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Abstract

Specimens of ferritic/martensitic (FM) steels T91, F82H, Optimax-A and the electron beam weld (EBW) of F82H were irradiated in
the Swiss spallation neutron source (SINQ) Target-3 in a temperature range of 90–370 �C to displacement doses between 3 and 12 dpa.
Tensile tests were performed at room temperature and the irradiation temperatures. The tensile test results demonstrated that the irra-
diation hardening increased with dose up to about 10 dpa. Meanwhile, the uniform elongation decreased to less than 1%, while the total
elongation remained greater than 5%, except for an F82H specimen of 9.8 dpa tested at room temperature, which failed in elastic defor-
mation regime. At higher doses of 11–12 dpa, the ductility of some specimens recovered, which could be due to the annealing effect of a
short period of high temperature excursion. The results do not show significant differences in tensile properties for the different FM steels
in the present irradiation conditions.
� 2008 Elsevier B.V. All rights reserved.
1. Introduction

High-chromium ferritic/martensitic (FM) steels, as com-
pared with austenitic stainless steels, have higher strength
at elevated temperatures up to about 500 �C, better thermal
mechanical properties and superior resistance to irradia-
tion induced creep and swelling under a neutron spectrum.
They are, therefore, selected for applications in spallation
targets with high proton fluxes [1,2].

Among the different types of FM steels, the 7–9Cr FM
steels are considered better than those with higher (10–
13 wt%) chromium contents because of their lower duc-
tile–brittle transition temperature (DBTT) shifts after neu-
tron irradiation [3,4]. Moreover, the so-called reduced
activation FM steels (RAFMS) with 7–9Cr and 1–2W dem-
onstrated further reduction in DBTT shift after irradiation
[5,6]. They are, therefore, considered as tentative materials
for applications in different nuclear facilities such as fusion
reactors and spallation targets. In the first irradiation exper-
iment of the SINQ Target Irradiation Program (STIP-I), a
number of FM steels were irradiated in a temperature range
of 90–370 �C to doses between 3 and 12 dpa. In the present
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work, the tensile properties of RAFMS, F82H and Opti-
max-A, and F82H EBW (electron beam weld) have been
investigated and compared with conventional FM steels,
T91 and EM10 from previous studies [7,8].

2. Experimental

The F82H steel, IEA Heat 974, was obtained from the
fusion materials community in the form of a 15 mm thick
plate. The steel was normalized at 1040 �C for 38 min
and tempered at 750 �C for 1 h. The composition is:
7.87Cr, 1.98W, 0.03Ta, 0.02Ni, 0.003Mo, 0.1Mn, 0.04Ti,
0.19V, 0.002Nb, 0.01Cu, 0.09C, 0.07Si, 0.003P and
0.007N in wt%, balance Fe. The Optimax-A steel was
developed by the Fusion Materials Technology Group of
Federal Poly-technique University Lausanne, Switzerland.
The steel was in the form of an 8 mm thick plate. It was
normalized at 1050 �C and tempered at 750 �C for 2 h.
The composition of the material is: 9.3Cr, 0.97W,
<0.01Ni, 0.09Mo, 0.6Mn, 0.24V, <0.01Nb, 0.098C,
0.02Si, 0.01P and 0.055N in wt%, balance Fe. The F82H
EBW was prepared from 3.3 mm thick plates. The plates
were preheated to about 280 �C. The travel speed was
about 10 mm/s. The post-welding heat treatment was
performed at 720 �C for 1 h.
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Table 1
Irradiation conditions and testing temperatures of the specimens tested in
the present work

Material Sample
no.

Ti (�C) Dose
(dpa)

He
(appm)

Tt
(�C)

F82H P22 85–100 93 3 180 25
P29 158–187 173 5 350 25
P03 173–204 188 5.7 370 25
P10 256–305 280 9.8 815 25
P11 316–375 345 12 1195 25
P32 85–100 93 3 178 100
P37 150–177 164 5 321 150
P16 137–163 150 5.4 351 150
P05 173–204 188 5.7 371 200
P07 261–310 285 9.8 816 300
P08 275–326 300 9.8 816 350
P01 321–381 351 12 1195 350
P02 338–402 370 12 1195 400

Optimax-A N21 117–137 4.1 250 25
N12 126–150 5.4 350 25
N10 181–216 7.6 565 25
N07 235–280 9.8 815 25
N05 275–327 11.4 1045 25
N03 290–344 12 1195 25
N22 84–100 91 3 178 100
N11 126–150 138 5.4 351 150
N23 181/216 199 7.6 567 200
N25 235/280 258 9.8 816 250
N04 275/327 301 11.4 1046 300
N02 290/344 317 12 1195 350

F82H EBW S17 85–100 93 3 180 25
S7 186–220 203 5.9 390 25
S3 214–254 234 7.6 565 25
S21 186–220 203 5.9 390 200
S13 214–254 234 7.6 585 250
S2 260–310 285 9.8 815 300
S6 313–372 343 11.4 1045 350

Note: the irradiation temperature Ti indicating the range and the mean
value of an irradiated specimen.
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The metallographic inspections of the FM steels [9] illus-
trate that the size of the prior austenitic gains (PAG) is 70–
80 lm for F82H, about 20 lm for Optimax-A. In the
fusion zone of the F82H EBW the PAG size is about
30 lm, much smaller than that of base steel. The microh-
ardness of the F82H and Optimax-A steels is similar, about
220 HV0.05. For the F82H EBW, it is about 250 HV0.05 in
the fusion zone.

The tensile specimens are a miniature type originally
proposed for the application in the fusion materials com-
munity [10]. The dimensions of the specimens are shown
in Fig. 1. The specimens were cut along the rolling direc-
tion of the plates with an EDM machine, afterwards pol-
ished mechanically to the final thickness of 0.4 mm.
There were no additional heat treatments before
irradiation.

The irradiation was performed in SINQ Target-3 with
570 MeV protons during 1998 and 1999. Detailed informa-
tion for the irradiation can be found in Ref. [11]. The spec-
imens tested in the present work were placed in Rod 1 and
Rod 10 in the target. The specimens in Rod 1 were irradi-
ated in a temperature range of 90–370 �C to a maximum
dose of 12 dpa. The irradiation was performed with a total
proton current of about 0.85 mA for the first 12 months
and about 1.04 mA for the last 2 months of actual beam
time. The difference in irradiation temperature in these
two periods was as large as 20% of the temperature values.
The temperature values reported here are the average val-
ues of those in the two periods. Irradiation details for all
the specimens used in the present study are given in Table
1, which includes the calculated displacement (dpa), helium
(He) concentrations, and irradiation temperatures. It
should be pointed out that the He contents were corrected
with measured values. The hydrogen (H) concentrations
were also calculated. But the measurements demonstrated
that the actual H content in a specimen could be much less
than the calculated level due to the high mobility of H in
steels. Therefore, the H contents are not listed in the table
to avoid any misleading. More details of the dpa, He and H
calculation are presented in Ref. [12].

Tensile tests were performed at room temperature and
approximate irradiation temperatures in flowing Ar gas
on a 2 kN MTS machine. The nominal strain rate was
1 � 10�3 s�1. The elongation of a specimen was directly
measured from the gauge section using a video-extensome-
ter. After tensile testing, the fracture surfaces of some spec-
imens were observed with a scanning electron microscope
(SEM) to identify the fracture mode.
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Fig. 1. Sketch showing the dimensions of a tensile specimen.
3. Results and discussion

3.1. Results of the F82H steel

The tensile stress–strain curves of the irradiated F82H
specimens tested at room temperature are shown in
Fig. 2, including that from an unirradiated specimen. The
results indicate the strong hardening and embrittlement
effects induced by irradiation at temperatures below about
300 �C. The specimen irradiated to 9.8 dpa and 815 appm
He in a temperature range of 255–305 �C failed in elastic
deformation regime. The specimen irradiated to 12 dpa
with 1195 appm He irradiated in 315–375 �C demonstrated
a tremendous increase in yield and tensile strengths and an
unexpected recovery of uniform elongation.

The results of the specimens tested at irradiation temper-
atures are illustrated in Fig. 3. As the irradiation tempera-
ture increased with proton flux or irradiation dose,
specimens with higher doses were tested at higher temper-
atures. Due to the effects of higher irradiation and testing
temperature, the difference in hardening between specimens
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Fig. 2. Engineering tensile stress–strain curves of F82H irradiated in
STIP-I and tested at 25 �C.
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Fig. 3. Engineering tensile stress–strain curves of F82H irradiated in
STIP-I and tested at temperatures between 100 and 400 �C. Note: the
numbers for each curve indicate the values of dpa, He (appm) and
irradiation temperature range.
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Fig. 4. Engineering tensile stress–strain curves of the Optimax-A steel
irradiated in STIP-I and tested at 25 �C.
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Fig. 5. Engineering tensile stress–strain curves of the Optimax-A steel
irradiated in STIP-I and tested at temperatures between 100 and 350 �C.
Note: the numbers for each curve indicate the values of dpa, He (appm)
and irradiation temperature range.
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Fig. 6. Engineering tensile stress–strain curves of F82H EBW irradiated in
STIP-I and tested at 25 �C.
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of higher and lower doses was reduced. Compared to the
specimens tested at room temperature, the specimens tested
at higher temperatures showed a reduction in strength of
20% or greater. Nevertheless, the hardening and embrittle-
ment effects of the irradiated specimens were still signifi-
cant, especially for specimens irradiated and tested at
6300 �C. However, the specimens irradiated and tested at
350 and 400 �C presented similar uniform elongation val-
ues to that of the unirradiated specimens tested at the same
temperatures.

3.2. Results of the Optimax-A steel

Results obtained from the tests at room temperature
(Fig. 4) indicate that the irradiation induced hardening
increases with dose up to 9.8 dpa. The 12 dpa specimen,
like the 12 dpa F82H specimen, presented a substantially
recovered ductility, but a quite great reduction in strength
as compared to the 9.8 dpa specimen.

The results of the specimens tested at irradiation temper-
atures between 100 and 350 �C are given in Fig. 5. One can
see that the results are similar to those of the F82H speci-
mens tested at higher temperatures (Fig. 3). The irradiation
induced hardening and embrittlement effects were pro-
nounced for the specimens irradiated and tested at
6300 �C. The one irradiated and tested at about 350 �C
possessed a uniform elongation similar to that of the unir-
radiated specimen tested at the same temperature.
Fig. 8. SEM micrographs showing fracture surfaces of F82H specimens irradi
(right column).
3.3. Results of the F82H EBW

The results of the tests performed at room temperature
are shown in Fig. 6. It can be seen that the irradiation
induced hardening increases with dose, and meanwhile,
the ductility significantly decreases. The specimens tested
at irradiation temperatures (Fig. 7) show similar behaviors
to those of the specimens tested at room temperature, with
slightly reduced strength. The specimens always broke out-
side of the fusion and heat-affected zones as the hardness of
the fusion and heat-affected zones was greater than that of
the base metal [9].

3.4. SEM observation

Due to high activity of the specimens, as representatives,
some F82H specimens were observed with SEM to identify
the fracture mode. Fig. 8 shows the SEM micrographs of
the fracture surfaces of F82H specimens irradiated to
5.7 dpa and 630 appm He and tested at 25 �C (left column)
and 200 �C (right column). Both upper micrographs indi-
cate strong necking before the rupture of the specimens
and the micrographs of higher magnifications (middle
and lower) illustrate the dimple structure on the surfaces,
which indicates typical ductile fracture.

Fig. 9 are the SEM micrographs of the fracture surfaces
of the specimens irradiated to 9.8 dpa and 815 appm He
and tested at 25 �C (left column) and 300 �C (right col-
ated to 5.7 dpa and 630 appm He tested at 25 �C (left column) and 200 �C
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umn). The graphs in the left column demonstrate that the
specimen failed without any necking. The fracture mode
is a mixed brittle fracture type of intergranular and trans-
granular-cleavage. This is in agreement with the tensile
Fig. 9. SEM micrographs showing fracture surfaces of F82H specimens irradi
(right column).

Fig. 10. SEM micrographs showing fracture surfaces of F82H specimens irradi
(right column).
testing results shown in Fig. 2. The pictures in the right col-
umn show that the 9.8 dpa specimen tested at 300 �C pos-
sesses somewhat cross-section reduction before rupture.
However, the cross-section reduction is much less than that
ated to 9.8 dpa and 815 appm He tested at 25 �C (left column) and 300 �C

ated to 12 dpa and 1195 appm He tested at 25 �C (left column) and 400 �C
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of specimens of 5.7 dpa shown in Fig. 8. Moreover, the
fracture mode is transgranular-cleavage although it is not
as brittle as the other 9.8 dpa specimen tested at 25 �C.

Fig. 10 shows the fracture surfaces of the 12 dpa speci-
mens tested at 25 �C and 400 �C. Both specimens demon-
strate a transgranular ductile fracture mode with dimples,
despite of the little cross-section reduction and short elon-
gation of the specimen tested at 400 �C.

3.5. Comparison

The results of the specimens of different FM steels tested
at room temperature are plotted in Fig. 11, which shows
the dose dependence of YS, UTS, STN and TE. Results
from another two FM steels, EM10 [8] and Optifer-V
[13], irradiated in the same experiment are also included
in the figure. It can be seen that the data from different
FM steels fall into a scattering band. In spite of some dif-
ferences, the data of the different steels show the same
trend, especially at doses below 10 dpa. At higher doses
around 11–12 dpa, both hardening and embrittlement
effects decrease, which are believed to be due to the anneal-
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Fig. 11. Irradiation dose dependence of YS and UTS (upper) and STN
and TE (lower) of specimens from different FM steels tested at room
temperature.
ing effects introduced by an unintended high temperature
excursion [11].

Fig. 12 presents the results obtained at higher tempera-
tures. The upper figure shows the testing temperature
dependence of YS and UTS. For the unirradiated speci-
mens, both YS and UTS decrease with increasing testing
temperature, which agrees with general observations (e.g.
[14]). For the irradiated specimens, the higher testing tem-
peratures of the specimens of higher doses reduce the differ-
ence between the strengths of specimens of different doses.
Consequently, the YS and UTS of the different steels
remain in a range of about 700–900 MPa under the present
irradiation conditions. The lower figure illustrates the test-
ing temperature dependence of STN and TE. The trend,
both STN (or UE) and TE decreasing with testing temper-
ature, agrees again with general observations. Under the
present irradiation and testing conditions, the STN of the
specimens of different steels remains at a low level 1–2%.
The TE of the irradiated specimens decreases with testing
temperature, which shows a trend similar to that of unirra-
diated specimens.
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From Figs. 11 and 12 one can see that the FM steels
demonstrate quite similar tensile properties under present
irradiation conditions.

4. Conclusions

Specimens of ferritic/martensitic (FM) steels T91, F82H,
Optimax-A and the electron beam weld (EBW) of F82H
were irradiated in SINQ Target-3 to doses between 3 and
12 dpa in a temperature range of 90–370 �C. The results
of tensile tests demonstrate that:

(a) At <�10 dpa, the irradiation hardening increases
with dose, meanwhile, the embrittlement effect is sig-
nificant and the uniform elongation decreases to less
than 1%. However, the total elongation remains
greater than 5%.

(b) At higher doses of 11–12 dpa, the ductility of some
specimens recovered, which could be due to the
annealing effect of a short period of high temperature
excursion.

(c) An F82H specimen irradiated to 9.8 dpa in 250–
300 �C and tested at room temperature failed in elas-
tic deformation regime, although the single result
could not give a definitive conclusion.

(d) The results of different FM steels irradiated in the
same irradiation do not show significant differences.

(e) Specimens tested at a temperature of 350 �C and above
after irradiation show a more ductile response than
those tested at lower temperatures after irradiation.
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