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Abstract

Experimental data on radiation embrittlement in pressure vessel steels of both Russian and American grades, obtained by
the authors and also taken from the literature, have been analyzed to assess the relative contributions from the following
mechanisms: radiation-induced hardening, inter- and intragranular segregation of impurities at precipitate /matrix interfaces.
It is demonstrated that radiation-induced intragranular segregation of impurities frequently provides a significant contribution
to radiation embrittlement of pressure vessel steels. © 1997 Elsevier Science B.V.

1. Introduction

A key problem in nuclear material science is the eluci-
dation of the nature of radiation embrittlement (RE) of
pressure vessel materials in a pressurized water reactor
(PWR) resulting from irradiation. Studies carried out in the
last few decades in several countries have shown that the
irradiation environment experienced by the reactor pres-
sure vessel of a thermal reactor can produce significant RE
of steels used in the construction of such vessels [1]. First
and foremost, the effect of irradiation manifests itself as an
appreciable upward shift in ductile-to-brittle transition tem-
perature (DBTT) as observed in the Charpy energy transi-
tion curve (the temperature dependence of absorbed en-
ergy) [1]. This shift makes brittle fracture of the reactor
pressure vessel more probabie in certain situations during
operation. Precautions that are usually taken to ensure the
safety of nuclear reactors of the PWR type are designated
to preclude the possibility of brittle fracture of the pressure
vessel under various maximum emergency scenarios.

The rate and degree of RE in reactor pressure vessel
steels (RPVS) can limit PWR lifetime and thus define the
safety and profitability of their operation. To extend the
operating lifetime, a few ‘old’ pressure vessels made from
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materials with high rates of RE have undergone recovery
annealing [2]. Therefore, the nature and mechanisms of
RE, as well as changes in properties of the materials after
post-irradiation annealing and re-irradiation, are the sub-
jects of major studies.

2. Background to radiation embrittlement problem

Although a considerable number of publications associ-
ated with the problem of RE in RPVS have been presented
in the last few decades [1-6], an adequate understanding of
the nature of the phenomenon is still not complete. The
reason is the complexity and diversity of the processes
thought to occur in irradiated steels. The available experi-
mental data show that irradiation of RPVS under condi-
tions characteristic of a PWR (irradiation temperature of
~ 240-290°C, fast neutron fluence <2 X 10%* n m™2,
the period of irradiation at the temperature being decades)
might induce the following specific changes in material
microstructure:

(i) Formation of radiation defects [4,7,8].

(ii) Phase transformations accompanied by the genera-
tion of various precipitate populations [9].

(iii) Formation of impurity-vacancy clusters (for in-
stance, copper-vacancy ones) [4,8,97].
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(iv) Segregation of phosphorus and probably some
other impurities [10~12] to grain boundaries (i.e., inter-
granular segregation).

(v) Impurity segregation (e.g., phosphorus) to interfaces
between secondary phases and matrix and/or radiation
defects [13] (i.e., intragranular segregation).

The above radiation-induced structural changes may
induce complex, synergistic changes in steel behaviour,
which cannot be explained with the use of a single mecha-
nism. Noteworthy is that a satisfactory predictive descrip-
tion, based on fundamental principles, of any of the above
mentioned radiation-induced phenomena is essentially
unattainable at present. For example, to obtain a predictive
description of the kinetics of accumulation of radiation
defects, it is necessary to know parameters such as the
recombination efficiency of point defects, details of atomic
collision cascades, preferential characteristics of various
sink types, the influence of impurities and alloying ele-
ments on the latter and many other material characteristics.
To describe the influence of radiation defects and precipi-
tate populations on material hardening, it is necessary to
know their individual strengths as barriers for dislocations
and certain other parameters. Such data are only partially
available even for simple alloys, whilst the situation is
even less favourable for complex alloys such as RPVS.
Therefore a phenomenological description of any of the
processes mentioned above necessarily requires the intro-
duction of a large number of fitting parameters [3,14-16].
For this reason it is difficult to quantify the degree of
applicability and validity of these models. Nevertheless,
they are necessary for the development of notions and
concepts in the study of embrittlement.

The specific difficulty in the theoretical description of
the phenomenon of RE in pressure vessel materials is that
the value of the DBTT shift (ATT) [17-19] used in
practical engineering problems cannot be readily defined
as a physical value. There are two reasons for this situa-
tion.

(1) The reference levels applied for the numerical
determination of the DBTT from the curve of absorbed
energy versus temperature cannot be obtained from physi-
cal considerations. Worldwide a range of values of ab-
sorbed energy is used for this purpose: 28, 30, 41, 47, 60
and 70 J, for example.

(2) The transition curve (temperature dependence of
absorbed energy) for Charpy specimens (in impact testing)
after irradiation is shifted non-equidistantly upwards (Fig.
1). This effect is caused by a change in the slope of the
curve in the transition region resulting from irradiation and
also by a decrease in the level of the upper shelf energy
(USE) (Fig. 1).

These difficulties do not permit a proper theoretical
model of RE based on ab initio principles to be developed.
In particular, it is impossible to develop proper models
associating the value of ATT with physical properties of
steels, for example, with yield stress. Such models can be

unirradiated condition

irradiated condition

Absorbed Energy
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Test Temperature

Fig. 1. Schematic showing the influence of irradiation on DBTT
curve.

developed for another well known phenomenon, namely,
the radiation swelling in stainless steels.

Thus, all available relationships between the value of
ATT and various properties, structural parameters of steels,
their composition, irradiation and recovery annealing con-
ditions can be only empirical ones for the reasons noted
above. For the same reason, experimental studies dominate
the investigation of the nature and mechanisms defining
RE in RPVS.

It is well known that the most widely used RPVS can
be conventionally divided into several classes as follows:

(i) Steels of American grades characterized by a low
content of chromium (typically ~ 0.1-0.14%), low (typi-
cally ~0.18% in A302) or increased (typically ~ 0.62
(0.40-0.70, specification) and ~ 0.75 (0.40-1.00, specifi-
cation) in A533 and A508, respectively) content of nickel.

(ii) Russian types of steels with an increased content of
chromium (2-3%), low (< 0.4 (typically ~ 0.2%) in
15Kh2MFA) and increased (1-2% in 15 Kh2NMFA) con-
tent of nickel.

Empirical relationships between fast neutron fluence
and chemical composition of steels and the degree of RE
have been revealed from processing a large body of experi-
mental data on RPVS. Usually these relations have the
form

ATT = A X F", (1)

where A is a parameter depending on the chemical compo-
sition of the steel, » is the exponent and F the fast neutron
fluence. In the US NRC Regulatory Guide 1.99, Rev.1 [17]
the following relationships are given:

ATT = 3 /5[40 + 1000( C,, — 0.08)
+5000( Cp — 0.008) | F'/?, ©))
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where C, (i = Cu or P) represents the element concentra-
tion in wt%, F is the neutron fluence in terms of 10 n
m~% (E<1 MeV), if the real content of Cu does not
exceed 0.08%, then C, = 0.08% and if the real content of
P does not exceed 0.008%, then Cp= 0.008%. The US
NRC Regulatory Guide 1.99, Rev.2 [18] gives the follow-
ing expression for the trend curve of A302B, A508 and
A533B steels:

ATT = 3/5(CF) F(0A28—0.10]0g F) (OC), (3)

where CF (°F) is a chemical factor given in terms of Cu
and Ni content and tabulated in Ref. [18].
The equivalent in Russian standards [19] is given by

ATT = 800(Cp + 0.07C¢, ) F'/3, ©)

where F is the fluence in terms of 102 nm™2 (E > 0.5
MeV).

Analysis of Egs. (2)—(4) has shown that copper is the
most significant impurity in American steels. In the US
NRC Regulatory Guide 1.99, Rev.2 [18], the influence of
phosphorus on RE is not taken into account at all. How-
ever, in Russian WWER-440 steels the concentration of
phosphorus is the most significant factor. The empirical
character of Egs. (2)—(4) severely restricts the area of their
reliable application in terms of experimental conditions
(irradiation temperatures, fluences and fluxes of fast neu-
trons, concentrations of alloy and impurity elements, etc.).

It is also worth noting that the number of experiments
aimed at investigating the effect of alloy and impurity
concentrations in steels on the degree of RE is relatively
few. Moreover, in such experimental studies the known
mathematical algorithms [20] allowing a correct estimation
of contributions from one or another elements or their
combinations to changes of some properties, for instance,
to RE, were not applied.

The major portion of data on RE was obtained for
RPVS with random commercial contents of impurities and
alloying elements [3,5,15]. Moreover, the situation is made
more difficult since a synergism exists between the charac-
teristics of the alloy and the impurity influence on the
value of RE in the steels (ATT) and, furthermore, the value
of ATT depends non-linearly on irradiation temperature
{1,21], fluence [1,17-19] and, probably, neutron flux
[22,23].

Thus, one cannot exclude that probably the determina-
tive influence of some alloying elements and /or impuri-
ties, or their combinations, which inevitably exist in the
steels as an interfering factor, on parameter A in Eq. (1),
has not been taken into account in Egs. (2)—(4). This factor
depends on the properties of the raw materials and details
of the metallurgical process. Similar examples are known
in material science. For instance, it was shown in studies
of temperature dependence of yield stress that in pure o-Fe
with a carbon content < 0.005 ppm, this dependence
becomes reduced [24]. Carbon does not effect RE for

concentrations typical of the steels. Similar examples can
be drawn from researches on irradiated materials. Numer-
ous works devoted to swelling occurring in austenitic
stainless steels in irradiation conditions characteristic of
fast-neutron reactors show that the degree and rate of
swelling in the transient stage depend on neutron fluence,
chemical and phase content of the steels, density of dislo-
cations, presence of boron (and its isotopic content), etc.
[25). However, in the steady-state stage of swelling, the
rate becomes practically a structurally-independent value
[25). But this is commonly accepted at the present time
that if gas impurities are absent, then no swelling in steels
occurs, because 3D vacancy complexes are unstable with-
out gas impurities [26].

One cannot fail to note the numerical values of coeffi-
cients at concentrations of alloying elements and impuri-
ties in the parameter A (Eq. (1)) in Egs. (2)—(4) to be the
determining factor in the models suggested for explanation
of the nature of RE in RPVS. Among the most often
referenced works which address considerations of possible
mechanisms of RE in RPVS are Refs. [3,6,27-31]. In Ref.
[27], RE in American grade RPVS is explained by their
radiation-induced hardening, mainly due to ultrafine dis-
persed segregation of Cu and also to other areas enriched
with copper or copper-vacancy clusters. In Refs.
[5,15,22,32] the mechanisms of RE in Russian RPVS were
suggested. An important role in the processes of RE was
attributed not only to hardening of steels under irradiation,
but to grain boundary and intragranular segregation of
impurities (mainly phosphorus) as well. In Ref. [32] two
facts are pointed out: grain boundary phosphorus segrega-
tion is most valuable for RPVS 15Kh2NMFA, applied in
the production of pressure vessels and its intragranular
segregation, at irradiation temperatures < 100°C.

A common approach is to consider hardening resulting
from irradiation as the determining mechanism of RE in
actually applied RPVS both of American and Russian
grades [3,22]. Forcible arguments exist supporting this
conviction, in particular:

(i) All RPVS significantly harden under irradiation. As
a rule, an increase in yield stress for RPVS after irradiation
at ~ 240-290°C to neutron fluence < 10%* n m™? consti-
tutes ~ 20-40% [5,22,33,34].

(i) Density and sizes of radiation-induced precipitate
populations and dislocation loops, which are usually con-
sidered to be related to hardening in RPVS under irradia-
tion, grow with increase in neutron fluence [35,101].

(iii) After recovery annealing of irradiated RPVS, a
decrease in o, caused by irradiation occurs simultane-
ously with partial or complete recovery of ATT [5,36,37].

Several common features accompanying the phe-
nomenon of RE in different RPVS imply a global explana-
tion:

(i) The character of changes in transition curves caused
by irradiation is the same for all RPVS. Practically in all
cases, as shown in Fig. 1, they are shifted to higher
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temperatures, changes in the slope within the region of
DBTT and also a lowering of USE is observed [1,5].

(ii) The character of recovery of the shift in DBTT
(ATT), the changes in yield stress and USE caused by
irradiation and subsequent recovery during heat treatment
at temperatures < 500°C are rather similar for all RPVS
[36-38].

(iii) The character of changes in transition curves caused
by irradiation and subsequent recovery during heat treat-
ment at temperatures < 500°C is rather similar for all
RPVS also. In all cases a downward shift of transition
curves to lower temperatures, an increase in their slope in
the region of DBTT and an increase in USE occur [36-38]
(in some cases to higher than the initial values prior to
irradiation).

However, the above similarities by themselves do not
prove a dominant contribution of hardening to RE for
RPVS. Some aspects of the experimental data obtained
earlier and also of data obtained recently by other re-
searchers indicate that hardening evidently is not the single
cause and in some cases possibly is not the dominating
mechanism of RE in RPVS.

In the present paper, experimental data are analyzed to
assess the contribution to RE in RPVS from different
mechanisms.

3. Experimental

The following American grade RPVS have been inves-
tigated under the auspices of the IAEA program on radia-
tion embrittlement of reactor vessel steel:

@ ASTM AS533 type B class 1 steel plate, manufac-
tured by Kawasaki Steel Corporation at Muzushima Works.
After rolling, the plates were heat treated under the follow-
ing conditions: normalizing: 900°C for 4.5 h, air cooling;
quenching: 880°C for 3 h, water cooling; tempering: 665°C
for 12 h, air cooling; simulated post weld heat treatment:
620°C for 40 h, furnace cooling. The designation of this
steel is JRQ.

@ ASTM A533 B class 1 steel welded joint. The
designation is JWP.

@ ASME A3508 class 3 steel welded joint. The designa-
tion is JWQ.

The weld materials were manufactured by the Ibaraki
Plant, Kobe Steel. Post weld heat treatment for the steels
JWQ and JWP was: holding for 40 h at 620°C and furnace
cooling.

Also the following Russian grade steels have been
investigated:

@® 15Kh2MFA base metal (WWER-440). After forg-
ing, the heat treatment was as follows: 1000°C /10 h, oil
cooling; 700°C /16 h and air cooling.

@ 15Kh2NMFA base metal (WWER-1000). Heat
treatment: 920°C/1 h, water cooling, 650°C/20 h, air

cooling, 620°C /25 h, 650°C /20 h and furnace cooling to
room temperature.

@ 25Kh3NM base metal (experimental PWR). Heat
treatment: 870-890°C, air cooling to 700-800°C, oil
quenching, tempering at 620—670°C and furnace cooling.

@ SV-10KhMFT (WWER-440) weld metals. Post weld
heat treatment: tempering for 15 h at 665°C and furnace
cooling to 300°C.

@ for the Russian weld metals: holding for 15 h at
665°C, furnace cooling to 300°C and then air cooling.

The chemical compositions of the above steels are
presented in Table 1.

Embrittlement of the specimens after irradiation has
been assessed from the DBTT shift and the decrease of
upper shelf energy in impact tests of V-notch Charpy
specimens. Fractographic examination has been carried out
on broken halves of Charpy specimens, which were stored
under vacuum after the tests, in order to preserve the
fracture surfaces.

The fracture surfaces were examined using an X-ray
microbeam analyzer type SXR-50, radioactive version
(Cameca) that was installed in a protective chamber. The
images of the fractures were obtained with secondary
electrons at accelerating voltage 20 kV and probe current
0.8 nA with magnification in the range 50-3.500 X . The
fractions of different types of fracture (ductile, ductile
intercrystalline, cleavage and quasicleavage) in the total
fracture surface after the tests at different temperatures
were evaluated using the Glagolev method [39]. The abso-
lute error of measurements at 95% confidence level did not
exceed 3%. Testing temperatures for each material corre-
sponded to the upper shelf, DBTT and lower shelf in the
temperature dependence of the absorbed energy.

An electron microscope type TEMSCAN-200CX was
used for transmission electron-microscope (TEM) studies
at an accelerating voltage of 200 kV. During determination
of the densities of both radiation defects and precipitates,
the specimen thickness in the electron transparent area was
measured using the convergent beam electron diffraction
method [98] with an accuracy exceeding 95%.

The specimens for TEM studies were cut from the
halves of fractured Charpy specimens and prepared by
electrolytic polishing using a Struers electropolisher with
an electrolyte of 10% HCIO, and 90% methanol at — 60—
- 75°C.

The chemical composition of grain boundaries has been
evaluated by secondary ion mass spectroscopy (SIMS) and
Auger electron spectroscopy using a VG Escalab-5 instru-
ment designed for combined analysis of the surface. Cylin-
drical specimens of 25 mm length and 4 mm in diameter
with a ring notch 1 mm depth (notch radius 0.1 mm) have
been tested. The specimens were brittle fractured using an
impact bend at —170°C in a vacuum of 10~ Torr inside
the spectrometer chamber. The depth analyzed was 2.0-2.4
nm. Semiquantitative comparative analysis of the chemical
composition has been carried out using Auger peak height



Table 1

Chemical composition of reactor pressure vessel materials investigated

Chemical composition (wt%)

Si

ASTM code

Designation

Mo

Cr

Ni

Cu

Mn

0.14 0.84 0.12 0.51 0.19 0.003

1.42 0.017 0.004

0.24

A S33B

class 1
Plate

IRQ

0.03 09 0.06 0.03 0.09 0.002

1.18 0.009 0.004

0.33

A 533B

class 1

JWP
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Weld

0.48 0.09 0.002

0.04

0.3 1.29 0.026 0.005 0.26

A 508

IWQ

class 3
Weld

0.25-0.31

0.13-0.18
0.05-0.07

0.16
0.23

0.64-0.71

2.52-3.00
1.37-1.58

2.14
3.03

0.19-0.27
0.09-0.21

1.25
1.02

0.12-0.14
0.15-0.21

0.09
0.10

0.012-0.018
0.012-0.013

0.008

0.018

0.011-0.016
0.029-0.036
0.009
0.024

0.39-0.48
0.97-1.03
0.

0.27-0.37

1SKh2MFA

0.19-0.23

0.10

0.43-0.50

0.59
0.40

0.15-0.35
0.23

SV-10KhMFT
15Kh2NMFA

25Kh3NM

42

0.49

0.44

ratio (phosphorus (120 eV) to iron peak (703 eV) [40]).
Experimental data were averaged over 7-10 boundaries
(facets) for grains of different orientations to diminish an
influence of this factor on the data.

4. Results and discussion

The rationale adopted in the present paper is that in
view of the complexity of the RE phenomenon in RPVS,
an overview is required of existing published experimental
data. Therefore, these data will first be presented along
with the conventional interpretation. Then follow the new
results together with interpretation based on existing and
new philosophies.

Transition curves which are the same for all unirradi-
ated RPVS and those transformed by irradiation are illus-
trated schematically in Fig. 1. The mechanism or mecha-
nisms selected are required to explain all changes in the
transition curve (impact strength) due to irradiation, if only
qualitatively. These changes are as follows:

(i) the DBTT shift.

(i) the decrease in slope in the ductile-brittle transition
region.

(iii) the decrease in the USE.

Possible mechanisms that could lead to these three
phenomena and which agree with available experimental
data are now discussed.

4.1. The shift in ductile to brittle transition temperature

Three mechanisms are known that can, in principle,
induce an upward shift of the transition temperature:

(i) hardening (increase in yield stress of steels).

(ii) grain boundary segregation (primarily from phos-
phorus).

(iii) impurity segregation (primarily from phosphorus)
at precipitate /matrix interfaces, i.e., intragranular impurity
segregation.

Griffith [102] was the first to explain the propensity of
steels with a BCC-type crystal lattice to brittle fracture at
lower temperatures. The explanation suggested essentially
involved the temperature dependence of the yield stress
(and ultimate stress) in these steels (Fig. 2).

Following the Griffith approach, brittle fracture in steel
(at decreasing temperature and a simultaneous increase in
yield stress) can occur when energy Eg ¢ accumulated from
deformation becomes equal to {or exceeds) the energy
necessary for formation of the free surface of a fracture
(Eqe): Eger 2 Eyy, o1

agesl > ysK, (5)

where ¢ is the stress at the initial moment of cracking, s
the area of the specimen section, / the length of its
operating part, y the surface energy of steel at testing
temperatures and K the coefficient accounting for a relief
of the fracture surface, K > 1.
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Tensile Stress

Test Temperature

Fig. 2. Schematic showing temperature dependences of yield and
ultimate tensile stress.

Actually an ideal brittle fracture cannot be realized
even in the immediate vicinity of the point ‘P’, (Fig. 2),
where the curves of temperature dependencies of ultimate
and yield stresses intersect. At this point Eq. (5) has the
form

0p28,50 > ysK, (6)

where o0, is the yield stress at the testing temperature
corresponding to the point ‘P’ in Fig. 2, &, is the elastic
deformation of the specimen and y the surface energy at
the testing temperature.

In all other cases the fracture is preceded by ductile
deformation. So in the general case the absorbed energy
(A) is
A :Aels( +Adcl+ASl'f’ (7)
where A, is the contribution to A from elastic deforma-
tion:

2
0.2
Agg=0,8,5l= = sl. (3)
Here E denotes the Young’s modulus at the testing tem-
perature and A, is the contribution to the absorbed
energy, associated exclusively with formation of the free
fracture surface:

Age=vsK. )
Ay is the contribution concerning the ductile deformation

preceding the specimen fracture that depends on the testing
temperature, T

A= [V (e, T)s(e. TY(e. T)e(T)de,  (10)

Ey

where £,(T) is the value of the material ductility at testing
temperature and o (e, T), s(e, T), l(e, T) and &(T) are
the corresponding functions involving the dependence on
testing temperature.

The Davidenkov diagram [103,104] is usually used to
illustrate the phenomenon of the DBTT shift resulting
from hardening (Fig. 3).

Based on this diagram, a vertical shift of temperature
dependence of yield stress results, if an increase in the
yield stress occurs for any reason. If the increase is caused
by irradiation of RPVS, then the initial and final curves (1
and 2, respectively) are equidistant [24,25]. Thus, in the
frame of the diagram, only an increase in DBTT may
occur, that is its shift towards higher temperatures, due to
an increase in the yield stress caused by any reason.

It is worth noting that in contradiction with Fig. 3, the
stress of tearing, o, (that is the true ultimate stress)
depends on the temperature and decreases with increase in
temperature [41,42]. The reason is that in steels with BCC
lattice, the yield and ultimate stresses strongly depend on
temperature. For example, in the base metal of a WWER-
440 pressure vessel made from steel 15Kh2MFA, both in
the initial state and after irradiation in conditions close to
operating ones, the values of yield stress at — 198 and
270°C differ by almost double. The difference between
ultimate and yield stresses at 270°C constitutes ~ 25-30%
(both before and after irradiation) and tends to zero at
- 198°C.

Analysis of representations inherent in the Davidenkov
diagram and some additional considerations show that its
principal corollary (that an increase in yield stress due to
hardening and caused by any reason can induce only an
increase in DBTT shift) is far from being indisputable. The
diagram is based on the following principal proposition:
absorbed energy in steel cannot be unchanged or increased
(at a fixed testing temperature) by hardening.

Yield Stress

0-fmctul't-:

irradiated condition

Eoo.z

DBTT shift

unirradiated condition

Test Temperature

Fig. 3. Davidenkov’s diagram.
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If this proposition is not true (at a fixed testing temper-
ature, for example, in the region of DBTT), then a shift
will not be observed or temperature dependencies of both
impact strength and ductile-to-brittle transition will be
shifted downwards. The possibility of the absence of a
shift or downward shift as a result of hardening is not
possible in the frame of the Davidenkov diagram.

For this situation it would be interesting to consider the
conditions when this situation might occur. From Egs. (7),
(8) and (10) one obtains the following formula for the
absorbed energy at a fixed testing temperature (7):

o5(T ) eO(T)
A=—2 2 5T f o(&,T)s(e, T)(&, T)e(T)
xde+ y(T)s(T)K(T). (11)

The dependence on T is emphasized in the expressions for
0ps, 0, E, 5, land K.

Let us see which terms in the right-hand side of Eq.
(11) can yield the transition curve characteristic of steels
with BCC lattice. The first term in this equation (A,)
increases with a decrease in the temperature. The reason is
that the yield stress increases almost double while the
testing temperature changes from ~ 300 to 200°C. Young’s
modulus increases nearly 2-4% for every 100°C increase
of the temperature [43]. Therefore, in this temperature
range it increases by 20% at the most with a decrease in
the temperature. It should be kept in mind that in accor-
dance with Ref. [44] the value of Young’s modulus within
the limits of elastic deformation does not depend on the
rate of the material deformation. Let us calculate the value
of A, for Charpy specimens made from RPVS at —200°C
that is deliberately within the lower shelf of the absorbed
energy (but where A, has the maximum value within the
range from —200 to +300°C). In these calculations the
value of S has been assumed to be 8 X 1072 m?, [ =2.5
X 10™* m (the curvature radius of the notches on Charpy
specimens), E =212 X 10*> MN/m? [45]. Numeric evalu-
ation shows that in this case A = 0.5 J, so it is one order
of magnitude less than the typical value of absorbed
energy on the lower shelf which is usually ~ 5 J.

The third term in Eq. (11), A, may increase with a
rise in test temperature due to the temperature dependence
of ¥ (v is independent on the deformation rate). However,
the coefficient K, taking account of the degree of com-
plexity of fracture surface, decreases with a decrease in
testing temperature. Thus, the resulting change in A
occurring with a decrease in testing temperature is deter-
mined by the termn y. These considerations lead to the
conclusion that the change in K due to the transition from
a completely brittle fracture (on the lower shelf) to a
completely ductile one (on the upper shelf) is insignificant.
This evaluation can be simplified if one assumes that the
specimen fracture (on the lower shelf) is a plane of area §
coinciding with the specimen section and on the upper
shelf this plane changes to a set of hemispherical dimples,

which have the radius equal to the depth (100% ductile
fracture). This assumption is realistic, as the direct obser-
vations of dimples on ductile fractures and also the values
of the sharpness characteristic of raster electron mi-
croscopy show. If one also assumes that these dimples
have the same radius r, then the ratio of the fracture area
on the upper shelf to the area on the lower shelf can be
approximately represented as

Sys/Sis =82mr?/mris =2, (12)

It can be seen from Eq. (12) that the ratio does not depend
on r (dimple radius). Also, it follows that the values of K
and A_; rise approximately by double while the testing
temperature changes from the lower to upper shelf (for
instance from —200 to +300°C). If one assumes the
second term in Eq. (11) Ay, =0 (for instance at such
temperatures that o, = o0) in the region of the lower
shelf, then clearly the value of A is either less than the
absorbed energy at the lower shelf or commensurable (in
the region of the lower shelf). Direct evaluation of A
may be produced from the data in Refs. [41,42]. In these
studies the value of the surface energy for a-Fe at 20°C is
given. Moreover, y = 2.09 J/m?. For each 100°C of tem-
perature increase, y decreases by nearly 10% [41.42]
§=10.8X10"* m? for a standard Charpy specimen. Re-
spectively, A =1.67 X 10~* T for the Charpy specimen
and thus, throughout the entire range of testing tempera-
tures, A, is well below the absorbed energy at the lower
shelf, which is usually ~ 5 J. Moreover, if one takes into
account that the typical ratio of the values of the absorbed
energy at the upper and lower shelves is of ~20 J or
more, then the following conclusion can be drawn: the
temperature dependence of the absorbed energy for steels
is determined practically exclusively by the value of A,
in Eq. (11).

So, the analysis of the second term in Eq. (11) or Eq.
(10) gives the conditions providing the increase in the
absorbed energy induced by hardening. The term under the
integral sign in Eq. (10) looks rather complicated, but as
seen from Ref. [46], the functions S and [/ can be assumed
constant at the ductility level < 10% (that nearly corre-
sponds to ductility levels characteristic of RPVS). Assum-
ing this is true, one obtains the following condition for the
values of the absorbed energy to be conserved or increased
when hardening is observed:

08, < 058, (13)

where ¢ is the strength of ductile deformation, o, <
0 * <0y, 0" is prior to hardening and ¢," after harden-
ing (" /0, <1). £, and &, are the material ductility
prior to and after hardening, respectively. Eq. (13) can be
rewritten as

Ao/o=zAe/e, (14)

where Ao /o is the relative radiation induced increase of



98 B.A. Gurovich et al. / Journal of Nuclear Materials 246 (1997) 91-120

yield stress and Ae/e is the relative radiation induced
decrease of ductility.

Moreover, it should be kept in mind that hardening in
steels and alloys caused, for example, by heat treatment
may induce a rise in ductility [47]. So, in a general case,
the Davidenkov diagram is improper for interpretation of
the hardening influence on metals (steels) with a BCC
lattice.

Therefore, the analysis of specific changes in yield
(ultimate) stress for different RPVS irradiated in condi-
tions typical of WWER and PWR is of prime interest.

The major part of experimental data on the influence of
irradiation on strength and ductility properties of RPVS
was obtained from tensile testing of specimens. It was
shown in Ref. [48] that irradiation of American and Rus-
sian RPVS to neutron fluences < 10°* n m~ 2 induces, as
a rule, the hardening phenomena and a simultaneous de-
crease in ductility. Moreover, as a rule, Eq. (13) is satis-
fied. If it was possible to transfer the properties of RPVS
obtained in tensile testing to impact, then one could obtain
an increase in the absorbed energy as a result of hardening
over all testing temperatures from ~ —100 to +270°C.
But it is well known that this is not observed in practice.
Fig. 4 shows the typical temperature dependencies of yield
and ultimate stresses, uniform and total elongation of
specimens made from steel 15Kh2MFA (after tensile test-
ing) before and after irradiation.

Fig. 4 shows that in the range — 198 to +270°C, both
the uniform and total elongation in steel are practically
unchanged. In comparison, in the same range, the signifi-
cant rise in yield and ultimate stresses with decreasing
temperature occurs. This behaviour of the strength and
ductile properties of RPVS in tensile testing does not
explain and even contradicts the character of temperature
dependencies of impact strength in the same temperature
range and in the same materiais, where the absorbed
energy decreases from the upper to the lower shelf. Obvi-
ously, the ductile and strength properties of RPVS mea-
sured in tensile testing are essentially different from the
corresponding values measured in impact testing. First of
all, this is due to the large difference in the rates of
deformation in these two types of testing. In impact test-
ing, the rates of deformation are approximately 10°-10°
times greater. Likewise, it is evident that at high rates of
deformation (at decreasing testing temperature) ductility
ought to decrease, beginning from significantly higher
temperatures, than in tensile testing. Apparently, the rise in
deformation rate changes the character of influence of
some processes on ductility. For instance, in tensile test-
ing, the presence of grain boundary phosphorus segrega-
tion does not influence on elongation [49,50], but at high
deformation rates (characteristic of impact testing) un-
doubtedly does. Otherwise, impact testing would not
demonstrate the shifts of transition curves due to temper
brittleness. As follows from Eq. (11), it is impossible to
get a high decrease in the absorbed energy without a
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Fig. 4. Temperature dependence of the tensile properties of
15Kh2MFA steel. Private data of V.A. Nikolaev [48]. (a) Irradi-
ated material; (b) comparison of unirradiated and irradiated condi-
tions of the steel.

catastrophic decrease in ductility. Analysis of the data
obtained in instrumented impact testing demonstrates that
the rate of loading strongly (as compared to tensile testing)
influences the measured values of ultimate and yield
stresses. It should be taken into account when analyzing
experimental data. By now, a great deal of publications are
available where the results obtained in tensile testing (or
some other ‘slow’ types of loading, e.g., measurements of
hardness) are applied to analysis, interpretation or develop-
ment of RE models basing on impact testing [3,28,51]. In
these works, similar to the Davidenkov diagram, it is
assumed that the processes leading to a rise in o, in-
evitably induce an upward shift in DBTT. For this reason,
this model as well as ones mentioned above involve the
value of Ao, instead of ATT. As shown above, the
application of Aoy, instead of ATT cannot be validated.
In addition, the second term in Eq. (11) provides only an
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increase in the value of A, with an increase in g, due
to hardening. A decrease in the second term may be caused
only a by decrease in ductility, which is proportional to
(o, — 0y,). These facts indicate that the experimental
correlation observed between the values of Aoy, and
ATT is not universal and the conditions under which they
can be applied are not determined even for the studied
materials. Some examples will be given below.

Therefore, an extraction of contributions to RE of
RPVS from different mechanisms (e.g., hardening) is an
extremely complicated problem. Different mechanisms of
RE can behave differently in different regions of the
transition curve (e.g., within the upper shelf or DBTT). It
has been pointed out earlier that irradiation of RPVS
results in a number of microstructural phenomena and each
of them can induce RE. Therefore, to evaluate the possible
influences of different mechanisms on variations in the
transition curve it would be reasonable to examine the
separate contributions from each one.

It is convenient to consider the hardening effect on RE
by taking experimental studies devoted to cold deforma-
tion of steels as an example. The influence of cold defor-
mation on strength and ductility of steels is studied well
enough, e.g., Refs. [52,53]. However, the number of stud-
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ies involving its influence on impact strength in steels is
rather low [54-64]. As a rule, the authors of such publica-
tions only confirm that cold work decreases the absorbed
energy in impact testing [54]. But detailed analysis of the
experimental data from the publications leads to the con-
clusion that actually the influence of cold deformation on
the impact strength in steels is rather complicated.

For instance, in Ref. [58] it is demonstrated that cold
deformation may induce the rise in absorbed energy in
some steels. In steel S55C the absorbed energy increases
slightly with an increase in cold deformation to 20% and
after that it drops sharply with the increase in deformation
to 30%.

In Refs. [60,61,99], very interesting data were obtained
on the studies of the influence of cold deformation in steel
St.3 (0.15% of carbon) and a-Fe (0.027% C, 0.18% Mn,
0.2% Si, 0.025% S, 0.006% P) on DBTT, yield stress and
other parameters. In Fig. 5 the data from Refs. [60,61] are
plotted. From these data it is seen that cold deformation is
accompanied by the rise in yield stress, so at first material
hardening induces the rise in DBTT, then it does not
influence the level of DBTT and, lastly, it even leads to
reduction of DBTT at high degrees of cold deformation.

Similar results were obtained in studies on the influ-
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Fig. 5. Dependence of the mechanical properties of St.3 steel (a) and a-Fe (b) on degree of cold deformation [60,61,99].
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Fig. 6. Dependence of the mechanical properties of A533B steel
on degree of cold deformation [63].

ence of cold deformation on the properties of RPVS
AS533B [63]. Many parameters were measured there includ-
ing DBTT, yield stress, ductility and some others. In Fig. 6
some of the obtained dependencies are plotted. In particu-
lar, it can be seen from these dependencies that a mono-
tone increase in the yield stress of steel A533B with an
increase in the degree of cold deformation is not always
accompanied by a proportional rise in DBTT.

The following fact attracts considerable attention: in
Refs. [60,61,63] the values of relative hardening resulting
from cold deformation in steels significantly exceed the
typical ones of WWER and PWR. For instance, the maxi-
mum value of relative rise in the yield stress is ~ 100%
for steel St.3 and ~ 55% for steel A533B. The DBTT shift
is, respectively, ~40 and ~ 50°C. Usually the values of
relative change in the yield stress do not exceed ~ 40%.
Moreover, radiation-induced DBTT shifts can reach ~
150-200°C and even greater values [5]. So, when harden-
ing is caused by cold deformation in steels, the resultant
DBTT shifts are a few times less than the shifts induced by
irradiation of RPVS.

Summarizing the data published on the influence of

cold deformation on impact strength in steels, the follow-
ing can be noted:

(i) hardening in steels due to cold deformation can
induce an upward shift in DBTT.

(ii) the rise in the yield stress due to cold deformation
is not always accompanied by the rise in both absorbed
energy and DBTT. Therefore, the considerations forming
the basis of the Davidenkov diagram as well as the dia-
gram itself are not universal.

(iii) the data show that the changes in DBTT for steels
cannot be predicted even qualitatively based only on hard-
ening.

The studies discussed do not include data on ductility
in steels observed before and after cold deformation at the
deformation rates typical of impact testing. But from Egs.
(10) and (11) and also previous discussions one can see
that the deformation has to induce a shift in temperature
dependencies of ductility at these rates. The temperature
dependencies (in contrast with obtained in tensile testing)
have to be similar to the corresponding transition curves in
the range of temperatures specific for impact testing (Fig.
7.
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Fig. 7. Influence of cold deformation on impact energy and
material ductility at deformation rates typical of impact Charpy
testing.
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Fig. 8. Schematic mechanisms of DBTT shift in steel with BCC
lattice due to grain boundary segregation of impurities.

Qualitatively this consideration can be confirmed using
the data on lateral expansion of Charpy specimens due to
impact testing.

The mechanism of the DBTT shift due to grain bound-
ary segregation of impurities is usually illustrated with the
use of the diagram in Fig. 8.

In compliance with this diagram, the shift appears when
the stress of tearing of the crystalline boundary (e ym»
intercrystalline tearing) becomes equal or less than the
stress of tearing inside crystallites (Oyuneqm, transcrys-
talline tearing):

Tinter.trm. = Oirans .t ( 1 5)

Moreover, the greater the difference between o, ., and
Oimer.m» the greater the value of the temperature shift (Fig.

This scheme involves the assumption that grain bound-
ary segregation of impurities cannot facilitate an increase
in ductility of steels, i.e., finally, an increase in the ab-
sorbed energy. The published data on the influence of this
kind of segregation on mechanical properties (o,,, oy
and &) of steels were obtained mainly in tensile testing. As
pointed out above, tensile testing has not revealed an
influence of grain boundary phosphorus segregation on
yield stress, ductility and other properties, except the rela-
tive reduction of the area [50]. They do not deliver ade-
quate representation of changes of properties occurring at
deformation rates typical of impact testing. But in distinc-
tion from hardening, there are no data supporting the
assumption that grain boundary segregation could induce a
rise in ductility. As well, there are no examples where
grain boundary segregation of impurities (e.g., phospho-
rus) induced downward shift in the transition curves. These

facts do not permit to prove the character of the scheme
considered is universal in all cases involving grain bound-
ary segregation of impurities, but they also do not permit
to cast some doubt on it.

It was demonstrated in a few studies that reduction of
cohesion at grain boundaries (i.e., reduction of oy, o ) 15
closely connected with the level of impurity concentration
in grain boundary segregation [65,66]. The condition
Tinter-tm. < Tans.am. 1 realized if the definite level of impu-
rity concentrations is reached in the grain boundary segre-
gation. In this case, in fractures of steel specimens, the
areas appear with specific intercrystalline fractures [11,66—
68]. At lower concentrations of impurities at grain bound-
aries, the intercrystalline component of the surface fracture
and ATT associated with it are not observed. The consider-
ations above allow the assumption that at least ductility in
high-rate testing in the region of DBTT and lower shelf
temperatures is sensible to the presence of grain boundary
segregation. It seems likely that similar to cold deforma-
tion, grain boundary phosphorus segregation has to induce
a shift of temperature dependencies of ductility for defor-
mation rates characteristic of impact testing. These depen-
dencies have to reproduce qualitatively the corresponding
transition curves in the range of impact testing tempera-
tures (Fig. 9).

It is pertinent to note that in distinction to Fig. 9,
Oransan. (@8 Well 88 @ erm ) depends on the temperature.
This is evident from the fact that as a rule in materials with
grain boundary phosphorus segregation the fraction of the
regions with intercrystalline fracture in specimen fracture
surfaces is zero at the upper shelf, maximum at testing
temperatures slightly lower than DBTT and diminishes
with the further decrease in temperature (Table 2 and Ref.
[69D).

The temperature range of the most intensive formation
of temper embrittlement (formation of grain boundary

as-received condition
>
=)
2
o
c
w
3
2 steel with phosphorus
] grain boundary
a segregation
<
as-received condition
Pl
3
=
Q
steel with phosphorus|
grain boundary
segregation

Fig. 9. Schematic influence of grain boundary segregation on
temperature dependences of absorbed energy and steel ductility
under deformation rates characteristic for impact testing.
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phosphorus segregation) is ~ 450-550°C [70-72]. These
temperatures are ~ 200°C higher than the operating ones
in WWER and PWR. As a consequence of this, for a long
time, the grain boundary phosphorus segregation in RPVS
during operation was believed to be unlikely. But the
evaluations in some papers [11,15] demonstrated that in
irradiation conditions typical of WWER or PWR the radia-
tion-induced diffusion of phosphorus can lead to such
phenomena in RPVS. Later on, it was revealed in investi-
gations of irradiated American and Russian RPVS that
grain boundary phosphorus segregation may occur (Fig.
10). In fracture surfaces of such Charpy specimens, the
regions with an intercrystalline type of fracture may appear
(Fig. 11). Table 2 shows the data of fractographic exami-
nation of some RPVS of American and Russian grades. It
should be emphasized that in Russian RPVS, irradiation

10000
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Fig. 10. Grain boundary phosphorus segregation observations. (a)
Elements distribution in the vicinity of grain boundaries of irradi-
ated WWER-440 base metal (SIMS results) and (b) typical Auger
spectrum of irradiated nickel-alloyed RPVS.

Fig. 11. Intergranular fracture in irradiated materials (fracture
surfaces of Charpy specimens). (a) JRQ steel (T, = 100°C); (b)
trepan from weld of Russian experimental PWR (7, = 50°C); (c)
trepan from WWER-1000 base metal (T, = — 100°C).

induces intercrystalline fracture only in base metal speci-
mens. In irradiated weld metal this type of fracture was
obtained only in sub-size Charpy, although in that metal
the phosphorus content is greater (in standard Charpy an
intercrystalline fracture was actually absent) .

" These distinctions in properties of irradiated standard and
subsize Charpy specimens are evidently determined both by dis-
tinctions in characteristics of stress deformation state and defor-
mation rates typical of impact testing of these two types of
specimens.
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Fig. 12. Schematic mechanisms of DBTT shift in steel with BCC
lattice due to intragranular segregation of impurities.

Apparently the distinction in the behaviour of base and
weld metals of Russian RPVS can be explained by distinc-
tions in the structure and properties of the grain bound-
aries.

Fractographic investigations (Table 2) indicate that irra-
diation can induce intercrystalline fracture in American
RPVS as well (both in base and weld metals).

Available data provide support for the assumption that
irradiation of RPVS of both grades in conditions specific
of PWR is attended primarily with grain-boundary phos-
phorus segregation. This assumption is supported by direct
observations carried out with the use of Auger spec-
troscopy, FEGSTEM and APFIM [10,11,73].

Fig. 12 illustrates the qualitative mechanism of DBTT
shift (ATT) induced by intragranular segregation. This
shift appears, if the effective stress of tearing due to
intragranular segregation (g, ) diminishes below the
true ultimate stress of transcrystalline fracture (06 )-
Evidently, intragranular segregation is most probable at
precipitate /matrix interfaces. But such segregation is
probable also on various types of clusters, for instance,
copper-vacancy clusters, radiation defects etc. This means
that intragranular segregation, in contrast with that at grain
boundaries, does not form continuous segregation surfaces
where a crack can propagate. Therefore, to satisfy the
relationship e iquwa < Tieanserm. N the case of intragranular
segregation, it is necessary to fulfil the following two
conditions:

(i) the concentration of phosphorus in intragranular
segregation (e.g., at precipitate /matrix interfaces) has to
reach some specific value. After that, tearing along such an
interface becomes preferential compared to transcrystalline
fracture.

(ii) the ratio of medium diameter of precipitate (on
which interface the phosphorus segregation emerges) to
medium distance between them has to exceed a definite
value, then their presence will induce the valuable reduc-
tion of true ultimate stress in steel (Or Tygines )- It SEEMS
likely that oy 1S a temperature dependent value, as
are Oppneem. A0G4 Oier - But the character of this depen-
dence is yet to be explored, for the shortage of experimen-
tal data.

At the present time, papers are being published where
direct experimental demonstrations of phosphorus segrega-
tion on interfaces of precipitate /matrix type and rise in
DBTT due to intragranular phosphorus segregation inside
steel are performed. For example, in Ref. [74] the segrega-
tion of this type was observed in RPVS A533, A508 and
some model steels. Noteworthy is that intragranular segre-
gation occurred there as a consequence of thermal aging at
different temperatures. In Ref. [75] the experimental dis-
tinction of the phenomena such as hardening, grain bound-
ary and intragranular phosphorus segregation that are ob-
served during thermal aging and determine different contri-
butions to the DBTT shift was gained. In Refs. [74,75], it
was demonstrated that in RPVS and model steels the
intragranular phosphorus segregation occurs mainly to pre-
cipitates of carbides of M¢C type, Laves phases and
non-metallic inclusions. Furthermore, it was shown there
that if any type of the above precipitates is located along
the grain boundaries, then phosphorus segregation to their
interfaces can lead to emergence of regions with ductile
intercrystalline fracture in the fracture surfaces of Charpy
specimens tested at temperatures of the upper shelf and
DBTT. The ductile intercrystalline character of fracture
has been observed by the current authors also in studies of
fractures in Charpy specimens made from steel 25KhNM
irradiated with a neutron fluence of ~ (2-7)x 102 n
m~2 (E> 0.5 MeV) at 270°C after thermal aging at the
same temperature during 60,000 h (Fig. 12 and Table 2)
and also American grade steels A533B and A508 irradi-
ated to neutron fluence 5 X 102 nm™2 (E > 0.5 MeV) at
270°C (Fig. 13a, Table 2).

The phenomena related to intragranular segregation
were found out when the studies of RE in some model
binary alloys, Fe—P and Fe—Sn, were performed [76]. The
influence of concentration of the second element on RE
resulting from neutron irradiation to fluence (3-5) X 10%
nm~ % (E>0.5 MeV) at 50°C was studied in a series of
binary alloys, Fe—Ta, Fe—W, Fe—Nb, Fe—Ti, Fe—-Cu, Fe—P
and Fe-Sn, in Ref. [76]. It was shown therein that in all
the irradiated alloys, including the alloys Fe—Cu, but ex-
cluding Fe-P and Fe-Sn, the yield stress and DBTT as
functions of concentration have the same shape. Fig. 14
presents the experimental dependencies from Ref. [76].

The important feature of these experiments is an ab-
sence of regions with intercrystalline fracture in the frac-
ture surfaces of the specimens which have undergone
impact testing. The opinion of the authors of Ref. [76] is
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Fig. 13. Ductile intergranular areas on the fracture surfaces of
irradiated Charpy specimens. (a) JRQ steel, test temperature corre-
sponding to DBTT (100°C); (b) templet from Russian PWR, test
temperature corresponding to upper shelf (225°C).

that this fact clearly indicates the dominating role of
intragranular segregation in RE occurring in binary alloys
Fe~P and Fe-Sn.

In Refs. [11-13,77] the intragranular phosphorus segre-
gation was observed in steels of Russian and American
grades irradiated in conditions characteristic of operating
PWR with the use of direct experimental methods.

To summarize, the following conclusions may be drawn:
the experimental data accumulated in studies of RPVS
show that irradiation can induce grain boundary and intra-
granular segregation of impurities (primarily, phosphorus)
as well as hardening. Moreover, each of these phenomena
can induce an upward shift in the transition curve.

4.2. Reduction of the slope of the transition curve in the
region of DBTT

Geometrical considerations permit us to deduce the
following reasons for reduction of the slope:
(i) the change of the temperature interval between the

right end of the lower shelf and the left end of the upper
shelf in the transition curves.

(ii) the change of the upper shelf level in the curves.

(iii) simultaneous change of the parameters from items
(i) and ().

As in Section 4.1, we consider the possible influence of
hardening caused by grain boundary or intragranular segre-
gation of impurities (chiefly phosphorus) on the slope.

From the data given in Section 4.1, one can see that
irradiation of RPVS can produce complicated phenomena
concerning the structure and properties of steels: simulta-
neous hardening, grain boundary and intragranular segre-
gation of impurities (chiefly phosphorus). Therefore, it is
useful to study separate contributions of these three phe-
nomena to the slope. Moreover, the influence of hardening
should be evaluated with the use of experimental data
obtained for the steels which have undergone cold defor-
mation.

As far as we know there are no experimental studies
specially devoted to this problem, but the data from Refs.
[52—-61] show that cold deformation in steels can reduce
the considered slope.

Experimental data obtained in studies of the develop-
ment of temper embrittlement in steels show that in the
cases where this phenomenon appears in an uncombined
state, the transition curves are shifted upwards equidis-
tantly from each other. Fig. 15 presents the change of the
transition curve in steel 15 Kh2MFA which had undergone
temper embrittlement.

Experimental data obtained in the studies devoted to
phosphorus segregation to interfaces (of precipitate /matrix
type), i.e., intragranular segregation, show that in these
cases the slope can diminish [66,74,75]. Most likely, the
decrease in the level of the upper shelf observed in that
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Fig. 15. Effect of temper embrittlement (thermal induced grain
boundary segregation) on DBTT curve of 15Kh2NMFA type
steel. (A) as-received condition; () embrittled condition.

experiments is responsible for this phenomenon. It should
be noted that usually any mechanisms responsible for the
reduction of the slopes of the transition curves are not
discussed in the current publications.

Probable reasons of the decrease in the level of the
upper shelf in temperature dependencies of impact strength
will be discussed in detail in Section 4.3, so now we
summarize the results presented above.

The data described in this section indicate that if the
phenomena of hardening and both grain boundary and
intragranular phosphorus segregation in steels arise sepa-
rately, then the reduction of the slope of the temperature
dependence of the impact strength in the region of DBTT
can occur only on account of hardening and intragranular
phosphorus segregation.

4.3. Reduction of the upper shelf level in the transition
curves

Now we consider the influence of cold deformation on
USE. The number of experimental studies on this subject
is quite insignificant [60—64]. Following Ref. [64], 4%
cold deformation in steel produces the valuable shift in
DBTT and actually does not change USE. In contrast, in
Refs. [60~62] the reduction of USE resulting from cold
deformation was registered. Quite different observations
were made in Ref. [63]: with an increase in the degree of
cold deformation occurring in RPVS A533B, when the
monotone rise of the yield and ultimate stresses is ob-
served, USE can either decrease or increase (Fig. 6). Using
the considerations in Section 4.1, one can conclude that
these peculiarities in the changes of USE can be evidently
explained by specific properties of ductility in steels under-
going the corresponding degrees of cold deformation. Evi-
dently the reduction of USE in steels resulting from cold
deformation is caused only by the decrease in their ductil-
ity. But it is not improbable that at high degrees of cold
deformation in steels the reduction of USE can be caused
not only by the decrease in their ductility, but also by

formation of voids. The latter process can produce the
reduction of effective sections of the specimens and the
corresponding reduction of USE.

Available publications on studies of reversible temper
brittleness in steels show that grain boundary segregation
of impurities (primarily phosphorus) do not produce the
reduction of USE in the transition curves (even in the case
of significant value of the upward shift in DBTT) (Fig.
15).

In a few available publications on the influence of
intragranular phosphorus segregation it was demonstrated
that their appearance in steels produces the reduction of
USE in the transition curves [74,75]. This fact indicates the
essential difference between grain boundary and intragran-
ular phosphorus segregation emerging at the
precipitate /matrix interfaces. These differences are clearly
seen in the studies of fractures occurring in Charpy speci-
mens which have undergone impact testing in the region of
the upper shelf. The following fact is known from the
studies on grain boundary phosphorus segregation: the
fractures in specimens tested at the upper shelf tempera-
tures do not contain areas with intragranular fracture (Ta-
ble 2). This fact is true, although in testing of the same
steels in the regions of the lower shelf and DBTT the
fraction of the areas with intercrystalline fracture in speci-
men fracture surfaces may reach ~ 65-70%.

Noticeable phosphorus segregation at the
precipitate /matrix interfaces in steels may be revealed in
the fractures of the specimens tested in the region of the
upper shelf. It is demonstrated in Refs. [74,75] that the
boundaries of non-metallic inclusions, carbides of type
M,C and precipitates of Laves phases are the most typical
locations of intragranular phosphorus segregation in
A533B, A508 and some other Mn—Mo—Ni-steels. If the
carbides or Laves phases decorate grain boundaries, then
the areas with ductile intercrystalline fracture appear in
fracture surfaces of specimens tested in the regions of the
upper shelf and DBTT. A similar phenomenon has been
observed by the authors of the present paper in irradiated
steels of Russian and American grades and also in some
cases after long-term thermal aging at the operating tem-
peratures (Table 2, Figs. 12 and 13).

The above distinctions concerning the behaviour of
grain boundary and intragranular phosphorus segregation,
revealed in testing of specimens in the region of the upper
shelf, are very important. They lead to the conclusion that
in this temperature region the stress of tearing along
intragranular segregation is essentially lower than the stress
of tearing along grain boundary segregation. Besides, it
means that in the region of the upper shelf the stress of
tearing along phosphorus segregation at the interfaces is
lower than the stress of tearing along the crystalline body.
In testing with comparable temperatures the stress of tear-
ing along grain boundary phosphorus segregation is higher
than the stress of tearing along the crystalline body. The
shortage of experimental data on phosphorus segregation
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to interfaces in steels does not allow us to answer unam-
biguously the question about the reasons of reduction of
the absorbed energy at the upper shelf due to emergence of
the segregation. This reduction of the absorbed energy at
the upper shelf could be explained by the decrease in steel
ductility due to phosphorus segregation to interfaces (at
deformation rates typical of impact testing). The reduction
of the upper shelf can be also explained by the decrease in
the effective specimen sections when phosphorus segrega-
tion is present at the precipitate /matrix interface. The last
mentioned explanation might be the consequence of local
decrease in stresses of tearing in the region of
precipitate /matrix interface, where phosphorus segrega-
tion has appeared. Of course, both of the revealed reasons
may contribute to the reduction of the upper shelf simulta-
neously. These peculiarities of phosphorus segregation to
precipitate /matrix interface allow us to explain the rise of
the upper shelf level to the value higher than initial one
(i.e., in unirradiated steels) after annealing of irradiated
RPVS that was observed in a few works (Fig. 16). One of
the most probable explanations may be as follows. In some
types of precipitate which exist in steel in the initial state
and have propensity to phosphorus segregation, the heat
treatment can produce this segregation to precipitate /ma-
trix interface. Two processes due to irradiation may pro-
ceed in steels: the emergence of new locations for intra-
granular phosphorus segregation and the increase in phos-
phorus concentrations in existing segregation at the inter-
faces. These processes favour both the additional reduction
of the level of the upper shelf and the DBTT shift. If the
regimes of annealing applied to irradiated steels cause the
decay of phosphorus segregation at interfaces of all precip-
itates which were present in steel initially (or the decrease
in phosphorus concentrations in them to levels below
initial), then the rise in USE might exceed the starting
levels (in unirradiated state). Besides, these causes can
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Fig. 16. Effect of post-irradiation annealing on transition curve.

lead to recovery of DBTT to temperatures lower than
DBTT in unirradiated steels.

Numerous published experimental data illustrate the
influence of heat aging temperature on the rate of grain
boundary phosphorus segregation in steels and also on
temperature interval of their stability [66~68,71,72]. Only
a few publications exist on phosphorus segregation to
interfaces. Isolated experimental data deliver the evidence
of the reversible character of phosphorus segregation to
interfaces (i.e., the reversible character of intragranular
phosphorus segregation) [74,75]. Some experimental data
indicate that the temperatures of decay of intragranular
phosphorus segregation are essentially lower than the tem-
peratures of decay of grain boundary phosphorus segrega-
tion. The temperature of decay of grain boundary phospho-
rus segregation is usually ~ 600-650°C [66-68,71,72].
Alternatively, it is shown in Ref. [76] that the complete
recovery of DBTT shift and USE in alloys Fe—P after
irradiation at 50°C to neutron fluence ~ 10%* n m~?
(E > 0.5 MeV) and subsequent annealing occurs at 420°C.
In that study, absolutely convincing arguments were given
that the shifts in DBTT and USE in alloys Fe—P are caused
by intragranular phosphorus segregation.

The following fact engages our attention: the complete
recovery of USE in RPVS of Russian and American
grades irradiated at 250-290°C is observed after annealing
at ~ 420°C [5,37,38,105].

The existing models of reversible temper brittleness
assume the dependence of stability parameters and rates of
phosphorus segregation on the structure and nature of the
interfaces, where the segregation appears [65,78,79].

Summarizing the results of this section, the following
conclusions can be drawn:

(i) the decrease in USE is connected with steel harden-
ing in a complicated way. Steel hardening does not always
induce the reduction of USE. Moreover, in some cases a
rise might occur.

(ii) the accumulated experimental data demonstrate that
two out of three of the above discussed mechanisms can
induce the reduction of USE: hardening and intragranular
phosphorus segregation.

5. Contribution to radiation embrittlement of pressure
vessel steels from different mechanisms

In Section 4 three mechanisms were considered, combi-
nations of which allow us to interpret the phenomena of
RE in RPVS. The following scheme could be applied for a
convincing experimental evaluation of their contributions
to RE:

(i) Investigation of the dose dependencies of the DBTT
shift and the reduction of the upper shelf. Study of influ-
ences of impurities and alloying elements (for instance, P,
Cu, Ni, etc.) on the dependencies.
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(ii) Investigation of the dose dependencies of both
hardening and the change of steel ductility. Study of
influences of impurities and alloying elements (for in-
stance, P, Cu, Ni, etc.) on these dependencies.

(iii) Direct experimental study of the dose dependencies
for the change of the RPVS phase composition: accumula-
tion of radiation defects, copper-vacancy clusters and pa-
rameters of grain boundary and intragranular segregation.
Study of influences of impurities and alloying elements
(for instance, P, Cu, Ni, etc.) on these dependencies.

(iv) Investigation of recovery of the DBTT shift, USE,
ductility and hardening in annealed irradiated RPVS.

(v) Direct experimental studies of influences of anneal-
ing on evolution of radiation-induced phases, defects, cop-
per-vacancy clusters, grain boundary and intragranular im-
purity segregation, etc.

(vi) Inferences from items (i)-(v).

Nowadays such detailed and complete data on RE in
RPVS are not available, therefore a reliable experimental
assessment of the phenomena enumerated above is ham-
pered. That is why the experimental data demonstrating
separate influences of these three mechanisms on the
transition curves are given in Sections 4.1, 4.2 and 4.3 and
the data in Sections 5.1, 5.2 and 5.3 have to be analyzed.

5.1. The dose dependencies of the DBTT shift and change
in yield stress for RPVS

It should be noted that only a few papers [5,22-33,105]
were published which contain data on simultaneous mea-
surements of the dose dependencies of the DBTT shift and
yield stress carried out with RPVS specimens from the
same melt. It should be noted as well that in the majority
of the cases the dose dependencies for the DBTT shift and
yield stress differ for Russian RPVS (both for base and
weld metals) used in WWER-440 and WWER-1000. Fig.
17 shows the dose dependencies for the DBTT shift and
Ay, for these steels borrowed from [5,22,105]. It can be
seen from Fig. 17a and b that in all cases the DBTT shift
rises with an increase in neutron fluence. In contrast, dose
dependencies for changes in the yield stress include re-
gions of the yield stress decreasing with an increase in
neutron fluence or the regions with the conserved values of
Aogy,. Thus, the discrepancy between the radiation-in-
duced changes of yield stress and DBTT has been ob-
served.

Some discrepancies are present in the dose dependen-
cies for English RPVS (Fig. 18, Ref. [80]). The limited
quantity of available experimental data does not allow us
to justify qualitatively the influence of alloying elements
and impurities in steels on the degree of the above discrep-
ancies and the range of neutron fluences corresponding to
the most significant discrepancies. The analysis of the
available data has shown that as a rule the most valuable
discrepancies in the dose dependencies for DBTT and oy,
can be seen for the most important in practice neutron
fluences of ~(1-5) X 102 n m~? (E> 0.5 MeV).
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Fig. 17. Dependence of the DBTT shift and yield stress increase
on neutron fluence for WWER-440 weld (a) and base metal (b)
and for WWER-1000 weld (c) [5,22].

The existence of these discrepancies indicates the inde-
pendence of some fraction of the DBTT shift produced by
irradiation on hardening. This fact is most evident for the
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range of neutron fluences corresponding to the increase in
DBTT and simultaneous decrease or the absence of varia-
tions in oy, for RPVS with a rise in neutron fluence (Fig.
17).

It should be emphasized that the existence of the
regions with the same behaviour in the dose dependencies
for changes in the DBTT shift and o, does not prove
that the contribution from hardening into the change of
DBTT for the corresponding neutron fluences is the deci-
sive factor. To ascertain this is true, it is necessary to
analyze the influence of impurity and alloy contents of the
elements determining radiation-induced rise in DBTT on
the change in yield stress resultant from irradiation. In
addition, it is necessary to compare temperature dependen-
cies of recovery of radiation-induced changes in DBTT
and o,, due to annealing.

5.2. Dependence of radiation-induced changes in DBTT
and o©,, on concentrations of impurities and alloying
elements.

The dependence of RE in steel 15Kh2NMFA on phos-
phorus content was studied in Ref. [32]. The phosphorus
content in the steel varied from 0.005 to 0.035%. The
specimens were irradiated at ~ 300°C to a fluence of
~2X10# nm™2 (E> 0.5 MeV). It was shown that the
coefficient of RE (Ap) increases linearly as a function of
phosphorus concentration and its total increase is seven-
fold in this range. On the other hand, the changes in the
phosphorus concentration do not influence the changes in
yield stress resulting from irradiation. Statistical processing
of experimental data obtained in the testing of surveillance
samples and other irradiated specimens made from steel
15Kh2NMFA and weld metal Sv.10KhGNMAA [81] has
allowed the authors to reveal the influence of P and Cu
impurities on the values of radiation-induced DBTT shift
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and A, [81]. However, no notable influence of these
impurities on the value of the change in oy, due to
irradiation was revealed.

The investigation of phosphorus influence on
radiation-induced changes in DBTT and o,, occurring
WWER-440 steels irradiated at ~ 250--280°C showed that
in some instances the increase in phosphorus content in
steel causes changes in DBTT and o, [81]. In contrast,
statistical processing of a large body of experimental data
obtained in [81] for irradiated surveillance samples and
other specimens has not revealed any significant effect of
P or Cu contents on changes in yield stress for WWER-440
RPVS materials. Similar statistical processing applied to
the same data revealed the significant effect of P and Cu
on the coefficient of RE [81] and, respectively, on the
value of DBTT.

The radiation-induced increase in ¢, in WWER-440
and WWER-1000 steels hampers an assessment of contri-
bution from hardening to DBTT shift due to irradiation
[105). Primarily this is true for materials with the lowest
content of the impurities. But for the materials demonstrat-
ing double and higher increase in the coefficient of RE
(Ap) affected by increased P and Cu impurity content, it
can be asserted that the contribution from hardening to
radiation-induced DBTT shift is less than 50%. The latter
assumption is absolutely true for WWER-440 RPVS ap-
plied in the first and second generations of NPP.

In a few works [1,35,82-86] devoted to investigation of
influence of P and Cu on the changes in DBTT and o,
in RPVS of American grades the following was shown:

(i) An increase in Cu concentration reduces the phos-
phorus influence on RE (radiation-induced DBTT shift) in
steel. For instance, in A533B with Cu content < 0.01%,
an increase in phosphorus concentration from 0.003 to
0.015% and 0.025% increased the radiation-induced DBTT
shift (neutron fluence of ~2.5X 102 n m 2 (E> 1
MeV), irradiation temperature of 288°C) to 33 and 61°C,
respectively. In contrast, when Cu content was 0.30%, the
corresponding increase had constituted only 14 and 0°C,
respectively. The change in radiation-induced DBTT shift
in steel with phosphorus content of 0.003% due to the
increase in Cu concentration from 0.002 to 0.3% was
136°C [82].

(ii) As a rule, the contribution from phosphorus to the
radiation-induced DBTT shift is not associated with
changes in 0, due to irradiation [83], but the influence of
Cu on radiation-induced increase in yield stress is stated
unambiguously [35,84-86).

5.3. Recovery of DBTT, o, , and the upper shelf level due
to post-irradiation annealing

The analyses of numerous experimental data on RE in
RPVS and some model materials points at the relations
between the radiation-induced DBTT shift and the reduc-
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tion of USE. The same relations can be found in specimens
made from steels irradiated to different neutron fluences
either of the same (Fig. 19, from Ref. [5]) or different
melts. The numerous experimental data presented in [87]
demonstrate the proportionality between the reduction of
USE due to irradiation and neutron fluence (Fig. 20) and,
consequently, the DBTT shift. These facts are important
for the analysis of the mechanisms determining RE in
RPVS.

By now, the publications that include experimental
studies of recovery of the DBTT shift, oy, and USE
resulting from annealing of irradiated RPVS and some
model materials (e.g., Refs. [1,5,88]) (Fig. 21) show the
corresponding temperature dependencies of recovery for
steels of Russian and American grades irradiated at operat-
ing temperatures. The large body of experimental data
obtained in the studies of these types of steels [5,29,36,88—
95,100] has been processed to obtain the curves. Some of
the curves were presented in Refs. [5,88,90].

The analysis of the data in Fig. 21 shows that the
following regularities are characteristic for irradiated steels
of Russian and American grades after annealing:

(i) the temperature dependencies for the DBTT shift
recovery are similar for the both types of RPVS. The
recovery of the DBTT shift due to annealing at ~ 500°C
exceeded ~ 80% in all the cases.

(ii) the temperature dependencies for USE recovery are
similar for the both types of RPVS. In all the cases,
actually complete recovery of the USE occurs already at
annealing temperatures of ~ 420°C.

(iii) Ni, Cu and P reduce the degree of DBTT recovery
resulting from annealing.

(iv) an increase in Ni content in steel leads to increase
in the degree of recovery of the yield stress in compare
with DBTT.

Noteworthy is that the temperatures of recovery of
yield stress differ essentially for different types of RPVS.
For instance, a complete recovery of irradiated RPVS
15Kh2NMFA occurs after annealing up to ~ 400°C (Fig.
21b). Under the same annealing conditions, the recovery of
the DBTT shift is ~40% [5]. For irradiated steel
ISKh2MFA and the respective weld metal annealing at
400°C results in 60% recovery of the DBTT shift and 40%
of o, (Fig. 21, [88]).

Annealing of irradiated RPVS A302 at 400°C results in
~ 35% recovery of oy, and ~ 55% recovery of DBTT
[29,89]. Annealing of irradiated RPVS A533B at 454°C
results in ~ 90% recovery of o,, and ~ 65% recovery of
DBTT [29,89]. The complete recovery of USE occurs for
irradiated RPVS AS533B after annealing at ~ 410-420°C
and for steel A302 after annealing at ~ 400—410°C [89].

The experimental data displayed above show that the
degree of recovery of the DBTT shift resulting from
annealing of irradiated RPVS slightly correlates with the
recovery of yield stress. Practically in all the cases the
temperature of recovery of yield stress is either noticeably
lower or noticeably higher than that for the DBTT shift
(Fig. 21d and e). These and other experimental facts
displayed here indicate that radiation hardening probably is
not the factor determining the radiation-induced DBTT
shift in RPVS.

The degree of recovery of the DBTT shift from ~ 50
to ~ 80% corresponds to annealing temperatures (400—
420°C) providing complete recovery of USE practically in
all steels. This peculiar feature indicates that the fraction of
DBTT shift (RE) in RPVS, which is governed by the same
mechanisms that govern the reduction of USE, is evidently
responsible for major portion of RE.

Also noteworthy is that because of the slight correlation
between the temperature of the complete recovery caused
by annealing (at ~ 420°C) of the radiation-induced reduc-
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Fig. 20. Fluence dependence of USE decrease [87].
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tion of USE in RPVS of Russian and American grades and
the temperature of recovery of the corresponding changes
in g,,, the following conclusion can be deduced. Appar-
ently, the radiation-induced reduction of USE in RPVS is
determined to a considerable extent by the mechanisms
independent on hardening in steels under irradiation.

In Sections 4.1, 4.2 and 4.3 the experimental data are
displayed demonstrating that only two of three mecha-
nisms of RE (which may in principle contribute to RE in

RPVS) can cause the reduction of the upper shelf level.
The third mechanism, i.e., grain boundary phosphorus
segregation does not cause the reduction (Section 4.2).
Therefore, the contribution from this segregation to the
shift does not exceed 50% in steels of Russian and Ameri-
can grades.

Actually, this contribution is significantly lower. This
fact becomes apparent if one assumes that the annealing
temperatures required for decay of grain boundary phos-
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phorus segregation are the same for segregation due to
irradiation and thermal aging. The fractographic studies of
irradiated and annealed RPVS (of Russian grades and
some American) (Table 2) demonstrate that the above
assumption is quite verisimilar. In all studied irradiated
steels an annealing at 470-475°C either does not change
the fraction of intercrystalline component in the fractures
or induces its rise (Table 2). This means that annealing at
these temperatures does not induce the decay of grain
boundary phosphorus segregation present in irradiated
steels. These convincing data testify that grain boundary
phosphorus segregation due to irradiation are stable ap-
proximately at the same temperatures that are characteris-
tic of segregation due to thermal aging. Hence it follows
that in RPVS an annealing of that fraction of RE, which is
determined by grain boundary phosphorus segregation,
might begin at > 470-500°C. If one takes account of
temperature dependencies of recovery of the radiation-in-
duced DBTT shift in annealed RPVS (see above), then the
following can be deduced. Maximum contribution from
grain boundary phosphorus segregation to RE (the DBTT
shift) in RPVS does not exceed ~ 10-20%. This assertion
is also supported by the data obtained for irradiated RPVS
25Kh3NM. In this steel irradiated at 270°C to ~ 1-5 X
102 n m~2 (E> 0.5 MeV) the fraction of the regions
with intercrystalline fracture in specimen fracture surfaces
reached ~ 70% (Table 2). Nevertheless, the DBTT shift
due to grain boundary phosphorus segregation has not
exceeded ~ 20% of the total DBTT shift caused by irradi-
ation.

Hence, the displayed results permit us to conclude that
in RPVS of Russian and American grades the contribution
of grain boundary phosphorus segregation to the
radiation-induced DBTT shift (caused by irradiation to
<10% nm™? at ~ 250-300°C) does not exceed ~ 10~
20%. It is likely that just grain boundary phosphorus
segregation in irradiated RPVS determines the fraction of
the radiation-induced DBTT shift that is not recovered
after annealing at ~ 450-500°C.

It was shown in Sections 4.1, 4.2 and 4.3 that the
reduction of USE in transition curves obtained in impact
testing can be caused by hardening and formation of
intragranular phosphorus segregation in RPVS.

The data on the dose dependencies of the changes in
DBTT, oy,, phosphorus and copper influence on changes
in DBTT and Ay and also the data on recovery of DBTT
and ¢, resulting from annealing of irradiated RPVS
(Sections 5.1 and 5.2 and this section) indicate that at least
in Russian RPVS with high content of P and Cu the
hardening does not contribute the major portion to radia-
tion-induced DBTT shift. The following experimental data
support the proposition not only for Russian, but also for
American grade steels:

(1) in the case of steel hardening due to cold deforma-
tion, even for the increase in o, by the value signifi-
cantly larger than hardening reached as a result of irradia-

tion in RPVS, the DBTT shift does not exceed ~ 50%
(Section 4.1). These values are much lower that the DBTT
shifts observed in irradiated RPVS.

(ii) the shapes of dose dependencies of DBTT, tempera-
ture dependencies of both DBTT recovery and USE during
annealing of irradiated RPVS of various types differ essen-
tially slighter than the similar curves for oy ,.

6. Discussion of experimental data concerning the na-
ture of radiation embrittlement in RPVS

In Section 4 it was indicated that the existing models
and mechanisms of RE in RPVS have to explain at least
qualitatively the whole complex of changes in the transi-
tion curves resulting from irradiation: the upward shift of
the curve, the decrease in its slope in the region of DBTT
and the decrease in USE.

The temperature dependence of yield stress specific for
steels with BCC crystal lattice predetermines the appear-
ance of brittleness in them at lowered temperatures (e.g., at
the temperatures providing o, = o). However, this tem-
perature dependence of yield stress by itself does not
explain the characteristic shape of the transition curve
observed in impact testing. In Sections 4.1, 4.2 and 4.3,
the assumption has been suggested that the transition curve
is evidently determined by the character of the temperature
dependence of ductility in these steels at deformation rates
typical of impact testing (Fig. 7). Moreover, in Sections
4.1 and 4.2 the assumption has been suggested that both
hardening in steels and formation of grain boundary or
intragranular phosphorus segregation may produce upward
shifts in temperature dependencies of ductility (at deforma-
tion rates typical of impact testing (Fig. 7). These shifts are
apparently the direct cause of the shifts in the transition
curves.

Actually, by now the experimental data on temperature
dependence of ductility at high deformation rates typical of
impact testing are absent. The above assumptions can be,
in an indirect way, supported by the experimental data on
lateral extension of specimens which have undergone im-
pact testing. Clearly, due to the fact that the direct experi-
mental evidence in not available, the development of reli-
able physical models of RE in steels (metals) is the subject
of future studies. However, the analysis of different mech-
anisms aimed at their arrangement by their contribution to
RE in RPVS remains instructive, as well as the attempts
aimed at quality explanations (basing on the mechanisms)
of the individual phenomena accompanying RE, for in-
stance, the reduction of the upper shelf, are useful.

The considerations in Section 5 indicate that intragranu-
lar phosphorus segregation in RPVS resulting from irradia-
tion can deliver the main contribution to radiation-induced
rise in the DBTT shift and the reduction of the upper shelf.
Nowadays, a rather limited number of publications exist
involving considerations of the phenomena of the rise of
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DBTT due to intragranular phosphorus segregation [74—
76]. The assumption on the importance of the role of
intragranular phosphorus segregation in RE occurring in
some RPVS was suggested rather long ago [32]. But in the
literature the problem of the influence of intragranular
phosphorus segregation on the whole complex of RE
phenomena in RPVS was not even posed.

The reasons that may be responsible for the reduction
of USE of the temperature dependencies of impact strength
due to intragranular phosphorus segregation are discussed
in Section 4.3. The most important factors in this reduction
are probably the low levels of tearing stress and ductility
in those microvolumes of the material where intragranular
phosphorus segregation are located.

The value of relative reduction of USE (AUSE /USE)
caused by intragranular phosphorus segregation can be
evaluated as follows. A, denotes the specific absorbed
energy in the steel (i.e., the absorbed energy divided by the
unit area of the operating section of a specimen) at the
upper shelf assuming that intragranular phosphorus segre-
gation does not occur. Respectively, A, is the specific
absorbed energy within the region where intragranular
phosphorus segregation has occurred, A, <A,. Then

USE=A4,S$, (16)

where USE is the steel absorbed energy at the upper shelf
prior to intragranular phosphorus segregation and S the
operating section of the specimen.

Similarly, the value of change in the absorbed energy
(AUSE) induced by intragranular phosphorus segregation
may be represented in the following way:

AUSE=AS—[A,(S§—AS)+A,AS] = (A, —A,)AS,
(7
where AS is the total area of the regions on the operating

section of a specimen where intragranular phosphorus
segregation is located. Then

AUSE (A, —A,) AS
USE 4, s

(13)

In the general case A, =f(Cp), ie., 4, is a function of
phosphorus concentration (Cp) in intragranular segrega-
tion. Consequently,

R ) T COL S

USE A ]S

where F(Cp) =1~ f(Cp). The function F(Cp) increases
with the rise in phosphorus concentration. At high concen-
trations, if one assumes A, << A,, then F(Cp) = 1 and

AUSE/USE = AS/S. (20)

The essential distinction of intragranular segregation com-
pared to grain boundary segregation is that they do not
form continuous spatial surfaces inside the volume of the
material. For this reason, the degree of influence of intra-

granular segregation on the absorbed energy depends not
only on phosphorus concentrations in them, but both on
the average size of precipitate (1o the interfaces of which
phosphorus segregates) and the average distance between
them. For example, in the simplest case of spherical
inclusions of radius r, forming 3D regular cubic lattice of
period R, it can be shown that if the operating section is
one of the planes of this lattice, then the quantity n of
inclusions inside the section of area S is

n=_S/R%. 1))

Respectively, the area of the operating section occupied by
precipitate (to the interfaces of which phosphorus has
segregated) AS is equal to

AS=nmr?=Swuri/R%. (22)

Therefore, the value of AS/S in Eqgs. (18) and (19) is
equal to

AS/S=mr’/R%. (23)

in the case considered. If N denotes the value of the
volume density of the precipitate, then N = I /R> and thus

AS/S=mriN3. (24)

In the more general case, when the precipitate has ran-
domly distributed locations inside the volume of material
with the average radius (r), average distance (R) and
volume density N, then

AS/S ~ (r) J{RY ~ {rY’N?¥/3. (25)

Taking into account the relationship (A, —A,)/A, =
F(Cp)<1 and Eq. (20), one can see that the ratio
AUSE /USE is always larger than the similar value calcu-
lated with the use of Eq. (19). So, using Eq. {(20), one can
obtain the upper boundary for the influence of intragranu-
lar phosphorus segregation on the relative change in USE.

In particular cases, the precipitate that has phosphorus
segregation at its interfaces may be situated at grain
boundaries. If their density is high enough in the fractures
of Charpy specimens tested within the regions of DBTT
and the upper shelf, then the regions with ductile intercrys-
talline fractures may appear (Table 2 and Fig. 13) [74,75].
This situation, when precipitates with phosphorus segrega-
tion at its interfaces are located both inside the volume and
at grain boundaries, is quite realistic [74,75].

The evolution of intragranular phosphorus segregation
in steels induced by thermal aging may be attributed to a
few processes:

(i) the changes in phosphorus concentrations in the
interfaces of the precipitates.

(ii) the changes in the phase composition of the steel
accompanied by formation of new precipitates with phos-
phorus segregation to their interfaces.

(iii) simultaneous occurrence of the processes from
items (i)-(ii).
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In the case of irradiation the following items are added
to items (i)—(iii):

(iv) phosphorus segregation to radiation defects.

(v) phosphorus segregation to radiation-induced inclu-
sions and clusters of various types, for instance, copper-
vacancy clusters etc.

In recent years a valuable quantity of publications
appeared containing data on the formation of various types
of clusters and precipitates in irradiated RPVS in addition
to radiation defects (dislocation loops). For example, in
Refs. [4,27], the copper-vacancy clusters and also other
types of precipitates have been observed in irradiated
RPVS. In some instances the presence of phosphorus was
revealed in the precipitate observed. Usually, the sizes of
the clusters and inclusions do not exceed ~ 1-10 nm. Any
direct experimental registration of these or determination
of their chemical composition is a rather difficult problem.
That is why the presence or absence of phosphorus segre-
gation at the clusters, precipitate or radiation defects is not
reliably established.

Nevertheless, it is well-known that phosphorus is one
of the elements present in the steels in solid solution and is
involved in interaction with fluxes of point defects result-
ing from microstructure gradients during irradiation. This
mechanism (solute drag) leads to impurity segregation
(e.g., phosphorus) to various types of sinks in steels during
irradiation [101]. This mechanism can be realized at signif-
icantly lower temperatures than necessary for phosphorus
segregation during aging.

Likewise, the above considerations and Egs. (20) and
(24) permit us to assess the probable contribution of
radiation-induced phosphorus segregation to interfaces to
the reduction of USE in irradiated RPVS of various grades.

In accordance with Refs. [4,27,69], in RPVS of Ameri-
can grades, under real operating conditions, the dominating
type of structural changes is formation of precipitates
enriched with Cu. Under irradiation, their density and
radius may reach ~2 X 10" cm~? and ~ 1-2 nm, re-
spectively. In the case of phosphorus segregation at the
interfaces of the Cu precipitate /matrix the value of reduc-

tion of USE due to this segregation can be derived using
Egs. (20} and (24):

(AUSE/USE) X 100% = (AS/S) X 100% = 15%.
(26)

This value is in good agreement with relative changes in
USE due to irradiation of these steels in the corresponding
conditions. The latter fact is of importance since an ap-
pearance of precipitate enriched with Cu due to irradiation,
which causes radiation strengthening, does not explain by
itself the value of the radiation-induced reduction of USE.

The electron-microscope studies of Russian RPVS per-
formed by the authors show that in realistic irradiation
conditions, in addition to radiation defects (dislocation
loops), exist disk-shaped inclusions ~ 1 nm thick and
~ 10 nm in diameter. Table 3 presents the data on densi-
ties and sizes of the radiation defects and disk-shaped
inclusions for Novovoronezh NPP-2 weld metal in various
states. The front- and sideview of disk-shaped inclusions
are shown in Fig. 22. These inclusions lie at the crystallo-
graphic planes of the type {100}. If one assumes that
phosphorus segregates to the interface of the disk-shaped
inclusions, then the approximate evaluation of the relative
reduction of the upper shelf (for precipitate of density
~7x 10" cm™® ~35 nm radius) is: (AUSE/USE) X
100% =~ 10%. This value of AUSE /USE is in agreement
with experimental values of reduction of USE due to
irradiation.

It would be interesting to study the behaviour of phos-
phorus segregation to interfaces during annealing. This
behaviour could significantly elucidate the peculiarities of
recovery of the properties in irradiated RPVS.

The temperatures providing annealing of phosphorus
segregation at the interface (in contrast with grain bound-
ary phosphorus segregation) may be defined by the follow-
ing two processes:

(i) dissolution and transfer to the matrix of phosphorus
that segregates to interfaces.

(ii) dissolution of the precipitate containing phosphorus

Table 3 s

Density and dimensions of radiation defects and disk-shaped precipitates in weld metal of NVNPP-2 pressure vessel

Layer Conditions Migops (X 10" cm™?) d1o0ps (nM) g (X105 ecm™?) d g (nm)
Inner (8) irradiated to F=6.5%x 10" nem™2  7-8 5 50-60 10.5
Inner (8) irrad. + anneal. 475°C /150 h - - 3.5-40 13.5
Inner (8) irrad. + anneal. 560°C /2 h - - 0.7-0.9 20.5
Extern (1) irradiatedto F =2.4x10° ncm™?  5-6 3 30-50 9.5
Extern (1) irrad. + anneal. 475°C /150 h - - 2.5-3.0 17.5
Extern (1) irrad. + anneal. 560°C /2 h - - 09-1.0 235

unirradiated -

- 0.5-0.6 20.4
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Fig. 22. Disk-shape precipitates in the irradiated weld metal
(WWER-440 trepan). (a) front view; (b) side view and (c) precipi-
tates decorated grain boundaries.

at its interfaces and subsequent disappearance of the phos-
phorus segregation.

Minimum annealing temperature necessary for disap-
pearance of phosphorus segregation at the interfaces is
determined by the minimum temperature sufficient for
realization of one of the processes: (i) or (ii). This circum-
stance distinguishes phosphorus segregation at interfaces
from that at grain boundaries. In the latter, disappearance
of phosphorus segregation during annealing (at < 700°C)

is possible only for its dissolution and transfer from grain
boundaries to the matrix.

It is well known that formation and behaviour of grain
boundary phosphorus segregation in steels during thermal
aging can be described using the thermodynamic state
functions [96]. For this reason, the concentration of phos-
phorus in grain boundary segregation is independent on the
previous history of the material (i.e., on keeping of the
steel at temperatures < 700°C). It has been demonstrated
above that the experimental data exist, demonstrating that
this is valid also for grain boundary phosphorus segrega-
tion due to irradiation. Thus, phosphorus concentration in
grain boundary segregation depends only on annealing
temperature, if the duration of annealing is long enough.
Besides, the concentration may depend on the rate of
cooling after annealing.

Nowadays there exists a rather limited quantity of
experimental data on formation and behaviour of phospho-
rus segregation at interfaces at thermal aging of steels
[74,75]. These data points to the fact that apparently these
processes may be described with the use of the thermody-
namic state functions too. Evidently, it might be assumed
that in this case phosphorus concentration in interface
segregation also depends only on annealing temperature
for a long enough duration of annealing.

The temperatures of the most active formation and
decay of phosphorus segregation on interfaces may depend
on the types of these precipitates. The data from Refs.
{74,75] indicate that these temperatures in the RPVS exam-
ined at thermal aging are likely to be some lower than the
corresponding temperatures for grain boundary phosphorus
segregation. But the difference evidently is not significant
enough to predict dissolution of phosphorus segregation in
the matrix at annealing temperatures < 400-420°C.

Compare the kinetics of the enrichment of intercrys-
talline and precipitate /matrix interfaces at temperature, 7.
After quick cooling from the temperature of high temper,
grain boundary phosphorus concentration changes in com-
pliance with the following regularity [68,96,106]:

CEB(1) = CFF — (CZB — CSB ) exp| w?(1)] erfe[ w(1)].
(27)

Here ¢ designates the time period of aging at temperature
T.

Cro = CPP(1=0),  C&=Ci%(1-=)

erfe(w) =1 —erf(w) = exp(—x*)dx;

2 fsc
Vo Yo
w(t) =2+/Dpt /b,
where = CS8/CJ; h is the thickness of adsorbing re-
gion; C is the bulk phosphorus concentration in the steel;

Dy is the phosphorus diffusivity.
In Ref. [104] the following equation for thermodynamic
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equilibrium phosphorus concentration CS2 was suggested
for RPVS of WWER grade:

CE® = CRexp(AGy/AT) /{1 + CY(exp(AGy/AT) ~ 1)),

(28)

where AGyp is the heat of phosphorus adsorption at grain-
boundaries. Taking into account the strong influence of Ni
on grain-boundary phosphorus segregation [11,68], one
defines AG, as follows:

AGp= AGg + YNi—PCr(sl;iZ;
AGy = AGONi + YNi—PCl?mB' (29)

Here AG?Y is the heat of grain boundary adsorption in
Ni-free «-Fe. The equilibrium grain boundary Ni concen-
tration CS is defined by the relations similar to Egs. (28)
and (29) for calculation of CSP. The values below have
been chosen in Ref. [68] as the model parameters:

AG)=043eV, AGY =0.12¢V,

Yanip = 0.31 eV, h=0.33 nm.

Dy =Dyexp(—Q/kT). Dy=7.12x1073 m?/s,

Q = 258 kI /mol.

Solving the diffusion equation

aC *c 2 @cC

=D+ —

at o’ p

(30)

with the use of the Laplace transform, one may obtain an
expression describing the kinetics of phosphorus segrega-
tion to the surface of small spherical inclusion of radius,
po [70). In notations of Egs. (27) and (28) the solution has
the form

Cs(1)=CE — (CE — C5y) X exp| —at]
po + 2ivar
2t

—po + 2iVar
a2,

X {exp(ipo\/a_)erf

- exp( - ipo\/a—)erf

(31

where a=D/nhp,. The bonding energy between phos-
phorus atoms and the precipitate has been chosen in
compliance with Ref. [107].

The analysis of Eq. (31) shows that the rate of phos-
phorus adsorption to precipitate exceeds the rate of grain
boundary adsorption.

It was pointed out above that the disappearance of

phosphorus segregation at interfaces (or surfaces of radia-
tion defects) during annealing (in contrast with grain
boundary phosphorus segregation) may also be attributed
to the disappearance of the corresponding precipitate (radi-
ation defects) in the matrix.

The data obtained in the electron-microscope studies
presented in Table 3 show that an annealing at 475°C
produces complete disappearance of radiation defects (dis-
location loops) and reduction of density of disk-shaped
inclusions approximately fourteen times. Annealing at
560°C reduces the density of those inclusions actually to
initial values (in unirradiated material). The data indicate
that disappearance of phosphorus segregation at interfaces
resulting from annealing in irradiated RPVS of Russian
grades can be quite satisfactory explained by dissolution of
the corresponding precipitate (radiation defects) in the
matrix.

The available experimental data indicate that annealing
of American grade steels at ~ 470°C produces dissolution
of valuable fraction of the radiation-induced Cu-enriched
precipitate [35]. It can be predicted that the annealing
inducing dissolution of precipitate in the matrix would
cause also disappearance of the phosphorus segregation in
the locations of interfaces of already dissolved precipitate,
if phosphorus segregation was present at the surface of this
precipitate.

The results and considerations displayed above allow
us to conclude that minimum values of the temperature
sufficient for the annealing of phosphorus segregation at
interfaces in irradiated RPVS might be determined by the
temperatures of dissolution in the matrix of the corre-
sponding precipitate, but not by the temperatures of disso-
lution of the phosphorus segregation itself.

It should be emphasized that phosphorus segregation to
interfaces may appear in RPVS already in the initial state
(unirradiated). It may occur during cooling after steel
tempering (at 620—700°C). Formation of interfacial segre-
gation due to steel cooling after tempering is more proba-
ble than grain boundary phosphorus segregation. The rea-
son is that the temperatures of the most active phosphorus
segregation to interfaces are evidently some lower than
that ones for grain boundary phosphorus segregation. The
irradiation of steel results in further development of phos-
phorus segregation to interface inclusions which were pre-
sent in unirradiated material and also to the formation of
such segregations at the emerging radiation-induced pre-
cipitate. Subsequent recovery annealing of RPVS irradi-
ated at ~ 500-650°C may cause complete dissolution of
phosphorus segregation at the inclusions which were pre-
sent in unirradiated steel (and also on the radiation-induced
precipitate in accordance with the mechanism described
above). If the cooling conditions of irradiated RPVS after
annealing at ~ 500—-650°C do not produce phosphorus
segregation to interfaces, then the recovery of the DBTT
shift may exceed 100%. Moreover, in this case, USE may
exceed the corresponding value for unirradiated steels.
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7. Conclusion

The analysis of data from the literature on radiation
embrittlement in pressure vessel steels and also the results
obtained by the authors demonstrate the following.

(1) The sum total of phenomena due to radiation em-
brittlement in pressure vessel steels is determined by the
cooperative action of three mechanisms: matrix radiation
hardening, grain boundary segregation of impurities and
segregation of impurities to precipitate interfaces.

(2) An essential part of radiation embrittlement in
pressure vessel steels can be attributed to phosphorus
segregation to interfaces induced by irradiation.

(3) Grain boundary phosphorus segregation in irradi-
ated pressure vessel steels is responsible for an insignifi-
cant portion of the radiation-induced DBTT shift, not
exceeding ~ 10-20%.

Noteworthy is that the available experimental data are
absolutely insufficient for the development of a detailed
understanding of the nature of radiation embrittlement in
pressure vessel steels and further investigations are needed.
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