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Abstract

The microstructural effect of low dose neutron irradiation and subsequent high temperature tempering in the reduced
activation ferritic/martensitic steel Optifer (9.3 Cr, 0.1 C, 0.50 Mn, 0.26 V, 0.96 W, 0.66 Ta, Fe bal wt%) has been studied
using small-angle neutron scattering (SANS). The investigated Optifer samples had been neutron irradiated, at 250 �C, to
dose levels of 0.8 dpa and 2.4 dpa. Some of them underwent 2 h tempering at 770 �C after the irradiation. The SANS mea-
surements were carried out at the D22 instrument of the High Flux Reactor at the Institut Max von Laue – Paul Langevin,
Grenoble, France. The differences observed in nuclear and magnetic SANS cross-sections after subtraction of the reference
sample from the irradiated one suggest that the irradiation and the subsequent post-irradiation tempering produce the
growth of non-magnetic defects, tentatively identified as microvoids.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

Under neutron irradiation complex microstruc-
tural phenomena occur in ferritic/martensitic steels
for future fusion reactors and for accelerator driven
systems (ADS), implying changes in precipitate
composition and the growth of helium bubbles
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and microvoids, with consequent changes in the
thermo-mechanical properties [1–3]. Such steels
must therefore be optimised to improve the
resistance to swelling and helium effects and their
microstructural stability under high temperature
irradiation. The microstructural phenomena under-
lying the changes under irradiation in the ductile-to-
brittle transition temperature (DBTT) [4,5] require a
careful investigation: techniques such as transmis-
sion electron microscopy (TEM) and small-angle
neutron scattering (SANS) are quite useful in this
regard. SANS allows to distinguish non-magnetic
defects, such as microvoids or helium bubbles, and
magnetic ones, such as certain kinds of precipitates;
.
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additional and unique information on defect com-
position can be obtained using polarised SANS
[6–9]. This contribution presents new results of a
SANS study carried out to investigate the micro-
structural effect of neutron irradiation and subse-
quent tempering in a reduced activation ferritic/
martensitic steel of interest for fusion technology.

2. Material characterization

The Optifer steel was investigated, having the
following chemical composition: 9.3 Cr, 0.1 C,
0.50 Mn, 0.26 V, 0.96 W, 0.066 Ta Fe bal (wt%)
[10–12]. Both the irradiated and the reference sam-
ples had been submitted to the standard metallurgi-
cal treatment (950 �C for 30 min then 750 �C for
2 h).

The samples were irradiated by exposure to ther-
mal neutrons at the High Flux Reactor – Petten up
to dose levels of 0.8 and 2.4 dpa (displacement per
atom) at 250 �C. Some of these samples were tem-
pered 2 h at 770 �C after the irradiation. Unirradi-
ated reference samples, submitted to the same
thermal treatments as the irradiated ones, were also
prepared. The size of both the irradiated and unirra-
diated specimens utilized for the SANS experiments
was 4 · 10 mm2 in surface and 1 mm in thickness.
The results of TEM observations of these Optifer
samples [11] show that after irradiation a 0-precipi-
tates (Cr-rich phase), dislocation loops, microvoids
and helium bubbles are locally present between the
lath boundaries, which appear decorated with car-
bides such as (Fe, Cr, V, W)23C6 or TaC, in different
contents depending on the irradiation conditions
and on the composition of the material. However
it is difficult to obtain quantitative information from
such local observations, limited both in statistics
and because of the TEM resolution in such mag-
netic materials.

3. Experimental technique

Reference is made to [13,14] and to previous
works [6–9] for a general presentation of SANS
and of its application to the study of martensitic
steels. SANS measurements were carried out using
the D22 diffractometer at the Institut Max von Laue
– Paul Langevin (ILL), in Grenoble. In a first series
of SANS measurements, using a polarised neutron
beam, the 0.8 dpa irradiated Optifer samples were
investigated, obtaining the results reported in [6,8].
The experimental conditions defined for investigat-
ing the 2.4 dpa irradiated Optifer samples, with
unpolarised neutron beam, were a neutron wave-
length k of 6 Å and a sample-to-detector distance
of 2 m. Defining the scattering vector Q = 4p sinh/
k, where 2h is the scattering angle and k the neutron
wavelength, Q values ranging between 0.03 Å�1 and
0.2 Å�1 were obtained, corresponding in the real
space to particle sizes between approximately 10
and 100 Å. After correction for background noise,
detector efficiency, and attenuation factor the SANS
cross-section in physical units (cm�2 sterad�1) was
obtained by a calibration of the neutron flux, mea-
suring water in a quartz cell, and by means of the
ILL standard programs [15]. The SANS cross-sec-
tion of each reference samples was subtracted from
the SANS cross-section of the corresponding irradi-
ated sample, in order to distinguish as accurately as
possible the effect of the irradiation itself from all
the other microstructural effects arising during the
heating at 250 �C for a duration corresponding to
the irradiation time.

In the case of magnetic samples, the total SANS
cross-section dR(Q)/dX (where X stands for the
solid angle) can be written as

dRðQÞ=dX ¼ dRðQÞ=dXnucl þ dRðQÞ=dXmag sin2 a;

ð1Þ

where dR(Q)/dXnucl and dR(Q)/dXmag are the nucle-
ar and magnetic SANS cross-sections respectively
and a is the azimuthal angle on the detector plane.
A saturating horizontal magnetic field of 1 T was
applied perpendicular to the incoming neutron
beam in order to distinguish dR(Q)/dXnucl and
dR(Q)/dXmag, so that only nuclear scattering occurs
in the horizontal plane, while nuclear and magnetic
scattering occur in the vertical one (the purely mag-
netic scattering is obtained as the difference between
the vertical and horizontal SANS cross-sections).

The nuclear plus magnetic to nuclear cross-
sections ratio R(Q) (also defined as ‘A’ in the litera-
ture) can be written as

RðQÞ¼ðdRðQÞ=dXnuclþdRðQÞ=dXmagÞ=dRðQÞ=dXnucl

¼1þðDqÞ2mðDqÞ2n; ð2Þ

where ðDqÞ2m and ðDqÞ2n are respectively the neutron
magnetic and nuclear scattering length density
square differences between matrix and the micro-
structural inhomogeneities giving rise to the ob-
served SANS effect to [13,14]. In complex steels,
such as Optifer, inhomogeneities with different
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chemical composition and size are generally present
after irradiation, reflecting a more or less marked
dependence on Q of the R(Q) ratio; if R(Q) is con-
stant in Q a homogeneous defect composition can
be assumed.

The size distributions were determined by indi-
rect transformation of the SANS cross-section

dRðQÞ=dX ¼ ðDqÞ2
Z 1

0

dRNðRÞV 2ðRÞjF ðQ;RÞj2;

ð3Þ

where N(R) is the number per unit volume of centers
with a typical size between R and R + dR (the vol-
ume distribution function is D(R) = N(R)R3, V their
volume and jF(Q,R)j2 their form factor (assumed
spherical in this case) and (Dq)2 is the ‘contrast’ or
square difference in neutron scattering length den-
sity between the inhomogeneities and the metallic
matrix [6,8]. Eq. (3) was solved using the method re-
ported in ref. [16] and more recently discussed in
Ref. [17].
Fig. 1. Optifer samples irradiated with 2.4 dpa at 250 �C (full
dots) and reference (empty dots). (a) Nuclear SANS cross-
sections and (b) R(Q).
4. Results and discussion

As shown in Refs. [6,8] after irradiation at
0.8 dpa no difference is detectable within the exper-
imental uncertainties between the irradiated and the
reference Optifer sample. After subsequent temper-
ing at 770 �C a slight increase in the nuclear and
nuclear plus magnetic SANS cross-section of the
irradiated sample with respect to the reference one
is observed, but no change can be detected either
in the respective R(Q) ratios or in the interference
terms. This is consistent with the fact that the vol-
ume fraction of the defects produced for such a
low irradiation dose in this steel [11] is too low for
being observed by SANS. After irradiation to
2.4 dpa a consistent increase in the SANS cross-sec-
tions of the irradiated Optifer sample with respect to
the reference one is observed, as shown in Fig. 1(a),
indicating a high density of irradiation defects in the
size range between 10 and 30 Å. Fig. 1(b) shows that
for these same two samples the corresponding R(Q)
ratio is substantially changed after irradiation.
Namely, in the reference sample the R(Q) values
indicate the presence of carbide precipitates such
as the (Cr, Fe)23C6 [6,17], possibly produced during
the initial metallurgical treatment of the as-received
material. After irradiation R(Q) is nearly constant,
suggesting that the microstructural defects pro-
duced under irradiation have a homogeneous chem-
ical composition. Tempering 2 h at 770 �C after the
irradiation produces an increase in the SANS cross-
sections of the irradiated sample with respect to the
reference one (Fig. 2(a)), much smaller than in the
case of the as-irradiated sample, but leaves almost
unchanged the R(Q) ratio (Fig. 2(b)), very close to
the values measured for the unirradiated reference
sample (Fig. 1(b)). That suggests that both in the
reference and in the irradiated sample the post-irra-
diation tempering promotes the growth of carbide
precipitates in the martensitic matrix. The small
difference between the SANS cross-sections of the
irradiated and of the reference sample is tentatively
attributed to the fact that the small non-magnetic
inhomogeneities observed just after irradiation,
grow to much larger sizes under the effect of the
tempering, giving rise to a SANS effect outside the
experimentally available Q window. All these fea-
tures are more clearly visible in Fig. 3(a) and (b),
showing the nuclear SANS cross-section and the
R(Q) ratio obtained for the difference between
the irradiated and the reference sample, both in



Fig. 2. Optifer samples irradiated with 2.4 dpa at 250 �C then
tempered 2 h at 700 �C (full dots) and reference (empty dots). (a)
Nuclear SANS cross-sections and (b) R(Q).

Fig. 3. Difference between irradiated (empty dots irradiated with
2.4 dpa at 250 �C, full dots irradiated with 2.4 dpa at 250 �C then
tempered 2 h at 770 �C) and reference Optifer samples. (a)
Nuclear SANS cross-sections and (b) R(Q).

Fig. 4. Volume distribution functions D(R) (in arbitrary units)
vs. defect radius R (nm) for Optifer irradiated with 2.4 dpa at
250 �C (continuous line) and irradiated with 2.4 dpa at 250 �C
then tempered 2 h at 770 �C (dotted line); the experimental error
bands of such distributions, not reported in the picture, are 20%
approximately.
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the as-irradiated condition and after the post-irradi-
ation tempering. R(Q) takes a nearly constant value
of 2 approximately, which can be expected from Eq.
(2) in the case of non-magnetic inhomogeneities
imbedded in a fully magnetised martensitic matrix.
Such inhomogeneities are tentatively identified as
helium bubbles or, more likely, microvoids given
the very low helium concentration expected under
these irradiation conditions in this steel [12]; this
interpretation, although consistent with what is
known on the microstructural irradiation behaviour
of such steels at such dose levels, should be experi-
mentally confirmed by more detailed TEM analyses.

The growth of these inhomogeneities following
post-irradiation treatment is shown also by a preli-
minary analysis of the size distributions of irradi-
ated samples. Fig. 4 shows a comparison of the
volume distributions corresponding to the SANS
cross-sections of Fig. 3(a): the volume fraction of
defects as small as 10 Å is almost one order of mag-
nitude larger in the as-irradiated sample, while
defects one order of magnitude larger grow during
post-irradiation tempering.
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5. Conclusions

In the reduced activation Optifer steel neutron
irradiation at 250 �C to a dose level of 0.8 dpa
produces no detectable SANS effect; a subsequent
tempering at 770 �C produces only a slight increase
in the SANS cross-section, indicating an extremely
low volume fraction of non-magnetic defects. After
irradiation with 2.4 dpa a high density of small
inhomogeneities is detected; a subsequent tempering
at 770 �C appears to promote the growth of such
defects to sizes one order of magnitude larger. Since
these results refer to the difference in the SANS
cross-sections of the irradiated and the reference
samples, the observed SANS effect should not be
attributed to defects arising from the thermal treat-
ment but to the actual microstructural radiation
damage; the SANS effect shown in Fig. 3 is there-
fore tentatively attributed to the growth of microv-
oids, although this interpretation has to be checked
experimentally by other techniques.
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