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High-chromium ferritic–martensitic steels are candidate structural materials for high-temperature appli-
cations in fusion reactors and accelerator driven systems (ADS). Cr concentration has been shown to be a
key parameter which needs to be optimized in order to guarantee the best corrosion and swelling resis-
tance, together with the minimum embrittlement. The behavior of Fe–Cr model alloys with different Cr
concentrations (0, 2.5, 5, 9 and 12 wt%Cr) has been studied. Tensile tests have been performed in order to
characterize the flow properties in the temperature range from �160 �C to 300 �C. The trend of the yield
strength with temperature shows that the strain hardening is the same for all materials at low temper-
atures, even though they have different microstructures. The same materials have been neutron-irradi-
ated at 300 �C in the BR2 reactor of SCK�CEN, up to three different doses (0.06, 0.6 and 1.5 dpa). The
results obtained so far indicate that even at these low doses, the Cr content affects the hardening behavior
of Fe–Cr binary alloys. Using the Orowan mechanism, the TEM observed microstructure provides an
explanation of the obtained hardening but only at the very low dose, 0.06 dpa. At higher doses, other
hardening mechanisms are needed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

High-chromium (9–12 wt%) ferritic/martensitic steels are can-
didates as potential first-wall and breeding blanket structural
materials for future fusion reactors [1] as well as for fuel cladding
and the spallation target in the accelerator driven systems [2].
Their use for these applications requires a careful assessment of
their mechanical stability under high energy neutron irradiation
[3] and their compatibility with the cooling media [4]. Thus, their
chemical composition and thermo-mechanical treatments have
been optimized over decades of experimental investigations to re-
sist the expected harsh conditions. Indeed, it was found that the
steels containing 9 wt% Cr are resistant to swelling [5], less brittle
[6] and reasonably immune to erosion corrosion [7] in the temper-
ature range of 300–500 �C. The physical understanding of these
empirical findings is the aim of this investigation.

Although Cr-steels became very popular just after World War I,
as the consequence of the scarcity of Tungsten [8]. Already in the
1940s, it was established that the behavior of the binary alloy
Fe–Cr depends strongly on Cr content in terms of magnetic behav-
ior and electrical resistivity [9]. It is, however, only very recently
that the effect of Cr on the mixing enthalpy of the alloys [10] and
on their resistance to swelling have been elucidated theoretically
ll rights reserved.
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[11]. Furthermore, the effect of Cr and temperature on defect accu-
mulation was studied for some time [12–16]. As described by Yos-
hida et al. [12], dislocation loops nucleate and grow slowly under
irradiation, especially at lower temperatures. At higher tempera-
tures loops are larger and their density decreases. In the presence
of Cr they nucleate and grow faster and with increasing tempera-
ture their density decreases while their size increases. Cr has a
strong effect on defect stability. Thus, while in Fe defects start
shrinking or disappearing at T > 750 K, when adding Cr, the shrink-
age and the motion of the observed loops are significantly sup-
pressed [14]. However, the effect of Cr concentration on the
microstructural changes and their influence on the mechanical
behavior has never been studied thoroughly.

The general objective of this work is to investigate the effect of
Cr on the irradiation-induced defect formation and accumulation
in Fe–Cr based model alloys with well defined chemical composi-
tions and microstructures both to examine the microstructure
changes and the hardening induced by well controlled neutron
irradiation and also to help the theoreticians to bench-mark their
codes.

In this paper, the properties of the investigated materials will
be described in Section 2. In Section 3, the microstructural changes
due to neutron irradiation are described in detail. The tensile
data obtained are summarized in Section 4 and finally the relation-
ship between the microstructures and the hardening of the inves-
tigated four binary alloys, are discussed in terms of Orowan
mechanism.
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Fig. 1. Electrical resistivity of Fe–Cr binary alloys. The low temperature (full sym-
bols) and the room temperature (open symbols) obtained without magnetic field
are compared with those reported in the literature [18–20].
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2. Materials

The investigated materials have been laboratory-fabricated,
thermo-mechanically treated and thoroughly analyzed in terms
of microstructure and tensile properties.

2.1. Composition and heat treatment

The materials used in this work were Fe–Cr based model alloys
with 2.5%Cr (2.36 wt% Cr), 5%Cr (4.62 wt%Cr), 9%Cr (8.39 wt%Cr)
and 12%Cr (11.62 wt%Cr) obtained by furnace melting of industrial
pure Fe and Cr. After casting, the obtained ingots were cold worked
under protective atmosphere to fabricate plates of 9 mm in thick-
ness. Similar to the standard practice of ferritic–martensitic steels,
Fe–Cr model alloys were treated at 1050 �C, for 1 h in high vacuum
for austenisation and stabilization. Thereafter, the tempering was
done at 730 �C for 4 h, followed by air cooling. The final product
was chemically analyzed using the adequate techniques to mea-
sure both substitutional and interstitial impurities. The total
amount of impurities did not exceed 300 wt ppm [17] as reported
in Table 1.

2.2. Electrical resistivity

Electrical resistivity measurements were performed between li-
quid helium temperature (4.2 K) and room temperature (300 K)
with and without a saturated longitudinal magnetic field of 0.5 T.
The measured resistivities (lX cm) obtained as a function of Cr
content at the lowest (full symbols) and the highest (open sym-
bols) temperatures are shown in Fig. 1, together with those found
in the literature for binary Fe–Cr alloys. It should be mentioned
here that the magnetic field had no effect on the measured resistiv-
ity in the investigated alloys (therefore, the results obtained with,
are omitted here for figure clarity). In the figure, the values of the
resistivity obtained by using the empirical model proposed by
Maury et al. [18] are also reported. As it can be noticed, the results
obtained here are very comparable to those reported in earlier
investigations [18–20]. In fact, one can distinguish clearly two do-
mains: below and above 9%Cr. This variation is believed to be one
of the reasons affecting the response of this system after irradia-
tion as well. The absolute values found here are of the same order
of magnitude as those reported in the literature [18–20] demon-
strating that the investigated alloys can be considered as binary
systems with negligible amount of interstitial (N, C) impurities.

2.3. Microstructure for non-irradiated material

Specimens of 3 mm diameter that were first cut by an EDM ma-
chine with a diameter of 1 mm, fine mechanically polished to
about 100 mm, were then prepared using the conventional jet pol-
ishing technique and examined using a TEM (JOEL 3010 EX) with
an acceleration voltage of 300 KeV. The microstructure of the as-
prepared Fe–Cr model alloys is illustrated by the images in Fig. 2.
It can be seen that with increase of Cr content, the microstructure
Table 1
Chemical composition of investigated Fe–Cr model alloys measured in wt% Fe balance the
respectively in the text

Alloy Mn Si P S Al Ti Cr Ni

251 0.009 0.02 0.013 0.0020 0.003 0.004 2.4 0.04
259 0.02 0.04 0.011 0.006 0.0033 0.0028 4.6 0.06
252 0.03 0.09 0.012 0.00066 0.0069 0.0034 8.4 0.07
253 0.03 0.11 0.05 0.006 0.003 0.0037 11.6 0.09
is changing from fully ferritic to ferrite and bainite. Thus, TEM
bright field images of Fe–2.5%Cr and Fe–5%Cr alloys show massive
amount of ferrite grains with randomly oriented grain boundaries
that are the signature of fast cooling which prevents the formation
of equiaxed ferrite. The dislocation density for these two alloys is
respectively 1.2 � 109 and 5.8 � 109 cm�2. High Cr alloys with 9%
and 12%Cr content, have very small grains of the order of 1 lm.
Their microstructure consists of bainitic ferrite which is obtained
by rapid cooling. Grains are small with many planar boundary seg-
ments. The density of dislocations for Fe–9%Cr is 6.3 � 109 cm�2

and for Fe–12%Cr a value of 5.5 � 109 cm�2 is obtained. Disloca-
tions are predominately of type a0/2h111i Burgers vectors, where
a0 is the lattice parameter. Thus, the microstructure of high Cr al-
loys is considered to be very similar to the usual ferritic–martens-
itic steels [21], as the grains are pretty similar to the martensitic
laths, but in these model alloys the laths consist of ferrite grains
with a well structured density of dislocations.

2.4. Tensile tests of as-received model alloys

The tensile specimens with nominal dimensions (overall
length = 27 mm, gage length = 12 mm and diameter = 2.4 mm)
were prepared using an EDM cutting machine followed by a fine
mechanical polishing of the surface. Tensile tests were performed
according to ASTM E8M-01 and E21-92 (1998) standards with an
electro-mechanical test frame (INSTRON 8500, model 1362), and
a crosshead displacement rate of 0.2 mm/min corresponding to a
strain rate of approximately 2.8 � 10�4 s�1 in the temperature
range from �160 �C to 300 �C. Engineering stress–strain curves at
room temperature (RT) are presented in Fig. 3. Both the yield stress
(YS) and the ultimate tensile stress (UTS) for model alloys increase
linearly with Cr content. In terms of ductility, low Cr alloys are
more ductile than high Cr alloys. It was found that the ductility
of the investigated materials is also related to the grain size. Thus,
low Cr alloys that have larger grain sizes tend to have a lower
alloys of reference 251, 259, 252, 253 are named Fe–2.5Cr, Fe–5Cr, Fe–9Cr, Fe–12Cr,

O C N V Total amount of impurity (wt ppm)

4 0.035 0.008 0.0117 0.001 �149
0.065 0.02 0.0127 0.001 242
0.066 0.02 0.0148 0.002 333
0.03 0.027 0.0237 0.002 �375



Fig. 2. TEM bright field images showing the grain size evolution of Fe–Cr model alloys, with increasing Cr concentration 2.5Cr (a), 5Cr (b), 9Cr (c) and 12Cr (d).
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Fig. 3. Engineering stress and strain curves at RT of the model alloys before
irradiation.
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toughness than high Cr alloys having smaller grains. The yield
strength dependence on temperature is shown in Fig. 4. The ob-
tained values of yield strength have been fitted as a function of test
temperature using the general formula proposed by Dieter [22]:

r0:2 ¼ rath þ r0e�bT ; ð1Þ

where r0.2 is the yield strength, and rath, r0 and b are regression
coefficients. In particular, rath represents the athermal component.
It is found that, (i) the athermal stresses increase with Cr concentra-
tion due to the pure solution hardening; (ii) r0 and b are constants
and equal to 40 MPa and 0.013, respectively, for all investigated
materials. Peierls stress (sp) formulation is given by the following
equation [22]:

sp ¼ 2l=ð1� mÞ exp½�2pa=ð1� mÞb�; ð2Þ

where l is the shear modulus, m is the Poisson ratio, a is the distance
between slip planes and b is the Burgers vector.

Lattice parameter calculations with respect to Cr concentration
yield almost the same results for the lattice parameter a0 � 2.8 A,
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Fig. 4. Yield strength vs temperature.
where a = a0
p

2/2 [10]. Using the values of l and m given in [20],
the calculated Peierls stress, as the shear stress required to move
a dislocation through a crystal is equal to 678 MPa for all model al-
loys as can be seen in Fig. 5.

2.5. Irradiation

Charpy, tensile and TEM samples were thereafter fabricated
mostly with the long dimension parallel to the cold rolling direc-
tion. Neutron irradiation in reactor BR2 was performed in a dedi-
cated capsule ‘MIRE-CR’ within the well known CALLISTO-loop
[23] equipped with 10 thermocouples to control the temperature
during the experiment. The temperature was set to (300 ± 5) �C.
The neutron spectrum, fluxes and fluencies experienced by the
specimens in their actual location are determined by the power
of BR2 and the duration of the irradiation cycles and are calculated
by the code GEXBR2-TRPT3 [23]. Dosimeters (Fe foils) have been
inserted all along the capsules to allow the determination of the
dose. For the determination of the doses, the specific chemical nat-
ure of the alloys was not taken into account. Thus, three different
doses were reached namely 0.06, 0.6 and 1.5 dpa with a neutron
flux of 9 � 1013 n/(cm2 s) with energy higher than 1 MeV [24].
The variation of the doses found within the same capsule is about
10%.

3. Irradiated material

The investigation of the irradiated samples was performed in
the hot cell area using if not the same instrument as in the case
of the microstructure, testing machines that are well calibrated
and equipped with the same acquisition systems as those used
for un-irradiated materials. It should be noted at this point that,
several tests have been performed for the un-irradiated samples
but only one or two tensile tests were performed with irradiated
specimens due to their limited number.
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3.1. Microstructure

Irradiation-induced microstructure changes and defects have
been studied by TEM. For this purpose, samples of 3 mm diameter
and 0.3 mm thickness were prepared before irradiation. The post
irradiation examination consists of preparing TEM specimens
using the conventional method (mechanical polishing followed
by chemical etching) in a protected environment. Thereafter, weak
beam dark field (g, 4g) imaging was used for the full characteriza-
tion of the microstructure. TEM observation for all investigated
materials shows rather small defects induced by irradiation.
Fig. 6 shows the irradiation-induced microstructure for the Fe–
9%Cr model alloys and how it changes with increasing dose from
0.06 to 1.5 dpa. All observed grains are oriented close to a {111}
zone, and the images were taken with different g(110) type dif-
fraction vectors as indicated on the TEM micrographs. The small
white and black spots, which can be seen in all three dark field
images, are radiation-induced defect clusters. It was found that
these clusters are mostly formed and associated with the disloca-
tion lines in all three specimens. At the lowest dose of 0.06 dpa
(see Fig. 6(a)) only a few of them are in the matrix. This specimen
was observed in g(110) direction. Although it cannot be excluded
that many smaller defects are present but not visible by TEM, the
average size is determined from the fitting of a Gaussian distribu-
tion to the observed one. Thus, it is found that the average size of
defects at this dose is around 5 nm and the density of the defect
clusters was determined to be about 1.3 � 1021/m3. At higher
doses, it was observed that the size of cluster loops increases with
dose. At 0.6 dpa (see Fig. 6(b)) it can observed that the density of
defect clusters is higher and defects (imaged as white spots) are
Fig. 6. Dark field TEM micrographs of Fe–9Cr allo

Fig. 7. Bright field TEM micrographs showing the effect of the increase of Cr concen
(c) Fe–12Cr alloys.
present in the matrix as well, as near dislocation lines. The average
size is around 7 nm for this middle dose of irradiation. The defect
density is about 1.9 � 1021/m3. The defect cluster density in spec-
imens irradiated to higher doses (e. g. 1.5 dpa) seems to decrease.
Thus, the observed defect clusters (loops) with average size of
13 nm have a density of 1.7 � 1021/m3 and are located near the ini-
tial dislocation network mostly. Decorated dislocation segments at
this highest dose are shown in representative micrographs with
gð�110Þ direction, for Fe–9%Cr alloys in Fig. 6(c). Weak beam con-
trast using three different orientations have been used to get infor-
mation on the loop Burgers vectors [25]. This experiment
demonstrates that two types of loops are present with b = ah100i
and b = a/2h111i. The number of loops present is not sufficient to
accurately characterize the relative fraction of h100i and h111i
loops. Subsequently the effect of Cr concentration on the defect
cluster (or dislocation loops) creation was studied.

Fig. 7 presents bright field images of model alloys with increas-
ing Cr concentration at the same irradiation dose of 0.6 dpa. In
Fig. 7(a), the microstructure of the Fe–2.5%Cr alloy is shown. Defect
clusters are larger compared to higher Cr alloys. Their average size
is 13 nm and the density is about 2.6 � 1021/m3. Again all grains
are oriented close to a h111i zone and {110) type of diffraction
vectors have been used. The microstructure of the lowest Cr con-
centration alloy is very similar to that observed for Fe irradiated
to a similar dose and at the same temperature in BR2 [26]. With
increasing Cr content, the density of defect clusters decreases
and they become smaller. The result for the Fe–5%Cr alloy is shown
in Fig. 7(b). The defect density in this alloy is about 2.3 � 1021/m3,
while the average size at this middle dose is around 7 nm. Further-
more, it was observed that in the high Cr alloys defect clusters are
y at (a) 0.06 dpa, (b) 0.6 dpa and (c) 1.5 dpa.

tration on the dislocation loop formation at 0.6 dpa (a) Fe–2.5Cr, (b) Fe–5Cr and
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located more around the initial dislocations lines than in the ma-
trix as compared with low Cr alloys, where the clusters are quite
big and well distributed in matrix. Fig. 7(c) shows a micrograph
of the Fe–12%Cr alloy. The average size of the loops for this alloy
is around 6 nm, and the defect density is about 1.6 � 1021/m3.

The results of the defect density and loop size measurements vs
dose for all Fe–Cr alloys are summarized in Table 2 and illustrated
in Fig. 8. In the latter, the full symbols in the graph refer to the de-
fect density and the values are indicated on the left Y-axis. It shows
how the defect density decreases with increasing Cr concentration
and that a maximal density is reached at a dose of 0.6 dpa. The
open symbols refer to the loop size and the values are shown on
the right Y-axis. The results obtained by Hernández-Mayoral [27]
who examined pure Fe by TEM after irradiation under similar con-
ditions as the present work, namely in BR2 reactor, at 300 �C but a
slightly different neutron flux are also added to the figure for com-
parison. It can be seen from the figure that at low doses there is no
major difference between Fe and binary Fe–Cr alloys. Unfortu-
nately, there is no data at higher dose in Fe for a full comparison.

3.2. Mechanical properties

Tensile tests have been performed in the temperature range
from �160 �C to 300 �C, to determine if the model alloys exhibit
a plastic instability similar to what has been observed in some fer-
ritic–martensitic steels [21,28]. Engineering stress–strain curves
for the four model alloys before irradiation and after irradiation
to the three doses investigated in this work and tested at RT are
shown in Fig. 9. The stress–strain curves clearly show irradiation
hardening, increase of yield and ultimate tensile strength, as well
as reduction of uniform and total elongation as compared to
Fig. 3. The presence of Cr strongly influences radiation-induced
Table 2
Summary of size and density of the defect clusters determined in the investigated
model alloys and irradiation doses

Dose 0.06 dpa 0.6 dpa 1.5 dpa

Materials Size
(nm)

Density
1021/m3

Size
(nm)

Density
1021/m3

Size
(nm)

Density
1021/m3

2.5Cr 8 1.2 13 2.7 16 2.2
5Cr 7 1.4 8 2.4 10 2.1
9Cr 6 1.3 7 1.9 13 1.7
uhp 9Cr 6 0.6 – – – –
12Cr – – 6 1.7 6 1.7
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Fig. 9. Tensile tests at RT of model alloys before irradiation and for 0.06, 0.6 and
1.5 dpa.
hardening. At higher doses of irradiation, a slight decrease in work
hardening is observed. Fig. 10 shows the variation of the yield
stress as function of temperature at each dose. It demonstrates that
the tensile strength increases with dose with the same amount
independent of the testing temperature. They follow the same
trend and all curves could be fitted using the same parameters
for r0 = 76 MPa and b = �0.0127. Fig. 11, where the increase of
the yield strength is plotted against the square root of the irradia-
tion dose (for clarity), shows that model alloys harden more than
Fe and saturate at a higher dose when compared to the behavior
Fe irradiated under similar conditions. The yield strength depen-
dence with doses shows that the addition of Cr enhances radia-
tion-induced hardening. A small amount of Cr would increase the
hardening drastically but the addition of about 9%Cr seems to
moderate this increase, as it can be seen in Fig. 12, where a mini-
mum hardening is found at around 9%Cr. Further, it can also be
seen that in all Fe–Cr alloys the hardening continues to increase
with dose, up to the highest one (1.5 dpa), in contrast to what
has been observed in pure Fe [29], but similar to what has been
found in F/M steels when irradiated under the same conditions
[21]. This finding can be explained if the loops are considered to
be of self interstitial atom (SIA) type and are responsible for hard-
ening by their strong binding energy to Cr.
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4. Discussion

Hardening mechanisms have been studied by correlating micro-
structural observations from TEM to mechanical property mea-
surements using an Orowan-type mechanism. The Orowan model
is an important contribution to the theory of yield stress of alloys
containing non-shearable particles. The mechanism of how the
particles could be by-passed is described in [30]. The evaluation
of the by-passing stress was obtained by taking into account the
influence of the dislocation character (edge or screw) on the equi-
librium shape of the loop and interaction of the two arms of the
dislocation on opposite sides of the loop. Strong obstacles, such
as particles larger than 20 nm, do not release the dislocation before
an Orowan loop is formed. But weaker obstacles such as solute
atoms may release the dislocation at a larger angle. The Orowan
model is given by the following equation:

Dry ¼ MalbðNdÞ1=2
; ð3Þ

where Taylor coefficient: M = 3.06 [31], a = 0–1 [32] and represents
the strength of obstacles, Shear modulus: l = 8.3 � 104 MPa [33],
and the Burgers vector: b = 0.248 nm, N = density of defects and d
is the defect size. This mechanism is applied here with the assump-
tion that the radiation-induced defects are the ‘only’ defects that
might hinder/slow down the movement of dislocations at the yield
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point during a macroscopic tensile test. As it will be shown later in
this section, this assumption is rather rough but it allows a simple
rationalization on how the observed microstructure affects the
mechanical properties of a material and this from an experimental
view point. To apply Eq. (3) to all investigated alloys, first the value
of a is chosen to obtain the best agreement between the experimen-
tal results and the estimated values from Eq. (3), for the lowest dose
of irradiation case. In fact, one single value of a (equal to 0.5) could
be found to reach this agreement (Fig. 12(a)), which clearly indi-
cates that the loops are the main features contributing to Dr at this
dose. Then, the value of a was kept constant and used in Eq. (3) to
estimate the hardening for all materials and doses of irradiation
investigated here. At higher doses (Fig. 12(b) and (c)), it can be seen
that the visible loops cannot be the only defects responsible for the
measured irradiation-induced hardening, if the same value of a is
used. In fact, the hardening predicted by Orowan mechanism de-
creases at higher doses, while hardening measured by tensile tests
at both tested temperatures increases with dose and Cr concentra-
tion. A relative minimum is found around 9%Cr. Thus, the visible
microstructure cannot account, in FeCr, for the measured harden-
ing, which is larger than in Fe [29] at high enough dose (the density
of visible defects, mainly dislocation loops, remains essentially con-
stant, whereas the hardening increases with dose and has a non-
monotonic dependence on Cr content) can be explained by either
supposing that a larger density of hardening, but invisible defects
are accumulated in FeCr compared to Fe and/or that the visible de-
fects have a different strength with respect to the motion of dislo-
cations in FeCr than in Fe. The former effect can be qualitatively
understood if, with increasing dose, a large number of small clusters
stabilised by Cr remain below the resolution of the electron micro-
scope. The latter effect may, on the other hand, be related with a
different proportion of h100i and 1/2h111i dislocation loops
depending on Cr concentration [34] and with the fact that
1/2h111i dislocation loops are more effective barriers to dislocation
slip than h100i loops [35]. In addition, above �9%Cr the formation
of a0 precipitates enhanced by irradiation is expected [36,37]. These
precipitates, coherent with the matrix, are hardly visible for the
electron microscope, unless they reach large enough sizes, but they
are certainly expected to contribute to hardening. On the other
hand, the above-mentioned tendency to order, that appears below
�9%Cr under irradiation [36], may also influence the mechanical re-
sponse of the material. A simplified, mechanistic approach can be
hence proposed, whereby the radiation-hardening, Dry, in FeCr
would be the result of the composition of different contributions:

DryðFeCrÞ ¼ DryðFeÞ þ DrSRO
y þ Drinvisible

y þ Drh1 1 1i=h1 0 0i
y : ð4Þ

Here, Dry(Fe) represents the hardening in pure Fe, which saturates
at relatively low dose and remains, afterwards, essentially constant.
The other three terms correspond to phenomena that only occur in
the presence of Cr and at higher doses, namely: short-range order
parameter changes (DrSRO

y ), allowing for either ordering or cluster-
ing (a0), depending on concentration; accumulation of invisible de-
fects (Drinvisible

y ), most likely small interstitial clusters; and, finally,
effect of a different ratio of h100i-to-1/2h111i loops
(Drh1 1 1i=h1 0 0i

y ), a term that could also include the effect of possible
changes in the average size of the visible loops depending on Cr
concentration, independently of the type. Precise investigations
are needed to confirm or reject these contentions.

5. Conclusion

In this work, the effect of dose and Cr concentration on the
mechanical properties and microstructure of model Fe alloys have
been reported.

It was shown that the microstructure did not change after irra-
diation apart from the formation of radiation-induced dislocation
loops. The size of cluster loops increases with dose, but decreases
with Cr concentration. The density of the defect clusters increases
with dose up to 0.6 dpa, but tends to saturate at higher doses. Both
types of loops ah100i and a/2h111i, are observed. However it is
difficult to do quantitative analysis about the proportion of both
types, which would be useful for modeling, as there is not enough
statistics for this confirmation.

The nature of defects was also not definitively established from
this examination.

For the mechanical properties, it is clearly shown that the pres-
ence of Cr strongly influences hardening vs dose:

� Hardening is much higher in all Fe–Cr alloys tested than in pure
Fe.

� Hardening vs dose is similar in all Fe–Cr alloys up to 9%Cr. A
higher hardening rate is observed for the Fe–12Cr alloy. A rela-
tive minimum is found around 9%Cr when the irradiation dose is
high enough. This finding is believed to be due to the tendency
to the short-range ordering of FeCr alloys when Cr concentration
is below 9% and to the appearance of a0 above this value. Thus,
only the alloys having around 9%Cr are a random solid solution
where a pure solute hardening mechanism could operate in
addition to the effect of loops.

The Orowan-type of mechanism appears to be not appropriate
to estimate the hardening from the TEM observed microstructure.
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