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Abstract

Neutron irradiation of the steels used in the construction of the nuclear
reactor pressure vessels can lead to the embrittlement of these materials,
i.e., increasing the ductile-to-brittle transition temperature and decreasing
the fracture energy, which can limit the plant life. The knowledge of
irradiation embrittlement and the means for minimizing such degradation is
therefore important in the field of assuring the safety of the nuclear power
plants.

Irradiation embrittlement is quite a complex process. It involves many
variables. The most important of these are irradiation temperature, neutron
fluence (neutron dose), neutron flux (neutron dose rate), and chemical
composition of the irradiated material.

This paper is concerned with the effect of chemical composition, i.e.,
the role of residual and alloying elements in the irradiation embrittlement of
nuclear reactor pressure vessel steels in Light Water Reactors. It presents a
critical review for the published work in this field through the last 25
years.

1. Introduction

The nuclear reactor pressure vessel is a key component when
considering the safety of the nuclear power plant. It is necessary to ensure
the integrity of the pressure vessel during normal and abnormal operating
conditions. The ability of reactor pressure vessel (RPV) to resist brittle
fracture is of particular importance, especially under loss of coolant
accident (LOCA) conditions. However, the exposure to neutron radiation
during operation, can cause the embrittlement of the pressure vessel steel
(PVS). This embrittlement is manifested as a reduction in the fracture
toughness and a shift in the ductile-to-brittle transition temperature to
higher values. This can considerably enhance the risk of brittle fracture.
The phenomenon of irradiation embrittlement was studied extensively. It
was realized that the most controlling factor in this concern is the chemical.



composition of the steel being irradiated. Detailed studies were carried out
to assess the effect of both residual and alloying elements on the
irradiation-induced hardening and embrittlement of pressure vessel steels
(PVSs).

Studies showed that residual elements, especially copper and
phosphorus, and nickel as an alloying element, play the important role in
irradiation hardening and embrittlement. However, until very recently, it
was not possible to define the microstructural changes, due to irradiation,
responsible for the hardening and embrittlement phenomenon. The progress
made in microstructure examination using the new techniques ; Small
Angle Neutron Scattering (SANS), Diffusion Elastic Neutron Scattering
(DENS), Positron Annihilation Spectroscopy (PAS), and Atom Probe Field
Ion Microscopy (APFIM) made it possible to identify the
irradiation-induced defects which are believed to cause hardening and
embrittlement.

This paper reviews the published work in this field through the last 25
years. The aim is to the present and discuss the recent information on the
role of residual and alloying elements in the irradiation hardening and
embrittlement of nuclear reactor pressure vessel steels. The other important
factor controlling irradiation embrittlement is the neutron dose or the
neutron fluence. In general, the effect increases with increasing dose.
Neutron fluence is reported in the literature in two ways. The first is
number of neutrons/cm2 which have energy greater than 1 Mev and the
second is the number of displacements/atom (dpa) [1] . Although it is
believed that the second method should be in general more accurate, it was
shown that for the specific field of hardening and embrittlement the first
method is more suitable [1]. Furthermore, most of the published data report
the neutron dose in n/cm2 (E>lMev). Therefore this method is adopted in
the present report. Neutron flux and neutron energy spectrum may
influence the embrittlement effect. However, the data presented here are
concerned with cases in which there are no important variations in these
factors so that their contribution can be neglected. The effect of irradiation
temperature , although very important, is not of concern in this report since
the data considered are for irradiation at about 290 °C (the pressure vessel
wall temperature for Light Water Reactors), unless other temperature is
mentioned.

2. Copper Effect

2.1. By the early 1970s, it became clear that residual elements,



especially Cu, affect seriously the steel irradiation sensitivity. Experiments
on iron, simple and complex iron alloys, and pressure vessel steels [2,3,4]
showed that irradiation embrittlement is markedly enhanced due to Cu
content. It was concluded that Cu content more than about 0.1 wt.% has a
detrimental effect [4], although there are some indications that such effect
may be found with Cu content as low as 0.03 wt%[-5]. The effect increases
with increasing Cu content. For example[6]: increasing the Cu content from
0.1% to 0.25% for a PVS irradiated at 290 °C to 3x1019 n/cm2 (E>lMev)
can cause the irradiation - induced shift in ductile-brittle transition
temperature ( DBTT or simply TT ) to increase from about 80 °C (0.1 %
Cu) to about 200 °C (0.25% Cu).

During the 1970s, extensive research experiments were carried out to
define more accurately and quantitatively the effect of Cu, and other
residual elements, and to examine the mechanism(s) by which Cu
participates in the embrittlement process. TEM and Auger Electron
Spectroscopy were used to examine the defects and changes in
microstructure evolved during irradiation [2,3]- It became evident that the
size of the defects produced in PVSs due to neutron irradiation was too
small to be detected by TEM. Auger Electron Spectroscopy also detected
no Cu or P segregation. However, these examinations coupled with
mechanical property changes recovery (due to annealing treatments)
suggested a model in which vacancies interact with small Cu clusters to
form defect aggregates which are more stable and more numerous than
those ordinarily form in the absence of Cu. The clusters of Cu atoms serve
as nucleation sites for defect aggregates [2,3]-

2.2. Great progress in this field has been accomplished during the 1980s.
SANS, DENS and APFIM in addition to TEM have been used successfully
to study the microstructure of irradiated pressure vessel steels. Harries [7]
used SANS to characterize the irradiation-induced structures in A533B
PVS, with Cu and Ni additions, irradiated at 290 °C to 3 xl0l9 n/cm2. The
Cu-bearing alloys showed a high density of scattering centres that were
absent in the Cu-free control alloy irradiated under identical conditions.
These centres were identified as three-dimensional aggregates, <1.5 nm in
diameter, which could comprise either Cu atoms alone or in combination
with vacancy point defects produced during irradiation. These clusters were
believed to be those obstacles to glide dislocations that are responsible for
irradiation hardening [7]. Wood et al [8] used APFIM to study A 302 B
correlation material steel and a pressure vessel weldment irradiated at 290
°C to about 2 xlQl9 n/cm2. In the former material, both Cu- and P- rich



regions (clusters) have been detected. Their combined number density was
~ 10'5 /cm3 . Generally, the segregated Cu is often associated with P and
Al in disk-shaped regions <10nm in diameter. Additional P clustering
occurs in rod-shaped regions, the largest of which was <1 nm in diameter
and at least 8 nm long. Both types of solute clusters were believed to have
vacancies associated with them. Formation of the solute clusters during
irradiation resulted in depletion of Cu and P in the matrix. In the other
material, -i.e. the PVS weldment,Cu-rich particles(or clusters)were also
detected after irradiation [8].

2.3. The presence of irradiation-induced metallic precipitates or clusters^
in irradiated pressure vessel steels was confirmed in more details during the
1990s [9-12]. Solt et al [9] used successfully DENS to complement SANS
in studying A 302 B commercial PVS irradiated at 290 oc to four different
fluences in the range 0.43 to 5.1 xl0l9 n/cm2 . Cu-rich defect clusters were
detected. The mean particle radius was ~5 A° and increased to 7-9 A° with
increasing the neutron fluence, and saturation was observed beyond
1.5x10 19 n/cm2. The clusters were considered to be composed of two
components; Cu and vacancies or Cu and Mn atoms. The Cu content in the
particles was determined from their magnetic versus nuclear contrasts [9] .
It varied from 55 to 75%, decreasing with increasing the fluence, assuming
the Cu-vacancy .model. Cu content varied from 70 to 83% when using the
Cu-Mn model. After annealing at 420 °C/24h the calculated Cu content
ranges became 85-90% and 90-92%, respectively. Miller and Burke [10,11]
used APFIM to study irradiated PVSs ( A212B plate, A302B plate ,
A533B weldments) and some related model alloys. The investigations
revealed that the microstructure of the irradiated PVSs were cornplex,
involving a variety of ultra-fine Cu-enriched atmospheres , clusters and
precipitates , P clusters and Mo carbides and nitrides. The Cu-rich
atmospheres and clusters contained significant enrichments of Mn and Ni
(and Si in the case of weldments). P was frequently observed in the vicinity
of these atmospheres , clusters or precipitates. The investigation showed
that the matrix was depleted in Cu and P due to irradiation.

2.4. However, there are some cases in which the main metallic clusters
formed in the irradiated pressure vessel steels were not Cu clusters. Auger
et al [13] used TEM ,SANS and APFIM to study the microstructural
features evolved in two PVSs irradiated in surveillance programmes in
nuclear power plants. One of the two steels was irradiated during 9 years
to a neutron fluence of 4.6 xl0l9 n/cm2 , while the other was irradiated for
13 years to 14x1019 n/cm2 . The study revealed that solute atoms like Ni,



Mn, and Si segregated as clusters. Sometimes Cu atoms were associated to
these clusters. It is to be noted that the Cu content of these two steels were
0.07 and 0.09 wt.%, respectively, while in the steels studied in references
7-12, in which Cu precipitates and Cu clusters were detected, the Cu
content was >0.1 wt.%. The other difference was that these two steels were
irradiated in surveillance programmes rather than being irradiated in
material testing reactor (MTR), which was mainly the case in studies of
references 7-12. However, Cu clusters were not detected also in another
case [14] where the Cu content (0.13-0.27 wt.%) was in the range for
which the Cu-rich clusters and precipitates were observed in the other cases
[7-12]. Burke et al [14] used APFIM to characterize the microstructure of
PVS plate and weld materials irradiated in surveillance programmes of a
boiling water reactor power plant, as well as a PVS material trepanned from
a decommissioned boiling water reactor German power plant ( KRB-A
plant ). The study included also KRB-A archive material irradiated in a
MTR. The neutron fluence received by the surveillance programme
specimens was 2 x 10'7 n/cm2 and that received by the trepanned material
was 2.7 x H)18n/cm2, while the archive material was irradiated to 8.5x
10l8n/cm2 . Very diffuse solute-enriched regions were identified and was
described as pre-clusters or atmospheres. Phosphorus was shown to be the
most significant element in these atmospheres. Cu-enriched regions were
detected only in the case of the trepanned KRB-A martial and, even in this
case, it was very rare. When comparing these results with those mentioned
above [7-12], one should notice that the neutron fluence was lower in the
former. However, the observation of Cu atmosphere in the trepanned
KRB-A material and not in the archive material although the fluence in
the latter was about 3 times more, does not point to the same trend.

2.5. In addition to its effect of increasing the irradiation sensitivity of
steel, there are indications that the high Cu content in PVSs retards the
recovery of the-mechanical properties during post-irradiation annealing
processes [15,16]. Hawthorne [16] studied the effect of post-irradiation
annealing at 400 °C for 168 h for low and high Cu A533-B steel. The low
Cu steel showed full recovery. In contrast, the recovery was about 60 % in
the transition temperature and 75% in the upper shelf energy for the high
Cu steel.

3. Phosphorus Effect

3.1. The effect of P content in increasing irradiation sensitivity of
pressure vessel steels irradiated at 290 °C has been realized since more than
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25 years [17]. Its effect is, however, less than that of Cu. The P effect was
attributed to a mechanism similar to that of temper embrittlement and was
related to irradiation-enhanced diffusion to and weakening of
ferrite-carbide interfaces [18]. Due to the detrimental effect of P, the US
NRC Regulatory Guide Rev.l included a "P term" in the formula used to
determine the embrittlement due to irradiation [6]. However, the more
recent computer analysis of existing-data banks found no clear correlation
between P content and the irradiation sensitivity level [19]. Moreover, most
of the formulae published during the last 20 years, derived to determine
irradiation-induced ATT, including the recent revision of the US NRC
Regulatory Guide [20], do not include any phosphorus contribution.

The investigations carried out by Hawthorne [19] could clarify this
point. His results confirmed the influence of P on irradiation sensitivity, but
he noticed that the P contribution is dependent on the Cu content. The
detrimental effect of P is greatest when Cu content is low (< 0.1%).
Increasing P content from 0.003 to 0.025% caused ATT to increase by 75
°C when Cu content was 0.01%. When the Cu content was raised to 0.3%
the corresponding increase was 16 °C. This explains why the analysis of
the data banks (predominantly low P-low Cu and high P-high Cu steels)
failed to reveal the P effect.

3.2. Jones and Buswell [21] found that the irradiation embrittlement of
PVSs rose most rapidly with increasing phosphorus when the copper
content was < 0.03 wt.%. The sensitivity of the changes in mechanical
properties to P content reduced as the Cu content was raised. At Cu levels
typical of modern PWR PVSs (Cu < 0.1 wt.%) MTR and surveillance data
confirmed a significant effect over the range 0.002 to 0.03 wt.% P. The
average increase in transition temperature was 20-30 °C for each 0.01 wt.%
P for Cu content of about 0.05 wt.% and neutron fluence 0.5 to 7 x lO1^
n/cm2. The lower value was for the lower fluence and vice versa.

3.3. The microstructural investigations using SANS and/or APFIM
[8,10,11,14,22] confirmed and explained the dependence of the phosphorus
effect on the Cu content. These examinations showed that phosphorus was
found to form several types of clusters depending on the chemical
composition of the steel. This was found in pressure vessel steels and
model alloys as mentioned above. P clusters were often enriched in Ni and
occasionally in C. In general, in commercial PVSs these features were
present in a much lower number density than the Cu clusters. In cases
where the Cu level was very low or if the P content was increased the
number density of these P clusters became significant. Beaven et al [22]
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detected P clusters in an irradiated A533B steel which has 0.002 wt.% Cu.
The number density of these clusters increased with increasing the P
content while its average radius remained nearly constant at 0.5-1 nm. On
the other hand, when the Cu content was raised to 0.3 wt.% they found that
the clusters were Cu-rich clusters, and that the P addition lead to refinement
of the defect microstructure possibly by influencing the kinetics of
microstructural development via interaction with vacancies.

3.4. However, as seen above, there are cases [14] where P was found to
be the most significant element in the clusters detected after irradiation in
commercial PVSs (i.e. where the condition of low Cu and/or high P was not
valid). These materials were irradiated in surveillance programmes and
MTRs to a relatively low or very low neutron fluence. It was suggested [23]
that P is more effective for cases of low neutron flux and low neutron
fluence (e.g., in Boiling Water Reactors). In these cases it was suggested
that P may be a substitute for Cu, where P-rich clusters or atmospheres
form early in the embrittlement process. Nevertheless, a case was noted in
section 2.4. above [14] which seems to disagree with this conclusion.
Furthermore, the results reported above [7,10] showed the presence of
significant number density of P clusters, beside the Cu clusters, in A302
PVS. The Cu and P contents were 0.13 and 0.025%, respectively. This steel
was irradiated to about 2 x 10^9 n/cm^ , which is typical for Pressurized
Water Reactors. However, this dose was received in about 8 years. Thus,
the dose rate was similar to those experienced during the surveillance
programmes.

In addition to forming P-rich clusters, phosphorus was frequently
detected in the vicinity of Cu-rich clusters [8,10,11].

3.5. The observation of P clusters in irradiated steels lead to the
conclusion [21] that the deleterious effect of P was due to precipitation
hardening and the depletion of P in the solid solution. The effect of P on
irradiation embrittlement was also attributed to segregation leading to
temper embrittlement [23]. However, although there is direct physical
evidence of radiation-induced P segregation at grain boundaries
[e.g., 10,23], intergranular fracture, which is characteristic of temper
embrittlement, was not observed.

3.6. In contrast to Cu, no significant effect of P is apparent after
post-irradiation annealing [16,22]. Hawthorne [16] observed full recovery
in ATT of high P low Cu steel after annealing for 168 h at 400 °C.



4. Nickel Effect

4.1. The contribution of Ni content to irradiation hardening and
embrittlement was. not realized until recently. The NRC Reg Guide Rev.l
[6] and the ASME Pressure Vessel Code Section XI [24] do not include a
Ni contribution when determining ATT due to. neutron irradiation
embrittlement. However, there is now much published data which indicate
and confirm the detrimental effect of Ni content in nuclear reactor pressure
vessel steels. This effect was noticed in case of PVS plates, forging, as well
as weldments. It was shown that this effect is important for steels having
Ni contents greater than 0.4 wt.% [4]. Materials with high Cu and Ni
contents will have high irradiation sensitivity while those with low Cu and
Ni contents will be practically insensitive to irradiation. For example, two
split melts of A 302-B PVS were irradiated to 2.6 xlO*9 n/cm2 at 290
°C[15]. The Cu and Ni contents were 0.05 and 0.05 wt.% for the first alloy
and 0.3 and 0.7 wt.% for the second one, respectively. The irradiation
resulted in an increase of 17 °C in the transition temperature with no effect
on the upper shelf energy for the first alloy, while the shift in transition
temperature was 103 °C and the upper shelf energy reduction was 41% for
the second alloy.

4.2. Most of the published data show that Ni effect is very dependent on
the Cu content, and Ni content does not appear to play any role when the
Cu content is low (<0.1%) [19,25,26]. This suggested the existence of a
synergistic mechanism resulting from interactions between Cu and Ni.
Thus, the enhancement of the embrittlement effect by Ni was attributed to
the formation of Cu-Ni-vacancy defects more stable than the Cu-vacancy
defects. However, some published data show an effect of Ni content even at
very low Cu contents; 0.02 % [27] and 0.04% [28] which may suggest an
independent role or a combined independent/synergistic mechanism for the
Ni effect. This mixed mechanism is best understood in view of the recent
work by Odette and Lucas [27]. They investigated the effect of Ni content
on irradiation hardening response of five sets of steels(thirty alloys) having
Ni contents from 0 to 1.7%. The steels investigated included special heats
of A 533 B PVS, commercial A 533 B and A508-2 PVSs, A302 PVS
reference correlation monitor, boiling water reactor (BWR) welds and
simple model steels. The results showed that the steels exhibited increasing
hardening with increasing Ni content and neutron fluence. For Cu contents
less than 0.1% the Ni effect was some what lower than for higher Cu
contents, and was manifested at higher fluences. The authors suggested the
existence of both independent and synergistic Ni effects. The Ni



independent effect could take place through the effect of Ni on the
irradiation-induced microvoids. Ni may segregate to these microvoids and
stabilize them and/or it can control their formation. On the other hand, the
synergistic effect was assumed to be due to the effect of Ni on the Cu-rich
clusters formed during irradiation. The first effect is-at least relatively-
independent of the Cu content, while the second depends totally on the Cu
content.

4.3. The recent microstructure examinations mentioned above support
the synergistic Ni/Cu effect. SANS [7] showed that the enhancement of
hardening with increasing Ni content in A 533 B steel was accompanied
with reduction of the mean size of the Cu-rich clusters and increase of
cluster density. APFIM [8,10] showed that Cu-rich atmospheres and
clusters, induced by irradiation, contained significant Ni enrichment. Odette
and Lucas [27] used results of FIM and SANS studies to calculate the
concentrations of Mn and Ni in the Cu- rich phases. Their results suggested
that the combined concentration of Mn and Ni in the Cu-rich phases in
irradiated PVSs is 30% or more. SANS and EDX examinations of FeCu
and FeCuNi alloys [29] showed that the irradiated ternary alloy contained
Cu-Ni- rich clusters. The Ni/Cu ratio was 1:3 compared to 1:50 for the
particles found before irradiation. Nickel was also found to be associated
with P-rich clusters [10].

4.4. The above observations can be summarized as follows. Nickel
affects both the size(decreases) and distribution (more homogeneous) of the
Cu-rich clusters (or precipitates). It also participates in the composition of
these clusters as well as of the P-rich ones. Since these clusters are
supposed to act as obstacles to the dislocation motion resulting in hardening
and embrittlement[7-10], Ni can contribute to irradiation hardening and
embrittlement through influencing and participating in these clusters.

On the other hand, there is no direct experimental evidence for the
independent Ni effect described above, i.e., stabilizing and controlling the
formation of irradiation induced microvoids. However, it was reported [13]
that metallic clusters of Ni with Mn and Si were formed due to irradiating
PVSs in surveillance programmes. Sometimes these clusters included Cu. It
was suggested that the segregation of this latter may be facilitated by Si,
Ni, and Mn segregations formed in early stages of the irradiation process.
The authors [ 13] pointed out to the possibility of the presence of isolated
vacancies or even microvoids inside or on the border of these clusters.

4.5. As mentioned in section 2.2, the formation of solute clusters during
irradiation of PVSs resulted in depletion of Cu and P in the matrix.
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However, the investigation of irradiated FeCu and FeCuNi alloys [29]
showed that Ni retards the depletion of Cu. The two alloys had equal Cu
content before irradiation. The FeCu alloy was depleted in Cu after
irradiation to 1.5 xl0l9 n/cm2 .On the other hand a significant amount of
Cu was retained in the FeCuNi alloy matrix even after irradiation to 6.95
x 1019 n/cm2 .It is interesting to note that the irradiation hardening behaved
in the same way. In the case of Fe Cu alloy the hardening appeared to
saturate at 1. 5 x 1019 n/cm2, while the Fe CuNi alloy appeared to harden
continuously to the largest dose, 6.95 xl()19n/cm2. Similarly, one would
expect Ni to retard P depletion in irradiated steels. This effect can explain
the observation [30,31] that steels with high Ni content do not show
embrittlement saturation even at high neutron fluences.

4.6. It is believed that nickel affect also the recovery of the mechanical
properties by post-irradiation annealing. Hawthorne [16] showed that high
Ni content can be detrimental to the recovery of irradiated high Cu content
steels.

5. Effect of Other Elements

Other elements suspected to affect irradiation sensitivity at 290 °C
include Mn, Si, Mo, Cr, S, Sn, As and N. The published data show that the
effect of these elements, if any, is of minor importance compared to that of
Cu, P or Ni. However, recent microstructural examinations revealed that at
least some of these elements are involved in the irradiation-induced
microstructural changes. APFIM showed that the Cu-rich clusters contain
high enrichments of Mn and Si (in addition to Ni). Mo also was detected to
be associated with Cu-rich atmospheres [10]. Ultrafine (<1 nm) Mo
carbides and nitrides were also formed in PVSs due to irradiation [8,10].
Therefore, the published results concerning the role of these elements in
irradiation hardening and embrittlement will be summarized.

5.1. Manganese

Oddete and Lucas [27] on their study about the Ni effect concluded that
increasing the Mn content will enhance the effect of Ni in increasing the
irradiation sensitivity. Leitz et al [32] studied PVS welds with Mn content
varying from 0.9 to 1.8% and concluded that it is doubtful whether Mn
might increase irradiation sensitivity or the Mn variation in this range has
no effect at all. The statistical work of Varsik and Byrne on the irradiation
results of PVS plates and welds [33] showed that Mn contents more than
0.5 at% increase irradiation sensitivity. On the contrary, Biemller and
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Byrne [34j included Mn among the elements which reduce the irradiation
sensitivity of PVS welds. Hawthorne [19] showed that increasing Mn
content from 0.88 to 1.63% in a 0.18% Cu PVS has a beneficial effect, i.e.
it reduced irradiation sensitivity. On the other hand, he showed that the
same increase in Mn content increased irradiation sensitivity when the Cu
content was raised to 0.33%. However, 0.33% Cu is considerably higher
than those of the present reactor pressure vessel steels, which also have
about 1.5% Mn. It seems that increasing Mn content in PVSs from 0.5 to
about 0.9% increases irradiation sensitivity. Further increase will, however,
cause irradiation sensitivity to decrease. Similar behaviour was reported for
irradiated Fe Cr W steels (a candidate material for fusion reactors) [35],
These results showed that increasing Mn content from 0.6 to 1% increased
irradiation sensitivity. Further increase in Mn to 2% reduced irradiation
sensitivity.

5.2. Silicon

There is also discrepancy in the literature regarding the effect of Si.
Hawthorne [15] showed that Si is not critical to irradiation embrittlement
performance of A302B and A 533 B steels. Biemiller and Byrne [34] and
Varsik and Byrne [33] included Si in the elements which increase
irradiation sensitivity. This consideration was based on a model in which
carbon-vacancy complexes cause irradiation hardening. Since Si raises C
activity in iron, it was concluded that increasing Si content will increase
irradiation sensitivity. However, all recent publications do not consider that
carbon-vacancy complexes contribute in hardening or embrittlement of
PVSs irradiated at 290 °C. On the other hand, Leitz et al [32] studied
irradiated Mn Ni Cr Mo weld steels and concluded that Si may be
favorable, i.e. reduce the irradiation sensitivity. Moreover, Varsik [36] and
Gurthie [37], using surveillance programmes data for PVSs plates and
welds, showed that Si reduces irradiation embrittlement.

5.3. Molybdenum

There is no much published work concerned with the role of Mo in
irradiation sensitivity of PVSs. However, there are indications that Mo may
reduce irradiation sensitivity [19,33,34]. Hawthorne [19] showed that
increasing Mo level from 0.37 to 0.66% in a 0.18% Cu steel reduced
irradiation sensitivity. However, this beneficial effect was negated by the
increase in preirradiation transition temperature due to Mo increase.
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5.4. Chromium, Sulfur, Tin, and Arsenic

Cr may have favorable influence which compensates Ni effect
[32-34,38]. S content appears to reduce the detrimental effect of Cu [39J.
However, S must be kept as low as possible (<0.01%) to improve
mechanical and corrosion properties of the steel. Sn contents more than
0.004% can increase irradiation sensitivity [5,19]. Arsenic contents up to
0.035% showed no effect [19,25,40].

5.5. Nitrogen

Some controversy exists concerning the effect of N in steels irradiated at
290 °C. Potapovs and Hawthorne [17] reported that N did not affe.ct
irradiation sensitivity of A302B PVS. However, Power [41] concluded that
uncombined N reduces irradiation sensitivity of PVSs. Also, Guionnet et al
J5] in their formula to predict ATT considered that N reduces irradiation
embrittlement.

6. Embrittlement Mechanisms

6.1. Irradiation embrittlement of pressure vessel steels irradiated at 290
°C is now believed to be the result of irradiation-induced fine scale
microstructural features or defects (<3nm) . These act as obstacles to the
free movement of dislocations thereby producing an increase in the yield
strength (hardening) and in the ductile-to-brittle transition temperature
(embrittlement).

Theoretical and experimental observations suggest that these defects are
mainly of two types or components:

i- radiation damage clusters:

These are vacancy clusters or microvoids created by neutron-lattice
atom interactions.

ii-metallic clusters:

Solute clusters are formed during irradiation by the enhanced solute
diffusivity owing to elevated point defect population. The diffusivity
increases by a factor of about 105 during irradiation at 290 °C |42[. The
present-day picture is that these clusters are mostly coherent BCC copper
clusters or precipitates. There are also P-rich clusters, which are however
much less in density number than Cu-rich clusters. Cu-rich clusters
comprise also high enrichments of Ni, Mn and Si. Ni was also detected to
be associated with P-rich clusters.



6.2. About 70-80% of the embrittlement effect is attributed to the
metallic clusters or, more precisely, to the coherent Cu clusters .or
precipitates. The detrimental effect of Cu clusters and P clusters are
attributed to an age or precipitation hardening mechanism. However, we
believe that the role of of other constituents of the clusters i.,e., Mn, Ni
and Si requires more investigation. The role of Ni (dependent on or
independent of Cu content) is not well understood. However, the
experimental results are not conclusive in attributing an influence to Mn.
Moreover, it was shown that Si reduces the irradiation sensitivity. It is not
clear whether the presence of Si in these clusters makes them weaker, and
how, or that the depletion of Si from the matrix produces a decrease in the
strength which may outweigh any possible Si detrimental effect (due to its
participation in the metallic clusters).

These remarks could be more persisting in the light of the results
presented above. In some cases [13,14] Ni, Mn and Si clusters, beside P
clusters, were , at least, as significant as the Cu precipitates. It is important
to note that in these cases the specimens came from surveillance
programmes (in one case it came from a trepanned pressure vessel) or from
PVSs which contain Cu < 0.1 %. On the other hand, most of the data
which showed prevailing Cu-rich clusters came from MTR irradiations and
for steels and alloys with Cu > 0.1%. The irradiation conditions in
surveillance programmes are more appropriate to simulate that of the actual
pressure vessel wall. Furthermore, the modern PVSs contain < 0.1% Cu.

6.3. Post irradiation annealing (PIA) results [43] suggest that microvoids
or vacancy clusters are responsible for about 20-30% of the embrittlement
effect in commercial PVSs. Although such defects were detected in
irradiated model alloys, there is no solid evidence for their detection in
commercial PVSs. Valo et al [44] using PAS, were able to detect
microvoids in the irradiated iron alloys and not in the irradiated PVSs. They
concluded that there was no explanation for this behaviour. Pavinich et al
[23] argued that these contradictory observations may be attributed in part
to that PVSs have much higher initial dislocation densities compared to
model alloys. However, Kampmann et al [12] used SANS to examine two
laboratory PVS melts. The Cu content was 0.002 for one melt and 0.3 for
the other. Otherwise, the two alloys were similar. Therefore one would
assume no major difference in dislocation density. However, they detected
microvoids in the first alloy and not in the second. Moreover, Highton [ 45]
using PAS to examine irradiated PVSs, concluded that the positrons
seemed to be detecting a microvoid contribution . The results suggested that



the microvoid contribution seemed to be similar in two PVSs , one with
0.002 % Cu while the other contained 0.22% Cu. PIA results [43] supports
the above PAS observation. The magnitude of-the recovery in low Cu steels
was similar to the amount of early recovery in the Cu-bearing steels.

Mader et al [43], based on their detailed PIA studies, proposed that the
vacancy clusters were complexed with segregated solutes such as P. There
are indications that Cu also was attached to the microvoids [45,46]. These
solutes increase the thermal stability of the clusters against annealing. In
addition, as mentioned above, there are indications that the microvoid
effect is strongly enhanced by Ni. Microvoids might be directly stabilized
by segregated Ni, or might be indirectly enhanced by an influence of Ni on
the microstructure.

6.4. Another point may need to be clarified. It is believed that vacancies
are associated with the irradiation-induced metallic clusters [8]. PAS
studies [44] suggested that solute atoms act as traps for free vacancies.
However, it is not clear whether these metallic clusters play their role in the
embrittlement process irrespective of the existence of vacancies combined
with them , or the presence of vacancies is essential. In the current models
for irradiation embrittlement no contribution is attributed to these
vacancies. We will refer once more to the results of PIA ( reviewing the
literature concerned with PIA is, however, beyond the scope of the present
paper). Most of the recovery effect is attributed to the growth of the larger
irradiation-induced Cu precipitates (overaging) at the expense of smaller
ones (reducing the number of dislocation pinning points). After annealing
there will be less Cu in solid solution. Therefore, one would expect that if
the steel is re-irradiated, the re-embrittlement rate should be less than the
original embrittlement rate. In fact, this was the case for PIA at 450 °C
[23].

However, after annealing at lower temperatures (350, 400 °C) the
re-embrittle ment rate was greater than the original one [ 4, 23, 47] (there
was a case [48] in which the re-embrittlement rate was greater than the
original rate although the annealing was at 450 °C).

We suggest that this could be explained if an embrittling effect is
attributed to the vacancies attached with the metallic clusters. During
irradiation the solute (Cu) segregation is in the form of atmospheres and
clusters rather than real precipitates. During PIA the density of these
segregates increase and the atmospheres transform to clusters, and these
transform to precipitates which will grow depending on both annealing
temperature and time. During these processes these features lose their



attached vacancies. Re-irradiation will produce new vacancies. It seems
that when these vacancies find ready traps (i.e., solute clusters) rapid
re-embrittlement takes place. It might be that the trapping of vacancies in
solute clusters or small precipitates is easier than in larger precipitates. PIA
at low temperatures may not be enough for all the clusters to transform to
precipitates or for the formation of large precipitates. However, this
suggestion requires theoretical and experimental examination.
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