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Abstract

Russian reactor pressure vessel steels have been studied in three conditions: initial, irradiated and annealed. It has
been established that irradiation induces both intergranular as well as intragranular phosphorus segregation. Fracto-
graphic studies demonstrated that brittle intergranular and ductile intergranular fracture surfaces of Charpy specimens
appear as a result of intergranular and intragranular segregation, respectively. Transmission electron microscope
(TEM) studies have revealed radiation-induced precipitates on interface boundaries to which intragranular phosphorus
segregation occurs. Auger electron spectroscopy (AES) has been applied to detect phosphorus enrichment of fracture
surfaces in the regions of brittle and ductile intergranular fractures. © 2000 Elsevier Science B.V. All rights reserved.

1. Introduction

It is well known that radiation embrittlement (RE) of
reactor pressure vessel steels (RPVS) induces the shift
observed in transition curves obtained using Charpy
tests defined as an increase in DBTT [1,2].

In addition to hardening, a significant contribution
to RE can be brought about by intragranular segrega-
tion of impurities (primarily, phosphorus), occurring at
interface boundaries of precipitates (including those
arising under irradiation for, e.g., copper-enriched or
copper-vacancy clusters) [3]. Certain contributions to
RE in RPVS can be brought about by intergranular
segregation — for, e.g., phosphorus [3].

Many studies devoted to grain-boundary phosphorus
segregation in steels (the so-called phenomenon of ‘re-
versible temper brittleness’) are available [4,5]. In con-
trast, the number of studies, where intragranular
phosphorus segregation was considered, is much less.
However, in these few studies, the existence of phos-
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phorus segregation at interface boundaries of the pre-
cipitate/matrix type together with an increase in DBTT
induced by intragranular phosphorus segregation in
steels was demonstrated using direct experimental
methods. In particular, in [6] such segregation was ob-
served in RPVS A533, A508 and in some model steels. It
should be noted that intragranular segregation in these
alloys was due to thermal aging at various temperatures.
In [7] three different mechanisms of DBTT shift, i.e.,
hardening, formation of grain-boundary and intra-
granular phosphorus segregation, contributing to em-
brittlement occurring in steels subjected to thermal
aging, were experimentally separated. In [6,7] it was
shown that in the RPVS and model steels studied, in-
tragranular phosphorus segregation proceeds mainly on
M;C type carbides, Laves phases and non-metallic in-
clusions. It was shown in the same studies that if any of
the above types of precipitates are located along grain
boundaries, then phosphorus segregation at their inter-
faces can lead to the appearance of ductile intergranular
fractures on the surfaces of Charpy specimens tested at
temperatures in the upper shelf (US).

The phenomena related to intragranular segregation
were found in investigations of RE in some model bi-
nary alloys namely Fe-P and Fe-Sn in [8]. In this paper,
the influence of concentration of the second element in
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the series of binary alloys, Fe-Ta, Fe-W, Fe-Nb, Fe-Ti,
Fe—Cu, Fe-P, Fe-Sn, on the value of their RE resulting
from irradiation to neutron fluences (3-5) x 10!° cm™2
(E>0.5 MeV) at 50°C was investigated. Moreover, it
was demonstrated that for all binary alloys (including
the alloys Fe—Cu), but excluding Fe-P and Fe-Sn, the
concentration dependencies of the yield stress after ir-
radiation have the same shape as the concentration de-
pendencies of the DBTT. It should be noted that for
binary alloys Fe-P and Fe-Sn this relation does not
exist. It should be emphasized as well that in Charpy
specimens for alloys Fe-P and Fe-Sn the regions with
intergranular fractures were not observed. As the au-
thors [8] believe, this fact proves the dominant role of
intragranular segregation in RE proceeding in these bi-
nary alloys.

In [6,7] the methods of FEGSTEM and APFIM were
used to study intragranular phosphorus segregation at
interface boundaries for Russian and American grade
steels irradiated in conditions characteristic of an oper-
ating PWR.

Thus, the accumulated experimental data at the
present time on investigation of RPVS show that in
addition to hardening, irradiation can result in grain
boundary and intragranular segregation of impurities
(primarily, phosphorus).

It would be reasonable to suppose that the fractog-
raphy of Charpy specimens tested at different and
comparable temperatures before and after irradiation
can provide direct information on the mechanisms re-
sponsible for RE in RPVS. As it is well known, in the
majority of cases, for steels with bcc crystal lattice (in
particular, for RPVS) schedules of final heat treatment
are applied in order to prevent the occurrence of temper
brittleness. For this reason, the fracture surfaces of
unirradiated RPVS specimens represent various combi-
nations of ductile cleavage and quasi-cleavage fracture
[9,10]. In the simplest case, if RE in RPVS is caused only
by hardening, then irradiation does not induce the ap-
pearance of new types of fracture modes. In the real
case, when RE in RPVS is caused by the simultaneous
action of several mechanisms, including the formation of
grain boundary and intragranular segregation of impu-
rities under irradiation, the fracture surfaces may also
contain regions with brittle and ductile intergranular
fractures [3,10]. It is unlikely that a comprehensive
evaluation of the mechanisms responsible for RE in
RPVS can be achieved without structural investigation
of the same materials after recovery annealing and re-
irradiation.

Therefore, in the present study a series of fracto-
graphic, structural and Auger electron spectroscopy
(AES) investigations of RPVS in the initial, irradiated,
annealed and re-irradiated states have been performed.
The objective of the study was to provide a comparative
analysis of all the investigations to achieve detailed in-

formation on the conditions of grain boundary and in-
tragranular phosphorus segregation and their role in RE
occurring in RPVS.

2. Materials and experimental

The following steels have been investigated:

e 15Kh2MFA - base metal (WWER-440). After forg-
ing, heat treatment: quenching 1000°C/10 h; cooling
in oil; tempering 700°C/16 h, cooling in air.

e 15Kh2NMFAA - base metal (WWER-1000). After
forging, heat treatment: austenisation 920°C/h, cool-
ing in water; annealing at 650°C, cooling in air; an-
nealing at 620°C/25 h, annealing at 650°C/20 h,
final cooling in a furnace to room temperature.

e 25Kh3NM - base metal (prototype reactor). The ma-
terial was subjected to heating to 870-890°C, air
cooling to 700-800°C, cooling in oil; tempering at
620-670°C, subsequent cooling in a furnace.

e SV-10KhMFT - weld metal (WWER-440). Post-
weld heat treatment: holding at 665°C (15 h), furnace
cooling to 300°C, then air cooling.

The chemical composition of these RPVS is pre-
sented in Table 1.

The microstructure of the above base metal alloys
consists of tempered bainite. Excess ferrite precipitates
are also present in Russian weld metals in addition to
bainite.

Embrittlement in irradiated specimens has been
evaluated using DBTT shift and also reduction in the
level of US as measured using standard Charpy speci-
mens with a V-shape notch.

Fractographic investigations have been carried out
on the halves of Charpy specimens chosen and stored
under vacuum just after testing to preserve the fracture
surfaces.

The fracture surfaces were examined using an X-ray
microbeam analyser type SXR-50 — radioactive version
(Cameca, France) installed in a hot cell. The images of
the fractures were obtained with secondary electrons at
an accelerating voltage of 20 kV and a probe current of
0.8 nA with a magnification in the range 50-3500x. The
proportions of different types of fracture (ductile, brittle
intercrystalline, ductile intercrystalline, cleavage and
quasi-cleavage) in the total fracture surface after testing
at different temperatures were evaluated using the
Glagolev method [11]. The absolute error of measure-
ments at 95% confidence level did not exceed 5%. Test-
ing temperatures for each material corresponded to US,
DBTT and lower shelf in the temperature dependence of
ductile toughness.

An electron microscope type TEMSCAN-200CX was
used for transmission electron-microscope (TEM) stud-
ies at an accelerating voltage of 200 kV. During the
determination of the densities of radiation defects and
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0.25-0.31
0.19-0.23
0.1-0.12

0.13-0.18
0.05-0.07
0.13-0.18
0.23

0.64-0.71
0.43-0.50
0.5-0.7
0.40

Mo

2.52-3.00
1.37-1.58
1.8-2.3
3.03

Cr

0.19-0.27
0.09-0.29

1.0-1.5
1.02

Cu
0.12-0.14
0.15-0.21
<0.2

0.10

0.012-0.018
0.012-0.013
<0.02
0.018

0.011-0.016
0.029-0.036
<0.02
0.024

0.39-0.48
0.97-1.03
0.3-0.6
0.49

Mn

wt%

Si
0.27-0.37
0.15-0.35
0.17-0.37
0.44

Chemical compositions of pressure vessel materials

Table 1
Steel type
15Kh2MFA
SV-10KhMFT
15Kh2NMFA
25Kh3NM

precipitates, the thickness of specimens was measured
using the convergent beam electron diffraction method
[12] giving an accuracy of at least 5%. The specimens for
TEM studies were cut from halves of fractured Charpy
specimens and were prepared by electrolytic polishing
using a Struers electropolisher (Austria) with an elec-
trolyte of 10% HCIO, and 90% methanol at —70°C to
—60°C just before placing them into the microscope.

The chemical compositions of grain boundaries were
determined using AES [13] with a spectrometer Micro-
lab Mk II (VG Scientific, England) at a beam energy of
primary electrons of 5 keV. To obtain vacuum-pure
surfaces, the fracture of specimens for AES studies was
carried out directly in the vacuum chamber of the
spectrometer at a pressure of approximately 10~'° mbar.
The material for these fractures was obtained from the
halves of tested Charpy specimens.

3. Results

Table 2 details typical results of fractographic studies
applied to the RPVS in the initial state, irradiated in
various conditions, or annealed and re-irradiated. The
results permit the following conclusions to be drawn
concerning grain boundary and intragranular phos-
phorus segregation and their evolution under irradiation
and recovery annealing.

(1) Irradiation of the steels in conditions character-
istic of RPV operation, results in significant changes in
Charpy specimen fractures as compared with unirradi-
ated specimens at comparable testing temperatures. For
instance, in fractures of specimens tested in the range of
US temperatures, in addition to the regions with ductile
dimple fracture, the regions with ductile intergranular
fracture are detected (Fig. 1(a)). Their proportion of the
general area of the fracture surfaces reaches 10-15%.
The appearance of such regions in the fractures is pos-
sible only when the grain boundaries are decorated with
precipitates of phases in such a way that at the interface
boundaries of these precipitates, phosphorus segregation
(i.e., intragranular segregation) was proceeding as a
consequence of thermal aging or irradiation.

(2) A reduction in testing temperature downwards to
the DBTT induces an important decrease in the pro-
portion of ductile and ductile intergranular fracture in
general areas of fracture surfaces of irradiated specimens
(Table 2).

Simultaneously, a number of regions appear, where
transcrystalline fracture is registered that is formed from
cleavage or quasi-cleavage (Table 2). It should be noted
that in base metal, irradiation induces the appearance of
an appreciable number of regions with brittle inter-
granular fracture (Fig. 1(b)). Their proportion in general
areas of fracture surfaces usually constitutes 15-30%
(Table 2). However, for some grades of steels it can



B.A. Gurovich et al. | Journal of Nuclear Materials 279 (2000) 259-272

262

01 - - - 06 SN '€ 091 LT'0=1D
- - S S¢ 09 lqa 6l 001 Obr-dIMM 6£00=d
sordwes Adreyd ILANUINO0IT
- - 01 09 0¢ ST € 001 09 porerpelI] 60  eoue[OAINg M -AS
- - - - 001 SN Sel SLI LT0=1D
- - ST o ¢ RE: (el 8% - 6£00=d
so[dwes  Adreqdy  LANUMOI
- - S¢ S9 - ST 91 01 0SI— parerperIiu —  QouB[[AINg WM -AS
p/u - - S 06 SN TSI 0S1 -ddN 81'0="1D
p/u - ST o 0¢ RE: (el L9 LE= U T~ D098 Anporzoyy  Adreyd  §L£00=d
pojesuue + OF-daMM  dzisqns  LAINUOI
p/u - 01 S9 0T S1 6T Y- 0S— porerpelI] L9 woiy jepduny, WM -AS
p/u - - - 001 SN 122! 0S¢ T-ddN 81'0="D
p/u S Sl 0S 0¢ NE: (el L'L ST YOST—DoSLY Anpofzoyy  Adreyd  §L£00=d
pojesuue + OPr-dAMM  dzisqns  LAINYSO0]
p/u S S SL S1 ST ST 11 0$— pojerpesy L9 woig jerduy, M -AS
p/u - - - 001 SN 96 0S¢ -ddN 81'0="D
p/u S S 01 08 lda T8 0ST Anporzoyy  Adreyd  §L£00=d
Obr-dIMM  dzisqns  LAINYO0]
p/u S 01 SL 01 ST 0 16 0$— pajerpery L9 woiy jerduy, M -AS
01 - - - 06 SN 06 sTe L€ IMd 01'0="nD
] o S S 0¥ lda or SLT L¢ rewewmadxe  Adreyd  8100=d
- 0L - 0T 01 ST S 891 €C poyerpeI] ¢'9 woyj uedary WA JANEUMST
] - - - 06 SN 801 002 IMmd 01'0="n)
0l S - 01 ¢ ldgd Ly €Il [eywowiiedxe  Adreqdy  810°0=d
- $9 01 SI 01 ST 81 LOT 0 pajerpery 91 woij uedory, NG NNEUIST
Sl - - - S8 sn 161 001 Y 00009 — AMd 01'0=n)
ST S9 S S 01 lda 9 GE—  QOuANUI 1By [epuownradxe  Adreyd  810°0=d
- 9 - 93 - S1 ¥'S - 0SI~— ‘parerperriuny —  WOoIj 10A0) WA  INNEUIST
Ie[nueidioiul  Ie[NURIS ; Jd3eaeopd LAY () Oo) (,_wu)
smend UL IBEARI[D 1senQ INA Hzmp o AS1oue (D) (1) emjerodwo) 01X sad£y (CARY]
(%) SOpOW 2INJoRIJ JUAIAPIP JO BIONQ)  UO JUlod ‘qIosqQy Lrraa 1S9 uonIpuo)) dduAN[J ddN  udwadg [BLISIRIA

[01] suowoads Adrey) 10j synsar sisA[eue orydei3oloesy jo ejep Arewrwing

C QIqeL



Ductile
intergranular

Intergranular

Cleavage

35

cleavage

Quota of different fracture modes (%)
55

Ductile Quasi-

10

Point on
the curve
KCV-T

10.2 LS

Absorb.
energy

DBTT
temperature (7y) (°C)
()]
25

Test
O

Irradiated
+ annealed

Fluence Condition

x10%
(nm~?)

0.9

Specimen NPP
Surveillance
samples

types

WM

Table 2 (Continued)
Material
10KhMFT Charpy

(Wt%)
Sv-

B.A. Gurovich et al. | Journal of Nuclear Materials 279 (2000) 259-272 263

reach 70% (Table 2). The appearance of brittle inter-
granular fracture implies that grain boundary phos-
phorus segregation is occurring.

(3) A further reduction in Charpy test temperature
RS 2 downward to lower shelf values, results in practically
complete disappearance of regions with ductile and
ductile intergranular fracture in the fracture surfaces
(Table 2). At the same time some reduction in the pro-
portion of regions with intergranular fracture (in those
Lo (I materials where it occurred) in general areas of fracture
surfaces is observed (Table 2); the proportion of cleav-
age and/or quasi-cleavage increases (Table 2).

(4) Several experimental data (Table 2) show that
‘ long-term aging of unirradiated RPVS at 270°C/60 000 h
can also induce grain boundary phosphorus segregation.
Moreover, the proportion of the regions with brittle
[ intergranular fracture in Charpy specimens can reach
65% (Table 2). For Charpy of the same steel, irradiated
to different neutron fluences (1.6 x 10*® and
4.8 x 10 nm~2?) at 270°C, the proportion of regions
with brittle intergranular fracture constitutes 65-70% as
well (Table 2).

Thus, comparative fractographic investigations of a
wide range of RPVS (base and weld metal) in initial and
irradiated states have shown that the principal feature of
fracture surfaces of Charpy specimens in the irradiated
state (and in some cases after long-term aging) is the
replacement of completely transcrystalline fracture to
mixed types of fractures with brittle and/or ductile in-
tergranular fracture. Moreover, it should be noted that
for each of the grades of steels studied (i.e., base or weld
metal) the temperature interval, where the grain
boundary segregation occurs and also the proportion of
brittle intergranular component in the fracture surface
are higher, the higher is the concentration of phosphorus
in the steel.

It should be emphasized that the area fraction of the
regions with ductile intergranular fracture in fracture
surfaces of any steel is not connected directly to the level
of phosphorus segregation at interface boundaries of the
corresponding precipitates. It is largely defined by the
proportion of grain boundary surfaces decorated with
such precipitates relative to the whole grain boundary
surface.

The influence of phosphorus concentration on the
proportion of brittle intergranular fracture is rather
complicated. For instance, in specimens made from base
metal, in which phosphorus content is significantly lower
that in weld metal, the fraction of regions with brittle
intergranular fracture in irradiated full-size Charpy
specimens is much higher in comparable conditions.
Apparently, this is caused by differences in microstruc-
ture of these materials. Based on the data given in [14], it
would be reasonable to propose the following explana-
tion of the observed propensity of full-size Charpy
specimens made from irradiated base metal of Russian

25
35
15

35
65
30

40
85
55
90

DBT
UsS
LS
DBT
UsS

48.6

137.2
5
51
95

85
#BM - base metal; WM — weld metal; LS — lower shelf; DBT — ductile to brittle transition region; US — upper shelf.

20
100
=50
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250

470°C - 70 h
Re-irradiated

0.9

WWER-440
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=0.039
0.17
I0OKhMFT Charpy
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=0.17
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Fig. 1. Typical regions of Charpy specimen fractures with intergranular fracture: (a) ductile; (b) brittle.

grades to brittle intergranular fracture as compared with
similar Charpy specimens made from irradiated weld
metal of Russian grades. As metallographic researches
show, the microstructure of base metal is homogeneous
and consists of tempered bainite. Compared to base
metal, the grains of weld metal consist not only of
tempered bainite but at the locations of high-angle grain
boundaries of the initial austenite grains, along with
intergranular fracture in Charpy testing predominately
occurs, grains of globular alpha-ferrite without carbide
precipitates are also present [10]. Alloying elements Mo
and Mn produce a sharp decrease in solubility of
phosphorus in alpha-ferrite [14] and, accordingly, can
result in a reduction of the level of phosphorus segre-
gation along high-angle grain boundaries in weld metal.
In favour of this hypothesis is the fact that in Charpy
tests with full-size specimens made from base and weld
metal of American grade steels that have the same ho-
mogeneous structure of tempered bainite over the sec-
tions of former austenite grains, the appearance of
brittle intergranular fracture in Charpy specimens is
equally likely (at high enough concentrations of phos-
phorus in steel) [10].

(5) Recovery annealing applied to irradiated RPVS
results in significant changes of fractography at com-
parable temperatures of Charpy tests. However, the
degree and character of these changes depend on the
temperature of recovery annealing and subsequent rate
of cooling. In cases where the temperature of recovery
annealing is 450-475°C and the duration does not ex-
ceed 150 h, then at fast subsequent cooling an appre-
ciable decrease in the proportion of the regions with
ductile intergranular fracture relative to the total area of
fracture surface occurs (Table 2). At the same time, an
increase to the appropriate value occurs for the regions
with ductile fracture.

It is essential that recovery annealing at 450-475°C
does not result in reduction of the fraction of the regions
with brittle intergranular fracture, but even induces its
increase in some cases (Table 2).

Recovery annealings at 560°C result in further re-
duction in the fraction of the regions with ductile in-
tergranular fracture (Table 2). Furthermore, they result
in significant reduction in the fraction of the regions
with brittle intergranular fracture (Table 2).

Table 3 lists the typical microstructural features
found from TEM for RPVS in the initial state, irradi-
ated in different conditions, and annealed and re-irra-
diated. The results provide a snapshot of the general
aspects of radiation-induced structural changes induced
by irradiation and also of the evolution of the structure
resulting from recovery annealing.

1. The most important radiation-induced structural
changes in RPVS are the formation of radiation
defects and two types of precipitates: disc- and
round-shaped (Table 3). Radiation defects in steels
are observed as black dots and dislocation loops with
a resolved line of ‘zero’ contrast [10]. The density of
radiation defects is < 10'® cm™ at fast neutron flu-
ences typical of WWER-440.

2. Irradiation induces a significant increase in the densi-

ty of disc-shaped precipitates (vanadium carbides)
(Table 3). These precipitates are 1-2 nm thick and
have an average diameter > 20 nm in the initial state
and ~10 nm in the irradiated state (Fig. 2). The pecu-
liar fact is that in numerous cases disc-shaped precip-
itates form chains along grain boundaries (Fig. 2(b))
in addition to formation of these precipitates in the
volume of the grains (Fig. 2(a)). The density of
disc-shaped precipitates under irradiation conditions
typical of RPVS operation conditions can reach
(5-6) x 10'® cm~3. In the initial state their density is
~(0.5-0.8) x 10" cm—3.

3. Irradiation of RPVS also induces the formation of
round-shaped precipitates (copper-enriched) of rath-
er small sizes: ~2-3 nm (Fig. 3, Table 3). These pre-
cipitates are distributed uniformly throughout the
grains of the metal. Their density in the considered
irradiation conditions can reach 2 x 10" cm™?
(Table 3).
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Table 3
Data on densities and average sizes of radiation defects, disk-shaped and rounded precipitates in weld metal before irradiation, after
irradiation and after recovery annealing [10]

Condition Mioops X10%  {d)) 00 ngise X101 (d) gigk Trounded {d) ounded
(cm™?) (nm) (cm™3) (nm) x10" (cm™) (nm)
Specimens from WWER-440 NPP Kozloduy-1 (P=0.047%, Cu=0.10%)
Unirradiated quasi-archive - - 0.5-0.6 20.4 - -
Re-irradiated F = 0.5 x 10 m~2 0.9-1.0 4-5 2.0-3.0 11.5 500-700 2.0-3.0
Re-irradiated + annealed 475°C, 150 h - - 1.0-1.5 11.5 20-30 3.0-4.0
Re-irradiated + annealed 560°C, 2 h - 0.8-0.9 12.0 15-20 3.0-4.0
Surveillance samples from WWER-440 (P =0.039%, Cu=0.17% )
Unirradiated - - 0.7-0.8 22.8 - -
Irradiated F = 0.9 x 10 m 2-3 5-6 20-25 18.7 1700-2000 2.0-2.5
Irradiated + annealed 470°C, 70 h - - 2.5-3.0 25.6 40-50 3.0-4.0
Re-irradiated F = 0.9 x 10 m™2 1.5-2.0 5-6 10-15 23.3 400-500 3.5-4.5

der of magnitude (Table 3). But a complete recover of
the density of disc-shaped precipitates to the values
typical of initial state does not occur. Recovery an-
nealing at 470-475°C results in a significant (more
than 25-40 times) decrease in the density of round-
shaped precipitates and some increase in their aver-
age sizes (Table 3).

5. Recovery annealing at 560°C results in a stronger de-
crease in the density of disc-shaped precipitates (Ta-
ble 3). However, complete recovery of their density
(to the values typical of unirradiated steels) does
not occur. Such annealing results in significant chang-
es in size distribution of disc-shaped precipitates in
comparison with annealing at 470-475°C. Thus, their
average size can increase to values exceeding average
sizes of disc-shaped precipitates in unirradiated steels

Fig. 3. Round-shaped precipitates in irradiated RPVS.

. Recovery annealing at 470-475°C results in practical-
ly complete disappearance of radiation defects in
steels (Table 3). At the same time the density of
disc-shaped precipitates decreases more than one or-

(Table 3). Moreover, annealing at 560°C results in an
even stronger decrease in the density of round-shaped
precipitates compared with annealing at 470-475°C
(Table 3).

The appearance of fractures in the regions with

ductile intergranular fracture shows that the average
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distance between precipitates (at interface boundaries on
which phosphorus segregation formed), which decorate
the corresponding boundaries of matrix grains, should
not exceed 1-5 pm. This value corresponds to the av-
erage distance between the centres of neighbour dimples
at the regions with ductile intergranular fracture. TEM
studies have shown that only disc- and round-shaped
precipitates of high enough density satisfy this condition
in irradiated weld metal. It should be noted here that
decoration of matrix grain boundaries with disc-shaped
precipitates is not necessarily observed. (Fig. 2(b)). As
shown earlier, precipitates of this type arise mainly in
grain interiors.

The AES method has been applied to examine a
fracture surface in the region with brittle intergranular
fracture of a specimen made from steel 25Kh3NM from
the cover of a prototype reactor after operation for
60000 h. The cover had undergone heat treatment (at
270-290°C) without irradiation. Fig. 4(a) shows a typi-
cal Auger electron spectrum obtained for this surface.
The phosphorus peak is clearly seen in the spectrum and
implies that the increase in phosphorus concentration at
the grain boundary is a few orders of magnitude greater
in comparison with its volume concentration in the
matrix. The peaks of the other key elements in the steel
composition are also seen.

L A A FWWMMM'WVWWM i

) ) Fe T
0 100 200 300 400 500 600 700 800 900 1000 1100
(a) Kinetic Energy, eV

Similar results have been obtained for irradiated
RPVS 25Kh3NM of a prototype reactor following op-
eration for 60000 h. Fig. 4(b) shows the Auger spectrum
obtained in the region with brittle intergranular fracture,
confirming enrichment of grain boundaries with phos-
phorus. Fig. 4(c) shows the peak height ratio (PHR) for
phosphorus and iron peaks vs the dose of radiation,
where the peaks are measured at grain boundaries in the
region of brittle intergranular fracture. This curve was
measured through the thickness of the RPV wall [15,16].
It can be seen from Fig. 4(c) that with increase in fast
neutron fluence the enrichment of grain boundaries with
phosphorus increases thus confirming that an apprecia-
ble contribution to grain boundary phosphorus segre-
gation arises from radiation-induced diffusion.

Thus, in the regions of fracture surface with inter-
granular fracture, grain boundary phosphorus segrega-
tion is observed (resulting from both irradiation and
long-term aging).

In addition, the AES method has been applied to a
specimen made from steel 15SKh2MFA irradiated to a
neutron fluence 1.68 x 10> nm~2 at the region of ductile
intergranular fracture.

Fig. 5(a) illustrates the Auger electron spectrum
taken from the surface in the region of ductile inter-
granular fracture shown in Fig. 5(b). The spectrum
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Fig. 4. Auger electron spectra of steel 25Kh3NM (base metal) of prototype reactor: (a) heating (270-290°C, 60000 h), unirradiated; (b)
irradiated, F = 6.5 x 10 nm~2; (c) dose dependence of P/Fe PHR at grain boundaries in the regions of brittle intergranular fracture.
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Fig. 5. Phosphorus segregation in the region of ductile intergranular fracture: (a) Integral Auger electron spectrum measured from
fracture surface in (b); (b) the region from which the Auger electron spectrum presented in (a) has been measured.

contains Auger electron peaks of the elements Fe, P,
Mo, C, O. Due to complexity of the geometry of the
analysed fracture surface the spectrum is very ‘noisy’.
For this reason, even using the procedure of smoothing
of the spectrum it was not possible to obtain a differ-
ential spectrum for quantitative evaluation. However,
taking into account resolution, achievable for the AES
method, it may be concluded that phosphorus is present
on the surface of the ductile intergranular fracture at
levels < 5%. Therefore, phosphorus concentration in the
region of ductile intergranular fracture is much higher
than its volume concentration in the steel.

4. Discussion

The above experimental data allow the following
conclusions to be made on the behaviour of Russian
RPVS resulting from irradiation and recovery anneal-
ing.

As described earlier, irradiation induces the forma-
tion of radiation defects (dislocation loops), copper-en-
riched (round-shaped) precipitates and also increases the
density of ultrafine dispersed vanadium carbides (disc-
shaped precipitates), which are present in the steels in
the initial state. Furthermore, irradiation induces phos-
phorus segregation of two types: grain boundary and
intragranular (at interface boundaries of precipitate/
matrix type).

Direct investigation of enrichment with phosphorus
of fracture surfaces of brittle intergranular fracture
confirms phosphorus segregation induced by irradiation.

The irradiation temperatures (250-290°C), at which
grain boundary phosphorus segregation arises in RPVS,
are much lower than characteristic temperatures for the
development of classical temper embrittlement (400-

500°C) [4]. However, practically in all experimental
studies on temper embrittlement the periods of thermal
aging did not exceed 10000-20000 h [5]. These time
intervals approximately correspond to the RPV lifetime.
It is known that an affinity between phosphorus and
grain boundaries in steels at >600-650°C is not ob-
served, and monotonically increases with decrease in
temperature downward from these values [4]. At low
temperatures the process of grain boundary phosphorus
segregation is controlled exclusively by the kinetic fac-
tor, since the steady-state level of phosphorus in inter-
granular segregation increases monotonically with
decrease in temperature (<600-650°C) [4]. Therefore, an
increase in duration of thermal aging (at least one order
of magnitude in comparison with the overall experi-
mental database obtained on temper embrittlement) can
change considerably the character of the temperature
dependencies typical of intergranular phosphorus seg-
regation just in the low-temperature region. The exper-
imental data confirm the fact that long-term (60000 h)
aging of RPVS without irradiation at 270°C can result in
intergranular phosphorus segregation (Table 2). More-
over, the proportion of brittle intergranular fracture can
reach 65% (Table 2). The proportion of brittle inter-
granular fracture, enriched with phosphorus, for Charpy
specimens made from the same steel irradiated in RPV
to different neutron fluences (1.6 x 102 and
4.8 x 102 nm~2) at 270°C is also 65-70% (Table 2).
Firstly, these data (as well as the data on the level of
grain boundary phosphorus segregation in these speci-
mens obtained using AES) show that the dependence of
the proportion of brittle intergranular component in
fractures of Charpy specimen vs phosphorus concen-
tration in grain boundary segregation demonstrates
saturation. At the stage of saturation further increase in
phosphorus concentration along grain boundaries
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caused by radiation-induced diffusion does not essen-
tially affect the degree of brittle intergranular fracture in
the fracture surfaces of irradiated Charpy specimens.
Secondly, this situation can arise, if the process of ra-
diation-induced diffusion of phosphorus and the process
of competitive distribution of phosphorus take place
such that partial segregation to interface boundaries of
precipitates occurs instead of segregation only to high-
angle boundaries of the initial austenitic grains. Due to
these facts, the proportion of brittle intergranular frac-
ture can, in principle, stay unchanged or even decrease.
Such data are given in [30,31], where irradiated and re-
irradiated RPVS with different concentrations of copper
and phosphorus annealed to obtain a coarse-grain
structure and temper embrittlement were examined. It is
shown in [31] that the dependence of the proportion of
brittle intergranular fracture on phosphorus concentra-
tion in grain boundary segregation reaches a stage of
saturation. Thus, the change of grain boundary phos-
phorus concentration by approximately three times
(within the interval 15-47%) achieved by temper em-
brittlement or irradiation does not affect, practically, the
degree of brittle intergranular fracture. It is worth
mentioning also that after annealing and irradiation in
fractures of specimens made from steel with low copper
concentration (0.01 wt%) and high phosphorus con-
centration (0.017 wt%), the degree of brittle intergran-
ular fracture is higher than in steel with the same
phosphorus concentration (0.017 wt%) and high copper
concentration (0.16 wt%) [31]. The authors [31] ascer-
tained that the phosphorus concentration at the
boundaries of the initial austenitic grains in the steel
with low and high copper concentration is approxi-
mately the same. Moreover no copper segregation was
revealed (neither by the method FEGSTEM nor AES).
Therefore, the synergism of copper and phosphorus in-
fluence can be explained only based on the existence of
intragranular phosphorus segregation to interface
boundaries of copper precipitates.

The available experimental data do not allow un-
ambiguous resolution of the radiation component in
grain boundary phosphorus segregation for RPVS ir-
radiated at operating temperatures of 250-290°C, for
200000-300 000 h (RPV lifetime).

An analysis of experimental data obtained in frac-
tographic studies shows that the decrease in the pro-
portion of brittle intergranular fracture on fracture
surfaces of irradiated specimens and also specimens that
had undergone temper embrittlement is observed at
identical temperatures ( > 560°C). This implies that the
decay in grain boundary phosphorus segregation oc-
curring during recovery annealing is independent of the
mechanism of formation of this segregation: temper
brittleness or radiation-induced diffusion. Moreover, the
decay is independent of the relative contributions of
these mechanisms. This situation looks reasonable, be-

cause the formation and decay of grain boundary
phosphorus segregation in steels are reversible in tem-
perature, and are described analytically using state
(potential) functions [4]. Thus, the prehistory of such
segregation does not affect the details of their decay
occurring during recovery annealing. The above reasons
explain why recovery annealing applied to RPVS irra-
diated at 450-500°C does not result in a decrease in the
brittle intergranular component in the fracture surfaces
of the specimens (Table 2). In contrast, annealing at
indicated temperatures could result in an increase in the
level of the segregation, if the duration is long enough.
Despite this, the major fraction of recovery of radiation-
induced DBTT shift results from recovery annealing at
specified temperatures (Table 2). This strongly suggests
that the contribution of grain boundary phosphorus
segregation to RPVS embrittlement is insignificant. Such
segregation is responsible for only a fraction of the
DBTT shift, which does not recover during recovery
annealing.

It should be noted that the most convincing direct
experimental support of intragranular phosphorus seg-
regation as a result of irradiation are the regions with
ductile intergranular fracture observed on fracture sur-
faces of Charpy specimens (Table 2) and their enrich-
ment with phosphorus as well. Obviously, when
interface boundaries of some precipitates have affinity to
phosphorus, then, all other conditions being the same,
phosphorus segregation would form on them irrespec-
tive of their location inside a body or at the boundaries
of matrix grains. It is worth mentioning here that in [7]
the precipitates susceptible to phosphorus segregation at
their interface boundaries during thermal aging were
observed not only along boundaries, but also inside the
bodies of matrix grains.

Ductile intergranular fracture is observed at tem-
peratures of Charpy tests lying in the range of the US.
This indicates that the tearing stress is low at the region
of interface boundaries of these precipitates. In addition,
it indicates that at the specified interface boundaries the
level of tearing stress is lower than at those boundaries
of the matrix grains where normal intergranular phos-
phorus segregation has appeared. This conclusion fol-
lows from the fact that at the temperatures of Charpy
tests, lying in the range of the US, brittle intergranular
fracture is not generally observed (Table 2).

The reasons for the distinction between the values of
tearing stress at interface boundaries of precipitates and
boundaries of matrix grains in the process of phospho-
rus segregation on them are not yet quite clear. They can
be related to the characteristics of the structure of in-
terface boundaries or to differences in the level of
phosphorus segregation arising on them.

The appearance of the regions with ductile inter-
granular fracture in the fracture surfaces, by itself, in-
dicates that tearing along interface boundaries of



B.A. Gurovich et al. | Journal of Nuclear Materials 279 (2000) 259-272 269

precipitates, decorating the boundaries of matrix grains,
is realized at some lower level of the stress than along
interface boundaries of the same precipitates located in
the volume of matrix grains. One probable reason for
this behaviour can be a partial superposition of the
levels of segregation characteristic, apart, from the
boundaries of matrix grains and interface boundaries of
precipitates, decorating the boundaries of matrix grains.

Evolution of intragranular phosphorus segregation
affected by annealing can proceed as dissolution of some
fraction of precipitates with phosphorus segregation on
their interface boundary (phosphorus segregation dis-
appears completely in this case) or as partial dissolution
of intragranular segregation. The second type of evolu-
tion can be a result of a relatively lower temperature
interval of stability of intragranular phosphorus segre-
gation at interface boundaries of some types of precip-
itates (in comparison with grain boundary segregation)
[4].

It is also important to note that during annealing at
470-475°C the evolution of intragranular segregation
can be rather complicated, since the temperature inter-
vals of stability of intragranular phosphorus segregation
for interface boundaries of different precipitates can
differ. The data obtained using fractography (Table 2)
show that in steel (similarly to grain boundary segre-
gation) the precipitates with phosphorus segregation at
their interface boundaries, which are stable at this an-
nealing temperature, are present.

Data from the literature confirm that both grain
boundary and intragranular phosphorus segregation can
result in an increase in DBTT temperature [4,5,7].

Published research on reversible temper embrittle-
ment in steels demonstrate that grain boundary segre-
gation of impurities (primarily, phosphorus) does not
induce a reduction in US level in transition curves (even
if the shift of DBTT to positive temperatures is signifi-
cant) [10,31].

In contrast, there is little literature data devoted to
the influence of intragranular phosphorus segregation,
but it appeared that their formation in steels induces a
reduction in US level in transition curves [6,10]. These
phenomena reveal essential differences between grain
boundary and intragranular phosphorus segregation,
which appear at precipitate/matrix interfaces.

The limited number of experimental data on phos-
phorus segregation to interface boundaries in steels does
not allow an unambiguous answer as to why the ab-
sorption energy at the US decreases, if they appear. Such
reduction of the absorption energy at US could be
caused by a reduction in plasticity of steels due to
phosphorus segregation at interface boundaries (at the
rates of deformation characteristic of Charpy tests). A
reduction in US could also be caused by a decrease in
the effective section of specimens due to the presence of
phosphorus segregation at precipitate/matrix interfaces.

The latter can be a consequence of a local reduction in
tearing stress in the region of precipitate/matrix inter-
faces, where phosphorus segregation has occurred. The
above two reasons could be true in combination in the
case considered.

The characteristics of phosphorus segregation to
precipitate/matrix interfaces also permit an explanation
for the few observations of an increase in the level of
US to values exceeding initial level (i.e., US level in
unirradiated steels) resulting from annealing of irradi-
ated RPVS. One of the most probable reasons is the
following. Thermal aging of RPVS in the initial state
can induce phosphorus segregation to precipitate/ma-
trix interfaces (for certain precipitates, which exist in
the steel in the initial state and susceptible to phos-
phorus segregation). Two processes may proceed in the
steel following irradiation: the appearance of new lo-
cations for intragranular phosphorus segregation and
an increase in phosphorus concentration in existing
segregant locations at interface boundaries. This would
provide an extra reduction in US level and also DBTT
shift. If the schedules of recovery annealing induce a
decay of phosphorus segregation at interface bound-
aries of all precipitates that existed in the steel (or a
decrease in phosphorus concentration in them down-
ward to levels which are lower than initial) then the
US level can increase upward to levels exceeding the
initial (unirradiated state). In addition, it can induce
recovery of DBTT to temperatures that are lower than
the DBTT of the steels in the initial (unirradiated)
state.

Numerous experimental data exist in the literature
concerning the influence of the temperature of thermal
aging on the rate of grain boundary phosphorus segre-
gation in steels, and also on the temperature interval of
its stability [17,19-21]. Studies on the process of phos-
phorus segregation to precipitate interface boundaries
are however quite limited. Isolated experimental data
suggest a reversible character for phosphorus segrega-
tion to interface boundaries [6,7]. Some experimental
data show that the temperatures for decay of intra-
granular phosphorus segregation are somewhat lower
than the temperatures of decay of grain boundary
phosphorus segregation. The temperatures of decay of
grain boundary phosphorus segregation are usually
~600-650°C [17-21]. On the other hand, in [8] it is
shown that a complete recovery of DBTT and US levels
in alloys of Fe-P irradiated at 50°C to a neutron fluence
~10" n cm~2, resulting from recovery annealing, occurs
at 420°C. There are enough convincing arguments in this
paper confirming that DBTT and US level shifts in Fe-P
alloys are caused by intragranular phosphorus segrega-
tion.

It should be emphasized that a complete recovery of
US level for RPVS irradiated at 250-290°C is observed
after annealing at ~420°C as well [23,28,29].
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The temperatures of annealing of phosphorus segre-
gation at precipitate interface boundaries (as distinct
from grain boundary phosphorus segregation) can be
determined by two processes:

1. Dissolution of phosphorus, which forms segregation
at interface boundaries, and its migration into the
matrix.

2. Dissolution of precipitates, at interface boundaries of
which phosphorus segregation existed, and disap-
pearance of the corresponding segregation.
Minimum values of annealing temperature necessary

for the disappearance of phosphorus segregation at in-

terface boundaries are defined by minimum tempera-
tures at which at least one of the two above processes is
realised. This property essentially distinguishes phos-
phorus segregation to interface boundaries from grain

boundary phosphorus segregation. In the latter case, a

disappearance of phosphorus segregation resulting from

annealing (at <700°C) is possible only through the
mechanism of its dissolution into the matrix.

Since the formation and behaviour of grain boundary
phosphorus segregation in steels due to thermal aging
can be described by means of potential or state func-
tions, the phosphorus concentration in grain boundary
segregation is independent of prehistory of the material
(i.e., keeping steels at any temperatures <700°C). This
means that the phosphorus concentration in grain
boundary segregation after long-term annealing of ir-
radiated RPVS depends only on annealing temperature
(and can depend also on the rate of cooling after an-
nealing).

A rather limited body of experimental data con-
cerning the formation and behaviour of phosphorus
segregation to interface boundaries resulting from ther-
mal aging applied to steels is available at the moment
[6,7]. These data indicate that the formation and be-
haviour of phosphorus segregation to interface bound-
aries induced by thermal aging can be described by
means of potential functions as well. It can be assumed
that phosphorus concentration in segregation at inter-
face boundaries depends only on annealing temperature
for long-term annealing.

The temperatures of the most intensive formation or
decay of phosphorus segregation at interface boundaries
can depend on the type of corresponding precipitates.
The data from [7,8] specify that the temperatures of the
most intensive formation of intragranular phosphorus
segregation in RPVS investigated after thermal aging,
apparently, are a little bit lower than the corresponding
temperatures for grain boundary phosphorus segrega-
tion. However, this difference is not so significant to
suppose dissolution of phosphorus segregation at inter-
face boundaries in the matrix for annealing tempera-
tures of 400-420°C.

As pointed out above, the disappearance of phos-
phorus segregation at interface boundaries (or on sur-

faces of radiation defects) induced by annealing (as
distinct from grain boundary phosphorus segregation)
can also occur due to dissolution of the corresponding
precipitates (or radiation defects) in the matrix. The data
on electron microscopy given in Table 3 show that an-
nealing at 475°C results in the complete disappearance
of radiation defects (dislocation loops) and a reduction
in the density of round- and disc-shaped precipitates of
approximately 35-40 and ~14 times, respectively. An-
nealing at 560°C reduces the density of these precipitates
to a greater degree (but not up to initial values). These
data show that in Russian grade RPVS, the disappear-
ance of phosphorus segregation at interface boundaries
induced by recovery annealing can be attributed to the
mechanism of dissolution of the corresponding precipi-
tates (and annealing of radiation defects) in the matrix.

The available experimental data indicate that in steels
of American grade, annealing at ~470°C also induces
dissolution of an appreciable fraction of the radiation-
induced precipitates enriched with copper [22]. It could
be expected that if phosphorus segregation on surfaces
of these precipitates exists, then annealing, affecting
dissolution of the precipitates in the matrix would result
in disappearance of phosphorus segregation at the lo-
cations of interface boundaries of dissolved precipitates.

The results and considerations stated above lead to
the conclusion that minimum annealing temperatures
inducing disappearance of phosphorus segregation at
interface boundaries for irradiated RPVS can be defined
by the temperatures of dissolution of the corresponding
precipitates in the matrix instead of the temperatures of
dissolution of phosphorus segregation itself.

The following correlation is also of interest: practi-
cally for all irradiated RPVS given annealing at tem-
peratures of 400-420°C complete recovery of the US
level is achieved, but the degree of DBTT recovery varies
between ~50% and ~80% [23-28]. This means that a
fraction of the DBTT shift (RE) in RPVS, which is re-
lated to a reduction in US level, apparently, is respon-
sible for the major fraction of RE in RPVS. Earlier in
[10] experimental data were published, which indicated
that among three mechanisms of embrittlement (poten-
tially capable of providing a contribution to RE in
RPVS) only two can cause a decrease in US level in
transition curves accompanied with a DBTT shift,
namely hardening and intragranular phosphorus segre-
gation. Here the greatest contribution to RE proceeding
in Russian RPVS with high phosphorus concentration
arises from intragranular phosphorus segregation. The
third mechanism, i.e., grain boundary phosphorus seg-
regation, does not result in a reduction of US level. The
data from [10] imply that for RPVS the contribution of
grain boundary phosphorus segregation to the radia-
tion-induced shift of DBTT (irradiation to neutron flu-
ences <10 n cm~2 at ~250-300°C) does not exceed
~10-20%.
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5. Conclusions

1. The principal feature of the fractography of irradiat-
ed (or in some cases long-term aged) Charpy speci-
mens of RPVS is the transition from purely
transcrystalline to mixed mode fracture, character-
ised by the presence of brittle and/or ductile inter-
granular fracture.

2. The presence of grain boundary phosphorus segrega-
tion in the fracture surfaces of RPVS specimens with
intergranular fracture both following irradiation and
long-term aging (~60000 h) at operating tempera-
tures of 270-290°C has been established.

3. The role of radiation-induced diffusion of phospho-
rus in the process of grain boundary phosphorus seg-
regation has been established. Moreover, the
existence of saturation in the dependence on the de-
gree of brittle intergranular fracture vs phosphorus
concentration in grain boundary segregation has
been observed. This saturation can be one reason
for the relatively low contribution of grain boundary
phosphorus segregation to RE, as observed in RPVS.

4. The existence of intragranular phosphorus segrega-
tion, which provides an essential contribution to
RE of RPVS, has been established experimentally
for the first time. In addition, it has been demonstrat-
ed that the formation at interface boundaries of radi-
ation-induced precipitates, decorating high-angle
boundaries of the initial austenitic grains, results in
the appearance of ductile intergranular fracture in
the fracture surfaces of irradiated Charpy specimens.

5. It has been established that recovery annealing at
470-475°C reduces the amount of ductile intergranu-
lar fracture in fracture surfaces of irradiated Charpy
specimens, whereas the level of brittle intergranular
fracture either remains unchanged or increases. This
means that annealing within the relevant temperature
interval induces a component of intragranular phos-
phorus segregation but does not induce dissolution
of grain boundary phosphorus segregation.

6. It has been demonstrated that recovery annealing at
< 560°C (if the period of the treatment and the rate
of cooling from the annealing temperature are suffi-
cient) induces dissolution of both grain boundary
and intragranular phosphorus segregation. The con-
sequence is a disappearance of both brittle and duc-
tile intergranular components in the fractures of
Charpy specimens.
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