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Abstract

In order to investigate the difference in defect accumulation between fcc Cu and bec Fe, tensile specimens were
neutron irradiated at ~70 °C in the HFIR reactor at Oak Ridge National Laboratory to fluences in the range of
4.5 x 10°-4.7 x 10** n/m? (E > 1 MeV) corresponding to displacement dose levels in the range of about 0.0001-0.8
dpa. Irradiated specimens were characterized using positron annihilation spectroscopy, transmission electron micros-
copy and electrical conductivity measurements. A limited number of iron specimens were also tensile tested. At 0.0001
dpa, a low density of very small vacancy clusters (1-3 vacancies) were detected in iron, while bigger three-dimensional
cavities were observed at higher doses. Both their density and average size increased with increasing dose level. In
contrast, no such cavities were observed in copper. Irradiation led to an increase in yield stress and a decrease in the

uniform elongation for iron.
© 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

The problem of defect accumulation in the form of
loops, tetrahedra and voids in irradiated metals has been
studied both in fcc and bec metals and alloys over a long
period of time. In a review of the available experimental
results Singh and Evans [1] concluded that there exist
rather large differences in defect accumulation behaviour
between fcc and bee metals, particularly when irradiated
under cascade damage conditions. One of the significant
differences in the defect accumulation behaviour be-
tween fcc and bee metals is found to be in the area of
void nucleation. Transmission electron microscopy
(TEM) results clearly demonstrate, for example, that
void nucleation in the studied bcc metals occurs already
at temperatures just above the recovery stage III (see
Table 2 in [1] and Fig. 1 in [2]) whereas in fcc metals,
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voids have not been observed to nucleate much below
the recovery stage V [1].

In a recent work, it has been shown that indeed there
exists a significant difference in void nucleation between
Fe and Cu neutron irradiated to a dose of 0.2-0.3 dpa
[3]. In Cu, void nucleation took place only at tempera-
tures above 200 °C (i.e. close to the recovery stage V)
while in Fe, voids were formed even at ~50 °C (i.e. close
to the recovery stage I1I).

An interesting question arose regarding the lowest
dose at which voids may begin to nucleate and as to how
the void population may evolve as a function of dose in
iron irradiated at around 50 °C. In the present work we
have therefore investigated the effect of irradiation dose
on the defect accumulation in iron at an irradiation
temperature of 50-70 °C. For comparison, a parallel
study on copper has also been carried out.

In the following section (Section 2) details of mate-
rials and experimental procedures used in the present
investigations are described. The results of PAS, TEM
investigation, electrical conductivity measurements
and tensile tests are described in Section 3. The main
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conclusions, particularly related to the differences in the
defect accumulation behaviour between bce iron and fcc
copper are summarised in Section 4.

2. Materials and experimental procedure

The specimens used for the investigations were tensile
specimens, 17 mm long with a gauge length of § mm and
gauge width and thickness of 1.5 and 0.25 mm, respec-
tively. The materials were Cu of 99.999 wt% purity and
Fe of 99.995 wt% purity.

After machining, the specimens were recrystallized by
annealing in vacuum approaching 10~° Pa, 1/2 h at 450
°C for the copper, and 600 °C for the iron. These tem-
peratures were selected to give a minimum of ten grains
across the thickness of the specimens in order to ensure
that during tensile testing the specimens would display
bulk, polycrystalline properties. Mean grain sizes were
measured to be 33 pm for the iron and 18 pm for the
copper.

For irradiation, the specimens were vacuum sealed in
tightly fitting aluminium envelopes to prevent corrosion
in the coolant water and to ensure minimum thermal
gradients between the specimens and the flowing water.

Irradiations were conducted in the hydraulic tube
facility of the High Flux Isotope Reactor (HFIR) at
ORNL. The neutron fluxes at the capsule positions used
in the present work are about 4 x 10'® n/m?/s (E > 1
MeV). The temperature of the specimens during irradi-
ation was estimated to be about 70 °C. Specimens were
irradiated to fluences in the range from 4.5 x 10 to
4.7 x 10** n/m? (E > 1 MeV) equivalent to a displace-
ment damage in a range from about 107*-0.8 displace-
ments per atom (dpa NRT). Unfortunately, the Cu
specimens were accidentally deformed during handling
with the result that only TEM investigations and qual-
itative PAS measurements could be made for copper,
while no electrical conductivity nor tensile tests could be
carried out.

For each PAS measurement, two samples of ap-
proximately 5 x 3.5 mm? were cut from one tensile
specimen. The Fe samples were cleaned by electropo-
lishing and the Cu samples by chemical etching. A
conventional positron lifetime spectrometer was used for
the PAS measurements [4]. The recorded lifetime spectra
each contained a total of (4-10) x 10° counts. All
specimens were measured several times to assure re-
producibility. The measured lifetime spectra were anal-
ysed with the PATFIT programs [5].

TEM was performed using a combination of bright
field and weak beam dark field imaging modes. The
defect cluster density was determined from the slope of
plots of the areal density vs. foil thickness. The foil
thickness was measured from thickness fringes in weak
beam dark field micrographs.

The electrical conductivity measurements were made
on the tensile specimens and were carried out as de-
scribed in [6].

Both unirradiated and irradiated Fe specimens were
tensile tested at 70 °C in a vacuum of <1072 Pa at a
strain rate of 1.2 x 1073 s71.

3. Results

To illustrate directly the influence of dose on the
obtained positron lifetime data, the spectra measured for
Fe are shown in Fig. 1. Clearly, the long-lived parts of
the spectra become more intense with increasing dose.
This shows qualitatively that the density and/or size of
three-dimensional cavities increase with dose. No PAS
results are available for the iron specimens irradiated to
the highest dose (0.72 dpa) because of the high activity
level of these specimens.

In the quantitative analysis, the lifetime spectra for
Fe could be resolved into three lifetime components for
doses higher than 10~ dpa. The result of this analysis is
shown in Fig. 2. The two long lifetimes, 7, and 73 and
their associated intensities /; and I3 arise from positrons
that are trapped in three-dimensional vacancy clusters.
The trend of the lifetime variation is that both 7, and 13
increase with irradiation dose from a value of about 230
ps, equivalent to a cluster of just 2-3 vacancies [7] up to
about 325 and 525 ps, equivalent to clusters of roughly
10 vacancies and more than 50 vacancies, respectively
[4,7-9]. This association of the two resolved lifetimes
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Fig. 1. Positron lifetime spectra for Fe irradiated to different
doses. The spectra for the doses higher than 10~* dpa show
long-lived components that are due to three-dimensional va-
cancy clusters of different sizes. The specimen with the dose of
0.23 dpa was irradiated at ~50 °C in DR3 at Rise.
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Fig. 2. Positron lifetimes and their intensities (derived by a
conventional analysis of the spectra in Fig. 1) as functions of
irradiation dose. The lifetimes due to vacancy clusters (7, and
13) and their total intensity (/, + /) increase with increasing
dose. This shows that both sizes and densities of three-dimen-
sional vacancy clusters increase with dose. The dashed line in-
dicates the lifetime of positrons in mono-vacancies.

with specific cluster sizes should only be considered as a
two-bin representation of a wide size distribution of
cavities rather than a measure of the presence of only
two discrete cavity sizes.

In order to investigate this possibility further, the
lifetime spectra for Fe were analysed on the assumption
that they are composed of five components, four of
which have fixed lifetimes: 200, 300, 400 and 500 ps,
equivalent to three-dimensional vacancy clusters of sizes
of about 0.35, 0.54, 0.73 and >1.0 nm in diameter, re-
spectively. The outcome of the analysis is shown in Fig.
3, where the columns represent the intensities of the
various lifetime components.

As discussed in for example Ref. [4] the intensities of
the various lifetime components are measures of the
densities of the different types of defects. The positron
trapping rates x; into defects of type " can be derived
from the intensities and lifetimes (Fig. 3) using the so-
called ‘trapping model’ [4]. The defect densities C; can
then be calculated from the trapping rates, using the
relation:

Fig. 3. Diagram showing the intensities of specific lifetime
components (i.e. the lifetime distributions) in the spectra shown
in Fig. 1. The columns for lifetimes > 200 ps show lifetime
distributions for positrons trapped in vacancy clusters.

Ki = Hl; X Ci7 (1)

where the so-called specific trapping rate, y,;, depends on
the type of the defect. For three-dimensional vacancy
clusters, u increases with cavity size [4]. For a given size,
the uncertainty on the p-value is roughly a factor of two
[4].

The calculated size distributions for the three-di-
mensional vacancy clusters in Fe are shown in Fig. 4.
The size (for a cluster of N, vacancies) is given by an
equivalent diameter, i.e. the diameter of a sphere with a
volume equal to N, vacancies. Clearly, it has been pos-
sible to derive an estimate of the cavity size distribution
for different doses. With increasing dose, both the den-
sity and the average size increase. The total density of
the three-dimensional vacancy clusters as a function of
dose is shown in Fig. 5. The calculated swelling, S, is
also plotted in Fig. 5. For doses lower than 0.01 dpa, the
swelling increases roughly linearly with dose, with a
swelling rate of (4 +£2)%/dpa. At higher dose the
swelling levels off.

All the positron lifetime spectra for Cu could be re-
solved into only two components, the longer lifetime, 7,,
being equal to (182 £ 2) ps for all doses. This lifetime
can be associated with defects of the size of vacancies.
Thus, the spectra for Cu showed no long-lived compo-
nents that can be associated with three-dimensional va-
cancy clusters. The intensity of the defect component, 1,
varies with dose, but it is not possible to separate the
contributions from irradiation and those due to han-
dling dislocations in the specimens.
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Fig. 4. Size distributions for the three-dimensional vacancy
clusters in Fe at different doses derived from the PAS data in
Fig. 3. The size (for a cluster of N, vacancies) is given by an
equivalent diameter, i.e. the diameter of a sphere with a volume
equal to N, vacancies.

The primary results from the TEM observation were
as follows: There were no visible defect clusters in the
lowest dose Fe specimen (10~ dpa). The defect cluster
size and density increased with increasing dose between
1073 and 0.72 dpa (Fig. 5). These observations suggest
that defect cluster formation in fission-neutron irradi-
ated Fe occurs via point defect nucleation and growth,
as opposed to in-cascade formation of visible (>1 nm
diameter) defect clusters. Dislocation loop alignment
(‘rafts’) was observed in iron specimens irradiated to
0.72 dpa as shown in Fig. 6. A detailed dislocation loop
analysis is in progress. Small cavities (maximum diam-
eter of 1.5 nm) with a density of the order of 10> m~3
were observed in the high dose Fe specimen in agree-
ment with the distributions (shown in Fig. 4) obtained
from positron annihilation measurements.

The dominant microstructural feature in the irradi-
ated Cu specimens at all doses was the formation of
small defect clusters (about 90% of which could be re-
solved as stacking fault tetrahedra). These clusters were
visible at all damage levels (1074-0.8 dpa), indicating
that visible (>1 nm diameter) vacancy cluster formation
occurs directly in displacement cascades in Cu. The
mean size of the defect clusters was ~2.5 nm at all doses.
The defect cluster density increase was proportional to
dose at low doses, and reached a constant (saturation)
density of ~1.3 x 10* m=3 at 0.1-0.8 dpa (Fig. 5).
Cavity formation was not observed in the irradiated
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Fig. 5. Dose dependence of defect cluster density in neutron
irradiated Cu and Fe. In Cu () the clusters are mainly SFTs.
In Fe the TEM results (@) are mainly densities of interstitial
clusters, while the PAS results (A) are the total density of three-
dimensional vacancy clusters obtained from Fig. 4. At the top
of the figure, the dose dependence of the swelling in Fe is
shown. The dotted curves indicate the estimated uncertainty
bands for both density and swelling derived from PAS data.

copper specimens, in agreement with the PAS results
and with previous studies that found a minimum tem-
perature for cavity formation in irradiated copper of
~200 °C [1,3]. The resolvable (diameter >5 nm) dislo-
cation loop density in the irradiated copper specimens
reached its maximum value at a relatively low damage
level of ~0.01 dpa. At higher doses, the loops interacted
with one another to form a moderate density (<10'*/m?)
of network dislocations. The density of interstitial-type
dislocation loops in the irradiated Cu specimens was at
least two orders of magnitude smaller than that for the
stacking fault tetrahedra at all doses.

The results of the electrical conductivity measure-
ments are shown in Fig. 7. Irradiation induced defects as
well as transmutation products [6] lead to the decrease in
conductivity with increasing dose. The low temperature
data for specimens irradiated in HFIR and in DR3 are
in good agreement, while the conductivities for the
100 °C samples are clearly higher. This difference is as-
sociated with trapping of defects by impurity carbon
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Fig. 6. Formation of rafts of loops in Fe irradiated to a dose of
0.72 dpa.
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Fig. 7. Electrical conductivity, relative to that for un-irradiated
Fe, as a function of dose for Fe irradiated at about 70 °C in
HFIR (Oak Ridge) and 50 and 100 °C in DR3 (Rise).

atoms below the migration temperature for carbon (>70
°C).

The engineering stress—strain curves for the unirra-
diated and irradiated iron specimens are shown in Fig. 8.
It can be clearly seen that the yield strength increases
and the uniform elongation decreases with increasing
dose level. It should be noted that the specimen irradi-
ated to 0.72 dpa exhibits a strong yield drop and the loss
of ability to work harden.
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Fig. 8. Dose dependence of radiation hardening for a strain
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4. Summary and conclusion

The results clearly show the difference in defect ac-
cumulation between copper and iron during neutron
irradiation in a wide dose range.

In Cu, no void nucleation is observed.

In Fe, three-dimensional cavities are observed at
doses of 0.0009 dpa and above. Both the density and the
average size increase with dose. At 107* dpa a low
density of very small vacancy clusters (1-3 vacancies) are
detected by PAS in iron. Voids become visible in TEM
in the Fe specimen irradiated to 0.72 dpa with a density
of the order of 10** m~ in the size range below 1.5 nm.

The data suggest that the swelling rate in Fe is con-
stant ((4 £ 2)%/dpa) for doses below 0.01 dpa, but de-
creases at higher doses. It is interesting to note that this
behaviour is similar to that observed in copper irradi-
ated at 250 °C [10]. TEM investigations show that the
density of SIA clusters both in Fe and Cu first increases
with dose. At doses higher than ~0.01 dpa, the clusters
begin to segregate and coalesce leading to formation of
rafts of SIA clusters. The formation of the raft-like
structure is significantly more efficient in bec iron than in
fce copper.

The present work demonstrates that positron anni-
hilation spectroscopy can provide valuable information
about the microstructure of irradiated metals, in par-
ticular about the presence of small cavities that escape
detection by TEM.
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