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Abstract

Commercial A533B steels (0.12, 0.16 wt% Cu) irradiated at 290 °C up to 22 mdpa with 5 MeV electrons were exam-
ined by hardness measurements, positron lifetime spectroscopy, the coincidence Doppler broadening (CDB) technique
and three-dimensional atom probe microanalysis (3DAP). The radiation-induced hardening increased with electron
dose and lay on the same trend of neutron-induced hardening within data scatter. CDB measurements revealed that
clustering of Cu atoms occurred at doses over 1 mdpa and proceeded with increasing dose. 3DAP results showed that
well-defined Cu-rich precipitates with a diameter of less than 2 nm were formed at doses of 10 and 22 mdpa. The pre-
cipitates had a shell structure consisting of a Cu—Fe core region and a surrounding Mn—Ni-Si shell, which are similar to
those formed under neutron irradiation. The size and number density of the precipitates were consistent with previous
neutron data. Positron lifetime spectroscopy showed that no microvoids were formed. The electron irradiation caused
almost the same hardening efficiency and evolution of Cu-rich precipitates as those under neutron irradiation on a dpa
basis.
© 2005 Elsevier B.V. All rights reserved.

PACS: 61.80.Fe; 61.82.Bg; 61.72.—y; 81.40.Cd; 78.70.B; 61.16.Fk

1. Introduction

Radiation embrittlement of reactor vessel steels is
one of the essential degradation issues in the continued
long-life safe operation of light water reactors (LWRs).
To forecast the long-life integrity of vessel steels consid-
ering various material variables and irradiation condi-

* Corresponding author. Tel.: +81 770 37 9114; fax: +81 770
37 2009.
E-mail address: fujiik@inss.co.jp (K. Fujii).

tions, it is necessary to use predictive models based on
physical mechanisms [1-3]. This needs a sound under-
standing of the physical mechanisms of microstructural
evolution and influence of irradiation conditions such
as neutron flux and spectra. To study the effects of flux
and spectra, irradiation experiments using charged par-
ticles such as ions and electrons are useful as well as
material test reactors [4-9].

Electron irradiation is known to provide unique
information on the effects of primary knock-on atom
(PKA) energy spectra on microstructural evolution and
hardening. Electron displacements produce low-energy
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PKAs with a resultant high concentration of freely
migrating defects (fmds), which is different from cascade
displacements under fast neutron irradiation. Irradia-
tion experiments with electrons have been applied to
radiation effect studies on low alloy steels from two view-
points: PKA energy effects on microstructural evolu-
tion and assessment of gamma-ray irradiation effects
on hardening and embrittlement of reactor vessel steels.
Electron displacements are actually induced in reactor
vessel steels, where high-energy gamma rays generate
energetic electrons through the processes of Compton
scattering and electron-positron pair production. The
contribution of gamma ray (electron) irradiation to radi-
ation hardening in ferritic alloys has been examined over
the last decade [10-13]. Since the dpa cross-sections for
gamma rays are much smaller than those of neutrons
[14-16], the relative contribution of gamma ray is typi-
cally small in reactors. However the contribution is
dependent on reactor core characteristics and the water
gap distance between core and components and becomes
greater than 50% in some particular cases [12,13].
Such was the case for the vessel of the high flux isotope
reactor (HFIR). A greater contribution of gamma ray-
induced displacement due to the high-level gamma ray
field in HFIR was considered to be the cause of the unex-
pected embrittlement of the vessel. This hypothesis was
confirmed by experimental results demonstrating that
hardening occurs in Fe-Cu alloys and commercial
ferritic steels under electron irradiation up to several
mdpa [6-9].

An interesting implication of these electron irradia-
tion experiments is that the hardening efficiency of elec-
tron irradiation is equal to the hardening efficiency of
fast neutron irradiation on a dpa basis. The fraction of
point defects per unit dpa that survive immediate anni-
hilation is much greater for low-energy-PKA electron
irradiation. The surviving defects under cascade damage
is ~30% of the NRT dpa in pressure vessels of light
water reactors [17]. If the formation of Cu-rich precipi-
tates dominates hardening and if the amount of fmds
determines the clustering process, electron irradiation
should result in a greater hardening per dpa than fast
neutron irradiation in Cu-containing ferritic alloys. This
issue of PKA energy effects is related to the role of cas-
cade damage in microstructural evolution. The observed
equal hardening efficiency in electron and neutron irra-
diation suggests that cascade damage might enhance
microstructural evolution such as solute clustering.

However, there have been few studies on characteriza-
tions of microstructures under electron irradiation. Auger
et al. reported the formation of pure Cu precipitates
(~100% Cu) in Fe-1.4Cu alloys after electron irradia-
tion to 0.054 mdpa at 290 °C, but the formation of fine
defused Cu-rich precipitates (45-95% Cu) after neutron
irradiation to 75 mdpa [18,19]. They also found no Cu
clusters in a Fe-0.1Cu alloy electron-irradiated to
1.2 mdpa, but found dilute Cu-rich precipitates (35%
Cu) after neutron irradiation to 75 mdpa. Mathon
et al. reported the difference in growth behavior of Cu
clouds in a Fe-1Cu model alloy between electron and
neutron irradiation [20]. These observations for model
Fe—Cu alloys indicated that cascade damage has unde-
fined effects of solute clustering although the dpa level
was much lower for electron irradiation.

For elucidation of PKA energy effects on hardening
in ferritic steels, a clearer understanding of fine-scale
microstructural evolution in ferritic steels is needed.
The dpa reached in the previous studies was less than
several mdpa, where microstructural features such as
Cu-rich precipitates might not be well developed in com-
mercial steels. This paper describes the results of high-
dose electron irradiations up to 22 mdpa at 290 °C in
commercial vessel steels. Microstructures were charac-
terized using three-dimensional atom probe (3DAP)
microanalysis, and positron annihilation spectroscopy
(PA) including both positron lifetime measurement
and the coincidence Doppler broadening technique
(CDB). The results are compared with those of the same
steels irradiated in a commercial reactor and in a mate-
rial test reactor to 50-100 mdpa [21].

2. Experimental procedures
2.1. Materials and irradiation

Two heats of A533B steel, named steel A and steel B,
were used in this study. The chemical compositions are
shown in Table 1. The heat treatment conditions are de-
scribed elsewhere [21]. Plate specimens measuring
48 x 10 x 1 mm were machined from the blocks of steels
A and B. The specimens were mechanically polished
using wet grinding on SiC papers down to 1000 grit
and then electro-plated with chromium in order to pro-
tect the surface oxidation from the ozone atmosphere
produced by electron irradiation in air.

Table 1
Chemical composition of steels (Wt%)
C Si Mn P S Cr Ni Mo Cu Fe
A 0.12 0.25 1.20 0.014 0.015 0.58 0.08 0.54 0.12 Balance
B 0.17 0.29 1.45 0.011 0.017 0.55 0.11 0.50 0.16 Balance
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Fig. 1. Schematic figure of electron irradiation system.

Irradiations were carried out with 5 MeV electrons
using an accelerator at NFI Irradiation Service, Ltd.,
Japan. Fig. 1 shows the schematic figure of the irradia-
tion system. About ten specimens were mounted on a
water-cooling beam stopper (aluminum alloy) with silver
paste and screws in order to keep contact during irradia-
tion. The irradiation area was 400 mm in the beam scan-
ning direction and 50 mm in the specimen length. The
scanning rate was 100 cycles per second. The electron
beam had a Gaussian intensity profile along the specimen
length. The relative beam intensity to the peak was 90%
at Smm away from the peak position. In this irradia-
tion system, the temperature of each specimen was
determined by beam heating in the specimen and the
stopper, and heat transfer to the stopper. Specimen-to-
specimen deviation of temperature occurred due to the
difference in contact between each specimen and stop-
per. Thus the temperature of each specimen was
monitored during irradiation with a thermocouple
spot-welded to the center position of each specimen.
The specimens whose temperature variation was within
110 °C from the average temperature during whole irra-
diation time, were selected and used for further examin-
ations. The average temperature of the selected
specimens ranged from 230 to 300 °C.

Incident electron flux was 4 to 7 x 10'® e/m?/s at the
peak of the beam intensity profile. This corresponds to
a dpa rate of 1.7-2.9 x 10~® dpa/s, assuming an averaged
dpa cross-section through the specimen thickness of 43
barns (NRT model with a displacement energy of
40 eV). The difference in dpa rate between the incident
and back surfaces of a specimen was estimated to be
20%, considering the decrease of electron energy in the
material due to energy loss. Total dpa level was set at

0.1, 1, 3, 10 and 22 mdpa. The maximum dose was
achieved with 360 h of irradiation.

2.2. Examinations

Hardness measurements were conducted for all the
specimens, and PA measurements and 3DAP analyses
for specimens irradiated at around 290 °C (LWR-rele-
vant temperature). For measurements and analyses,
the specimen area of 10x 10 mm at the center of the
specimen length was used, where the variation of the
incident beam intensity was less than 10%. Preliminary
measurements of hardness distribution along both the
length and thickness of a specimen revealed that no
notable variation of hardness had occurred in the
10 x 10 mm area.

Vickers hardness was measured with a 500 g load on
the center of the specimen thickness. The hardness value
of each specimen was determined by averaging over ten
measurements.

PA measurements using the CDB technique [22,23]
and positron lifetime spectroscopy were performed on
plates of 7x 5x 0.5 mm cut from irradiated specimens.
The surface layers were removed by chemical polishing
in 5% hydrofluoric acid in hydrogen peroxide at 10 °C.
The positron source was >>Na. The samples attached
to the positron source were positioned between two Ge
detectors located at an angle of 180° relative to each
other. Total counts greater than 4 x 10° were accumu-
lated for 12 h in each measurement. In accordance with
the standard CDB technique, the ratio curve of the mea-
sured spectra to that for a well-annealed pure Fe as the
reference were calculated against P;, where Py is the
longitudinal component of the positron—electron
momentum along the direction of the gamma ray emis-
sion. The S- and W-parameters are defined as the ratios
of low-momentum (|P.| <4 x 10°mec) and high-
momentum (18 x 10 myc < |PL| < 30 x 10 *mgc) re-
gions to the total region, respectively. The S-parameter
increases and the W-parameter decreases when positrons
are trapped at vacancy-type defects. When positrons
annihilate with Cu-3d electrons, the W-parameter in-
creases. The other important parameter from CDB mea-
surements is the fraction of the positron annihilation
with Cu electrons (Ic,). This is estimated as follows.
In the high-momentum region, the CDB spectrum
Nre_cu(PL) is approximately expressed as

NFe—Cu(PL) ~ (1 7X)NFe(PL) +XNC\1(PL)7

where Ng.(Pr) and Ncy(Pp) is the CDB spectrum of
pure Fe and pure Cu, respectively. The parameter x
can be interpreted as the average fraction of Cu atoms
at the site where positron annihilation takes place. Thus
the ration curve becomes

Ree cu(PL) = (1 = x) + xRcu(PL),
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where Rcy(Pr) = Nceu(PL)/ Nee(Pr) is the ration curve of
pure Cu. The x obtained by fitting this equation to the
measured CDB ratio curve is the fraction of positron
annihilation with Cu electrons, referred as Ic, in this
paper.

Positron lifetime measurements were carried out
using a conventional fast-fast spectrometer with a time
resolution of 190 ps (full width at half maximum). Total
counts were about 3 x 10° for each measurement. After
subtracting the source component and background, the
spectra were decomposed into two components (shorter
component: 7; and longer component: 1,).

3DAP measurements were carried out using energy
compensated position-sensitive atom probe facilities at
the National Institute for Material Science, Japan [24].
The instrument consists of a reflectron energy compensa-
tor, a position sensitive detector and a high-resolution
flight time detector. The error originating from the evap-
oration aberration is less than 0.2 nm. The mass resolu-
tion (m/Am) was over 200 full widths at half maximum.
Samples measuring 0.4 x 0.4 x 10 mm cut from irradiated
specimens were electro-polished to form needles in a solu-
tion of 5% perchloric acid, glycerin and ethanol. Final
electro-polishing was performed using 2% perchloric acid
in 2-butoxyethanol. Measurements were conducted at a
sample temperature of 60 K with the pulse fraction of
0.15 for (110) orientations to the detector.

3. Results
3.1. Hardness measurements

Hardness (Hv) and radiation-induced hardening
(AHv) is shown in Table 2. The standard deviation of

Hv was 6-17 for over ten measurements. Fig. 2 shows
dose dependence of AHv in steels A and B. The radia-
tion hardening increased with increasing dose and
reached ~50 at 22 mdpa in both steels. No significant
difference with irradiation temperature was observed
within data scatter. This weak temperature dependence
was consistent with the data shown by Tobita et al. in
electron-irradiated Fe—0.6%Cu alloy at 250-320 °C [9].

3.2. CDB measurements

Fig. 3 shows the CDB ratio curves for unirradiated
and irradiated samples, together with the curve for
well-annealed pure Cu as a reference. The broad peaks
around 24 x 10 >mgc are characteristic of Cu-3d elec-
trons, indicating clustering of Cu atoms. The peak was
observed in steel A after irradiation at 1, 10 and
22 mdpa, and became clearer for higher doses. No peak
was observed for unirradiated and 0.1 mdpa irradiated
samples. The ratios near Py = 0 increased with increas-
ing dose up to 10 mdpa. This increase in the low-
momentum region means the increase in the number
of vacancy-type defects in the materials. However, the
ratio at P =0 showed a decrease at 22 mdpa. Steel B
showed similar changes to steel A whereas the CDB
ratio curve at 10 mdpa was close to that at 22 mdpa.

These changes with electron dose are shown in Fig. 4,
which plots the dose dependence of S- and W-parame-
ters, along with the fraction of the positron annihilation
with Cu electrons (Ic,) estimated from the height of the
peak in the high-momentum region of the CDB ratio
curves. The S-parameters increased with increasing dose
up to 10 mdpa because of the increase in positron
trapping at vacancy-type defects. The W-parameters
decreased with increasing dose up to 1 mdpa and in

Table 2

Results of hardness measurements

Material 1D Temperature (°C) Dose rate (x 10”8 dpa/s) Dose (mdpa) Hv AHv

A A0 - - 0 196 -
Al6 230 2.3 1 209 13
A8 245 2.0 10 233 37
A3 250 2.7 1 205 9
AS 255 2.0 3 219 23
Al3 290 2.9 0.1 197 1
AlS 290 2.3 1 215 19
A9 290 2.0 10 233 37
All 290 1.7 22 245 49

B BO - - 0 201 -
B22 235 2.7 1 217 16
B23 265 2.7 1 209 8
B24 270 2.0 3 224 23
B27 270 2.0 10 244 43
B36 285 2.3 1 207 6
B33 290 2.9 0.1 203
B32 300 1.7 22 253 51
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Fig. 2. Dose dependence of radiation-induced hardening (AHv) in (a) steel A and (b) steel B under electron irradiation. The dashed line

shows a power law expression AHv ~ (dpa)'/>.
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Fig. 3. CDB ratio curves for (a) steel A and (b) steel B after electron irradiation at 290 °C.

turn increased with increasing dose. The decrease in
W-parameter means that the positrons are mainly
trapped and annihilated at vacancy-type defects. On
the other hand, the increase in W-parameter means that
the positron annihilation with Cu electrons becomes
predominant. The apparent saturation and decrease of
the S-parameters at higher dose are due to the positron
annihilation with Cu electrons. The I¢, started to in-
crease at 0.1-1 mdpa and increased with increasing dose,
reaching to ~60% at 22 mdpa in steel A. The changes in
S- and W-parameters in steel B were very similar to
those in steel A. The W-parameter and I, were slightly
higher for steel B, probably because Cu clustering was
pronounced due to a higher Cu content in steel B.

The CDB measurements indicated that accumulation
of vacancy-type defects and Cu aggregation occurs in
steels A and B irradiated at 290 °C.

3.3. Positron lifetime measurements

Fig. 5 shows the dose dependence of average positron
lifetime (t,y), shorter component (t,), longer component
(12), and relative intensity of t, component (). Since the
positron lifetime spectra for steel A irradiated to 1 and
10 mdpa and for steel B irradiated to 1, 10 and 22 mdpa
could not divided into two components, the single life
time was plotted as 7, and t,, for them in Fig. 5. The
unirradiated value of t,, was 145 and 155 ps for steels
A and B, respectively. These values were greater than
110 ps for pure Fe matrix, indicating that there were
open-volume defects even in unirradiated steels. 7, and
I, increased with increasing dose to 1 mdpa followed
by saturation. The saturating value of 7, is ~170 ps,
which is smaller than the lifetime of single vacancies in
Fe (180 ps). Vacancy-type clusters such as microvoids
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Fig. 4. Dose dependence of S-, W-parameter and I, after
electron irradiation at 290 °C.

were not formed under the present electron irradiation.
At doses higher than 10 mdpa, the lifetime tended to de-
crease. This reflects an increase in positron annihilation
at Cu clusters, where the positron lifetime is estimated to
be comparable to that in pure Fe [23].

3.4. 3DAP analyses

Fig. 6 shows a set of elemental maps from steel A
irradiated to 22 mdpa. Fig. 7 shows an enlarged view
of the largest one among the four Cu-rich regions indi-
cated in Fig. 6. Aggregation of Cu atoms was clearly de-
tected and accompanied by enrichment of Mn, Ni and Si
atoms. In the present analyses Cu-rich precipitates are
defined as clusters containing more than five Cu atoms
with Cu—Cu distances of less than 0.7 nm. Under this
definition, a number of Cu-rich precipitates were ob-
served in both steels A and B irradiated to 22 mdpa.
The largest precipitates contained 22 Cu atoms in both
steels. The number density in steels A and B, estimated
by the number of detected precipitates divided by the
specimen volume, was approximately 5 and 16 x 10%*
m~>, respectively. In steel A irradiated to 10 mdpa, a
limited number of precipitates were detected whereas
the precipitate was accompanied with enrichment of
Mn, Ni and Si. No Cu-rich precipitates were detected

200
175
150

125 B
-

100 L/—O//. 1

5
25

0 Lol Lo Lo A RTET]

200
175
150

125 1
100 Y e S 1 e ' 1 e w1 [ =1V

100
75 i
IS

25

0 Lol A RRTIT] Lo Lo

unirra. 0.1 1 10 100
Dose (mdpa)

Tav (PS)

1, (%)

v,

T, (ps)

T, (ps)

Fig. 5. Dose dependence of average positron lifetime (t,y),
shorter component (z;) and longer componentt,) and relative
intensity of 7, component (/) after electron irradiation at
290 °C.

in steel A irradiated to 1 mdpa. In order to check Cu
clustering at lower doses, the randomness of Cu and
Mn atom distribution was checked in steel A irradiated
to 1 and 10 mdpa using the % statistic analysis for com-
position frequency distribution in a block size of 90
atoms [25]. The level of significance for Cu and Mn
was 90% and 95%, respectively, at 1 mdpa, and 5%
and 1%, respectively, at 10 mdpa. The results mean that
the distribution of Cu and Mn atoms was almost ran-
dom at 1 mdpa but not random at 10 mdpa. Thus the
clustering of Cu atoms was not evidenced at 1 mdpa
but evidenced at 10 mdpa.

The size and composition of Cu-rich precipitates
were determined using the radius of gyration defined
by the following equation:

Radius of gyration

A {0 -2,

where x., y. and z. are the co-ordinates of the center of
mass, n is the total number of Cu atoms contained in
each Cu-rich precipitate, and x;, y; and z; are the posi-
tions of the Cu atoms. Fig. 8 shows the radial composi-
tion distribution of the largest Cu-rich precipitate
containing 22 Cu atoms observed in steel A irradiated
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Fig. 6. 3D atom map of solutes in 12.5x 11 x 46 nm region in steel A after electron irradiation to 22 mdpa at 290 °C. The arrows

indicate Cu-rich precipitates.
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Fig. 7. Enlarged 3D atom map (3 x 3 x 3 nm) showing a Cu-
rich precipitate in Fig. 6.

to 22 mdpa. A double-layered structure, called a shell
structure, was clearly observed. In the core region
(<0.4 nm), Fe and Cu atoms were detected whereas no
other elements existed. The Cu concentration was as
high as 70% in the core region. Outside the core region,
Mn, Ni and Si were enriched. This shell structure was
commonly detected, being independent of the precipitate
size in both steels A and B. The composition of Cu-rich
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Fig. 8. Radial distribution of solutes in the Cu-rich precipitate
shown in Fig. 7.

precipitates, defined as the atomic concentration within
a sphere of the radius of Cu gyration, was Fe—(3—
12)Cu—(1-4)Mn—(0-2)Ni—(0-12)Si in steels A and Fe—
(4-14)Cu—(2-10)Mn—(0-9)Ni—(0-3)Si in steel B. No
precipitates contained P atoms in the present irradiated
steels.

Fig. 9 shows the distribution of the radius of gyration
at 22 mdpa. The range of the radius was 0.5-0.8 nm for
steel A and 0.3-0.8 nm for steel B. The ranges of the size
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Fig. 9. Size distribution of Cu-rich precipitates in (a) steel A and (b) steel B irradiated to 22 mdpa at 290 °C.

distribution and the mean sizes were almost the same for
steels A and B. However, the number density in steel B
(~16x 102 m™®) was higher than that in steel A
(~5% 10 m™?), suggesting that the formation of Cu
clusters was more pronounced due to a higher Cu con-
tent in steel B.

4. Discussion

4.1. Evolution of fine-scale microstructures under
electron irradiation

The combination of PA measurements and 3DAP
analyses yielded detailed information on fine-scale
microstructural evolution in the steels under electron
irradiation at 290 °C. At the early stage of irradiation,
vacancies started to accumulate in the matrix as mono-
vacancies, probably trapped at solute atoms, up to
1 mdpa. This was confirmed from the monotonous in-
crease in S-parameter and average positron lifetime
(tav)- At the same time, Cu atoms aggregated along with
vacancy accumulation. The earliest indication was de-
tected in the increase in Ic, from 0.1-1 mdpa from the
unirradiated level. The Cu clusters had already formed
at 1 mdpa, which was confirmed from the fact that the
W-parameter started to increase at 1 mdpa. The hard-
ness increase was detected at 1 mdpa. With further irra-
diation, the formation of Cu-rich precipitates continued
with increasing dose. This was directly confirmed by
3DAP analyses and was also consistent with the increase
in hardness, W-parameter and Ic, at 10-22 mdpa. The
Cu-rich precipitates with a diameter of 1-2 nm have a
shell structure consisting of a Fe—Cu core and a Mn-
Ni-Si shell. At this stage the S-parameter and lifetime
in turn decrease with increasing dose, since most of the
positrons annihilate with Cu-3d electrons at Cu-rich pre-
cipitates resulting in a relative decrease in short-life and

low-momentum components in PA spectra. At the high-
est dose in this study (22 mdpa), Cu-rich precipitates
were well defined with a number density in the order
of 10** m~* whereas no microvoids were formed.

Most of the data from the different techniques are
consistent with each other. However the dose where
Cu aggregation was detected was different between the
CDB measurements and 3DAP analyses. The results of
the CDB measurements in steel A suggested that Cu
aggregation occurred at <1 mdpa judging from the in-
crease in /¢y, and was more clearly confirmed at 1 mdpa
judging from the increase in W-parameter. On the other
hand, no Cu clusters were detected at 1 mdpa in the
3DAP analyses. Cu atoms randomly distribute with
the significance level of 95% at this dose. Nagai et al.
showed that the positron is confined at aggregations of
five Cu atoms and that complete confinement is achieved
when the pure Cu precipitate grows to ~0.5 nm in diam-
eter containing 59 Cu atoms [23]. The observed low I,
value (~30%) at 1 mdpa implies that the diameter and/
or density of Cu-rich precipitates were small and below
the detection limit of the 3DAP analyses due to the col-
lective efficiency of evaporated ions and spatial
resolution.

At 22 mdpa, the Ic, value was ~70% in the CDB
measurements. This means that ~30% of the positrons
annihilate with electrons of elements other than Cu.
The size and number density of Cu-rich precipitates,
~1.2nm and 10>2*m™3, are likely to be sufficient to
trap almost all positrons at the precipitates if the precip-
itates consist of pure Cu. The 3DAP analyses showed
that the atomic fraction of Cu was as high as
~70 at.% in the core region of the precipitates whereas
the precipitates contained a high average amount of
Fe atoms, nearly 90% within the radius of the Cu gyra-
tion. If we assume that all positrons are trapped at the
core of precipitates, the observed I, value is likely to
be consistent with the composition of the Cu-rich precip-
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itates determined by 3DAP analyses. However, it is
uncertain whether such apparent consistency is com-
monly obtained in other irradiated alloys or steels. There
are other possibilities: a significant number of free
mono-vacancies exist in matrix and trap positrons,
otherwise the trapping efficiency for positrons of diffuse
multi-element precipitates would be less than that of
pure Cu precipitates. Further experiments are needed
to clarify these issues, which are related to the nature
and barrier strength of fine-scale precipitates.

4.2. Comparison between electron and neutron irradiation

Hardening and precipitation behavior of the present
commercial steels were examined after neutron irradia-
tion at 290 °C to high-doses (50 and 100 mdpa) in a
pressurized water reactor (PWR) and a material test
reactor (MTR) [21]. Although the dose rate and final
dose in the neutron irradiation were not the same as
those in the present irradiation, comparison was made
to get insight on cascade effects.

Fig. 10 shows a plot of radiation-induced hardening
(AHv) at 290 °C in steels A and B under the present elec-
tron irradiation together with the previous neutron irra-
diation [21]. The trend line shown in the figure is based
on a power law expression, AHv ~ (dpa)". The neutron
data lie on the trend line of the electron data within the
data scatter band, whereas similar hardening level (AHv
~50) was achieved at 22 mdpa under the electron irradi-
ation and at 50 mdpa under the neutron irradiation.
Regarding microstructures, the present experiments con-
firmed that well-defined Cu-rich precipitates, which have
a shell structure, Fe-Cu core and Mn—Ni-Si-rich shell,
were formed under electron irradiation at 290 °C in
medium Cu commercial steels. The structure and com-
position of the precipitates were basically the same as
those observed in commercial steels irradiated with neu-
trons [21,25,28-31]. The result that no micorvoid forma-
tion occurs under electron irradiation at 290 °C is also
consistent with the reported results for commercial steels
after neutron irradiation at near 300 °C [32-34]. Table 3
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Fig. 10. Plot of radiation-induced hardening in steels A and B
under electron irradiation at 290 °C together with the previous
neutron irradiation data [21].

summarizes data for Cu-rich precipitates in steels A and
B at 290 °C under the present electron irradiation, to-
gether with the previous neutron irradiation in which
the microstructure was examined using small angle neu-
tron scattering (SANS) measurements and 3DAP analy-
ses. For comparison, the composition in Table 3 was
defined as the atomic concentration within a 1.5 nm
cube containing the center of precipitates. The electron
irradiation produced precipitates with a smaller diame-
ter and a higher density than the neutron irradiation.
This is not simply because the electron dose was smaller
than the neutron dose. The precipitates density in steel B
electron-irradiated to 22 mdpa was actually higher than
that MTR-irradiated to 94 mdpa. With respect to the
composition of Cu-rich precipitates, high concentration
of Fe was commonly detected in both electron and neu-
tron irradiation. The concentration of Cu and Ni was
lower for the electron irradiation.

It is well known that radiation hardening in low
alloy steels containing Cu is attributed to Cu-rich pre-
cipitates and, so called, matrix damage. In the present
electron irradiation, although it was confirmed that no

Table 3
Data of Cu-rich precipitates formed in steels A and B irradiated with electrons and neutrons at 290 °C
Material ~ Irradiation Dose rate  Dose Diameter Density Average composition Volume
(dpals) (mdpa)  (nm) (x103m3 (at.%) fraction
A S5MeVe 2x10°° 1 ND ND - -
10 ~1 ~0.5 93Fe-3Cu—2Mn-1Ni-1Si <0.001
22 1-2 5 90Fe—4Cu-3Mn-1Ni-2Si ~0.002
PWR 2x1071° 58 2.6 4 63Fe-15Cu-8Mn-7Ni-4Si 0.0038
MTR 8x107° 99 2.1 10 80Fe-11Cu-4Mn-4Ni-1Si 0.0046
B 5MeVe~ 2% 1078 22 1-2 16 90Fe-5Cu—-4Mn-1Ni-1Si ~0.004
MTR 4x107° 54 2.1 11 74Fe-11Cu-4Mn-7Ni-2Si 0.0053
8x107° 94 2.1 13 78Fe-9Cu-5Mn-6Ni-3Si 0.0064




256 K. Fujii et al. | Journal of Nuclear Materials 340 (2005) 247-258

microvoid existed, the existence of other components
such as interstitial clusters and their relative contribu-
tion to hardening were not clarified. Thus before dis-
cussing similarities of hardening and Cu precipitation
between electron and neutron irradiation, the relative
contribution of Cu-rich precipitates to hardening is
discussed. In the neutron-irradiated steel A, it was
demonstrated from post-irradiation annealing experi-
ments that the Cu-rich precipitate was the main con-
tributor to hardening in the neutron-irradiated steels
[21]. Almost 70% of hardening could be attributed to
the Cu-rich precipitates in the present steels irradiated
to 50-100 mdpa. Since the size and density of Cu-rich
precipitates and hardening level in the electron-irradi-
ated steels were comparable to those in the neutron-irra-
diated steels, Cu-rich precipitates are expected to be
dominant in hardening of the electron-irradiated steels.
To check this point, the relation of hardening (AHv)
and volume fraction (VF) of Cu-rich precipitates is plot-
ted in Fig. 11, together with literature data from com-
mercial steels containing higher Cu (0.15-0.5%)
irradiated with neutrons [28,35-38]. Since the literature
data were obtained from high Cu steels at relatively
low doses (less than 30 m dpa), it is reasonable to as-
sume that the Cu-rich precipitate is the dominant source.
Both the electron and neutron data in steels A and B
lay on a general trend line (AHv~ VFY?) by the
dashed line, indicating that the hardening in these
steels depended on the amount of Cu-rich precipitates
as the literature data did. This implies that the Cu-rich
precipitates are the dominant hardening source in the
present steels under both electron and neutron
irradiation.

It is known that the hardening due to Cu-rich precip-
itates depends on their size, number density and chemi-
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Fig. 11. Relation of hardening (AHv) and volume fraction (VF)
of Cu rich precipitates together with literature data from
commercial steels irradiated with neutrons [28,35-38]. The

dashed line shows a power law expression AHv ~ (VF)"2,

cal composition, which depend on irradiation conditions
such as dose rate and PKA spectrum. The dose rate of
the electron irradiation was 3 to 4 times higher than that
of the MTR irradiation and two orders higher than that
of the PWR irradiation. The dose rate effects on Cu-rich
precipitates under neutron irradiation have been re-
ported [1,25-28], in that neutron irradiation at a higher
dose rate produces Cu-rich precipitate with smaller
diameter and higher density. From the data for neu-
tron-irradiated steel A in Table 3, higher-dose-rate
MTR irradiation gave a smaller diameter than PWR
irradiation even though the dose was higher for MTR
irradiation. The concentrations of Cu, Ni, Mn and Si
in the precipitates for PWR irradiation were higher than
those for MTR irradiation. Table 3 revealed that the
electron irradiation produced Cu-rich precipitates with
smaller size, higher density and more dilute solutes con-
centration than the neutron irradiation. These trends are
well consistent with the dose rate effects under neutron
irradiation. The differences in size, density and composi-
tion for the Cu-rich precipitate between the electron and
neutron irradiation are likely to attribute to dose rate ef-
fects, since the basic morphology of the precipitates was
quite similar.

Considering variation in the size and density of the
Cu-rich precipitates due to dose rate effects, the harden-
ing trend against dose should differ with irradiation and
material combinations. However, a general trend curve
seems to exist in Fig. 10 within scatter of hardness mea-
surement. One of the reasons for this is that the differ-
ences in precipitates size and density induced by
different irradiation conditions are not so large in com-
mercial steels at the present dose range. For example,
as shown in Table 3, two orders difference of dose rate
(PWR at 107'°dpa/s vs. MTR at 10~% dpa/s) resulted
in small difference in size (2.6 vs. 2.1 nm) in steel A. Fur-
thermore, since dose rate effects change the size and den-
sity in opposite direction, such trade-off effects in a
narrow range may result in a small difference in harden-
ing trend compared to the measurement scattering.
These considerations are consistent with the fact that
the hardening in Cu-containing steels at a dose rate
ranging from 107'° to 10~® dpa/s under neutron irradia-
tion is relatively insensitive to dose rate effects compared
to that at higher and lower dose rate ranges [2,26], as
well as the fact that the hardening due to Cu precipita-
tion generally depends on the volume fraction (VF'?)
as shown in Fig. 11.

As a whole, Fig. 10 suggests that the hardening effi-
ciency of electron irradiation is almost the same as that
of neutron irradiation on the dpa basis. Similar harden-
ing efficiencies between neutron irradiation and electron
irradiation have been reported in model Fe-Cu alloys
and low alloy steels at doses of less than 5 mdpa [6-9].
The present results provide more clear evidence in med-
ium Cu commercial steels at higher doses.
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The present experiments revealed that electron irradi-
ation produces essentially the same solute clustering and
hardening effects as neutron irradiation in medium Cu
commercial steels. The equal hardening efficiency in elec-
tron and neutron irradiation originated from the almost
equal degree of evolution of Cu-rich precipitates when
the Cu-rich precipitates are the dominant hardening
source. The microstructures evolve through common
processes at least in agglomeration of solutes and vacan-
cies for both electron and neutron irradiation. Isolated
vacancies, which can easily migrate at 290 °C, bind Cu
atoms and the complexes agglomerate to form Cu clus-
ters. Although the origin of the shell structure is still un-
clear, the present results suggest, at least, that cascade
mixing under high-energy PKAs is not necessary to form
such structure. The earlier comparisons of Cu clustering
between electron and neutron irradiation might be im-
proved by using high-dose experiments, since the dose
of electron irradiation in the literature, typically less
than 3 mdpa, was too low to cause nucleation and devel-
opment of well-defined Cu precipitates in alloys contain-
ing ~0.1% Cu. The formation of Cu-rich precipitates is
controlled by diffusion of Cu atoms via the vacancy
mechanism. Hence the evolution of Cu-rich precipitates
is determined by the cumulative vacancy mobility, which
is proportional to the number of fmds. The number of
fmds under electron irradiation is expected to be higher
than that under fast neutron irradiation as is widely ac-
cepted. The present results suggest that the cascade dis-
placement under high-PKA-energy irradiation would
enhance Cu aggregation through processes such as lo-
cally enhanced net vacancy mobility near cascades.

Finally, a recent study by Kudo et al. revealed that
interstitial type dislocation loops (b =a(100)) were
formed in Fe-0.15%Cu alloy under electron irradiation
to 22 mdpa at 290 °C [39]. This suggested that such
loops might be formed, acting as hardening source in
electron-irradiated commercial steels. Although quanti-
tative data of interstitial components as matrix damage
are quite scarce due to technical difficulty to identify
them [40], such experimental efforts are needed to fully
understand the cascade effects on hardening and embrit-
tlement in commercial steels.

5. Conclusion

High-dose electron irradiation up to 22 mdpa was
conducted on medium Cu commercial vessel steels at
290 °C to examine radiation-induced hardening and
fine-scale microstructural evolution. The results were
compared with the previous reactor irradiation data of
the same steels. Almost equal hardening efficiency was
revealed in electron and neutron irradiation on a dpa
basis, supporting earlier conclusions at lower doses.
The formation of well-defined Cu-rich precipitates,

which dominated hardening, was evidenced from posi-
tron annihilation and atom probe measurements. The
density, size, composition and structure of the precipi-
tates were consistent with those observed under neutron
irradiation considering dose rate effects. Overall, the
results support the view that electron irradiation has
essentially the same effects of hardening and solute clus-
tering as neutron irradiation on a dpa basis.
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