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ABSTRACT

Available experimental results indicate that the addition of Cr to Fe and steels significantly influences the
response of Fe-Cr alloys and ferritic/martensitic high-Cr steels to neutron irradiation. A level of 9 at%Cr is
of particular interest because this composition is close to the boundary of the Fe-Cr miscibility gap.
Furthermore, it corresponds to the composition of several candidate steels for application in nuclear tech-
nology. However, experimental evidence has been incomplete so far. The reported study by means of
small-angle neutron scattering is devoted to the effect of neutron irradiation at 300 °C up to fluences
of 0.6 and 1.5 dpa on the microstructure of an Fe-9 at%Cr alloy. We have observed a pronounced irradi-
ation-induced increase of scattering cross-sections for both magnetic and nuclear scattering. Bimodal size
distributions of irradiation-induced defect-solute clusters have been reconstructed. The restrictions on
the composition of these clusters have been discussed in terms of the scattering contrast. We have found
that vacancy clusters and o/-particles alone cannot explain the full set of experimental findings. The

remaining inconsistency can be solved by taking into account a contribution of impurity carbon.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Ferritic-martensitic chromium steels are candidate materials
for future applications in both Gen-1V fission and fusion technology
[1,2]. Experimental investigations of Fe-Cr alloys will contribute to
the understanding of the effect of chromium on the irradiation
behaviour of more complex alloys. Experimental evidence and
existing knowledge on the effect of the addition of Cr on the irra-
diation response has recently been reviewed by Malerba et al.
[3]. This response was found to be a highly non-monotonic func-
tion of the Cr content.

The effect of Cr on the irradiation-induced microstructure of Fe-
Cr alloys was investigated by means of several techniques includ-
ing TEM, atom probe tomography (APT), positron annihilation
spectroscopy (PAS) and small-angle neutron scattering (SANS). It
is important to note that there is no single technique capable of
exploring all details of the microstructure. TEM studies have been
reported for ion- [4,5] and neutron-irradiated [6] binary Fe-Cr
alloys. In-situ TEM was applied in order to explain the nature
and evolution of irradiation-induced dislocation loops for an
Fe-8 at%Cr alloy irradiated with Fe-ions up to 13 dpa [4,5]. The
neutron-irradiated Fe-9 at%Cr alloy irradiated up to 0.6 and
1.5 dpa studied in [6] is the same material as the one investigated
here. The basic finding is a distribution of irradiation-induced
dislocation loops evolving with fluence. In an APT study [7], nm-
scale enrichments of Cr often associated with enrichments of C
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are reported for Fe-ion irradiated Fe-3 at%Cr. The above studies re-
fer to irradiations at a temperature of 300 °C. An investigation of
Fe-15.7 at%Cr irradiated at a maximum temperature of 100 °C by
means of PAS revealed sub-nm-size vacancy clusters [8]. It seems
that SANS investigations of irradiated binary Fe-Cr alloys have
not been reported in the literature so far. However, a number of
SANS studies was performed for several neutron-irradiated
ferritic/martensitic high-Cr steels [9,10]. Depending on neutron
fluence and composition these authors found indications for
nanovoids, carbides and the Cr-rich o’-phase.

The aims of the present SANS investigation of a neutron-irradi-
ated Fe-9 at%Cr alloy is to reduce the degrees of freedom inherent
in the interpretation of the SANS results obtained for complex
steels and to complement available [6] and ongoing studies by
means of TEM, APT and PAS. Special attention is given to a careful
exploitation of the restrictions posed by the SANS results on the
composition of the irradiation-induced features.

2. Experiments
2.1. Material and irradiation

The material used in this work was fabricated by SCK-CEN, Mol,
Belgium [6]. It was obtained by furnace melting of industrial purity
Fe and Cr. After casting, the obtained ingots were cold worked
under protective atmosphere to fabricate plates of 9 mm in thick-
ness, treated at 1050 °C for 1 h in high vacuum for austenisation
and stabilization and tempered at 730 °C for 4 h followed by air
cooling. Composition is summarized in Table 1 [6].
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Table 1
Composition of the investigated Fe-9 at%Cr alloy (wt%).
Mn Si P S Cr Ni C N 0
Fe-9 at%Cr 0.03 0.09 0.012 0.0007 8.4 0.07 0.02 0.0148 0.066

Neutron irradiation was performed in the framework of the
MIRE experiment in the reactor BR2, Mol, Belgium [6]. The irradi-
ation temperature was (300 + 5) °C. Neutron flux was 9 x 103> n
cm2s~! (E>1 MeV). The total neutron exposure in terms of dis-
placements per atom (dpa) was 0.6 and 1.5 dpa.

The irradiated material was delivered along with the unirradi-
ated reference as slices 7 x 7 x 1 mm>.

2.2. Measurements

SANS measurements were performed at the SANS-2 facility of
GKSS, Geesthacht, Germany. The samples were placed in a satura-
tion magnetic field of 1.7 T perpendicular to the incident neutron
beam direction. A wavelength, 4, of 0.58 nm and three sample-
detector distances of 1, 4 and 16 m with corresponding beam
collimation lengths were used to cover scattering vectors of mag-
nitude, Q, from 0.1 nm~! to 3nm™! (Q=4nsin 6/2, where 20 is
the scattering angle). Scattered neutrons were recorded with an
area *He-detector (50 x 50 cm?) using 128 x 128 pixels. The mea-
sured data were corrected for sample transmission, detector re-
sponse and background. Macroscopic differential scattering
cross-sections, dX/dQ, were obtained by calibration against the
incoherent scattering of vanadium. The SANS data reduction was
carried out using the Sandra [11] software package.

In order to calculate the size distribution of scatterers, a dilute
two-phase matrix-inclusion microstructure composed of homoge-
neous non-magnetic spherical scatterers randomly dispersed in an
Fe-9 at%Cr matrix is assumed. For a number of N homogeneous
spherical scatterers of radius, R, in the probed volume, V), the
coherent scattering cross section (dX/d€2) can be expressed as:

(j%) @R = 2B v R)FQ R = e RPVRIFQRP (1)
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with the volume, V, of the sphere, the form factor, F, and the volume
fraction per size increment, cg. Magnetic and nuclear scattering are
not distinguished in Eq. (1). The scattering contrast, Ax?, is given
by:

An? = [(nby)c — (nby)y,)” (3)

where i = mag for magnetic scattering, i = nuc for nuclear scattering,
n = 2/aj3 is the atom number density and ay is the lattice parameter
of the bcc lattice. Subscripts C and M refer to cluster (scatterer) and
matrix, respectively, and Emag and by, denote the average scattering
length for magnetic and nuclear scattering, respectively.

The indirect transformation method [12], which is based on a
description of the size distribution according to Egs. (1)-(3), was
applied to obtain the size distribution of scatterers without assum-
ing a certain type of distribution.

& @ — anr®) @)
To this end a number of 40 cubic splines with nodes uniformly
distributed in the radius range from 0 to 15 nm were specified by
means of a weighted least squares procedure in the present case.
The A-ratio originally defined as ratio of the scattering cross-
sections, dX/dQ, perpendicular and parallel to the magnetic field

IF(Q.R)| (2)

direction [13] was calculated according to Eq. (5) from the mea-
sured size distributions, cg, of irradiation-induced scatterers scaled
with the (a priori unknown) magnetic and nuclear scattering con-
trast, An;,,, and A, respectively. In general, the magnetic and
nuclear scattering contrasts are different functions of radius, R. In
order to obtain a robust average value of the A-ratio, the size dis-
tributions were integrated over R.

(dZ/dQ)L (dz/dg)mag f(CRAnz)mag‘measureddR
A= = 1= 1 (5
(dz/dQ)H (dz/dg)nuc - f(CRAnz)nuc.measureddR * ©)

After completion of the SANS experiments, Vickers hardness, HV10,
was measured according to standard DIN 50133 using the same
samples. A number of 10 hardness tests were performed for each
condition.

3. Results

The separated magnetic and nuclear contributions to the total
scattering cross section are presented in Fig. 1 for both irradiation
conditions as well as the unirradiated control. There is a pro-
nounced irradiation-induced increase of scattering cross-sections
in the Q-range from 0.2 to 3 nm~'. The difference between the
two irradiation conditions is small but significant. Straight lines
corresponding to a Q “*-dependence and estimations of the inco-
herent scattering are indicated for comparison.

Incoherent scattering for the unirradiated condition was deter-
mined from a Porod plot giving more exact results than direct esti-
mation from Fig. 1. We have obtained a value of incoherent nuclear
scattering, (d2/dQ)inc = (0.0076 + 0.0003) cm ' sr~!. The theoreti-
cal value calculated from the isotopic composition of Fe and Cr
and from the Fe—-Cr mixing term [14] is 0.00593 cm~! sr~!. It does
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Fig. 1. Measured magnetic and nuclear scattering cross-sections as a function of the
scattering vector, Q.
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Fig. 2. Magnetic difference scattering curve for Fe-9 at%Cr irradiated up to 0.6 dpa.
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Fig. 3. Magnetic difference scattering curve for Fe-9 at%Cr irradiated up to 1.5 dpa.

explain the major part of the measured value. The remainder is as-
sumed to be due to impurities and lattice defects.

The size distribution of scatterers was calculated by means of
fitting the magnetic difference scattering curves (Figs. 2 and 3).
Our standard procedure according to [12] does not assume a cer-
tain type of size distribution. In the first iteration we have observed
that the size distributions are essentially bimodal. Therefore, the
following approach was chosen: The first component of the bimo-
dal size distribution (Fig. 4) was reconstructed by fitting the differ-
ence scattering curves at high values of Q. 1nm~'<Q<3nm™'
(Figs. 2 and 3). The result was subtracted from the difference scat-
tering curve and fitted in order to obtain the second component
(Fig. 4). It turned out that the sum of the two scattering curves
calculated individually from the reconstructed components of the
bimodal size distribution fits the measured scattering cross section
in the whole Q-range very well (Figs. 2 and 3).

In the calculations, we have assumed the scatterers to be mag-
netic holes in a ferromagnetic Fe-9 at%Cr matrix. If the scatterers
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Fig. 4. Reconstructed bimodal size distributions for both irradiation conditions.

Table 2
Summary of the results for the irradiation-induced changes of microstructure and
Vickers hardness.

Neutron exposure 0.6 dpa 1.5dpa
Volume fraction, ¢ (%) R<2.4nm 0.25 £ 0.005 0.35 £ 0.005
24nm<R<7nm 0.06 + 0.01 0.08 £ 0.01
A-ratio R<2.4nm 2.85+0.1 2.65%0.1
24nm<R<7nm 24-3 2.4-3
Hardness change, AHV10 74+ 10 7510

do not bear a magnetic moment, the calculated size distributions
given in Fig. 4 are correct in units of vol%. Otherwise, the calculated
size distributions will be correct in relative units and serve as low-
er bounds for the possible real size distributions.

We have applied the same procedure to the nuclear scattering
cross section thus confirming the two components. Finally, the to-
tal volume fraction and the average A-ratio have been calculated
according to Egs. (4) and (5) separately for both components,
R<2.4nm (component [) and 2.4 nm <R<7 nm (component II).
The results are summarized in Table 2 along with the measured
irradiation-induced increase of Vickers hardness, AHV10. It is
important to note that the error of the volume fraction for the sec-
ond component is about twice the error for the first component,
because, according to our analysis, the error for component I is
additionally propagated to component II. A similar, but more qual-
itative reasoning is applicable to the error of the A-ratio. The error
of the hardness change was obtained from the standard deviation
for a number of 10 hardness tests for each condition. The volume
fractions given in Table 2 in units of vol% are those obtained on
the assumption of non-magnetic scatterers as discussed above.

4. Discussion
4.1. Size distribution

The two components of the size distribution identified in Sec-
tion 3 for neutron exposures of both 0.6 and 1.5 dpa slightly over-
lap each other. Nevertheless, it seems to be reasonable to assign
components I and Il approximately to the size ranges, R < 2.4 nm
and 2.4 nm < R <7 nm, respectively. Components I and II are trea-
ted separately below as if the corresponding objects belonged to
different populations (denoted I and II, respectively).

Restricting to the viewpoint of the size of irradiation-induced
features for the moment, it is reasonable to suppose that popula-
tion II is related to the dislocation loops investigated by means of
TEM in the same irradiated Fe-9 at%Cr alloy. In fact, the mean
diameters of these loops were estimated to be 7 nm and 13 nm
for the 0.6 and 1.5 dpa irradiations, respectively [6]. This is in the
size range of population II. The size range derived from a more de-
tailed TEM study [4,5] on the nature and evolution of loops with
fluence in Fe-8 at%Cr is also in agreement with the size range ob-
served for population II. However, it is important to mention that
the theoretical scattering cross section arising from pure (undeco-
rated) dislocation loops [15] is too small to explain the measured
volume fractions for population I [16,17]. This is due to the differ-
ence of both the form factor and the contrast between planar loops
and spherical precipitates.

Population I is supposed to consist of tiny volumetric features at
sizes below the detection limit of the reported TEM studies. SANS
experiments performed for Cr-steels of similar Cr-contents report
the possible presence of vacancy clusters, o-particles [9] and C-
Cr aggregates [18] in the size range corresponding to population
[, but are not fully conclusive. Cr-enriched clusters associated with
C were also reported for an Fe-3%Cr alloy in an APT study [7].

The nature of populations I and II will be reconsidered in Sec-
tions 4.3 and 4.4.
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4.2. Volume fraction and hardness

The volume fraction corresponding to population I increases
significantly with increasing neutron fluence. The increase is
slower than linear in the sense that the exponent of a power-law
relation between volume fraction and fluence would be less than
1. The volume fractions corresponding to population II are about
four times smaller and increase with fluence at about the same
proportion as population I, but the increase is less significant be-
cause of larger relative errors.

The hardness values obtained for the two levels of fluence agree
with one another within the range of errors. The given errors are
obtained from the standard deviations from a number of 10 hard-
ness tests for the irradiated and unirradiated conditions. The rela-
tively high values of the standard deviation indicate that there are
spatial variations of hardness. Typically, a strong correlation be-
tween Vickers hardness increase and square root of volume frac-
tion is observed [19]. Taking into account errors the present
results do not exclude this possibility. Another interpretation for
the absence of an increase of AHV10 with fluence could be related
to the possibility that an increase of volume fraction with fluence is
compensated by a simultaneous reduction of the obstacle strength
posed by the scatterers to dislocation glide.

4.3. A-ratio for binary Fe-Cr

In order to exploit the information encoded in the measured A-
ratio, the range of A-ratios accessible in the binary system Fe-Cr is
considered first. It is assumed that the scatterers consist of Cr-
atoms (magnetic scattering length, bmagcr =0), Fe-atoms (bpyag-
re =6 fm) and vacancies in a matrix consisting of Fe and 9 at%Cr
and that linear super-position of magnetic moments is applicable.
Magnetic scattering lengths modified due to the interaction of Fe
and Cr are discussed later. The A-ratio can be expressed as:

Anp? Brnagre\ > /1 = Bumagcr + 0\
A=1+ mag:1+<mage>< magCr ) 6
A’/I%uc biucre 1- Brucer + 0 ( )
where
_ bmagCr _ _ bnucCr _ _ Qyc
ﬁmagCr - bmagFe - 0, [;nucCr - bnucFe - 03847 andé - Aere — Aeem (7)

The quantities ac;, are and ay denote the fractions of lattice sites
occupied by Cr-atoms, Fe-atoms, and vacancies, respectively.
Acre + Apec + ayc =1 for clusters (C), and acpy = 0.09, dgey = 0.91,
ayv = 0 for the matrix (M).

The A-ratio is plotted in Fig. 5 as a function of the composition
parameter, J, according to Eq. (7). For scatterers free of vacancies
(6 =0), the A-ratio assumes a value of 2.05 independently of the
Fe-fraction. For vacancy-containing scatterers enriched with Cr
(6 >0) the A-ratio assumes values, 1.4 <A < 2.05. For Cr-depleted
vacancy-containing scatterers, the A-ratio may assume any value,
1 < A< o, depending on the value of 5. The special value A=1 ap-
pears, if 6 = —1, i.e. if vacancies replace Cr-atoms only.

In the case that there are magnetic interactions between Fe-
atoms and Cr-atoms, linear super-position is no longer applicable.
In [20,21] it is reported that the deviations can be expressed as
Emag = bmagre — Omaglcr With o, = 6.32 (instead of oimag = 6 for lin-
ear super-position). Accordingly, the value of 2.05 obtained above
has to be replaced by a slightly corrected value of 2.18 indepen-
dently of the Cr-fraction.

The analysis implies that the measured range of A-ratios,
2.4 <A<3, is only possible, if the dominant type of scatterers is
Cr-depleted relative to the matrix. Furthermore, the measured A-
ratio poses a restriction on the scattering contrast, Ax7,,,, normal-
ized in Eq. (8) with the contrast for a magnetic hole, AnZ;. In fact,

5

A(0)=2.05

A - ratio

Composition parameter, &

Fig. 5. A-ratio calculated for scatterers composed of Cr-atoms, Fe-atoms and
vacancies confined to bcc lattice sites as a function of the composition parameter, 6,
according to Eq. (7).

from A > 2.65 for the 1.5 dpa irradiation one obtains § < —0.25
and, therefore,

AI’Ifmg _ (bmagFeaFeC - bmagFeaFeM)2 _
An?ef (0 - bmagFeaFeM)2
<0.75%-0.09% = 0.0046 (8)

(1+9)*(acc — acm)’

Another restriction on the contrast is posed by the integrated inten-
sity, I, which is a well-known invariant value of scattering theory
[14]:

©dx

= 45 (Q)4mQ*dQ = (2m)’c(1 — c)A? < 21> Ai? 9)
Jo d@Q

A value, 1=2.59 cm™' nm~3, was obtained from the experimental
results for the 1.5 dpa irradiation. Using An2;=2.128 cm™' nm~,
it is strictly shown that the restrictions posed by Egs. (8) and (9)
are in conflict. The same applies to the 0.6 dpa irradiation. As a con-
sequence of this section, any type of clusters composed of Cr-atoms,
Fe-atoms and vacancies confined to bcc lattice sites in an Fe-9 at%Cr
matrix is inconsistent with the set of experimental results. In partic-
ular, pure vacancy cluster and the o/-phase are included in this fam-
ily of clusters. In other words, there must exist another type of
features contributing to the irradiation-induced scattering.

4.4. Effect of impurity carbon

The impurity carbon concentration according to the chemical
analysis corresponds to about 0.1 at%. It is well known that Cr
and C form carbides of considerable stability. Atom probe investi-
gation of an Fe-Cr alloy revealed irradiation-induced nm-scale
enrichments of carbon associated with enrichments of Cr [7]. Fur-
thermore, SANS investigations of unirradiated ferritic-martenistic
Cr-steels also revealed nm-scale coaggregations of Cr- and C-atoms
depending on heat treatment [18]. It is therefore reasonable to in-
clude Cr-C aggregates as additional candidates for the observed
scattering into the present analysis.

As the structure of such Cr-C aggregates is not known with cer-
tainty and probably not well defined, exact theoretical values of
the A-ratio cannot be derived. However, the theoretical A-ratio
was calculated from the structure data [22,23] of two types of
Cr-carbides (Table 3). Other types of carbides, in particular iron
carbides, are characterized by still higher values of A. The smallest
A-ratio among the known types of Fe- and Cr-carbides is observed
for Cry3Ce. It is also important to mention that the total amount of
carbon in the present alloy is sufficient to realize the measured vol-
ume fractions.

Comparison of the experimental range of A-ratios for both irra-
diation conditions and for both components of the size distribu-



A. Ulbricht et al./Journal of Nuclear Materials 407 (2010) 29-33 33

Table 3
A-ratio calculated for selected types of scatterers in an
Fe-9 at%Cr matrix.

Type of scatterer Theoretical A-ratio

Nanovoids 1.37
o/-phase 2.05-2.18
Cr3Ce 2.93
Cr,Cs 3.70

tions, 2.4 < A < 3, with the calculated values according to Table 3
and Section 4.3 indicate that:

(1) nanovoids, o/-particles and any type of mixed coherent
Cr-Fe-vacancy clusters alone are not consistent with the
SANS results,

(2) Cr-rich carbides and mixed Fe-Cr carbides alone are also not
consistent with the SANS results,

(3) a mixture of features according to points (1) and (2) can
explain the full set of experimental findings,

(4) the observed irradiation-induced features can also be a tran-
sition form between C-free Cr-rich precipitates (e.g. o') and
Cr-rich carbides.

The latter interpretation is in agreement with nm-scale Cr-C
aggregates observed in unirradiated Cr-steels [18].

The interpretation according to points (3) and (4) applies
equally well to populations I and II. The difference may be that
population I nucleates homogeneously in the volume, whereas
population II is associated with dislocation loops which are attrac-
tive for both Cr and C.

5. Conclusion

SANS experiments performed for an industrial purity Fe-
9 at%Cr alloy neutron-irradiated up to 0.6 and 1.5 dpa indicate that

o for both irradiation conditions there are two populations of irra-
diation-induced features with size (radius) in the ranges,
R<2.4nm and 2.4 nm < R <7 nm, respectively,

o the total volume fraction of irradiation-induced features slightly
increases with neutron fluence,

o the measured value of the A-ratio is higher than those expected
for nanovoids and o/-particles, but smaller than those expected
for well-developed Cr-carbides, that means either a mixture of
both or a transition form could explain the experimental results.

Vickers hardness tests indicate an irradiation-induced hardness
increase but do not reveal a significant difference between both
irradiation conditions.
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