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Abstract

Small-angle neutron scattering (SANS) was applied to investigate Fe-based model alloys with intentionally varied Cu levels. The aims
are to provide size distributions of scatterers and to interpret deviations of the measured ratio of magnetic and nuclear scattering cross-
sections from the ratios calculated for pure vacancy clusters and pure Cu clusters. For the case of the low-Cu alloy the SANS results
indicate the average scatterer to be an Fe–Cu–vacancy cluster of about 1 nm radius, the composition of which is constricted according
to given inequalities. For the case of the Cu-enriched alloy the SANS results are consistent with Cu-rich clusters of about 1.5 nm radius
containing 15% vacancies per bcc lattice site.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The nature of the nanometre-sized features responsible
for the neutron-irradiation-induced degradation of the
mechanical properties of reactor pressure vessel (RPV)
steels is still subject to debate. This is because, firstly, there
is a variety of nanoscale features of different types [1] and
the factors influencing their relative importance are com-
plex, and, secondly, the conclusions drawn from experi-
mental investigations using different methods are partly
in conflict with one another [2,3]. It is therefore helpful
to study model alloys, where the diversity of nanoscale fea-
tures is constricted due to composition and where domi-
nant effects can be identified or even isolated.

The present approach is based on Fe-based model alloys
with low-carbon and low nickel contents, similar levels of
the solution hardeners Si and Mn as in Russian-type
VVER RPV steels and intentionally varied Cu levels. Pre-
liminary interpretation of the ratio of magnetic and nuclear
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SANS cross-sections (A-ratio) indicated the dominance of
vacancy-rich clusters and Cu-rich clusters in the case of
the low-Cu and Cu-enriched model alloys, respectively
[4]. However, a more detailed consideration of the mea-
sured cross-sections revealed significant deviations between
measured A-ratio and the value calculated for pure vacancy
clusters or pure bcc Cu clusters.

The aim of the present paper is to interpret these devia-
tions in detail taking into account the composition of the
model alloys as well as the magnetic character of the Fe
atoms in the clusters [5,6]. Furthermore, the results of com-
plementary studies of the same model alloys [7] as well as
similar materials [8] using positron annihilation spectros-
copy (PAS) are exploited in the discussion.
2. Experiments

2.1. Materials and specimens

The materials investigated are low-carbon Fe-based
model alloys with low (alloy A) or intentionally increased
(alloy B) Cu such as to cover the range of impurity Cu of
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Table 1
Composition of the model alloys (in wt%, balance Fe)

Material C Si Mn S P Ni Cu

A 0.01 0.15 0.39 0.04 0.002 0.01 0.015
B 0.01 0.24 0.49 0.05 0.012 0.01 0.42

Table 2
Irradiation conditions applied to alloys A and B

Irradiation
condition

Irradiation
temperature/
�C

Neutron fluence
(E > 0.5 MeV)/
1018 cm�2

Neutron flux
(E > 0.5 MeV)/
1012 cm�2 s�1

A1, B1 270 10 (�0.01 dpa) 0.4
A2, B2 270 80 (�0.08 dpa) 3.0
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RPV steels of first and later generation RPVs. The compo-
sition of the model alloys is given in Table 1. The solute ele-
ments Mn and Si are similar as in VVER-type RPV steels,
whereas Ni is essentially absent.

Charpy specimens of alloys A and B were irradiated
with neutrons at surveillance positions of the VVER440
reactors ROVNO1 and KOLA3 over one reactor cycle.
The irradiation conditions denoted 1 and 2, respectively,
are specified in Table 2.

From the undeformed part of broken Charpy specimens
several slices of about 1 mm thickness were machined for
the purpose of SANS and hardness measurements in the
unirradiated, as-irradiated or irradiated and annealed
condition. Post-irradiation annealing was performed at
475 �C/100 h, i.e. about the condition of large-scale anneals
performed for VVER440 RPVs.
Fig. 1. Coherent nuclear (a) and magnetic (b) scattering cross-sections of
iron alloy A for the unirradiated condition, two irradiated conditions
distinguished by the respective neutron fluences in units of dpa and a post-
irradiation annealed condition.
2.2. Measurements

The SANS experiment was carried out at the BENSC
V4 spectrometer at Hahn-Meitner-Institut (HMI) Berlin.
The SANS instrument, V4, and the data processing soft-
ware, BerSANS-PC, were described in detail in [9] and
[10], respectively. Neutron wavelength was 0.6 nm. A
two-dimensional position-sensitive detector was placed at
distances of 1.1 m and 4 m from the specimen in order to
cover a range of scattering vectors, Q, from about 0.1 to
3 nm�1. Background correction and absolute calibration
using a water standard were performed. A saturation
magnetic field of 1.2 T oriented perpendicular to the
neutron beam direction was applied to the specimens. This
allows for the separation of the nuclear and magnetic con-
tributions from the total scattered intensity. Part of the
results was tentatively reported immediately after the
SANS experiment [4]. Since then, analysis has been signi-
ficantly refined and results from positron annihilation
Doppler broadening and lifetime measurements for the
same materials have become available [7].

A number of 10 Vickers hardness tests with load,
F = 98.1 N, were performed for each material condition
in order to derive estimates of the mean value and standard
deviation of Vickers hardness, HV10.

3. Experimental results

The nuclear and magnetic scattering cross-sections mea-
sured for the model alloys A and B are summarized in Figs.
1 and 2.

For model alloy A an irradiation-induced increase of the
scattering cross-section is observed at higher values of the
scattering vector, Q. The Q value of first deviation from
the unirradiated reference is equal for the magnetic cross-
sections of conditions A1 and A2, Q > 0.5 nm�1, but
slightly differs for the nuclear cross-section. The excess
scattering for the irradiated conditions is an increasing
function of neutron fluence. For condition A1 this contri-
bution completely disappears on average after annealing
at 475 �C for 10 h. However, the relative scatter of the data
obtained at high Q values/low intensities is large and no
further data processing was performed for the annealed
condition of alloy A1.

For model alloy B there is an irradiation-induced
increase of the scattering cross-section starting at a slightly
smaller Q value, Q > 0.3 nm�1, than for alloy A. An
increase of the neutron fluence from 0.01 dpa to 0.08 dpa
does not further raise the scattering cross-section. In con-
trast with alloy A1 the irradiation-induced scattering
cross-section of alloy B1 does not disappear after annealing
but the Q range is shifted to lower values.



Fig. 2. Coherent nuclear (a) and magnetic (b) scattering cross-sections of
iron alloy B for the unirradiated condition, two irradiated conditions
distinguished by the respective neutron fluences in units of dpa and a post-
irradiation annealed condition (475 �C/100 h).

Fig. 3. Volume fraction of non-magnetic irradiation-induced clusters per
radius interval of iron alloy A for two irradiation conditions, calculated
from the data of Fig. 1(b), unirradiated condition subtracted.

Fig. 4. Volume fraction of non-magnetic irradiation-induced clusters per
radius interval of iron alloy B for two irradiation conditions and a post-
irradiation annealing (475�C/100 h), calculated from the data of Fig. 2(b),
unirradiated condition subtracted.

Table 3
Distribution parameters of irradiation-induced clusters. Apparent values
of volume fraction and number density derived from magnetic SANS
contribution assuming non-magnetic scatterers

Material/
condition

Apparent total
volume fraction/
%

Peak
radius/nm

Apparent total
number density/
cm�3

A-ratio

A1 0.027 ± 0.005 0.93 ± 0.10 0.4 · 1017 1.7 ± 0.1
A2 0.099 ± 0.010 0.96 ± 0.10 1.3 · 1017 1.7 ± 0.1
B1 0.303 ± 0.010 1.46 ± 0.10 2.9 · 1017 5.3 ± 0.3
B2 0.307 ± 0.010 1.61 ± 0.10 2.2 · 1017 5.0 ± 0.3
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These findings can be discussed in more detail, if the size
distribution of irradiation-induced scatterers is considered.
In general, the size distribution (here volume fraction, cR,
per size class) can be obtained by Fourier transformation
from either the magnetic or the nuclear scattering cross-
section, Eq. (1). As long as the magnetic and nuclear scat-
tering contrast, Dg2, is unknown, the size distribution is
obtained in relative units only

dR
dX
ðQÞ ! cRDg2ðRÞ: ð1Þ

In the present case, the size distribution of scatterers was
calculated according to [11] on the assumption of homoge-
neous non-magnetic spherical scatterers dispersed in a
homogeneous matrix. For non-magnetic scatterers the
magnetic contrast is equal to the square of the magnetic
scattering length of Fe and absolute values of the volume
fraction of scatterers can be calculated according to Eq. (2)

cR ¼
ðcRDg2Þmag;measured

Dg2
mag

: ð2Þ

The volume-related size distribution is shown in Figs. 3
and 4. The annealed condition of alloy A was not included
in the analysis because of large data scatter. However, any
remaining total volume fraction of irradiation-induced
scatterers must be much less than for conditions A1 and
A2. The assumption of non-magnetic scatterers will be
reconsidered in the discussion section.

The characteristics of the irradiation-induced defect/sol-
ute atom clusters are listed in Table 3. Only clusters larger
than the detection limit of SANS (R > 0.5 nm under the
present conditions) were taken into account in the calcula-
tion of total volume fractions and number densities.

The A-ratio originally defined as ratio of the scattering
cross-sections, dR/dX, perpendicular and parallel to the
magnetic field direction [12] was calculated according to
Eq. (3) from the measured size distributions, cR, of irradi-
ation-induced scatterers scaled with the (a priori unknown)
magnetic (mag) and nuclear (nuc) scattering contrast,
Dg2

mag and Dg2
nuc, respectively. In general, the magnetic



Table 4
Measured values of Vickers hardness, HV10

Irradiation condition Vickers hardness, HV10

Model alloy A Model alloy B

Unirradiated reference 110 136
Irradiated, 0.01 dpa 204 202
Irradiated, 0.08 dpa 233 215
Irradiated and annealed, 475 �C/100 h 107 158
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and nuclear scattering contrasts are different functions of
radius, R. In order to obtain a robust average value of
the A-ratio, the size distributions were integrated over R

A ¼ ðdR=dXÞ?
ðdR=dXÞk

¼
ðdR=dXÞmag

ðdR=dXÞnuc

þ 1

¼
R

cRDg2
magdRR

cRDg2
nucdR

þ 1: ð3Þ

The mean values of the measured Vickers hardness,
HV10, are listed in Table 4.

4. Discussion

4.1. General considerations

The size distributions observed in the present work may
be characterized as single-peaked. Note that our analysis is
basically capable of detecting the superposition of distinc-
tive distributions centred at different sizes. In the following
analysis we repeatedly refer to the concept of an ‘average’
cluster defined as a cluster composed according to the aver-
age composition of all irradiation-induced clusters in the
probed volume of some 10 mm3. The effect of any internal
structure of individual clusters (for instance core-shell
structure [13]) is incorporated in the concept of an average
cluster introduced above. This approach has been justified
by reference to scattering theory [14].

For the case of a two-phase matrix-inclusion micro-
structure with a homogeneous pure bcc Fe matrix and with
independent inclusions (defect/atom clusters specified as
average clusters), which are fully coherent with the bcc
Fe matrix, the contrast (magnetic or nuclear) assumes the
following special form:

Dg2 ¼
X

X2cluster

nC
X bC

X �
X

X2matrix

nM
X bM

X

 !2

¼
X

X2cluster

nC
X bC

X � bM
Fe

 !2

; ð4Þ

bX is the magnetic or nuclear scattering length of element X

(including vacancies, X = v), nX is the fraction of element X

per regular bcc lattice sites and superscripts C and M refer
to cluster and matrix, respectively. After applying the mag-
netic and nuclear contrast defined in Eq. (4) to Eq. (3) the
following expression for the A-ratio is obtained:
A ¼ 1þ
P

X2clustern
C
X bC

X � bM
Fe

� �
magP

X2clustern
C
X bC

X � bM
Fe

� �
nuc

" #2

¼ 1þ
nC

Feb
C
mag;Fe � bM

mag;FeP
X2cluster

nC
X bnuc;X � bnuc;Fe

0
B@

1
CA

2

: ð5Þ

Let us first consider vacancy clusters and diluted zones
consisting of Fe atoms (with bC

mag;Fe ¼ bM
mag;Fe ¼ 6:0fm,

bC
nuc;Fe ¼ bM

nuc;Fe ¼ 9:45 fmÞ and vacancies only. Then Eq.
(5) reduces to:

A ¼ 1þ 6:0 � ðnC
Fe � 1Þ

9:45 � ðnC
Fe � 1Þ

� �2

¼ 1:40: ð6Þ

The same result, A = 1.40, also holds for planar clusters
of self-interstitial atoms (SIA) or vacancies, i.e. dislocation
loops as the stable configuration in the size range of
interest. However, dislocation loops cannot account for
the observed scattering cross-sections, as shown by direct
application of scattering theory [15] taking into account a
realistic estimation by means of TEM of number densities
of dislocation loops in RPV steels, N � 1016 cm�3, and
model alloys under similar irradiation conditions [16]. It
is emphasized that we do not claim the absence of disloca-
tion loops.

Comparison of the A-ratio calculated for vacancy-type
clusters, A = 1.40, with the measured values, A = 1.7 for
alloy A and A = 5.0 . . .5.3 for alloy B, shows that the aver-
age cluster detected by SANS is not a pure vacancy-type
cluster in both cases. In other words, the average cluster
must contain additional elements, Cu, Mn or Si in particu-
lar (see Table 1). The effect of Cu, which is known to be
highly enriched in irradiation-induced clusters in RPV
steels, is considered first, separately for the low-copper
alloy A and the Cu-enriched alloy B. Other elements will
be discussed subsequently.

Cu atoms are slightly larger than Fe atoms. We exclude
Cu atoms on interstitial sites of the bcc lattice [17] as well as
clusters simultaneously containing Cu atoms and SIAs [18]
and restrict ourselves to clusters composed of Cu and Fe
atoms on regular lattice sites and vacancies. If coherency
strain is neglected, Eq. (5) reduces to the following
expressions:

A ¼ 1þ
bC

mag;Fe � nC
Fe � 6:0

9:45 � ðnC
Fe � 1Þ þ 7:72 � nC

Cu

" #2

; ð7Þ

nv ¼ 1� ðnC
Fe þ nC

CuÞ: ð8Þ
4.2. Low-copper alloy

The question to be answered is, whether the deviation of
the measured value of the A-ratio, A = 1.7 ± 0.1, from the
value, A = 1.40, calculated for clusters of self-defects
according to Eq. (5) may be caused by Cu in the case of
model alloy A, conditions A1 and A2. The equal values
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of the A-ratio (Table 3) indicate the same type of scatterer
for both conditions. Fe-free Cu–vacancy clusters are not a
possible candidate of the average cluster, because the
required minimum Cu content of the alloy according to
Eqs. (7) and (8) is 0.029 at.% (or 0.033 wt%), i.e. more than
double the available Cu of 0.015 wt%. Therefore, we have
to focus on ternary Fe–Cu–vacancy clusters. The magnetic
scattering length of Fe in a mixed nm-sized cluster is not
known in advance. Two extreme cases are separately con-
sidered below.

(a) bC
mag;Fe ¼ 0.

In this case the assumption of non-magnetic scatterers is
applicable. Due to both the Cu content of alloy A and the
measured volume fraction of clusters for condition A2 the
maximum possible Cu fraction in the average cluster is
nCu = 0.13. This requires nFe = 0.135 and nv = 0.735
according to Eqs. (7) and (8) in order to obtain the
observed value of A. Further analysis shows that the cluster
compositions compatible with the full set of measurements
for alloy A, condition A2 must be in the range given by Eq.
(9):

0 < nC
Cu < 0:13; nC

Fe þ nC
Cu ¼ 0:25� 0:015;

nv ¼ 0:75� 0:015: ð9Þ

The measurements performed do not allow for the dis-
tinction of Cu fractions between these limits. Eq. (9) also
applies to irradiation condition A1, but the upper limit of
the allowed Cu fraction of the average cluster is shifted
to higher values because of the lower volume fraction of
clusters. However, it would be unreasonable to assume dif-
ferent compositions of clusters in the same material irradi-
ated at different neutron fluxes (same temperature and
time) at least in the present low-flux range (0.01–0.08 dis-
placements per atom).

Regarding the morphology of an average cluster accord-
ing to Eq. (9), it is important to note that a vacancy
fraction of 0.75 is well beyond any typical macroscopic per-
colation limit. For instance, the self-consistent approach to
effective elasticity [19] yields a critical concentration for
zero effective moduli of 0.5 for a solid with pores. It is
therefore impossible to build the average cluster as a super-
position of compact individual clusters of uniform compo-
sition (as opposed to a shell structure with vacancies
confined to the core). About 50% of the volume of a spher-
ical cluster of 1 nm radius (about the peak radius observed
by SANS, see Table 3) is located in a distance from the
matrix interface shorter than the nearest-neighbour dis-
tance of the bcc lattice. In other words, all the Cu and Fe
atoms are expected to form an incomplete one-atomic layer
at the cluster–matrix interface. This type of shell structure
was concluded to be the stable configuration in pure Cu–
vacancy clusters [20]. However, Fe atoms in contact with
the Fe matrix and at a Cu/Fe ratio in the shell, nC

Cu=nC
Fe, less

than or about 1 should bear a magnetic moment [5]. This
conclusion is in conflict with the assumption made before,
i.e. the assumption (a) has to be rejected.
(b) bC
mag;Fe ¼ bM

mag;Fe ¼ 6:0nm.
In this case, the volume fractions listed in Table 3 have

to be corrected in order to take into account the resulting
magnetic character of the clusters. The correction factor
is ð1� nC

FeÞ
2, i.e. it depends on Fe fraction. The condition

of maximum available Cu of 0.013 at.% and the measured
A-ratio, A = 1.7, constrict the possible cluster composi-
tions to the range according to Eq. (10). The measurements
performed do not allow for the distinction of Cu fractions
between the limits.

0 < nC
Cu < 0:225; nC

Fe ¼ 1� 3:39nC
Cu;

nv ¼ 2:39nC
Cu: ð10Þ

Regarding the magnetic character of the Fe atoms in an
average cluster, the Cu/Fe ratio according to Eq. (10) is
always significantly less than 1, i.e. there is no conflict with
the assumption on the magnetic character of the Fe atoms
belonging to the cluster [5]. The vacancy fraction according
to Eq. (10) is less than 0.45, i.e. less than the percolation
limit mentioned above. It is therefore possible to construct
an average Fe–Cu–vacancy cluster of uniform composition
(as opposed to shell structure) according to Eq. (10).

It is instructive to refer to a positron annihilation study
of the same alloy A at this point [7]. In that study small
vacancy (open volume type) clusters of about 2–6 vacancies
were reported on the basis of positron lifetime measure-
ments. This conclusion is incompatible with the high
vacancy fraction, nv = 0.75, deduced for case (a), but it does
not conflict with case (b). In particular, a Fe–Cu–vacancy
cluster of 1 nm size can be an agglomeration of several small
vacancy clusters consisting of 2–6 vacancies each and sepa-
rated from each other by a distribution of Fe and Cu atoms.
Case (b) is also consistent with the results of a positron
annihilation study of a neutron-irradiated Fe–0.05 wt%
Cu model alloy [8], according to which agglomerations of
vacancies and Cu atoms were clearly identified. Uncol-
lapsed agglomerations of small vacancy clusters were iden-
tified in computer simulations of the cascade stage [21].

Consequently, case (b) is favoured over case (a). The
initially posed question has to be affirmed: The deviation
of the measured value of the A-ratio from the value,
A = 1.40, can be explained by the contribution of Cu
(besides Fe and vacancies) in the case of model alloy A,
conditions A1 and A2. Based on the application of Eq.
(5), secondary influence factors are evaluated as follows:

• The addition of Mn to any cluster of self-defects would
lower (not raise as observed) the A-ratio because of the
negative nuclear scattering length. Therefore, Mn can-
not explain the observed A-ratio.

• In principle, the addition of Si can explain the observed
A-ratio. The minimum required Si fraction is nC

Si ¼ 0:32.
This fraction corresponds to an enrichment factor of Si
in clusters relative to matrix Si of about 100, which is
much beyond the enrichment factors (about 4) typically
observed for RPV steels or model alloys of similar Si
levels [22].
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• The effects of Si and Mn in proportion approximately
cancel out because of the scattering lengths of opposite
sign.

• The strain fields of vacancies and oversized Cu atoms
are expected to cancel out at least partly. Therefore,
the influence of strain should be rather unimportant.

In conclusion, the favoured cluster configuration for
alloy A is Cu–Fe–vacancy clusters with uniform composi-
tion according to Eq. (10) and with Fe atoms exhibiting
a magnetic moment. Enrichment with Mn and Si with
nC

Si P nC
Mn is not excluded. This configuration can essen-

tially be identified with vacancy–solute atmospheres
[1,8,23].

4.3. Fe–0.42 wt% Cu alloy

Because of both increased Cu content of model alloy B
and existing experience on Cu-enriched Fe and RPV steels
[2,24] it is reasonable to assume the formation of Cu-rich
clusters (also called precipitates). In particular, consistency
of pure Cu clusters or Cu–vacancy clusters with the exper-
imental findings will be checked below.

Pure Cu clusters in the size range observed are known to
be coherent with the bcc Fe lattice [25]. Due to the larger
atom size of Cu relative to Fe (rCu = 0.1278 nm,
rFe = 0.1241 nm) the lattice is distorted [26]. Taking the
misfit parameter, rCu/rFe � 1 = 0.030, as an upper limit of
the distortion, the A-ratio is obtained to be in the range,
7.37 < A < 13.0. This range still significantly deviates from
the measured A-ratio, A = 5.0 to A = 5.3. It can be con-
cluded that the average irradiation-induced scatterer is
not a pure bcc Cu cluster. This conclusion is in agreement
with previous results [27]. Furthermore, the analysis [27]
also indicates that the average scatterer is different from a
bcc Cu–Fe cluster.

Cu–vacancy clusters are considered next. Coherency
strain is less important because the effects of oversized
Cu and vacancies cancel out at least partly. If strain is
ignored, vacancy fractions of Cu–vacancy clusters of
0.165 and 0.150 are required for irradiation conditions
B1 and B2 of model alloy B, respectively, in order to repro-
duce the measured A-ratios. The observed composition is
supported by reference to the formation mechanism,
because Cu atoms require vacancies to be transported to
a cluster under the present conditions and there is a posi-
tive binding energy of an accompanying vacancy to a Cu
cluster or Cu–vacancy cluster [20]. It is also consistent with
both the irradiation-induced increase of the mean positron
lifetime observed for the same alloy [7] and PAS results
reported for a pure Fe–0.3 wt% Cu alloy [8].

4.4. Cluster fraction and hardness

In Section 4.2 the range of possible compositions of irra-
diation-induced clusters was specified as much as possible.
A consequence of the remaining ambiguity for the case of
model alloy A is that the evaluated volume fractions of
clusters depend on assumptions on both fraction and mag-
netic moment of Fe in the clusters. The volume fractions
and number densities given in Table 3 for alloy A have,
therefore, to be interpreted as lower bounds and cannot
be definitely specified.

Although the value of the Vickers hardness for the unir-
radiated condition of the Cu-enriched alloy B is higher
than for alloy A, the hardness values for the irradiated con-
ditions essentially agree. It can be concluded that the effect
of irradiation-induced vacancy-rich defects on Vickers
hardness is dominant in comparison with that of Cu-bear-
ing precipitates in the present case.

Annealing gives rise to a recovery of the hardness to the
unirradiated reference in the case of model alloy A,
whereas the initial hardness is not fully recovered for model
alloy B. This is consistent with the observed cluster disso-
lution and the cluster coarsening for model alloys A and
B, respectively.
5. Conclusions

For a low-Cu (0.015 wt% Cu) Fe-based model alloy the
average irradiation-induced cluster detected by SANS is
suggested to be essentially Fe–Cu–vacancy clusters charac-
terized by

• peak radius of 0.93–0.96 nm, maximum radius of 2.2–
2.8 nm and lower bound number density of 0.4–
1.3 · 1017 cm�3 in the covered fluence range,

• the range of possible compositions according to Eq.
(10),

• Fe atoms bearing a magnetic moment,
• agglomerations of up to 6 vacancies uniformly distrib-

uted inside the clusters.

Minor enrichments of Mn and Si cannot be excluded.
For a Cu-enriched (0.42 wt% Cu) Fe-based model alloy

the SANS results can be entirely explained by Cu clusters
containing about 0.15 vacancies per bcc lattice site. Some
Fe atoms in the non-magnetic state cannot be excluded.
Peak radius slightly increases from 1.46 to 1.61 nm and
number density slightly decreases from 3 to 2.2 ·
1017 cm�3 in the covered fluence range. Annealing at
475 �C/100 h gives rise to dissolution in the case of the
low-Cu alloy and to coarsening in the case of the Cu-
enriched alloy.
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