Charpy samples are in a range of 500-900 appm.
While the three SP samples of T91, F82H and Optimax-
A showing the highest DBTT shift in Fig. 6 have only
about 300400 appm hydrogen, which is not much high-
er than that in unirradiated samples. Therefore, one can-
not correlate the DBTT shift with the hydrogen content.
This implies that hydrogen might not be very effective on
the DBTT shift in the present case, although it cannot be
excluded. Nevertheless, further investigations will be
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Fig. 6. DBTT shift as a function of helium concentration for
both the previous small punch tests [17] and the present Charpy
tests.

performed to clarify the hydrogen effects in STIP
samples.

For other elements such as phosphorus and sulphur,
it is believed that their productions in the present dose
range are still too low (<50 appm) to induce a significant
DBTT shift.

5. Conclusions

Charpy impact tests have been conducted on the MF
steels T91, F82H, Optifer-V and Optimax-A and -C irra-
diated in SINQ Target-3 up to 7.5 dpa in a temperature
range of 120-195 °C. Results demonstrate that:

1. For all the four kinds of steels, the DBTT increases
with irradiation dose. The difference in the DBTT
shifts of the different steels is not significant after irra-
diation in the SINQ target.

2. ADBTT data from the previous small punch tests and
the present Charpy impact tests can be correlated
with the expression: ADBTTgsp = 0.4ADBTTcyn.
All the ADBTT data fall into a linear band when they
are plotted versus helium concentration.

3. The results indicate that helium effects on the embrit-
tlement of MF steels are significant, particularly at
higher concentration levels. It suggests that martens-
itic steels are not very suitable for applications at low
temperatures in spallation irradiation environments
where helium production is high.
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