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Îöåíêà âëèÿíèÿ ïðåäâàðèòåëüíîé ãîðÿ÷åé îïðåññîâêè ñîñóäîâ
äàâëåíèÿ ðåàêòîðîâ íà âÿçêîñòü ðàçðóøåíèÿ ðåàêòîðíûõ ñòàëåé
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Ôîíä ïðèêëàäíûõ èññëåäîâàíèé èì. Çîëòàíà Áàÿ, Èíñòèòóò ëîãèñòèêè è ïðîìûøëåííûõ ñèñòåì, Ìèøêîëüö-Òàïîëüöà, Âåíãðèÿ
Âûïîëíåí êîíå÷íîýëåìåíòíûé ðàñ÷åò íàïðÿæåííî-äåôîðìèðîâàííîãî ñîñòîÿíèÿ îáðàçöîâ
òèïà Øàðïè ñ òðåùèíîé ïðè èñïûòàíèÿõ íà òðåõòî÷å÷íûé èçãèá ñ ó÷åòîì âëèÿíèÿ ïðåäâàðèòåëüíîé ãîðÿ÷åé îïðåññîâêè íà âÿçêîñòü ðàçðóøåíèÿ ðåàêòîðíûõ ñòàëåé. Ïðè ýòîì èñïîëüçîâàëèñü äâà ðàçëè÷íûõ çàêîíà óïðî÷íåíèÿ ìàòåðèàëà. Äëÿ êàæäîãî ñëó÷àÿ ïîëó÷åíû ðàñ÷åòíûå çíà÷åíèÿ J-èíòåãðàëà è ïðîâåäåí èõ ñðàâíèòåëüíûé àíàëèç.

Êëþ÷åâûå ñëîâà: ñîñóäû äàâëåíèÿ ðåàêòîðà, ïðåäâàðèòåëüíàÿ ãîðÿ÷àÿ îïðåññîâêà, êîíå÷íûé ýëåìåíò, çàêîí óïðî÷íåíèÿ, J-èíòåãðàë.
Introduction. The presented research work is connected to a running project
NESC-VII, which is a European cooperative action in support of warm prestressing
(WPS) usage in the reactor pressure vessel (RPV) integrity assessment. WPS is a
phenomenon which justifies that crack does not propagate during unloading cycle
in case of PTS. Bay Zoltan Foundation for Applied Research (BZF) takes part in
the modeling work where the WPS effects on J-integral should be determined. In
the first stage of the project, a preliminary calculation has been performed. The
discussed problem is very actual, since many nuclear power plants are getting
closer to the end of their lifetime. The keypoint of lifetime extension projects is to
determine which method should be applied, in order to ensure the expected safety
service period. The purpose of this project is to assess the WPS effect on RPV steel
properties. Scarce data are available on WPS, and it is known that this phenomenon
improves fracture toughness of materials. However, the mechanism of this effect is
not explained yet, although much research has been dedicated to this issue. Within
framework of this project, two different material hardening laws are compared, in
order to estimate the one which describes better the mechanical behavior under
WPS conditions.
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Material Properties. Study of specimens under WPS condition has been
performed on 18MND5 (A533B) ferritic steel. The material has been manufactured
according to the RCC-M specifications by Creusot Loire Industrie in 1995. The
chemical composition is given in Table 1. The material properties are provided by
AREVA NP [1].
T a b l e 1
Chemical Composition of 18MND5 Steel
C

Mn

Si

Ni

Cr

Mo

Cu

0.19

1.5

0.23

0.66

0.17

0.485

S

0.084 <0.001

P

Al

V

0.004

0.011

0.004

True strain–stress curves from -150 to 20°C are available for the calculation.
These curves have been extrapolated to large strains using the Hollomon type
relation, e.g.:
s = K(e p )n ,
(1)
where s is the stress, e p is the plastic strain, and K and n are material
coefficients. These parameters and Young’s modulus values of 18MND5 ferritic
steel for different temperatures are given in Table 2.
T a b l e 2
Variation of the Hollomon Relation Parameters and Young’s Modulus
in the Temperature Range from -196 to 20°C
Temperature (°C)

K (MPa)

n

E (GPa)

-196

1592.3

0.154

213.6

-150

1424.3

0.173

211.1

-120

1389.6

0.196

209.7

-100

1317.9

0.198

208.9

-50

1181.9

0.167

207.1

-20

1057.9

0.139

206.2

20

1056.7

0.155

205.3

The type of hardening for this steel (isotropic or kinematic) is not clear.
Anyway, if we assume this hardening to be a purely kinematic one, the following
hardening law can be used:
ì( s - X ) eq = s 0 ,
ï
í
2
X = Ca, a& = e& p - gap& .
ï
î
3

(2)

Two parameters C and g, as well as the yield strength s 0 of this hardening
law have been fitted (see Table 3) to the experimental tensile curves (-150 to 20°C
range):
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s=s0 +

C
[1- exp(-ge p )],
g

(3)

where s and e p are the axial stress and plastic strain, respectively.
T a b l e 3
Evolution of the Material Parameters (Kinematic Hardening Law) with Temperature
Temperature (°C)

-150

-100

-50

-20

20

s 0 , MPa

765.0

623.0

570.0

547.0

517.0

C , MPa

2430.0

2710.0

3470.0

3360.0

3640.0

g

4.4

4.9

7.7

8.7

12.0

Finite Element Model of Three-Point Bending Specimen. Precracked
Charpy-like three-point bending (3PB) specimen geometry without side-grooving
was chosed for the analysis. The dimensions are the following: 630 ´ 85 ´ 40 mm.
The specimen contained a crack with ratio a W = 0.34 (a is crack length and W is
specimen width). In the present analysis, both hardening laws were examined, in
order to determine which is more appropriate to describe material behavior during
the unloading.
2D finite element model was generated in MSC.MARC2007R1 code using
8-nodal quadratic elements. The mesh of the half part of the specimen is presented
in Fig. 1. Plain strain condition was used in the analysis. The mesh was refined
around the crack front. J-integral was calculated based on the virtual crack
extension (VCE) method implemented into the software and with the help of
analytical formulas based on load–load line displacement (LLD) curve developed
by the VOCALIST project [2].

Fig. 1. Mesh of the large-scale Charpy-like 3PB specimen.

The following formula was applied for determination of the J-integral values:
J = J e + J pl ,

(4)

where
Je=

K 2 (1- n 2 )
.
E
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(5)
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The elastic part (K) is calculated according to ASTM 1921 [6], the plastic
part (J pl ) – according to formula:
J pl = h pl

A pl

(6)

B n (W - a 0 )

with
LLD pl

A pl =

ò Pd ( LLD pl ).

(7)

0

For SE(B) specimens with standard cracks (a W ~ 0.5), h pl =1.9.
For shallow crack (a W ~ 0.1),
æ a0 ö
æ a 0 ö2
æ a 0 ö3
ç
÷
ç
÷
- 49.5
+ 99.8ç ÷ .
h c = 0.32 + 12
èW ø
èW ø
èW ø

(8)

The ratio a W = 0.34, which is closer to deep crack, was chosen for further
calculation. The WPS conditions were the following: in the first cycle (loading and
unloading, LU), the temperature was constant T = 20°C, after unloading the
temperature was decreased to T =-150°C without mechanical load, and then a LU
cycle followed at constant temperature T =-150°C. The temperature and load
distribution diagrams can be seen in Figs. 2 and 3. The post-processed LLD curve
is given in Fig. 4. From this it can be concluded that plastic region of the loading is
very large.

Fig. 2

Fig. 3

Fig. 2. Temperature distribution during the loading process.
Fig. 3. Load cycles during the analysis.

Results. J-integral was plotted in time for the WPS loading cycles. The finite
element calculation results and the analytical solution were compared for both
hardening laws (Fig. 5). In case of isotropic hardening law, the J-integral value is
much higher than in the other case, and after unloading a residual part of J-integral
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Fig. 4. Load–load line displacement curves.

a

b

Fig. 5. J-integral curves under WPS condition in case of different hardening laws.

is present. This causes the difference between the two results. The reason of this is
that isotropic hardening law is not appropriate in unloading stage. To draw the
conclusion from this, kinematic hardening law should be applied for further
analysis. The WPS effect can arise from the fact that preliminary high-level
loading (close to the ultimate stress) caused changes in the crystalline structure of
the material, and the initially homogenous isotropic texture will become anisotropic
with higher fracture toughness. Right now this is only an assumption and further
investigation is necessary.
Conclusions. The finite element calculation of precracked Charpy-like 3PB
specimen has been performed to analyze the effect of WPS on J-integral value of
reactor pressure vessel steel. Two different hardening laws were applied in the
calculation, and it can be concluded that kinematic hardening law is more
appropriate for WPS analysis, because in the unloading cycle the isotropic
hardening parameters fail to appropriately describe the material behavior. From the
calculated J-integral one can be see a slight tendency that J-integral value is
increased due to the WPS effect. However, the mechanism of the WPS is an open
issue yet. Therefore, further investigations are required with 3D finite element
models for different specimen geometries.
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Ðåçþìå
Âèêîíàíî ñê³í÷åííîåëåìåíòíèé ðîçðàõóíîê íàïðóæåíî-äåôîðìîâàíîãî ñòàíó
çðàçê³â òèïó Øàðï³ ç òð³ùèíîþ ïðè âèïðîáóâàííÿõ íà òðèòî÷êîâèé çãèí ç
óðàõóâàííÿì âïëèâó ïîïåðåäíüîãî ãàðÿ÷îãî îïðåñóâàííÿ íà â’ÿçê³ñòü ðóéíóâàííÿ ðåàêòîðíèõ ñòàëåé. Ïðè öüîìó âèêîðèñòîâóâàëè äâà ð³çíèõ çàêîíè
çì³öíåííÿ ìàòåð³àëó. Äëÿ êîæíîãî âèïàäêó îòðèìàíî ðîçðàõóíêîâ³ çíà÷åííÿ
J-³íòåãðàëà òà ïðîâåäåíî ¿õ ïîð³âíÿëüíèé àíàë³ç.
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