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Abstract

Ferritic oxide dispersion strengthened (ODS) steel, PM2000, has been homogeneously implanted with helium under uniaxial tensile
stresses from 20 to 250 MPa to maximum doses of about 0.75 dpa (3000 ppm He) with displacement damage rates of 5.5 · 10�6 dpa/s at
temperatures of 573, 673 and 773 K. Straining of a miniaturized dog-bone specimen under helium implantation was monitored by linear
variable displacement transformer (LVDT) and meanwhile by their resistance also measured by four-pole technique. Creep compliance
was almost constant at 5.7 · 10�6 dpa�1 MPa�1 for temperatures below 673 K and increased to 18 · 10�6 dpa�1 MPa�1 at 773 K. The
resistivity of PM2000 samples decreased with dose and showed a tendency to saturation. Subsequent transmission electron microscopy
observations indicated the formation of ordered Fe3�xCrxAl precipitates during implantation. Correlations between the microstructure
and resistivity are discussed.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Operation temperatures of future advanced gas cooled
reactors within the framework of the International Gener-
ation-IV-Initiative Forum [1] will exceed 1173 K with the
aim to even reach 1273 K and more. This calls for creep-
resistant structural materials not only for piping and heat
exchangers but also for in-core or close to core supports
or fixtures. Materials with high creep resistance under irra-
diation at very high temperatures must especially be devel-
oped. Oxide dispersion strengthened (ODS) steels may be
candidates, since the nano-size oxide dispersoids act as
thermodynamically stable obstacles to dislocation move-
ment up to temperature of T/Tm = 0.9 [2]. Furthermore,
the thermal stresses caused by temperature gradients in
components made from ferritic/martensitic ODS steels
can be more than three times less compared to nickel-based
alloys due to their relatively high thermal conductivity and
0022-3115/$ - see front matter � 2007 Elsevier B.V. All rights reserved.

doi:10.1016/j.jnucmat.2007.04.051

* Corresponding author. Tel.: +41 56 310 2280; fax: +41 56 310 4595.
E-mail address: jiachao.chen@psi.ch (J. Chen).
low thermal expansion coefficient [3]. These advantages
add to the overall better radiation resistance of the fer-
ritic/martensitic steels and have stimulated investigations
for nuclear fission and fusion application worldwide in
the last decade [4–10]. Recently, some studies on phase sta-
bility and bubble/void evolution in these steels by means of
a dual-ion irradiation have been reported [5, 11–13]. Only a
few experiments investigated the mechanical properties of
ODS steels after irradiation, while irradiation creep data
of ODS steels are rather scarce and are still missing for
PM2000. Irradiation creep under simultaneous high helium
production is a topic which has not yet been addressed, but
may be relevant in advanced nuclear power plants.
Another important concern is the microstructural stability,
which can be assessed in general by measurement of electri-
cal resistivity and in detail by analytical transmission elec-
tron microscopy (TEM). Therefore, in the present work,
in situ irradiation creep of the ODS alloy PM2000, and
resistivity change were investigated during He-implanta-
tion, while microstructural changes were studied by TEM
after implantation.
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2. Experimental

The ferritic ODS alloy PM2000 was supplied by Plansee
GmbH in the form of 15 mm thick plates of nominal com-
position (wt%, balance Fe) 20% Cr, 0.5% Ti, 5.5% Al, and
0.5% Y2O3. The alloy was manufactured mechanically by
alloying in a high energy mill, with the powder consoli-
dated by hot compaction, followed by a hot and cold roll-
ing procedure and a final thermal treatment [8,14] giving a
quite uniform dispersion of yttria. Fig. 1 shows the metal-
lographic cut along longitudinal direction (a), TEM micro-
graphs of microstructure (b) and the Y2O3 particle size
distribution from image analysis (c), of PM2000 in condi-
tion as-received. From those pictures, one can summarize
that the rolling procedure produced grains with sizes of
roughly 1 · 1 · (>12) mm3, elongated along the rolling
direction. The average diameter and number density of
the Y2O3 particles were (28 ± 8) nm and 5.1 · 1020 parti-
cles/m3, respectively. Dog-bone shaped creep samples of
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Fig. 1. Microstructure of as received PM2000 alloy, cut along longitudinal
direction (a), TEM micrograph of microstructure (b), and size distribution
of Y2O3 particles from image analysis (c).
300 lm thickness were cut by spark erosion perpendicular
to the rolling direction in an attempt to have at least a
few grain boundaries within the gauge section. For future
application of this material, thermo-mechanical treatment
will need optimization. The samples were mechanical
polished on both sides to 100 lm with grad 2400 paper.
The final samples had an overall size of 28 mm in length,
8 mm in width and 0.1 mm in thickness, with a gauge
volume of 10 · 2 · 0.1 mm3.

In situ creep under He-implantation was performed at
the compact cyclotron of Forschungszentrum Juelich.
Details of the experimental set up are described in Ref.
[15]. With 24 MeV 4He2+ ions passing through a magnet
scanning system and a degrader wheel with 24 Al-foils of
variable thicknesses, the 0.1 mm thick samples were 3D-
homogeneously implanted under constant uniaxial stress.
Typical implantation rates were 0.023 ppm per second.
The concurrent production of displacement damage was
calculated by TRIM and SRIM for displacement threshold
energy of 40 eV and a binding energy of 3 eV, giving per
implanted He-atom 294 displacements on the front side
and 194 on the back side, averaging to 244 displaced lattice
atoms. With an average beam current density of 6.1 lA/
cm2, a displacement rate of about 5.5 · 10�6 dpa/s (dis-
placements per atom per second) is derived. The irradiation
creep strains were monitored by LVDT (linear variable dis-
placement transducer) while the resistance was derived by a
four-pole technique during beam-off periods. The implan-
tation was continued until the strain rate became constant
(stationary creep). Then the implantation of the same
specimen was continued at a different stress in the range
of 20–250 MPa. To minimize systematic errors from dose
effects on the microstructure, e.g., by accumulation of irra-
diation defects, applied stress was changed alternatively to
higher and lower values as indicated in Fig. 2. For each
specimen, the temperature was fixed at 573, 673 or
773 K, respectively. The temperature distribution along
the gauge region was monitored by an infrared pyrometer
under 45� from the backside of the specimens. Finally,
TEM specimens were prepared from the implanted gauge
sections (see Ref. [16] for details) and TEM examinations
were performed with a JEM 2010 at PSI.

3. Results

3.1. Irradiation creep

Fig. 2 shows the strain eðrÞ ¼ Dl
l0

of PM2000 during
implantation as a function of the displacement dose at
573 (a), 673 (b) and 773 K (c), respectively. At all three
temperatures, a contraction of the specimen against the
applied tensile stress occurs at the beginning of irradiation,
but already after 0.05 dpa, creep in the stress direction is
observed. Each stress change caused, aside from elastic
strain, also a short transient stage before stationary creep
was reached. Those transient strains are similar to
observations in other materials [17] and are ascribed to
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Fig. 2. Strain of PM2000 during He-implantation at 573 (a), 673 (b) and
773 K (c) as a function of displacement dose at different stresses.
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Fig. 3. Irradiation creep rates per displacement rates of PM2000 as a
function of tensile stress under He-implantation at 573, 673 and 773 K.
Solid lines are linear fits to determine irradiation creep compliances.
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irradiation-induced relaxation. For comparison, thermal
creep as a function of time (upper abscissa, corresponding
to time at a dose rate of 5.5 · 10�6 dpa/s) at 773 K under
250 MPa is included in Fig. 2(c). A short contraction is
observed at the very beginning, similar to the irradiation
case, but no measurable stationary straining. This demon-
strates that in PM2000 thermal creep is negligible even at
773 K. Irradiation-induced creep rates, e 0, i.e. strain-rate
per dose-rate (in unit of dpa�1) were obtained by fitting
straight lines to the stationary parts of the curves in
Fig. 2. These values are plotted in Fig. 3 as a function of
the applied stress for all three implantation temperatures
(stationary creep was not reached at 250 MPa in the
773 K irradiation due to a cyclotron shut-down). The data
can be fitted by linear stress dependence up to 250 MPa
(solid line):

e0ðrÞ ¼ B0 � rþ e00 ð1Þ

with creep compliances B0, i.e., creep rate per dose rate
(assuming linear dependence) and stress, of 5.7 ·
10�6 dpa�1 MPa�1 and 18 · 10�6 dpa�1 MPa�1 at temper-
atures of 6673 K and 773 K, respectively. Extrapolating
the lines in Fig. 3 to zero stress gives ordinate-offsets e00
of 1.96 · 10�3 and 4.9 · 10�4 dpa�1 at temperatures of
6673 and 773 K, respectively. e00 represents stress-indepen-
dent dimensional changes, for example from volume
swelling:

DV
V
¼ 3 � e00: ð2Þ
3.2. Resistivity and TEM observation

The resistivity of PM2000 has a very small temperature
dependence, the difference between 25 �C and 500 �C being
less than 0.5%. This means that temperature is not a critical
issue for precise resistance measurements. During irradia-
tion the resistance measurements were performed after
switching off the a-beam and waiting for 12 min to stabilise
near room temperature. As these measurements were per-
formed under various stresses, the resistance values have
to be corrected for effects of elastic strains on specimen
geometry, using resistance–stress relations measured before
irradiation, assuming that irradiation does not change
these relations. These corrections amount to less than
0.3% and were therefore neglected. Thermal creep and
aging experiments were performed at a constant stress of
250 MPa at 773 K and 0 MPa at 673 K, respectively. The
resistance was measured at creep temperature on the
773 K specimen and at room temperature on the 673 K
specimen. These measurements showed only a minor
decrease of resistivity, while a significant decrease of resis-
tivity is observed under implantation/irradiation. In Fig. 4,
the evolution of electrical resistivity during irradiation
(symbols) and thermal aging (dotted line) is compared.
Stress changes in both directions cause increase in resistiv-
ity, most significantly when stress is decreased to 25 and
26 MPa in the 573 K and 673 K specimens, respectively.

A decrease in resistivity under irradiation is an unspe-
cific indication of microstructural changes. Therefore
TEM was conducted on un-implanted and implanted
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Fig. 4. Relative changes of electrical resistivity of PM 2000 during He-
implantation at 573 (a), 673 (b) and 773 K (c) at indicated stresses. Doted
lines in (b) and (c) refer to thermal aging without stress at 673 K and
thermal creep at 773 K, respectively. Resistance was measured at room
temperature, except for thermal creep, where measurements were taken
during test at 773 K.

Fig. 5. TEM dark field image after irradiation creep test at 673 K, taken
by a ð3�11Þ superlattice reflection (indicated by the arrow on the inserted
diffraction pattern) along the [110] zone axis.
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specimens. Fig. 5 shows a TEM dark field image of a sam-
ple after an irradiation creep test at 673 K, using a ð3�11Þ
superlattice reflection, marked by the arrow in the inserted
diffraction pattern which was taken along the [110] zone
axis. By further analysis of the diffraction pattern, the
structure was identified as D03 and ascribed to the ordered
precipitate Fe3–xCrx Al. From the dark-field image, an
average size of 3.6 nm, a particle density of 3 · 1023/m3,
and a volume fraction of 0.9% are derived. No evidence
of such Fe3–xCrx Al precipitates was detected in other spec-
imens, neither in the as-received or thermally crept and
aged samples, nor in the irradiation creep samples from
implantations at 573 K and 773 K. A detailed report on
microstructural changes after He-implantation will be
given elsewhere.

4. Discussion

The temperature-dependence of creep strain rates with
and without He-implantation [18] is given in Fig. 6. The
thermal creep data are from standard bulk specimens
[18]. The effect of miniature size of the present specimens
on creep cannot be precisely assessed, as the literature on
this topic is contradictory [19,20]. Expected creep rates
under conditions in future, very high temperature reactors
(VHTR) are included. The present data show that the irra-
diation creep rate of PM2000 is the same for 573 K and for
673 K. Extrapolation of irradiation data at 80 MPa and
3 · 10�8 dpa/s match the thermal creep line at about
760 K. According to earlier experimental findings [21–23]
and theoretical understanding [24,25], irradiation creep
dominates at low temperatures when the thermal vacancy
concentration is negligible. Only a minor temperature
dependence is expected in this area. When thermal creep
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dominates at high temperatures, irradiation will have no
major influence on creep rates [22] except possibly via irra-
diation induced microstructural or compositional changes.

The volume change DV/V (5.9 · 10�3/dpa at 6673 K)
derived from the offset value e00 is more than one order of
magnitude above typical swelling in reactor irradiated fer-
ritic steels. On the other hand, a comparison to the amount
of implanted helium (using the above value of 244 dpa/He)
gives a reasonable volume change of 0.48 atomic volumes
per He-atom.

Small increase of resistivity, uniformly after stress
changes in both directions, have been reported previously
[17] and may be caused by detrapping of defects or clusters
from dislocations (Cottrell clouds), if the resistivity of
attached defects is smaller than that of separated ones
(non-linear superposition). An increase of resistivity caused
by retention of displacement defects will not exceed about
1%/dpa [26], due to defect saturation, i.e., less than +0.75%
in the present case. On the other hand, segregation or
precipitation can decrease the resistivity, due to solute
depletion in the matrix or due to ordering. In Fig. 4, the
electrical resistivity data were plotted for a (kt)�1/3 dose
dependence (k is damage rate, t is time), which is expected
for diffusion controlled growth of precipitates [27–29]. The
results in Fig. 4 suggest a two-stage process, the first of
which roughly conforms to a (kt)�1/3 behaviour. This can
be ascribed to decomposition of the original Fe(Al)
solution of concentration cAl (=11.4 at.%) into a volume
fraction ts of Al-concentration cs and a depleted
matrix of c0Al. For negligible change of atomic density,
conservation of the Al content yields:

ð1� tsÞ � c0Al þ ts � cs ¼ cAl: ð3Þ

An upper limit of cs of 25 at.% is given by the atomic
concentration of the Fe3Al phase. Resistivities of depleted
matrix and of enriched areas are given by

q0M ¼ q0 þ rAl � ðc0Al � cAlÞ ð4Þ

and

qs ¼ q0 þ rAl � ðcs � cAlÞ; ð5Þ

where q0 = 1.78 · 10�6 Xm is the resistivity of the original
solute, and rAl = 6.4 · 10�6 Xm/uc [30] is the resistivity
change of iron per unit concentration of Al. For cube-
shaped geometry of the enriched areas, the resulting total
resistivity is given by [31]

q0 ¼ q0M
xþ 1

�
q0M � xþ qp � x3þ2x2þ3xþ1

xðxþ1Þ

q0M � xþ qp � 2xþ1
x

ð6Þ

with x ¼ t1=3
s

1�t1=3
s

. By inserting an experimental value
q 0 � 0.94 Æ q0 (at 673 K) into Eqs. (3)–(6), the parameters
ts = 0.274, q0M = 1.45 Æ 10�6 Xm, and c 0Al = 6.27 at.% are
derived. For a smaller value of cs = 0.2, the respective
results would be 0.45, 1.33 · 10�6 Xm, and 4.4 at.%. Very
similar results were obtained when instead of Eq. (6), the
two contributions q 0M and qs are simply set parallel:
1
q0 ¼

1�ts

qM
þ ts

qs
.

The second stage in Fig. 4 (not reached at 573 K) is then
ascribed to formation of a volume fraction tp = 0.9% (at
673 K from TEM) of ordered Fe3Al (cp = 25 at.%) in the
enriched areas. Using parallel circuiting of the three contri-
butions gives:

1

q00
� tp

qp

þ ts � tp

qs

þ 1� ts

q0M
ð7Þ

with the experimental value q00 � 0.9 Æ q0 (at 673 K) from
Fig. 3(b) one obtain qp = 0.374 · 10�6 Xm. As the resistiv-
ity of pure Fe3Al is not available, qp must be compared to
pure iron qFe = 0.103 · 10�6 Xm, which certainly is a lower
limit for qp. The difference between qp and qFe is ascribed
to some Cr content in Fe3-xCrxAl, which is limited to less
than 5 at.%, i.e., x 6 0.15, due to rCr = 4.7 · 10�6 Xm/uc
[28]. It should be noted that qFe + cCr Æ rCr + cAl Æ rAl clo-
sely approaches q0, with the rest accounted for by Ti and
Y2O3. The above analysis only refers to 673 K, where
superlattice reflexions were observed. At 573 K slow diffu-
sion and at 773 K disordering by thermal effects may cause
a smaller size of the precipitates and/or their less complete
ordering both of which prevent observation of superlattice
reflexions. According to the Fe–Al phase diagram [32,33]
ordered Fe3Al precipitates between 12 wt% and 20 wt%
Al at temperatures below 823 K (it was also reported
that ordered Fe3Al exists at least up to 1000 K [34]). Two
explanations are possible for the present observation of
Fe3Al which has never been reported before in the Fe–
Cr–Al system with an Al content of 5.5 wt% (below the
solubility limit of 12 wt%). One is that irradiation-
enhanced diffusion promotes phase equilibria in alloys
where thermal diffusion becomes exceedingly slow at low
temperature (then the phase diagram should be revised)
[35]. The other explanation is, that the presence of non-
equilibrium point defects during irradiation affects the free
energies of phases and therefore shifts the solubility [35].
The stability of precipitation under irradiation and their
effect on mechanical behaviour deserves further detailed
investigation.

5. Summary

(1) Irradiation creep rates of PM2000 show linear stress
dependence up to 250 MPa at temperatures from
573 K to 773 K.

(2) Irradiation creep rate per dose rate and stress is
almost constant at temperatures below 673 K and
somewhat increases at 773 K, while at even higher
temperatures as expected in future Generation-IV
reactors, deformation will be dominated by thermal
creep.

(3) The resistivity of PM2000 samples decreases with
increasing displacement dose, which is ascribed to
formation of ordered Fe3–xCrxAl, as revealed by
TEM observation.
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