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a b s t r a c t

This paper presents a project to study the effect of lead factors on the mechanical behaviour of the SA-508
type 3 Reactor Pressure Vessel (RPV) steel used in the reactor under construction Atucha II in Argentina.
Charpy-V notch specimens of this steel were irradiated at the RA1 experimental reactor at a temperature
of 275 �C with two lead factors (186 and 93). The neutron flux was 3.71 � 1015 n m�2 s�1 and
1.85 � 1015 n m�2 s�1 (E > 1 MeV) respectively. In both cases, the fluence was 6.6 � 1021 n m�2, which
is equivalent to that received by the PHWR Atucha II RPV in 10 years of full power irradiation. The results
of Charpy tests revealed significant embrittlement both in the DT = 14 �C and DT = 21 �C shifts of the duc-
tile–brittle transition temperatures (DBTT) and in the reduction of the maximum energy absorbed. This
result shows that the shift of the DBTT with a lead factor of 93 is larger than that obtained with a lead
factor of 186. Then, the results of irradiation in experimental reactors (MTR) with high lead factors
may not be conservative with respect to the actual RPV embrittlement.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

In service, the exposure to energetic particles degrades the frac-
ture toughness of the reactor pressure vessel (RPV) steels [1]. Fer-
ritic steels change from ductile to brittle fracture when their
deformation temperature falls below a critical value (the ductile-
to-brittle transition temperature, DBTT). Irradiation embrittlement
is typically characterized by an increase in the DBTT, marking the
transition between the low toughness cleavage and high toughness
ductile fracture regimes. Neutron irradiation increases the yield
stress and decreases ductility. Irradiation hardening shifts the
DBTT to higher temperatures by an amount (DT) that depends on
the neutron dose and other factors such as the irradiation temper-
ature and the steel composition. This shift may adversely affect the
response of structural components when they are stressed in ser-
vice or under transient conditions like a loss-of-coolant accident
(LOCA).

The numerous works of characterization of RPV steels and spe-
cially prepared alloys [2–4] have revealed precipitation or agglom-
eration increased by radiation, mainly of Cu, Ni and Mn [5].
According to this, the most recent models of RPV embrittlement
[6] include a component of hardening by dispersion based on the
model of ageing developed by Russell and Brown [7], modified to
take into account the diffusion increase caused by the over-satura-
tion of vacancies as a result of radiation.
ll rights reserved.
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For a low intensity of fast flux (E > 1 MeV), the dose to achieve
the contribution of the hardening peak by cooper rich precipitates
(CRPs) is a function of the dose rate. This is more important at the
low intensity of the typical flux of the Boiling Water Reactor (BWR)
than for a pressurized water reactor (PWR) [8], thus highlighting
the importance for the inside wall of the pressure vessel (RPV) of
the Pressurized Heavy Water Reactor (PHWR) as Atucha II. The
application of the ageing models developed by Russell and Brown
[7] to the hardening and embrittlement was proposed for the first
time by Fisher et al. [9,10].

Later, in 1998, improved embrittlement correlations of an ad-
vanced version of the archival Power Reactor Embrittlement data-
base (PR-EDB) [11] were prepared by Eason, Wright and Odette for
the U.S. Nuclear Regulatory Commission [12]. The importance of
this report is that it explicitly introduces the mechanistic under-
standing of embrittlement in the analysis methodology of light
water reactor RPV surveillance data. There is a general consensus
that neutron irradiation induces microstructural change at the mi-
cro/nanometre level, being the main source of the mechanical deg-
radation of steels [1–13]. The nanofeatures developed during the
irradiation can be associated with two dominant forms of degrada-
tion, namely stable matrix defects (SMD), and copper- and manga-
nese–nickel-rich precipitates (CRPs and MNPs), which are major
sources of steel embrittlement through the hardening they
produce [14–16].

Stable matrix damage (SMD) is due to the formation of agglom-
erates of point defects and dislocation loops during the irradiation.
SMD is the dominant damage process for low-Cu steels, and the
resulting dispersed barrier irradiation hardening scales roughly
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Table 1
Neutron spectrum.

Neutron energy (MeV) Neutron flux (n m�2 s�1)

0–0.1 2.25 � 1016

0.1–1 3.318 � 1015

1–17.33 3.715 � 1015
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with the square root of fast fluence, and decreases with increasing
irradiation temperature [14]. This behaviour is consistent with
experimental mechanical property data and has also been mod-
elled with success using atomistic simulations [3–18]. Experimen-
tal data indicate that SMD is independent of the dose rate over a
range of five orders of magnitude in the dose rate [16].

CRP damage is linked to irradiation-enhanced formation of
Cu-enriched solute clusters. Copper-rich clusters or precipitates
are formed as a residue of annealing of vacancy-copper complexes
or by normal nucleation because of the high copper super satura-
tions. The contribution of CRP damage to the total DBTT depends
on the Cu and Ni content of the steel and on the strong Cu–Ni inter-
action [5]. The CRP damage is a diffusion process where the time,
together with the rate of point-defect production, plays an impor-
tant role.

CRP damage is one of the two contributions to embrittlement
better known experimentally. Both transmission electron micros-
copy (TEM) and techniques such as positron annihilation spectros-
copy (PAS), Mössbauer spectroscopy (MS), thermoelectric power
(TEP), anomalous small-angle X-ray scattering (ASAXS) [23] and
small-angle neutron scattering (SANS) [22] have allowed the
experimental characterization of the size of the precipitates, the
relative number of these nanostructures, their composition and
their volumetric fraction [19–21].

The dose rate effects on embrittlement are not yet fully under-
stood [16]. Recently, there have been several studies on the neu-
tron flux effect on irradiation hardening of RPV materials with
different composition which put in discussion the dose rate effect
[17]. These works explore multiple steels for RPV under different
temperatures and subjected to neutron irradiation in different
reactors with significantly different neutron spectra. In the present
work, the neutron irradiations are carried out in the same reactor,
varying only the flux intensity, i.e., keeping the neutron spectrum
and irradiation temperature unchanged.

According to the present state of knowledge, the dose rate ef-
fects depend on the dose rate (fast flux) level, where the fast flux
is defined as neutrons with E > 1 MeV. Three regions are identified
[6–10]: low, intermediate, and high fast flux level. The dose rate ef-
fects are expected to occur over a wide range of flux of: (a) thermal
contribution to Cu–Mn–Ni diffusion at low flux, (b) solute trap en-
hanced recombination over the intermediate range and (c) unsta-
ble matrix defect (UMD) sinks at the highest flux.

Both SMD and CRP damage involve an increase in the number of
obstacles for the dislocation movement which causes the harden-
ing and, consequently, the embrittlement of the steel. In a Charpy
impact test, it is possible to consider that the DBTT obtained con-
sists of two components:

DBTT ¼ DBTTSMD þ DBTTCRP

In this project, it is intended to show that, under strict irradia-
tion conditions (similar temperature and similar neutron spec-
trum), two lead factors give different results as a consequence of
the differences in the structure of the radiation damage that occurs
in different irradiation times.
2. Experimental

The CNEA-RA1 is a modified Argonaut-type light-water-moder-
ated reactor, used for basic research. An irradiation facility was
built and placed in the core of the RA1 reactor in order to obtain
conditions similar to those of the materials of the RPV in a power
reactor. The facility is an aluminium tube, the lower end of which
is placed in the reactor core. Inside the tube, a low inertia electric
furnace is placed in the position of maximum neutron flux and a
capsule with eight Charpy V-notch specimens is placed inside the
furnace. The tube is filled with inert gas and the gaps between
the tube, the furnace and the capsule were calculated to obtain
the best possible thermal transference. Temperature control is
achieved through three thermocouples placed at different heights
in the furnace as indicators of the temperature profile, and two
thermocouples in the specimens, so that the temperature differ-
ence between them does not exceed 1 �C.

All irradiations were carried out in the same place of the RA-1
experimental reactor at a temperature similar to that used for
the operation of nuclear plants (275 �C). This reactor can be used
easily at different potencies. It is thus possible to keep the same
spectrum at different neutron fluxes. So, it is possible to obtain
the same integrated doses but at different irradiation times, i.e.,
different lead factors (LF). The lead factor, which is the relationship
between the flux (for E > 1 MeV) in the specimens and the flux in
the inner wall of the RPV in service, indicates the irradiation accel-
eration. The ASTM E 185-82 norm indicates that this factor must be
greater than one and smaller than three (1 < LF < 3). A greater LF
does not guarantee that the radiation damage is similar to that suf-
fered by the vessels in service.

The neutron spectrum in the place where the facility was lo-
cated is indicated in Table 1.

Fig. 1 shows a general scheme of the irradiation facility installed
in the RA1 reactor. The temperature of the Charpy V-notch speci-
mens, the furnace power and the inert gas pressure contained in
the experimental facility are controlled in the room next to the
reactor.

Fig. 2 shows the device containing the eight Charpy V-notch im-
pact specimens. The composition of the steel provided by Japan
Steel Works Muroran Plant is indicated in Table 2. It complies with
the probabilistic safety analysis for Atucha II-PSAR, which specifies
concentrations lower than or equal to 0.10 wt.% of copper and
0.012 wt.% of phosphorus for the material of the vessel and its
welds. The standard specimen (10 � 10 � 55 mm) and its orienta-
tion (T–L) are also shown in Fig. 2.

The embrittlement of the specimens after irradiation was as-
sessed from the DBTT shift and the decrease in the upper shelf en-
ergy in impact tests on Charpy V-notch specimens. DBTT values
were determined from impact testing carried out in accordance
with ASTM standards.

An electron CM 200 Philips microscope was used for transmis-
sion electron microscopy (TEM) studies at an accelerating voltage
of 200 kV. Specimens for TEM studies were cut from the halves
of fractured Charpy specimens.
3. Irradiation plan

In most cases, the damage in the wall of the vessel is caused by
a not very intense flux of fast neutrons after a long irradiation per-
iod. In an MTR, the flux is 2 to 3 – fold higher.

The neutron fast flux in the inner wall of the PHWR Atucha II
reactor was estimated as U (E > 1 MeV) = 2 � 1013 n m�2 s�1. Then,
for 40 years of life by design, the fluence is of about
2.5 � 1022 n m�2. All the irradiations were carried out in the RA1
reactor and performed at a fluence of 6.6 � 1021 n m�2, which cor-
responds to about 10 years of operation of the CNAII (Table 3).



Fig. 1. Irradiation device.

Fig. 2. Irradiation device and Charpy specimen.

Table 2
Composition of the SA-508 type 3 steel alloy (in wt.%).

C Mn P S Si Ni Cr Mo V Cu Al Ta Fe

0.25 1.40 0.012 0.015 0.15 0.74 0.2 0.53 0.03 0.1 0.05 0.03 rest

Treatment; Normalizing 920 C – 7 h, Tempering 660 C – 7 h, Quenching 885 C – 6 h 25 min, tempering 640 C – 7 h 50 min. Note: Water temperature, before quenching: 7 C,
after quenching: 27 C.

Table 3
Irradiation conditions of the Charpy specimens.

Fast flux (n m�2 s�1) Fluence (n m�2) Reactor power (kW) Irradiation time (hours) Lead factor

Set 1 3.715 � 1015 6.6 � 1021 40 492 186
Set 2 1.857 � 1015 6.6 � 1021 20 984 93
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Fig. 3. Charpy curves of SA-508 type 3 steel irradiates at a fluence of
6.6 � 1021 n m�2.
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4. Results and discussion

The Charpy V-Notch impact specimens were tested in hot cells
at various temperatures between �30 �C and 50 �C to determine
the ductile-to-brittle transition behaviour. The shift of the DBTT,
measured at 41 J as a measure of the brittleness of the steel, is
common practice in the nuclear industry. The curves obtained from
the data for the unirradiated material and the material irradiated
with two lead factors are shown in Fig. 3. The curves were fitted
according to the formulation of Oldfield linking the absorbed en-
ergy with the test temperature. The results of Charpy tests show
shifts of the DBTT relative to the unirradiated material of
DT = 14 �C and DT = 21 �C for irradiations with LF of 186 and 93
respectively.

There is also a significant reduction of the maximum energy ab-
sorbed. Similar decreases in the Upper Shelf Energy (USE), of the
order of 100 J in DUSE have been documented [24–26]. In the same
line, it has been long recognized that some reactor pressure vessels
had materials whose USE could drop below 68 J due to neutron
irradiation [27]. In these vessels, one of the actions that should
be taken is a mechanics analysis of elastoplastic fracture.

A limit condition on the integrity of the pressure vessel known
as pressurized thermal shock (PTS) may occur during a severe
transitional system such as a loss of coolant accident (LOCA). Data
of monitoring of surveillance programs establish the limit condi-
tions for the integrity of the RPV in the case of a PTS. In such cases,
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the limiting criterion on the embrittlement of PWR vessels, used
the RTPTS (nil ductility reference temperature), associated with
the DBTT. Therefore, the change in the DBTT is still the parameter
most used to control the degradation of materials under irradia-
tion. However, the Charpy Test does not have with a formal basis
that allows relating the DBTT to the USE unequivocally. There are
models that use quantitative fractography to relate the fracture
surface with the lower and upper shelf energy with the aim to
know the transition temperature. For example in [28], the disper-
sion of the microstructure is expressed via a normal distribution
of transition temperatures whereas a simple relation exists be-
tween the values of absorbed, lower and upper shelf energies,
the ductile area fraction and the distribution parameters.

Transmission electron microscopy (TEM) images were obtained
using a CM 200 Philips instrument. Fig. 4 shows the remarkable
appearance of precipitates as a result of irradiation. The EDAX anal-
ysis indicates that these precipitates are Mn-rich precipitates.

Fig. 5 shows the TEM images for a non-irradiated sample (a), for
a sample with lead factor of 93 (b) and for a sample with lead fac-
tor of 186 (c). The presence of precipitates is evident in the irradi-
ated samples, showing an increased size for the samples with lead
factor of 93. This difference is a clear sign of a nucleation and
growth process during irradiation, as the samples with lead factor
of 93 were irradiated for a longer time than those with lead factor
of 186.

The morphology and distribution of the nanoprecipitates were
analyzed with the aid of the Gatan Digital Micrograph commercial
software. The results obtained for the mean diameter (D) and mean
distance between them (dp) are summarized in Table 4. The corre-
sponding histograms are shown in Fig. 6. In the case of the sample
irradiated with a lead factor of 93, at a flux of 1.85 � 1015 n m�2 -
s�1, the overconcentration of vacancies above the thermodynamic
equilibrium allowed the formation of precipitates with larger
diameter, as shown in Fig. 6b. These precipitates showed a larger
Element Weight % Atomic %
C K  11.9 38.7 
Si K 0.3 0.4 
S K 0.5 0.7 

Mn K 5.1 3.6 
Fe K 78.8 55 
Cu K 1.5 0.9 
Mo K 1.9 0.8 
Total 100 100 

Fig. 4. Microstructure and composition of precipitation.

Fig. 5. Transmission electron micrographs of samples (a) unirradiated, (b) irradi-
ated with lead factor 93 and (c) irradiated lead factor 186.

Table 4
Mean diameter (D) and average distance (dp) between precipitates.

Lead factor D (nm) dp (nm)

First set 186 5 ± 1 7 ± 1
Second set 93 8.5 ± 2 25 ± 4
mean diameter and longer distances between each other than in
the irradiation with a lead factor of 186. In the unirradiated case,
almost no nanoprecipitates were. Together with the precipitates,
the defects of the matrix (SMD) suggest acting similarly by block-
ing the advancement of dislocations depending on their size and
separation distance. It is important to point that the temperature
of irradiation allows only partial recovery of the agglomerates of
defects created by irradiation (see Tables 5 and 6).

When the lead factor is 186, although the overconcentration of
vacancies is greater, their recombination is greater, leaving fewer
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Fig. 6. Size distribution of nanoprecipitates for samples (a) irradiated with lead
factor 93 and (b) irradiated lead factor 186.

Table 5
Composition determined by EDS.

Element Weight (%) Atomic (%)

C K 11.9 38.7
Si K 0.3 0.4
S K 0.5 0.7
Mn K 5.1 3.6
Fe K 78.8 55
Cu K 1.5 0.9
Mo K 1.9 0.8
Total 100 100

Table 6
Neutron spectrum of the inner wall Atucha II.

Neutron energy (MeV) Neutron flux (n m�2 s�1)

0–0.1 2.99 � 1014

0.1–1 4.81 � 1013

1–17.33 1.93 � 1013
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vacancies for diffusion and needing a shorter time for this process.
Therefore, the distribution of precipitates shows a larger number
and smaller size of precipitates than in the case of a lead factor
of 93, which would cause a higher blocking of the movement of
dislocation (see Fig. 5c). As shown in Fig. 5c and b, the distance
dp between precipitates is shorter for the lead factor of 186 than
for the lead factor of 93. This impediment in the movement of dis-
locations is reflected in an increase in DBTT for a lead factor of 93.
In contrast, the sample irradiated with lead factor 186 has a greater
distance dp which facilitates the movement of dislocations. This is
a mechanism similar to that of age-hardening materials [5,6].

RPV steel hardening and embrittlement result from the forma-
tion of a high number density of nanometre-size Cu–Mn–Ni pre-
cipitates and subnanometre defect cluster-solute complexes
which impede dislocation glide [7]. The behaviour of precipitates
and its dependence on neutron flux is explained through the kinet-
ics of the process. For low flux levels, the concentration of thermal
vacancies could be similar to the concentration of vacancies caused
by irradiation. This favours the diffusion, nucleation and growth of
Cu–Mn–Ni-rich precipitates [5,6].

In the case studied, the concentration of dislocations plays the
role of preferential sink for point defects, which leaves fewer vacan-
cies available for precipitation. This explains that, with a lead factor
of 186 (high flux intensity and shorter irradiation time), the same
fluence leads to a lower embrittlement than the irradiation corre-
sponding to the lead factor of 93. At higher fluxes, with a lead factor
of 186, the interstitial-vacancy recombination is incremented leav-
ing less vacancies for the diffusion of alloying elements, together to
the minor irradiation time. This leads to a lower embrittlement
than the irradiation corresponding to the lead factor of 93.

In a predominantly thermal spectrum as the inner wall of the
RPV of Atucha II, the volume of the precipitates is the structure that
most contributes to the embrittlement.

The neutronic spectrum in this work has a fast component
much higher than normal on the inner wall of the RPV. In a spec-
trum with higher proportion of fast neutrons, the great concentra-
tion of agglomerates of defects (dislocation loops) is the
preferential sink for point defects, leaving fewer vacancies avail-
able for precipitation. With high lead factors, it must be considered
that an intense flow of fast neutrons will not only produce defect
sinks but also increase the i–v recombination, reducing the possi-
bility of precipitation of alloying. This would account for the smal-
ler shift of the DTT with regard to other fluences, without
considering the differences in composition.

Taking into account the dispersion presented by Charpy tests,
we advanced in the study by magnetic properties that provide
macroscopic information using small amounts of irradiated mate-
rials and with greater accuracy. This work is under development;
there are lines of investigation [29] that propose it as a comple-
ment for the control of the monitoring of programs in situ. Also a
new irradiation was initiated with a lower lead factor.
5. Conclusions

In this paper, flux effect was examined in the low fluence re-
gime by comparing irradiated fracture mechanical obtained on
A508 Class 3 steel at the RA1 experimental reactor. The results
show that the shift of the DBTT with a lead factor of 93 is larger
than that obtained with a lead factor of 186. In consequence, the
experimental results showed that the samples irradiated at the
lower lead factor tended to have a higher embrittlement. The
TEM analysis show radiation increased precipitates, mainly Cu–
Ni–Mn ones. Their sizes and spacing determined the hardening
and embrittlement of the steel. Then the results of irradiation in
experimental reactors with high lead factors tended to be not con-
servative with respect to the actual RPV embrittlement.
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