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Based on ideas about physical nature of brittle and ductile fractures of RPV
steels, the criterion for determining the critical temperature of brittleness
from the Charpy impact test data is proposed. As shown in the first approxi-
mation, the criterion of constancy of local plastic deformation at head of
stress raiser can be used to specify the level of impact toughness KCVy, de-
pending on the yield stress o¢.2. As theoretically proved, the threshold level of
impact toughness is not an unambiguous function of c¢.2. An additional in-
fluence is exerted by factors, which characterize the ability of RPV metal to
resist brittle fracture under stress concentration conditions, in particular,
the brittle strength Ryc. An approximate analytical relationship is derived,
which allows predicting the level of KCVy, considering the strength of the
RPV metal. In the range of yield strength 400-690 MPa, this relationship is
consistent with the KCVy, values, which are given in the PNAE G-7-002-86
standard.
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Cnuparounch Ha ySABJIEHHA I0A0 (i3MUHOI MPUPOAN KPUXKOCTU Ta IJIACTUY-
HOCTM MeTaJIy 3alIPOTIOHOBAHO KPUTEPiil BUBHAUEHHS KPUTUYHOI TeMIIepaTypu
KPHUXKOCTHU 3a BUIIPOOYBaHb Ha yaapHy B s3KicTs. Ilokasano, 1110 B IepIIOMY
HaOJIMKEeHHI KPUTepiid CTAJOCTH BEJIUUYUHU JIOKAJbHOI IIJTacTUYHOI AedopmMa-
1Iii B OKOJIi KOHIIEHTPAaTOpa HANPYKeHb MOKe BUKOPUCTOBYBATHUCA IJI KOPH-
I'YBaHHS IIOPOroBOro piBHsA ymapHoi B’ a3koctu KCVy, B 3aJIe3XHOCTI Bim Beau-
YWHY TPAHUI[I TJIUHHOCTU GCo,2 MeTany. Omep:kaHO HAOJIMIKEHY aHAJTITUUHY
sasie;kHicTh piBHA KCVyy, Bil BEIMYUHY Go,2 KOPIIYCHOTO METAJY JJIS PeakTOPiB
BBEP-1000. TeopeTuuHo o6I'pyHTOBAHO, 1110 ITOporoBuil piBens KCVy, ynapHoi
B’SI3KOCTH HEe € OJHO3HAUHOIO (PYHKI[I€I0 BeJIUUYNHU Go2. Ha piBerbr KCVy, mo-
IAaTKOBUI BILIMB MAa€ 3JaTHICTh MeTaJy YNHUTH OIIip KPUXKOMY PYHHYBaHHIO
B YMOBaX KOHIIeHTpaIlii Hanpy:keub. Omep:kaHo HaOJIUKEHY 3aJIeKHICTh, AKa
YMOKJIMBIIIO€ TPOTHO3yBaTu piBeHb KCVy, 3 ypaxyBaHHAM MiITHOCTH METAaJy
Go,2. B iHTepBaii 3Hauens 6o,z = 400—690 MIla 115 3a/1e:KHICTh Y3TOIKYETHC 3
IOPOTOBUMHU 3HAUEHHAMH, AKUX HaBedeHo B ctaggapTti IIHAEI'-7-002-86.

KirouoBi ciioBa: KpuTruyHA TeMIepaTypa KPpUXKOCTH, IIOPOTOBUI PiBeHb yaap-
HOI B’ A3K0OCTH, pagidlliline oKpuxueHHs, TecT 3a [Ilapmi, peakTopHI Kpuiri.

(Received 10 August, 2023, in final version, 22 August, 2023)

1. INTRODUCTION

Charpy impact tests are an effective ‘tool’ for assessment of the ability of
structural materials to resist brittle fracture, since for these tests the
simultaneous action of three embrittlement factors is realized, namely:
dynamic load, local triaxial tension (overstress effect), low temperatures.
One of the most common characteristics of fracture toughness, deter-
mined by Charpy impact test data, is the critical temperature of brittle-
ness, Tk. In nuclear energy, a shift of the Tx temperature is used as a
measure of radiation embrittlement of the reactor pressure vessel (RPV)
metal, i.e., the difference between the values of critical brittleness tem-
perature for the irradiated (T'xr) and non-irradiated (T'x;) materials.

The value of Tkr (T'ks) corresponds to a pre-determined level of KCVy, on
a temperature dependence of absorbed energy. In the ASTM E185 stand-
ard [1], it is recommended to use the specified value of the absorbed ener-
gy of 41 J (51 J-cm™2). Furthermore, other criterion levels of energy are
also used, for example, 28 J (35 J-cm™) [2] or 56 J (70 J-cm2) [3]. In
Ukraine, for a determination of the critical temperature of brittleness,
PNAE G-7-002-86 [4] is used, in which the criterion level of absorbed en-
ergy is not constant, but increases with increasing the yield strength.
This is quite logical, since the yield strength contributes to the magnitude
of the fracture work; therefore, at the same levels of brittleness of metal,
an increase in the strength causes an increase in the fracture work [5].
This means that, when the material yield strength changes, the threshold
level of impact toughness must be determined in such a way as to charac-
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terize uniquely the level of brittleness of the metal.

The paper proposes a physically justified criterion for determining the
critical temperature of brittleness, at which the value of the threshold
level of impact toughness is adjusted in such a way as to provide the same
level of critical deformation at fracture with a radiation-induced increase
in metal strength.

2. THEORY

The cornerstone of modern fracture physics is the notion of crack nu-
clei, which play the same fundamental role in the fracture process as
dislocations in the process of plastic deformation. These cracks are
called ‘crack nuclei’ because they do not originally exist in the materi-
al. They are formed directly in the process of plastic deformation in the
vicinity of the grain or phase boundaries. Their dimensions are given
by the size of the microstructural components of the metal [6]. In Refs.
[7—9], based on the fundamental properties of crack nuclei, a general
approach to assessing the ability of a metal to resist brittle fracture is
formulated. It was shown that the transition of metal from ductile to
brittle condition is controlled by the level of dynamic stability in the
ensemble of crack nuclei. If, at the time of nucleation, the crack nuclei
are stable, then, the metal at the macrolevel is capable of plastic de-
formation, and if not, then, such a metal is in a brittle state.

In terms of macrocharacteristics, the condition for loss of stability
in an ensemble of crack nuclei can be described as[10, 11]

Pms = RMC n’ (1)
6ok, (¢;/0.002)

where P,; is the parameter of mechanical stability of the metal; Ryc is
the parameter of mechanical stability of the metal; oo is yield
strength; n is strain hardening parameter; E,, is parameter of brittle
action of the stress raiser; e¢; is the magnitude of local plastic defor-
mation in the vicinity of the stress raiser, where the brittle fracture is
initiated.

Equation (1) allows us to establish a relationship between the force
characteristics Ruc, 6o.2, En, which characterize the mechanical stabil-
ity of the metal, and the magnitude of the residual deformation of
fracture e;in the vicinity of the stress raiser, namely,

1/n
e, = 0.002 [Mj : @)

Goolip

According to (2), the e; value can be used as a measure of the brittleness
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of a metal at the transition temperature Tk. In this connection, the
KCVy, value should be determined under the condition e; = const. The
idea of experimental determination of Tx under the condition e;= const
is demonstrated in Fig. 1.

According to Fig. 1, the Tk value is defined as the intersection point
of the Charpy curve with the temperature dependence of the energy of
plastic deformation Ay, at which the value of local plastic deformation e;
is reached. The expression for the A;energy can be written as follows:

¢
Af = VYJ-Gi(x’y’Z)dei(x,y’Z)’ (3)
0

where Vy is the volume of the area of local yielding, oci(x,y,z) and
eilx,y,z) are the distributions of the intensity of local stresses and plas-
tic deformations in the vicinity of the stress raiser.

Using the Hollomon dependency for strain hardening and Mises cri-
terion allows us to obtain an expression for ci(x,y,2):

n(x,y,z)
e,(x,y, 2)}
b

0.002 )

c,(x,y,2) = c50D.2(x’ Y, 2)[

where c,,(x,y,2) is the yield strength considering the distribution of
strain rates in the vicinity of the Charpy V-notch; n(x,y,z) is the pa-
rameter of strain hardening.

Impact toughness KCV, J/sm?
1

Temperature, °C

Fig. 1. Temperature dependences of impact toughness KCV and an energy of plastic
deformation A; at a fixed value of critical deformation e;; KCVy, is threshold value of
impact toughness; Tk is critical temperature of brittleness.
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Substituting (4) into (3) we get:

e n(x,y,z)
B D e(x,y,2)
A = VY.([ Go.2(%, Y, 2) [W} de/(x,y,2). ()

According to (5), finding the relationship between A;, the yield
strength o2 and local deformation e; requires the use of numerical
methods, in particular, the finite element method. In this case, such
approach is not effective, since, for engineering calculations, it is ad-
visable to obtain the appropriate dependence in analytical form. The
problem is considerably simplified if we consider the fact that the task
is only to find regularity of change in A; depending on .2 at a constant
value of plastic deformation.

The idea of an approximate approach is to use the effective volume
V., within which stresses o; and deformations e; are uniformly distrib-
uted, but the energy of the plastic deformation Ay is equal to that for a
Charpy V-notch (CVN) specimen.

In this case, the expression (5) is significantly simplified:

ér

1 n
A, =Vo? |——| |e de, 6
ef efGO.Z [0.002j I i i ( )

0

where o_, and n are the yield strength and the exponent of strain
hardening at the maximum strain rate ahead of the notch (for the CVN
specimen under standard test conditions e; ~ 200 s [12]); e, is the av-
erage value of the intensity of plastic deformations within the effec-
tive volume V.

After integrating in the equation (6), we get:

1 Y\ 1
A, =V o0, —— e’ . 7
o 0'2(0.002j 1+n / (D

Considering that, for typical structural ferritic steels, n ~ 0.05 and
the fact that » ﬂnf*mn:ﬂc with increasing the strain rate, we put that
1+n~1and (1/0.002)" = 1.36. In this case,

A, =1.36V,02,e, . (8)

When structural steels with ferritic microstructure are fractured in
the temperature range of the ductile to brittle transition, the value of
the critical deformation of initiation of brittle fracture in the vicinity
of typical stress raisers is approximately of 2% [13]. This allows in the
first approximation to put that e;=0.02.

The effective volume V,; in the region of local plastic deformation
should also be unchanged at a fixed value of critical deformation e;.
Some variations of V,; may be due to different values of the strain-
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hardening exponent n; however, taking into account the above re-
marks regarding this parameter, in the first approximation, the effect
n can be neglected.

For a typical value of the depth & of the local yield region h~2R
(where R is the radius of a V-notch, R = 0.25 mm). At fracture in the
region of ductile-to-brittle transition and cylindrical shape of the area
of local yielding and the Charpy specimen thickness of 10 mm, we have
Ve~ 2 mm3.

For the practical use of the proposed approach, the invariance of V,;
to the value of the yield strength of the metal is of key importance. To
verify the derived relationship (8), you can use empirical data on the
dependence of the threshold level of impact toughness KCVy, on the
yield strength of RPV steels and their welds, which are given in the
PNAE G-7-002-86 standard [4].

The idea of the calibration procedure is that the V,; value is deter-
mined based on the threshold level KCVy, for a metal with a given yield
strength ..

According to (8),

KCV,

vV, = th , 9
T 1.86e,00, (Tyr) ©)

where o, (Ty;) is the yield strength in the vicinity of the Charpy V-
notch at the temperature Tk.

3. EXPERIMENTAL METHODS

Experimental studies included uniaxial tensile tests of round speci-
mens at two temperatures of 293 K and 573 K and impact tests of
standard Charpy V-notch specimens in the temperature range from 173
K to 373 K.

VVER-1000 RPV steels and their welds were applied as research ob-
jects (Table 1).

3.1. Constructing the Temperature Dependence of Impact Toughness

The impact toughness KCV is defined as the absorbed energy, A, divid-
ed by the cross-sectional area of the Charpy specimen, F, at the V-notch
plane[12]:

Kev =4 (10)
F

Typically, the temperature dependence of KCV values is approxi-
mated by the following relationship [14]:
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KCV = [U—iEj {1 + tanh (%ﬂ (11)

where USE is the impact toughness value on the upper shelf energy of
the Charpy curve, J-cm™2; T is test temperature; Ty and C are fitting
parameters, °C. The values of USE, Ty and C are found, when pro-
cessing experimental data by the least squares method.

3.2. Constructing the Temperature Dependence of Yield Strength at
Dynamic Loading and Determination of Critical Brittleness

To develop the dependence of the yield o¢.2 strength on the temperature
and strain rate, a model of thermally activated motion of dislocations
was used [15, 16], according to which

Gop.2 = Oz (Tr) +C, exp [_BT] - C, exp [_ﬁTr] ’ 12)

TABLE 1. Mechanical properties, impact toughness threshold KCVy, and crit-
ical brittleness temperature Txr, determined by criteria of PNAE-G-7-002-86
and e.=0.02 for VVER-1000 base and weld metal in irradiated and non-
irradiated condition.

Material 2, 0.2, KCvy™®s T Vers S0z (Ter ) » KCv, ™",

10%2n/m? | MPa J/sm? °C mm? MPa J/sm?
RPYV steel (VVER-1000)
Steel H 0 543 49 -36 2.152 837 49.8
11.1 605 59 -18 2.482 874 52.0
22.2 620 59 -20 2.433 892 52.0
Steel K 0 595 59 -81 2.090 1038 61.0
18.2 663 59 -43 2.088 1039 61.0
Steel P 0 567 59 -37 2.317 936 54.4
27.6 593 59 -34 2.264 958 56.0
68.7 635 59 -23 2.200 986 57.6
Steel W 0 564 59 -73 2.197 987 58.1
22.2 615 59 -14 2.262 959 60.3
58.9 627 59 -10 2.245 966 61.2
Steel Y 0 612 59 =79 2.142 1012 59.3
13.1 665 59 -50 2.134 1016 59.6
27.3 683 59 -39 2.133 1017 59.8
Steel
15X2NMFA 0 576 59 -76 2.368 916 54.1
(slab 7)
Steel

15X2NMFA 0 609 59 -46 2.575 843 51.9

(slab 5)




1022 S. KOTRECHKO, V. REVKA, and K. SOROKA

TABLE 1 (continuation).
PNAE PNAE D 0.02V,,
Material 1023;’/1112 M KgIC}/élhlz A H‘infﬁ Go'i/g?) ' KS/V‘;mz ’
RPV weld metal (VVER-1000)

Weld metal K 0 510 49 -62 1.946 926 54.0
16.9 593 59 -32 2.263 959 56.0
Weld metal L 0 562 59 -21 2.167 1001 59.0
33.5 648 59 33 2.104 1031 60.0
43.5 603 59 25 2.183 994 54.8
Weld metal P 0 502 49 -57 1.914 941 55.1
22.2 558 59 -11 2.306 941 55.4
55.8 580 59 11 2.313 938 55.4
Weld metal W 0 437 49 -22 2.032 887 52.0
17.4 565 59 -17 2.149 1009 59.3
42.7 625 59 7 2.077 1044 61.2
Weld metal Y 0 545 49 -43 1.875 961 55.9
20.1 590 59 20 2.373 914 53.9
56.9 609 59 37 2.379 912 53.9

‘Weld metal Sv-
10XGNMAA 0 471 49 -52 1.886 955 55.8
8.9 608 59 -8 2.109 1029 60.6
20.9 593 59 14 2.203 985 58.0

where co.2(T,) is the yield strength at room temperature T,=293 K;
C1=oc1n is the stress, which characterizes the maximum magnitude of
barriers overcome by thermal activation. The coefficient § depends on
the strain rate ¢ and density of mobile dislocations p; and is evaluated
by the following equation:

B=C,-C,lné, (13)

where C, = k(bzmppd)/UO ; (B is the Boltzmann constant, wp is the De-
bye frequency, b is the Burgers vector); C, = k/U, = 0.000415.

The C; and C: coefficients were defined separately for each steel by
calibration using the tensile test data for the yield strength at T'=293
K and T=573 K (Table 2). According to the results of processing ex-
perimental data in the first approximation, these coefficients do not
depend on neutron fluence.

According to (12), the expression for the athermal component of the
yield strength o, is as follows:

o, =c2% _(, exp(—(c2 -G, 1ne'0)T0), (14)

where ¢, =0.0004 s is a strain rate under quasi-static tension.
Considering (12) and (13), the expression for the yield strength o),
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TABLE 2. The C; and C; coefficients for the PRV steels, determined by cali-
bration using the yield stress co.2.

Material | ¢,MPa |
RPYV steel (VVER-1000)
Steel H 933 0.00633
Steel K 1036 0.00584
Steel P 900 0.00518
Steel W 900 0.00513
Steel Y 983 0.00606
Steel 15X2NMFA (slab 7) 1100 0.00755
Steel 15X2NMFA (slab 5) 1100 0.00843
RPV weld metal (VVER-1000)

Weld metal K 1049 0.00581
Weld metal L 900 0.00423
Weld metal P 900 0.00467
Weld metal W 900 0.00414
Weld metal Y 1045 0.00542

Weld metal Sv-10XGNMAA 1041 0.00483

at the strain rate ¢, =200 s™ in the vicinity of the Charpy V-notch is:
Gy = 6, + C exp[—(C, - C;Iné,) T]. (15)

Formula (15) was used to develop the temperature dependence of the
oy, for the RPV metal in the initial and irradiated states.

To determine the transition temperature Tkr, the KCVy, values for
four ranges of strength of ferrite steels given in the PNAE G-7-002-86
standard were used (Table 3).

4. RESULTS AND DISCUSSION

In accordance with the results obtained, the V,; value practically does
not depend on the strength of RPV metal (Fig. 2). In the range of yield
strength 437-683 MPa, the average value of V,; equals to 2.16 mm?

TABLE 3. Threshold levels of impact toughness depending on the yield
strength of structural steels and their welds.

Yield strength co.2 Impact toughness

at 20°C, MPa E,J | KCV,J/sm?
Before 304 23 29
304-402 31 39
402-549 39 49

549-687 47 59
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0.2*

Fig. 2. The effective volume V,; of the Charpy V-notch specimen for the RPV base and
weld metal. Line is an average value V,;=2.16.

with a standard deviation of £8% . This is quite close to the estimate
above V,;=2.00 mm?.

According to (9), invariance of V,; to the yield strength means the
linear dependence of KCVy, on the yield strength o, (T, ) at the tem-
perature Txr under the condition of dynamic loading:

KCV, =1.36V, e,05,(Txs)- (16)

According to (8), (11) and (15), the Txr value can be calculated by
solving a nonlinear equation:

(#) {1 + tanh [¥ﬂ } (17)

=1.36V,¢, {0, + Cexp[ —(C, ~ C; Iné;) Ty |}

The threshold level of impact toughness, KCVy,, depends on the yield
strength at the temperature Txr under dynamic loading conditions.
However, from a practical point of view, it is relevant to establish a re-
lationship between the KCVy, and value of the yield strength co.2(T") at
room temperature under conditions of uniaxial quasi-static tension.
Such an attempt was made in the PNAE G-7-002-86 standard within
the framework of a purely empirical approach (Table 3). It should be
noted that the threshold levels of impact toughness in PNAE G-7-002-
86 are given not as a monotonic function of the material yield
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strength, but as a number of fixed values of KCVy, for different ranges
of co.2(T,) (Table 3).

The results obtained in this study allow us to establish a relationship
between KCVy, and the yield strength at room temperature. Substitut-
ing the expression (15) for o, in Eq. (16) considering Eq. (14), after
the math conversions, we get:

KCV,, =a+bo,,, (18)
where

a=1.36V,¢,C, {exp [— (C,—C;lne,) TKF] —exp [— (C,-C;lney,) TK]} , (19)
b=1.36V,c,. (20)

In accordance with Egs. (18)—(20), the threshold level, KCVy, is not
an unambiguous function of the yield strength co.2(T,), since this pa-
rameter is influenced by the Txr temperature, which, in turn, depends
not only on the co.2 and n, but also on the local cleavage stress cr in the
vicinity of the stress raiser. The value of the latter is determined by the
brittle strength Ryc [9, 10]. In the relationship (18), the influence of
these factors on KCVy, is characterized by the coefficient b.

The derived values of KCVy, (Fig. 3) allow us to estimate the degree
of variation of this parameter for RPV steels and welds in the initial

80+
70::
60::
50::
40::

30
20
10

Impact toughness KCV, J/cm?

0 1 T T T T T T T T T T T 1
200 300 400 500 600 700 800

Yield stress o,,, MPa

0.2?

Fig. 3. Dependence of KCVy, values on the yield strength c0.2(T,) at room temperature
under quasi-static loading conditions: solid lines—calculations by Eq. (18) at a =22.63
+6.77 J-cm2; dashed lines—the KCVy, values according to PNAE G-7-002-86.
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and irradiated states. For this, the data in Fie. 3 were anoroximated
using the relationship (18) provided that b =0.058J / (cm® - MPa)
(e;=0.02, V,;= 2.16 mm?). In this case, a = 22.63 + 6.77 J/cm?, that is,
the coefficient of variation of parameter a is of 30% .

Thus, using Eq. (18) with specified a and b allows us to outline the
entire array of KCVy, values. For the range of yield strength 400—690
MPa at room temperature, this dependence is generally consistent with
the empirical KCVy, values used in PNAE G-7-002-86; however, unlike
PNAE G-7-002-86, dependence of KCV, on the yield strength co.2(T) is
a monotonic function.

Finally, it should be emphasized that a scatter of the KCV values in
Fig. 3 is not due to the test conditions (a variation of test temperature
from a specimen to a specimen, V-notch parameters, impact velocity,
etc.). This scatter is due to influence of additional factors, first of all,
the Ryc parameter, which characterizes the brittle fracture resistance
of RPV steels and depends on their microstructure.

5. CONCLUSIONS

To assess the ability of structural steels to resist the brittle fracture
using the transition temperature Tkr, the threshold value of impact
toughness KCVy, should increase with increasing the strength in such a
way as to ensure a constant value of local plastic deformation in the
vicinity of the V-notch for the Charpy specimen.

The KCVy, value is not an unambiguous function of the yield
strength c0.2(T;) at room temperature. An additional influence on the
KCVy, is exerted by factors that characterize the ability of RPV metal
to resist brittle fracture under stress concentration conditions, in par-
ticular the brittle strength Rac.

For practical use, the dependence of KCVy, on co.2(T,) can be repre-
sented in the 1** approximation as a linear function KCV, =a + bo,, ,
where the influence of additional factors on KCVy, is taken into ac-
count by the variation of the parameter a = 22.63 + 6.77 J-cm2. In this
interpretation, the proposed relationship is generally consistent with
the empirical KCVy, values used in PNAE G-7-002-86 in the range of
yield strength 400-690 MPa.

The research leading to these results was funded by the National
Academy of Sciences of Ukraine (Grant Number 0121U107569).
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