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Abstract

A wide range of pressure vessel steels — in the initial state (i.e. unirradiated), after irradiation, recovery annealing and
re-irradiation — have been studied using microstructural and fractographic methods. The analysis of the data has al-
lowed quality explanations of the key features of radiation embrittlement (RE) in reactor pressure vessel steels (RPVS)
and resulting from initial- and re-irradiation to be proposed, and also to justify the existing concepts concerning the

mechanisms of RE.  © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

It is well established that radiation embrittlement
(RE) in reactor pressure vessel steels (RPVS) is mani-
fested as a shift in the temperature dependencies of the
absorbed energy curves shift (transition curves) observed
in impact tests, which results in an increase in ductile/
brittle transition temperature (DBTT) [1,2]. The expla-
nation for this RE can be found in the microstructural
changes induced in the steels by neutron irradiation.
These microstructural changes in irradiated RPVS have
been investigated over a considerable period of time [3—
5]. Different experimental methods have been applied,
such as TEM, SEM, FEGSTEM, APFIM, SANS, SIMS
and some others [6-10]. Despite this, the experimental
data on radiation-induced structural changes in RPVS
are still incomplete at the present time. It should be
emphasized that the major fraction of such experimental
data are those which can be used either for evaluations
of hardening under irradiation (as a rule, the densities
and sizes of copper—vacancy clusters, radiation defects
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etc.) or explanation of impurity influences (mainly,
copper and, partly, phosphorus) on the RE coefficient.
This situation is defined by the fact that until now ra-
diation-induced hardening was considered as the prin-
cipal factor controlling RE in the overwhelming
majority of the studies [11].

But in review [12] it was demonstrated that radiation-
induced hardening is not the only and, probably, not the
principal cause of RE occurring in RPVS. Significant
contribution to RE can be induced by intragranular
segregation of impurities (e.g., phosphorus), forming at
interface boundaries of precipitates (including the pre-
cipitates induced by irradiation, for instance, at copper-
enriched precipitates or copper—vacancy clusters). Also
an important contribution to RE occurring in RPVS can
be ascribed to formation of grain-boundary segregation
of impurities (e.g., phosphorus). In the above review,
numerical evaluations of contributions to the total value
of absorbed energy measured in impact tests from dif-
ferent components (elastic, surface, ductile) have been
calculated. It was demonstrated in [12] that the pecu-
liarities of the transition curves, which are typical of the
steels possessing BCC crystal lattice, can be explained
exclusively by the component of absorbed energy re-
sponsible for ductile deformation of the material (pre-
ceding fracture).
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Fig. 1. The scheme of RE in RPVS.

In this connection, it would be reasonable to expect
that fracture surfaces of Charpy specimens that have
undergone testing at different or comparable tempera-
tures, before and after irradiation, directly reflect in-
formation on the mechanisms responsible for RE
occurring in RPVS. In general, final heat treatments
applied to steels possessing BCC crystal lattice — in
particular, RPVS — are, in the majority of cases, care-
fully chosen to avoid traces of temper brittleness. As a
consequence, the fracture surfaces of unirradiated
specimens from RPVS present different combinations of
regions of ductile dimple fracture as well as cleavage and
quasicleavage, but, as a rule, an absence of intergranular
fracture [13]. In the simplest, idealized case, when RE
occurring in steels is determined exclusively by matrix
hardening, irradiation has not to induce new structural
component types in fracture surfaces of Charpy speci-
mens. However, in real cases, when RE in RPVS is
caused of the simultaneous effect of several mechanisms
— in particular, radiation-induced grain-boundary and
intragranular impurity segregation, additional regions
may appear in fractures of the specimens demonstrating
the occurrence of brittle intergranular and ductile in-
tergranular fracture type [12].

In general, the process of RE evolution, evaluated
using the DBTT shift in transition curves, can be rep-
resented schematically as shown in Fig. 1.

Therefore, to reveal properly the mechanisms re-
sponsible for RE occurring in RPV materials, it is ex-
tremely important to compare the data obtained in

fractographic studies (item 3 in Fig. 1) with the data
obtained in studies that deliver information on the pa-
rameters indicated in item 2.

It appears unlikely that a comprehensive under-
standing of the mechanisms responsible for RE in RPVS
can be achieved without structural studies applied to the
same materials which have undergone recovery anneal-
ing and re-irradiation.

Based on the above rationale, microstructural and
fractographic studies have been carried out on RPVS
steels in initial (unirradiated) state, after irradiation,
recovery annealing and re-irradiation. The objective of
the investigations was the comparison of structural and
fractographic data in order to elucidate the mechanisms
governing RE in RPVS.

2. Experimental

The range of chemical compositions of the RPVS
investigated is presented in Table 1.

After forging, base metals: 15 Kh2MFA was aus-
tenized 1000°C — 10 h, oil cooling; tempering: 700°C — 16
h, air cooling; IS Kh2NMFAA was austenized at 920°C
— 1 h, water cooling, aging 650°C, air cooling, aging
620°C — 25 h, aging 650°C — 20 h, furnace cooling to
room temperature.

25Kh3NM is the base metal (experimental PWR)
that was given the following heat treatment: 870-890°C,

Table 1
Chemical composition of investigated pressure vessel material
Steel type W%
Si Mn P S Cu Ni Cr Mo C v
15Kh2MFA 0.27 0.39 0.011 0.012 0.19 2.52 0.64 0.13 0.25
0.37 0.48 0.016 0.018 0.14 0.27 3.00 0.71 0.18 0.31
SV-10KhMFT 0.15 0.97 0.029 0.012 0.15 0.09 1.37 0.43 0.05 0.19
0.35 1.03 0.036 0.013 0.21 0.29 1.58 0.50 0.07 0.23
15Kh2NMFAA 0.23 0.42 0.010 0.008 0.09 1.25 2.14 0.59 0.16 0.10
25Kh2NMFAA 0.44 0.49 0.024 0.018 0.10 1.02 3.03 0.40 0.23 -
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air cooling to 700-800°C, oil quenching, tempering at
620-670°C and furnace cooling.

Post weld heat treatment for the weld metal (SV-
10KhMFT): holding 15 h at 665°C, furnace cooling to
300°C, then air cooling.

Embrittlement of the specimens after irradiation was
assessed from the DBTT shift and the decrease of the
upper shelf energy in impact tests on Charpy V-notch
specimens.

DBTT values were determined from impact testing
carried out in accordance with ASTM standards.

Fractographic examinations were carried out on
halves of Charpy specimens, which were stored under
vacuum after testing, in order to preserve the fracture
surfaces.

The fracture surfaces were investigated using an X-
ray microbeam SXR-50 — radioactive version (‘‘Came-
ca’) that was installed in a shielded chamber. The
images of the fractures were obtained with secondary
electrons at an accelerating voltage 20 kV and a probe
current 0.8 nA, with magnifications in the range
50-3500 times. The fractions of different types of
fracture (ductile, brittle intergranular, ductile inter-
granular, cleavage and quasicleavage) in the total
fracture surface after tests at different temperatures
were evaluated using the Glagolev method [14]. The
absolute error of measurements at 95% confidence level
did not exceed 5%. Testing temperatures for each ma-
terial corresponded to upper shelf (US), DBTT and
lower shelf (LS) in the temperature dependence of
absorbed energy.

An electron microscope type TEMSCAN-200CX was
used for transmission electron microscopic (TEM)
studies at an accelerating voltage 200 kV. In those re-
gions where the densities of both radiation defects and
precipitates were determined, the specimen thickness
was simultaneously determined using the Convergent
Beam Electron Diffraction method [15], giving an error
less than 5%.

Specimens for TEM studies were cut from the halves
of fractured Charpy specimens. Further machining of
the specimens consisted in electrolytic polishing carried
out using a “Struers” electropolisher just before elec-
tron-microscopic studies. The composition of the elec-
trolyte was as follows: 10% of HCIO, and 90% of
methanol at —60° to —75°C.

The chemical composition of grain boundaries was
studied by the methods of Secondary-Ion Mass-Spec-
troscopy (SIMS) and Auger-electron spectroscopy using
Escalab-5 (VG, UK) designed for combined analysis of
the surface. Cylindrical specimens made from steel
pieces of 25 mm length and 4 mm in diameter with a
ring notch 1 mm depth and a notch root radius of 0.1
mm were tested. The specimens were then brittle frac-
tured using impact bend at —170°C in a vacuum of 10~°
Torr inside the spectrometer chamber. The data cited

have been obtained for unoxidized fractures. The depth
analyzed was 2.0-2.5 nm. Semiquantitative comparative
analysis of alloy and impurity content was obtained by
determination of the following ratio: the amplitude of
phosphorus Auger peak (120 eV) to the amplitude of
iron Auger peak (703 eV) [16]. Semiquantitative evalu-
ation was derived from experimental data averaged
over 7-10 boundaries (facets) for grains of different
orientations to reduce any influence of this factor on the
data.

3. Results
3.1. Examination of fracture surfaces

Table 2 shows the data typical of fractographic
studies carried out with specimens from RPVS in the
initial state, after irradiation in different conditions, re-
covery annealing and re-irradiation. These data permit
to formulate the series of general regularities concerning
the fracture surface structure typical of the specimens
from RPVS in different conditions.

1. In the initial unirradiated state, fracture proceeds
almost exclusively by a transcrystalline mode over the
whole range of impact test temperatures — LS through
US - for all steels examined. ' Moreover, in the regime
of US temperatures, 100% of fracture surfaces in the
specimens exhibit ductile, dimple type fracture (Fig. 2).
As the testing temperature decreases, the fraction of the
regions with ductile type of fracture in the fracture
surfaces decreases and regions with cleavage and qua-
sicleavage fracture type appear (Fig. 3). Their fraction
increases with approach to LS. In LS vicinity, the re-
gions with ductile type fracture are practically not ob-
served. Quantitative processing of fractographic data
shows that normalized values of the absorbed energy
(A/Ays) correlates with the fraction of regions with
ductile type fracture in the whole fracture surface over
the whole range of impact testing temperatures [13].

2. Irradiation of RPVS under conditions character-
istic of RPV operation leads to significant changes in
fractography of Charpy specimens at comparable test
temperatures. For instance, in the fractures of specimens
tested within the US interval, in addition to regions with
ductile, dimple fracture type, ductile intergranular re-
gions appear (Fig. 4). As known, this type of fracture
can appear in the case of precipitates located along grain
boundaries to which interfaces phosphorus segregates.
Ductile intergranular fraction of the total fracture sur-

"'Under conditions that the final heat treatment was
performed correctly and enabled temper brittleness to be
avoided.
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Fig. 2. Typical ductile dimple fracture (unirradiated base metal, T\, = 100°C).

P

Fig. 3. Brittle transcrystalline fracture (irradiated base metal, Ty =—100°C): (A) cleavage; (B) quasicleavage.

face reaches 10-15% (Table 2, lines 1-9). > When the
testing temperature is decreased to values close to the
DBTT, then a significant decrease in the fraction of the
regions with ductile and ductile intergranular fracture
type is observed in the total fracture surface area (Ta-
ble 2). In parallel with this phenomenon, it is observed
the presence of considerable number of the regions

2 Until 1996 the authors did not distinguish ductile inter-
granular component in fracture surfaces as a special type of
fracture, when analyzing the data of fractographic studies. But
latter part of those data had been revised and it was shown that
this fracture type ought to be identified as a special fracture
type. The regions of this fracture type are present in fractures of
all examined specimens of irradiated steels tested over the
interval DBTT through USE.

where the fracture had occurred as a result of cleavage
or quasicleavage (Table 2). It should be noted that in the
base metal, irradiation induces the appearance of ap-
preciable number of the regions with brittle intergran-
ular fracture type (Fig. 5A). Usually, their fraction in
the total fracture surface area constitutes ~15-30%
(Table 2, lines 19,20,22,23,37,40,41). But for some steel
types this fraction can reach ~70% (Table 2, lines 1-9).
It should be emphasized that in fractures of full-size
Charpy specimens made from irradiated WWER-440
weld metal (even, with phosphorus content reaching
~0.05%) the regions with brittle intergranular fracture
type is practically not observed (Table 2, lines 1618,
31-33). On the other hand, due to the peculiarities of
stress deformation state arising in impact tests (at
comparable temperatures) with sub-size Charpy speci-
mens made from the same materials, the appearance of
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Fig. 4. Ductile intergranular fracture (irradiated weld metal, T\ = 160°C).

Fig. 5. Brittle intergranular fracture: (A) irradiated base metal (P =0.009%wt, T\ =—100°C); (B) sub-size Charpy specimen from

irradiated weld metal (P =0.047%wt, Ties = 150°C).

the regions with the brittle fracture type are observed
(Fig. 5(b)). Their fraction in total area of fracture
surfaces can reach ~5-15% (Table 2, lines 13,14,19,20,
25,26,28,29,43-48). It should be mentioned that an in-
creased phosphorus content in the steel (0.04%) causes
the appearance of a brittle intergranular component
within the whole test temperature interval up to tem-
peratures close to US (Table 2, lines 45,48) that is ob-
served in fracture surfaces of sub-size Charpy specimens.

Further decrease in impact testing temperature to
values corresponding to the LS, results in practically
complete disappearance of the regions with ductile and
ductile intergranular fracture type in the irradiated
specimen fractures (Table 2). At the same time, some-
times some reduction in the fraction of the regions with
intergranular fracture character occurs (in those mate-

rials where it had existed) in the total area of fracture
surfaces (Table 2, lines 13,14,22,23). In contrast with the
above situation, the fraction of the regions with cleavage
and quasicleavage fracture type increases (Table 2).
Thus, comparative fractographic investigations of a
wide range of RPVS (both base and weld metal) in the
initial state and after irradiation have demonstrated that
the principal characteristic feature of fracture surfaces of
irradiated Charpy specimens is the transition from
purely transcrystalline to mixed fracture type, in which
brittle and/or ductile intergranular fracture may be
present. Moreover, the higher the phosphorus content in
the steel, the higher the temperature interval where the
intergranular component appears and also the higher
the fraction of this component in the fracture surface of
a specimen made from one material type (base or weld).



B.A. Gurovich et al. | Journal of Nuclear Materials 264 (1999) 333-353 341

3. Recovery annealing applied to irradiated RPVS
leads to considerable changes occurring in fracture sur-
faces at comparable impact test temperatures. However,
the degree and character of such changes depends on the
annealing temperature.

(a) If the annealing temperature is ~450-475°C and
the duration of heat treatment does not exceed
~150 h, then an appreciable decrease in the frac-
tion of the regions with ductile intergranular frac-
ture character in the total fracture surface area is
observed (Table 2, compare lines 43-45 with 46—
48 and 57 with 60). Simultaneously, the fraction
of the regions with ductile fracture type grows by
the appropriate value.

(b) This is important that in addition to the fact
that recovery annealing at 450-475°C does not in-
duce reduction in the fraction of the regions with
brittle intergranular fracture type, in some cases it
induces even its increase (Table 2, compare lines
19,20 with 22,23 and 37,38 with 40,41).

Recovery annealing at 560°C leads to subsequent
reduction in the fraction of the regions with ductile in-
tergranular fracture type in specimens (Table 2, com-
pare lines 48 with 51). Besides, such annealing induces
significant decrease in the fraction of the regions with
brittle intergranular fracture type in the specimens (Ta-
ble 2, compare lines 28,29 with 31,32 and 46-48 with 49—
51).

Table 3

4. Re-irradiation of the steels, which have previously
undergone recovery annealing at 475°C, induces the
repeated appearance of the regions with ductile inter-
granular fracture type in Charpy specimens tested at US
and DBTT (Table 2, lines 44,45,63). It should be noted
that, practically, re-irradiation does not change of the
ductile intergranular and brittle intergranular fracture
types in the total fracture surface, when compared with
initial irradiation at the same conditions (Table 2,
compare lines 57 with 63).

3.2. Microstructural studies using TEM methods

Table 3 demonstrates the data typical of electron-
microscopic studies with RPVS — in the initial state,
after irradiation in different conditions, recovery an-
nealing and re-irradiation. These data enable the fol-
lowing series of general regularities concerning the
character of radiation-induced structural changes oc-
curring due to initial- and re-irradiation as well as re-
covery annealing to be identified.

1. The most important type of radiation-induced
structural change in RPVS is the formation of radiation
defects and two kinds of precipitates: disk- and round-
shaped (Table 3). Radiation defects in steel are visible
as “black dots” and dislocation loops with a zero
contrast line (Fig. 6). The analysis of dark-field images
obtained using different diffraction vectors shows that

Data on densities and average sizes of radiation defects, disk-shaped and rounded precipitates in weld metal before irradiation, after

irradiations and after recovery annealings

No Condition
-3

Moods> X 1015 <d>

loods>

"
ngis, X 107 (d) gige»
-3 -3

15
Nroundeds X 10 <d>munded’ nm

cm nm cm nm cm
Specimens from trepan of WWER-440 (P =0.034%, Cu=0.155%)

1 unirradiated quasi-archive - - 0.5-0.6 20.4 - -

2 irradiated F=6.5-1 0% m~ 7-8 5 50-60 10.5 n/d @ n/d

3 irradiated + annealed 475°C, 150 h - - 3.5-4.0 13.5 n/d n/d

4 irradiated + annealed 560°C, 2 h - - 0.7-0.9 20.5 n/d n/d

5 irradiated F=2.7 - 1 0 m™2 5-6 3 30-50 9.5 n/d n/d

6 irradiated + annealed 475°C, 150 h - - 2.5-3.0 17.5 n/d n/d

7 irradiated + annealed 560°C, 2 h - - 0.9-1.0 23.5 n/d n/d
Specimens from templet of WWER-440 (P =0.047%, Cu=1.0%)

8  unirradiated quasi-archive - - 0.5-0.6 20.4 - -

9 reirradiated F=0.5-1 0% m~2 0.9-1.0 4-5 2.0-3.0 11.5 500-700 2.0-3.0
10  reirradiated + annealed 475°C, 150 h - - 1.0-1.5 11.5 20-30 3.0-4.0
11  reirradiated + annealed 560°C, 2h - - 0.8-0.9 12.0 15-20 3.0-4.0
Surveillance samples from WWER-440 (P =0.039%, Cu=0.17"%)

12 unirradiated - - 0.7-0.8 22.8 - -

13 irradiated F=0.9 - 1 02 m™ 2-3 5-6 20-25 18.7 1700-2000 2.0-2.5
14 irradiated + annealed 470°C, 70h - - 2.5-3.0 25.6 40-50 3.0-4.0
15 reirradiated F=0.9 - 1 0 m2 1.5-2.0 5-6 10-15 23.3 400-500 3.5-4.5

4 Not determined.
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Fig. 6. Radiation defects in irradiated RPVS: “black dots” and dislocation loops (bright field image, F=6.5 - 10 n/m?),

all visible radiation defects are dislocation loops. In
addition, it should be noted that dislocation loops with
zero contrast line are glissile dislocation loops. Under
the same conditions, the sizes and density of radiation
defects grow with increase in fast neutron fluence. The
density of radiation defects does not exceed 10'® cm™3
at fast neutron fluences typical of WWER-440 type
reactors.

Irradiation induces considerable increase in disk-
shaped precipitate densities (Table 3). Such precipitates
are ~1-2 nm thick with average diameter > 20 nm in
initial state and ~10 nm after irradiation. Fig. 7 illus-
trates typical histograms of disk-shaped precipitate
quantities versus the sizes (diameters) for the steels
(surveillance samples) being in various states. These
histograms confirm that irradiation induces the forma-
tion of a new population of disk-shaped precipitates
possessing small sizes. Due to this fact their average sizes
are decreasing whereas the density significantly increases
(Table 3). The analysis of ellipticity changes of the pre-
cipitate images with specimen tilting has shown that the
disk-shaped precipitates are located on planes of {1 0 0}
type. The following fact is also noted: in addition to the
formation of disk-shaped precipitates through the grain
volumes, often the precipitates form chains along the
grain boundaries (Fig. 8). As shown in [17], the disk-

shaped precipitates are vanadium carbides. Their density
in real RPVS operating conditions can reach ~ (5-6)
10' cm~ compared to values in initial state of ~(0.5-
0.8) 10" cm™3.

In addition, irradiation of RPVS also induces the
formation of rounded precipitates of quite small sizes:
~2-3 nm (Fig. 9 and Table 3) . Such precipitates are
homogeneously distributed throughout the metal grain
volumes. Their density in the considered irradiation
conditions reaches ~2 x 10'® cm~3 (Table 3). As shown
in [17], they are copper-enriched precipitates (for more
details see Section 4).

2. Recovery annealing at 470-475°C induces nearly
complete disappearance of radiation defects in steels
(Table 3). In parallel with it, the reduction in disk-
shaped precipitate density proceeds to in excess of one
order of magnitude (Table 3). Nevertheless, complete
recovery of disk-shaped precipitate density to values
corresponding to the initial state, does not take place.

3 Until 1997, the authors did not have a method permitting
direct observation of such small precipitates in RPVS during
TEM studies. For this reason, the results of TEM studies
accomplished before this period did not involve any data on
rounded precipitates.
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Fig. 7. Size distribution of disk-shaped precipitates for surveillance samples which have undergone: (a) irradiation (F=0.9 - 10 n/m?);
(b) irradiation and annealing 470°C, 70 h; (c) re-irradiation (F=0.9 - 10% n/m?).

Annealing results in a significant change in distribution neutron fluence accumulated during the steel irradiation.
of disk-shaped precipitates versus the sizes (Fig. 7b). Recovery annealing at 470-475°C causes significant re-
Obviously, the character of such changes depends on duction in rounded precipitate density (more than ~20—
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Fig. 8. Disk-shaped precipitates in the body and on the grain-boundary of re-irradiated surveillance samples from weld metal (dark
field images, F=0.9 - 10 n/m?): (A) side view; (B) front view; (C) irregular disk-shaped precipitate distribution on the grain

boundaries.

40 times), and some increase in their average sizes 4

(Table 3).

3. Recovery annealing at ~560°C causes an even
stronger reduction in the density of disk-shaped pre-
cipitates (Table 3), but complete recovery of their den-
sity (to the values characteristic of unirradiated steels) is
not observed. Such annealing leads to more significant
changes in size distribution of disk-shaped precipitates
as compared with annealing at 470-475°C. As a result,
their average size increases to values exceeding average

4 Until the present time, the authors have not been
successful in seeking rounded precipitates in unirradiated steels,
but perhaps this is due to small sizes (<2 nm) and low density of
rounded precipitates in the state prior to steel irradiation.

sizes of disk-shaped precipitates in unirradiated steels
(Table 3). At the same time, annealing at 560°C induces
even more significant reduction in density of rounded
precipitates in comparison with annealing at 470-475°C
(Table 3).

4. Re-irradiation of steels (after initial irradiation and
recovery annealing at 470-475°C) induces the appear-
ance of radiation defects — dislocation loops. However,
their density after re-irradiation is somewhat lower, than
after initial irradiation (Table 3). At the same time, re-
irradiation induces the formation of new populations of
disk-shaped and rounded precipitates (Table 3, Fig. 10).
It should be mentioned that their density does not reach
the values observed after initial irradiation (Table 3).
Average sizes of both precipitate types exceed only
slightly their average sizes after initial irradiation
(Table 3).
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Fig. 9. Precipitates in surveillance samples from weld metal (dark field image): (A) rounded and disk-shaped precipitates in irradiated
specimen (F=0.9 - 10 n/m?); (B) rounded precipitates in re-irradiated specimen (F=0.9 - 10 n/m?).

3.3. Grain-boundary chemical compositions determined by granular fracture; the specimen was taken from the un-
Auger-electron spectroscopy and SIMS irradiated cover of a research reactor, steel 25SKh3NM.
This reactor was operating during =60 000 h. It can be

Fig. 11 illustrates a typical Auger-electron spectrum seen that the grain boundaries are enriched with phos-
obtained from a fracture surface in the region of inter- phorus: the ratio of amplitudes of phosphorus to iron

Fig. 10. Rounded precipitates in weld metal (dark field images), which has undergone: (A) re-irradiation (F=0.5 - 10 n/m?); (B) re-
irradiation and annealing 475°C — 150 h; (C) re-irradiation and annealing 560°C — 2 h.
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Fig. 11. Auger-electron spectrum of grain-boundary surface (unirradiated base metal from experimental PWR (P = 0.018%wt), heated

60 000 h).

Auger-electron peaks Ip/Ig. is 0.8. Besides, the alloying
elements — Nb, Mo, Cr, C — for this steel are represented
with the corresponding components in Auger spectrum.
Also, the traces of Bi impurity are visible.

Fig. 12 demonstrates the change in the ratio of Au-
ger-electron peak intensities for phosphorus and iron /p/
Ig. due to etching of the specimen fractures by argon
ions. It can be seen that with increase in etching time
that corresponds to increasing distance from the grain

boundaries, the ratio of Auger-electron peak intensities
drops to the phosphorus concentration characteristic of
the grain body.

Similar results have been obtained using SIMS for
irradiated specimens made from WWER-440 pressure
vessel produced from steel 15Kh2MFA. Fig. 13 illus-
trates the distribution of Fe and P in the region of in-
tergranular fracture as a function of increasing distance
from grain-boundary. In the present case the fact of
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Fig. 12. The change in phosphorus to iron amplitudes /p/Ir. for Auger-electron peaks resulting from etching of the specimen fractures
by argon ions (unirradiated base metal from experimental PWR (P =0.018%wt) heated 60,000 h).
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Fig. 13. Chemical composition of irradiated Charpy specimens examined within intergranular fracture regions (base metal,

F=9.2-10% n/m?, P=0.017%wt).

enrichment of grain boundaries with phosphorus is
valid. Thus, within the regions of specimen fractures
with intergranular character of fracture, the grain-
boundary phosphorus segregation has been observed
(resulting from both irradiation and long-term heat ex-
posure).

4. Discussion

The data obtained show that irradiation of Russian
RPVS (first of all, weld metal) induces the following
structural changes:

1. The appearance of radiation defects — dislocation
loops.

2. Significant increase in disk-shaped precipitate densi-
ties and appearance of great number of rounded pre-
cipitates. Obviously, the former are vanadium
carbides, whereas the latter are copper-enriched pre-
cipitates.

3. Formation of grain-boundary and intragranular seg-
regation of impurities (primarily, phosphorus).

In [12] the different mechanisms were discussed in
detail and their relative contribution to RE occurring in

RPVS was evaluated (i.e., their contribution to the
DBTT shift measured during impact testing). It was
shown that RE is primarily determined by intragranular
phosphorus segregation and to a smaller extent by ra-
diation hardening induced by various precipitates and
radiation defects. The contribution from grain-boun-
dary phosphorus segregation to RE proceeding in RPVS
does not exceed 10-20%.

The data obtained in the present study and involving
complex microstructural and fractographic investiga-
tions allow to elucidate the way in which the mecha-
nisms (radiation hardening, intragranular and
intergranular segregation) are realized and how they
lead to RE in RPVS.

It is well known that in steels possessing a BCC
crystal lattice, the appearance of regions with brittle
intergranular fracture is usually determined by impurity
(primarily, phosphorus) segregation to grain bound-
aries. Direct experimental studies of impurity distribu-
tions in fractures of irradiated specimens, accomplished
for the regions with intergranular fracture type (using
SIMS and Auger-electron spectroscopy) confirm the fact
of grain-boundary phosphorus segregation there [18].
Irradiation temperatures (=250-290°C) providing the
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appearance of grain-boundary phosphorus segregation
in RPVS, are significantly lower than the temperatures
characteristic of temper brittleness (=400-500°C) [19].
Unfortunately, practically all experimental data on
temper brittleness were obtained with time periods of
exposure not exceeding 10 000-20 000 h [19]. The
shortage of data does not allow to unambiguously sep-
arate the radiation component during formation of
grain-boundary phosphorus segregation in RPVS irra-
diated at operating temperatures ~250-300°C and du-
ration of exposure ~200 000-300 000 h. The indicated
time interval approximately corresponds to RPV life-
time. It is known that the affinity of phosphorus to grain
boundaries in steels at temperatures > 600-650°C is
zero and steadily increases with temperature decreasing
under these values [19]. At low temperatures the process
of grain-boundary phosphorus segregation is governed
exclusively by kinetic factor, since the stationary phos-
phorus level in grain-boundary segregation is steadily
increasing with decrease in temperature (<600-650°C)
[19]. Therefore, prolongation of heating exposure (by
one order of magnitude and more if compared with the
main body of experimental data obtained for temper
brittleness) can considerably change the shape of tem-
perature dependencies of grain-boundary phosphorus
segregation evolution within the region of reduced
temperatures.

Isolated experimental data show that long-term
(=60 000 h) heating exposure of RPVS at ~270°C
without irradiation induces phosphorus segregation to
grain boundaries. Moreover, the fraction of the regions
with brittle intergranular fracture type in Charpy spec-
imens can reach 65% (Table 2, lines 1,2). For Charpy
specimens made from the same steel which had under-
gone irradiation — as a part of RPV — to different neu-
tron fluences (1.6 x 10 — 5.05 x 10%m~2) at ~270°C
and also testing, the fraction of the regions with brittle
intergranular fracture type constitutes ~65-70% (Ta-
ble 2, lines 4-8). These data demonstrate that phos-
phorus segregation to grain boundaries in RPVS,
proceeding during ~60 000 h (which is 3-10 times longer
than usual duration of surveillance samples irradiation),
chiefly are not governed by the radiation effects (irradi-
ation), but by the parameters of heating exposure, sim-
ilar to the process of temper brittleness evolution.

It should be kept in mind that the overwhelming
portion of the data on RE in RPVS was obtained within
the framework of surveillance sample (SS) examinations.
Irradiation of SS is more or less accelerated if compared
with real RPV operating conditions. The duration of SS
irradiation examined until the present time does not
exceed ~20 000-30 000 h. The available experimental
data do not permit to evaluate the degree of temper
brittleness evolution in RPVS caused of heating expo-
sure at operating temperatures for the above time in-
tervals. But it is reasonable to suppose that the level of

grain-boundary phosphorus segregation by accelerated
irradiation of SS would be found out lower than in
similar steels of RPV still being in operation, when they
will be taken out of service (under the same other con-
ditions — i.e., equality of temperatures and fast neutron
fluences). Thus, it can be predicted that phosphorus level
in grain-boundary segregation for SS will differ from
equilibrium (stationary) level for the temperature con-
sidered — to higher extent than phosphorus level in
grain-boundary segregation for the same steel taken
from RPV when it will be taken out of service. The
reason of this predicted difference is the considerable
difference in duration of heating exposure during irra-
diation. By all the above reasons, the contribution to
grain-boundary phosphorus segregation in steels un-
dergoing accelerated irradiation from pure radiation
effects (for instance, radiation-induced diffusion) would
be higher than in similar steels irradiated in operating
RPV.

It should be mentioned that in studies devoted to
temper brittleness in steels, enhanced grain-boundary
phosphorus segregation due to increase in nickel content
was noted [19]. In this connection, one can suppose that
in RPVS with heightened nickel content (e.g., in
WWER-1000 RPV materials) the contribution from the
temper brittleness mechanism to final phenomenon of
grain boundary phosphorus segregation caused of irra-
diation would be higher.

The analysis of fractographic data confirms that the
decrease in fraction of the regions with brittle inter-
granular fracture type in irradiated specimens and also
specimens, which have undergone temper embrittlement
heat tratment, is observed at the same temperatures
( = 560°C). Therefore, it can be deduced that the decay
of grain-boundary phosphorus segregation resulting
from annealing is proceeding at the same temperatures
independent of the way of their formation, whether by
temper embrittlement or by irradiation. This situation
looks quite natural, since the formation and decay of
grain-boundary phosphorus segregation proceeding in
steel are reversible relative to temperature and can be
described analytically using state functions (potential
functions) [19]. By this reason, the prehistory of grain-
boundary phosphorus segregation does not have to in-
fluence the regularities of their decay in the process of
recovery annealing. By the above reasons, recovery an-
nealing at ~450-500°C applied to irradiated RPVS does
not induce any reduction in the fraction of brittle in-
tergranular component in specimen fractures (Table 2,
lines 22,23, 28,29, 40,41, 46-48). Respectively, this an-
nealing does not induce the recovery of those parts of
RE, which is caused by grain-boundary phosphorus
segregation. And what is more, annealing at such tem-
peratures can induce the increase in the level of grain-
boundary phosphorus segregation, if its duration is long
enough.
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The analysis of the data obtained displays that in
similar materials (base or weld metal), at comparable
irradiation conditions, an increase in phosphorus con-
centration induces the increase in the fraction of the
regions with brittle intergranular fracture type in Char-
py specimens. However, the quantity relation between
phosphorus concentration and the number of brittle
intergranular fracture regions is rather complicated. For
example, in full-size Charpy specimens made from base
metal, where phosphorus content is a few times lower
than in weld metal, the fraction of the regions with
brittle intergranular fracture type after irradiation in
comparable conditions is significantly higher (see Sec-
tion 3). Apparently, this is due to variations in micro-
structure of the materials considered.

In agreement with the data from [20], the following
probable reason of stronger inclination of Russian grade
irradiated full-size Charpy specimens made from base
metal to brittle intergranular fracture in compare with
Russian grade irradiated full-size Charpy specimens
made from weld metal may be pointed out. Metallo-
graphic studies have shown that microstructure of base
metal is homogeneous and consists of tempered bainite.
In contrast with base metal, the bodies of weld metal
grains consist of tempered bainite whereas grain
boundaries of prior austenitic grains are decorated by
globular alpha-ferrite (Fig. 14). The preferential inter-
granular fracture in Charpy specimens is passing just
through these high-angle grain boundaries of prior
austenite. Alloying of steels with Mo and Mn induces
abrupt decrease in phosphorus solubility in alpha-ferrite
[20] and, respectively, can induce the reduction of
phosphorus segregation level along the weld boundaries.
The validity of this reason is confirmed by the fact that

the appearance of brittle intergranular fracture in full-
size Charpy specimens from American grade steel is
equiprobable as due to base or weld metal specimens
that have the same homogeneous structure of tempered
bainite along the section of the former austenitic grains
[13]. However, the appearance of the area with brittle
intergranular fracture in irradiated sub-size Charpy
specimens of Russian grade weld metal is quite probable
due to peculiarities of stress deformation state caused by
impact tests.

First of all, it should be emphasized that the most
convincing direct experimental fact, pointing to the ap-
pearance of intragranular phosphorus segregation as a
result of irradiation, is the appearance — in the fractures
of the corresponding Charpy specimens — of the regions
with ductile intergranular fracture type (Table 2). In
compliance with [12,21], the appearance of such regions
in fractures may occur only when grain boundaries are
decorated with precipitates, and, moreover, at the in-
terface boundaries of these precipitates, phosphorus
segregation is proceeding in the process of heat treat-
ment or irradiation. In general, such precipitates could
be present at the grain boundaries in initial state as well
and/or appear as a result of irradiation or heat treat-
ment.

The fact that ductile intergranular fracture is ob-
served at impact testing temperature that belongs to the
US regime, indicates the low level of the values of the
stress of tearing in the region of interface boundaries of
these precipitates. Besides, this fact confirms that at the
indicated interface boundaries, the level of the stress of
tearing is lower, than at those boundaries of the matrix
grains, where usual grain-boundary phosphorus segre-
gation had been proceeding. This conclusion follows

Fig. 14. Typical microstructure of WWER-440 weld metal. The globular inclusions of alpha-ferrite decorate the grain boundaries of

prior austenitic grains.
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from the fact that at impact testing temperatures in the
US regime, brittle intergranular fracture is practically
absent (Table 2).

The reasons of the distinction in the values of the
stress of tearing at interface boundaries of precipitates
and boundaries of the matrix grains by appearance of
phosphorus segregation at them are not clear at the
present moment. Probably, they are related to pecu-
liarities in structure of interface boundaries and also
with the distinctions in the level of phosphorus segre-
gation on them.

Fracture character in the regions with ductile inter-
granular fracture points to the fact that the average
distance between precipitates (at interface boundaries of
which the phosphorus segregation had taken place),
decorating the corresponding boundaries of the matrix
grains, should not exceed =~1-5 um. This value corre-
sponds to the average distance between the centers of the
adjacent dimples on the areas with ductile intergranular
fracture. TEM studies have shown that in irradiated
weld metal the indicated requirement can be satisfied
only for disk-shaped and rounded precipitates of rather
high density. It is worth mentioning that the decoration
of the regions of matrix grain boundaries with precipi-
tates is observed only infrequently * (Fig. 8C). As shown
above, the precipitates of such type arise preferentially
inside the grain body. Obviously, when the interface
boundaries of some precipitates possess an affinity for
phosphorus, then under the same other conditions,
phosphorus segregation to them will be proceeding in-
dependent of their location either inside the body or at
the boundary of the matrix grains. It should be noted
that in [22] the precipitates inclined to phosphorus seg-
regation at their interface boundaries due to heating
exposure were registered also inside the body of the
matrix grains in addition to location along the bound-
aries. The fact of the appearance of the regions with
ductile intergranular fracture type in the fractures, by
itself, is pointing to the fact that the tearing along pre-
cipitate interface boundaries, decorating the boundaries
of the matrix grains, occurs at a little bit lower level of
stresses, than along interface boundaries of the same
precipitates, situated inside the matrix grains.

Separate experimental studies using APFIM, confirm
that the appearance of copper-enriched precipitates re-
sulting from RPVS irradiation, is accompanied by their
enrichment with phosphorus as well [23]. Thus, it is
reasonably to suppose that phosphorus segregates also
to interface boundaries of copper-enriched precipitates.
As well, the above considerations allow to suppose that
in weld metal, in addition to appearance of disk-shaped

5 A small fraction of the ductile intergranular fracture on
the fracture surface is due to infrequent grain boundary
decoration with the precipitates.

and rounded precipitates and significant increase in their
density, irradiation also induces phosphorus segregation
to their interface boundaries or, in the other words, in-
tragranular segregation. One cannot exclude that phos-
phorus segregation may be proceeding at interface
boundaries of other precipitate types. But in weld metal,
the density of all other precipitates is much lower than
the above discussed one, and practically is not changing
under irradiation.

The data in [22] demonstrate that the processes of
phosphorus segregation resulting from steel tempering
at precipitate interface boundaries, are reversible rela-
tive to the temperature (which is quite similar to well
known grain-boundary phosphorus segregation). It is
worth noting that the temperatures of their formation,
stability and decay, practically, do not differ from the
corresponding temperatures for grain-boundary phos-
phorus segregation. For example, the temperatures at
the moment of the beginning of the decay of phos-
phorus segregation at the interface boundaries are
above 525°C [21,22]. It is pointed out in [12] that the
disappearance of intragranular phosphorus segregation
(in contrast with grain-boundary phosphorus segrega-
tion) may occur at lower annealing temperatures, if this
is not caused of segregation dissolution, but due to the
dissolution of the precipitates themselves. The results of
TEM studies (Table 3) demonstrate that recovery an-
nealing at 470-475°C applied to irradiated weld metal
induce a decrease in density of disk-shaped and rounded
precipitates by more than one order of magnitude. This
circumstance allows to confirm that recovery annealing
at this temperature ought to lead to higher degree of the
recovery of changed properties related to radiation-in-
duced intragranular phosphorus segregation. The in-
crease in annealing temperature to 560°C induces even
stronger decrease in density of precipitates of both types
(Table 3) and increase in the degree of recovery of
DBTT.

The results of TEM studies (Table 3) show that re-
covery annealing at 470-475°C applied to irradiated
weld metal induced practically complete disappearance
of radiation defects — dislocation loops. This circum-
stance in combination with the above ones, defines high
degree (~90%) of radiation-induced hardening recovery
and the decrease in steel ductility accompanying it (see
[12]), which is proceeding after recovery annealing al-
ready at 470-475°C. These considerations become quite
transparent, if one takes into account that the reason of
hardening occurring in the steels as a result of irradia-
tion is the formation of radiation defects, increase in
density of disk-shaped and rounded precipitates. As
known [19,21,22], phosphorus segregation does not de-
liver any contribution to hardening.

Comparison of experimental data obtained in the
present study with published data on grain-boundary
and intragranular phosphorus segregation in steels are
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pointing to deep analogy between these two phenomena.
First of all, they both are reversible relative to the
temperature, and also the temperatures characteristic of
the appearance or decay of both types of segregation are
close. In this connection (similarly to the above con-
siderations concerning grain-boundary phosphorus seg-
regation), it is evident, that RPVS operating
temperatures are significantly lower than the tempera-
tures of phosphorus segregation in them. But limited
data on the appearance of intragranular phosphorus
segregation in steels were obtained in the process of
thermal aging of duration not exceeding ~20 000 h [22].
Approximately, this corresponds to typical duration of
SS irradiation and is much less than RPV lifetime.

The deficiency of the data does not permit to reveal
unambiguously the radiation component in the process
of phosphorus segregation evolution in RPVS at oper-
ating temperatures ~250-300°C. But, similar to the
above considerations concerning grain-boundary phos-
phorus segregation, one can suppose the following. The
level of phosphorus segregation at precipitate interface
boundaries resulting from accelerated irradiation of SS
would be found out to be lower, than in similar steels of
operating reactors at the moment when they will be ta-
ken out of service (under the same other conditions, i.c.,
equal irradiation temperatures and fast neutron flue-
nces). As pointed out above, for formation of intra-
granular phosphorus segregation, in addition to
phosphorus, the precipitates are a necessary require-
ment, which possess propensity for phosphorus segre-
gation to their interface boundaries. Such precipitates
could be present inside RPVS before irradiation. But
considerably more of such precipitates (disk-shaped and
rounded) are created in the process of irradiation. Pri-
marily, their formation is the consequence of the known
fact that during RPVS production, in the steel matrix,
the concentrations of some impurity elements (for in-
stance, copper) significantly exceeding their equilibrium
solubility values characteristic of the reactor operating
temperatures. Therefore, the duration of thermal expo-
sure in the process of RPVS exploiting (and not just
irradiation) can influence on the degree of the approach
of concentrations of these impurities to equilibrium
values.

All the above circumstances point to the fact that
accelerated irradiation of SS and irradiation of the same
steels during RPV operation (at the same temperatures
and to the same neutron fluences) are accompanied by
different structural changes. It should be pointed out
here that structural changes in steels irradiated in RPV
have to be stronger than similar changes occurring in SS
(the level of grain-boundary and intragranular impurity
segregation and also the density of disk-shaped and
rounded precipitates are higher (Table 3)). Finally, the
components of RE, which are associated with grain-
boundary and intragranular phosphorus segregation

have to be larger in the steels irradiated in RPV. Con-
sequently, the long duration of thermal exposure can be
the principal factor inducing so-called phenomenon of
“small fluxes”. As well, it is evident that the above
considerations are applicable only if the values of neu-
tron fluences do not exceed a definite limit. At high
enough values of neutron fluences due to exhaustion of
phosphorus, copper etc. contents in the matrix, the
principal contribution to RE can be delivered by radi-
ation defects (i.e., because of reduction in steel ductility),
then the above considerations would lose their impor-
tance. Consequently, the phenomenon of small fluxes
has to manifest stronger by irradiation of RPVS with
higher phosphorus content, copper and, probably, some
other elements composing the precipitates, forming in
the process of irradiation.

The results detailed in Section 3 demonstrate that
during weld metal re-irradiation (which primarily had
undergone recovery annealing at 470-475°C after irra-
diation) in absolutely identical conditions, the rate of
structural changes is significantly reduced. The density
of radiation defects, disk-shaped and rounded precipi-
tates after re-irradiation is noticeably lower, than after
initial irradiation (Table 3). The most probable reason
of this phenomenon is incomplete recovery of radiation-
induced structural changes after recovery annealing at
470-475°C. First of all, this is valid for disk-shaped and
rounded precipitates, but also for grain-boundary
phosphorus segregation and phosphorus segregation to
interface boundaries of the above precipitates, which
have preserved after recovery annealing.

Thus, RPVS microstructure in the initial state (before
irradiation) differs significantly from microstructure of
the same materials after recovery annealing at temper-
atures not exceeding 500°C. As known, the dose de-
pendencies of the property changes and characteristics
of the material structures in the process of irradiation
are, as a rule, the curves with the exponent not exceeding
1. That is why, by incomplete annealing of radiation-
induced structural changes in steels, the parameters of
their structure may correspond to some intermediate
point at the corresponding dose dependencies. The fur-
ther is this point from the origin of coordinates, the less
is the value of the corresponding derivative. Accord-
ingly, the less is the rate of the property changes oc-
curring in the material structure and resulting from re-
irradiation in this case. The available experimental data
qualitatively confirm the correctness of this reasoning.
For instance, it was demonstrated in a series of exam-
ples, that the lower the temperature of recovery an-
nealing applied to irradiated RPVS, the lower the rate of
changes in their properties resulting from re-irradiation
[24].

However, these considerations do not exhaust all
probable causes of the distinctions in the rate of changes
in structure and material properties resulting from re-
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irradiation after recovery annealing as compared with
initial irradiation. It was pointed out above that some
portion of precipitates induced by irradiation (rounded
precipitates) are enriched with copper. Interface
boundaries of disk-shaped, rounded and, probably,
some other precipitate types are enriched with phos-
phorus after irradiation. In addition, irradiation leads to
grain-boundary phosphorus segregation. The circum-
stances enumerated above could lead to reduction in the
contents of copper and phosphorus impurities (and,
probably, some other elements) and, besides, they could
lead to changes in the proportions among their con-
centrations in steel matrix resulted from irradiation.

Recovery annealing at 470-475°C does not induce
recovery of density and sizes of disk-shaped and
rounded precipitates back to initial values (Table 3).
Due to this fact, phosphorus segregation is preserved at
interface boundaries of those precipitates that have not
dissolved during annealing. Besides, during such an-
nealing, grain-boundary phosphorus segregation are not
dissolving as well. Therefore, the recovery annealing at
470-475°C cannot lead to recovery of concentrations
and proportion between copper and phosphorus con-
centrations in the steel matrix to initial values. Due to
the fact that these impurities strongly influence the rate
(coefficient) of RE in RPVS [25], the reduction in their
concentration in the matrix might be the extra reason of
the observed rate of structural changes and steel prop-
erties resulting from re-irradiation. As well, it can be
deduced from the above that dose dependencies of RE,
obtained for RPVS at initial irradiation have to dem-
onstrate significant discrepancies as compared with dose
dependencies corresponding to re-irradiation of the
same steels, which have undergone recovery annealing at
<470-475°C. These discrepancies have to manifest in
higher degree in accordance with:

e reduction in the temperature of recovery annealing

(at least within the range ~340-475°C),

e increase in neutron fluences and also duration of ini-
tial irradiation.

The above factors facilitate the reinforcements of
discrepancies in concentration and proportion between
copper and phosphorus impurity concentrations in the
matrix of the same steel in the states preceding initial-
and re-irradiation.

5. Conclusions

The complex studies of RPVS structure before and
after irradiation and also after recovery annealing and
re-irradiation allow to make the following conclusions:
1. Irradiation of RPVS induces the combination of

structural changes, which involve: formation of radi-

ation defects, phase transformations with formation
of a few types of superfine, dispersed precipitates, in-
tragranular and grain-boundary impurity segregation
(primarily, phosphorus).

2. Structural changes due to irradiation lead to the

changes in fracture character of the specimens made
from irradiated RPVS resulting from impact tests
and the increase in the DBTT, i.e., radiation embrit-
tlement occurring in steels. Moreover, the fracture
surface in unirradiated RPVS specimens is transcrys-
talline type. After irradiation the fracture type is
mixed: a valuable quantity of the regions with ductile
intergranular or brittle intergranular fracture surface
types may appear in the fractures.

3. Recovery annealing applied to irradiated RPVS at

temperature not exceeding 475°C (i.e., annealing tem-
peratures used for prolongation of RPV lifetime)
does not provide complete recovery of radiation-in-
duced structural changes. Such annealing facilitates
considerable, but not complete recovery of radia-
tion-induced precipitate and intragranular phospho-
rus segregation densities. However, they do not
induce the reduction of grain-boundary phosphorus
segregation and can facilitate their reinforcements.

4. Structural changes resulting from recovery annealing

applied to RPVS lead to significant reduction in the
fraction of the regions of ductile intergranular frac-
ture type and do not change (or magnifies the frac-
tion of the regions of brittle intergranular fracture
type in fractures of Charpy specimens). Structural
changes as well as Charpy specimen fracture surface
changes lead to significant recovery of the DBTT ob-
served for RPVS that have undergone recovery an-
nealing.

5. Re-irradiation applied to RPVS (in comparable con-
ditions) is accompanied by essentially lower rate of
structural changes as compared with initial irradia-
tion and also lower rate of radiation embrittlement.

6. The observed experimental phenomena concerning

structural and fracture type changes in Charpy spec-
imens made from RPVS in different states permit to
explain qualitatively the features of radiation embrit-
tlement occurring in them and resulting from initial-
and re-irradiation. But this is necessary to continue
the studies in this direction.
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