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ABSTRACT

To design a Reactor Pressure Vessel (RPV), material property like crack must be considered
as it is an unavoidable property of materias. Presence of crack in materials must be kept within
limit to prevent material’s failure. So, crack propagation must be analyzed and observed. In this
paper, crack propagation due to stress and materials fracture toughness of reactor pressure vessel
cladding has been observed to estimate cumulative probability of crack failure using Probabilistic
Fracture Mechanics (PFM). Average crack size is guessed as 3 mm and geometry factor is
considered as 1.12 to analyze edge crack. Fina crack analysis range has been found to be 1.8 mm
with crack propagation rate of + 30% of its average size. Variation of critical crack size and crack
initiation point for several design stresses and fracture toughness has been investigated with
probabilistic fracture mechanics technique. The observed crack propagation by calculating fina
crack size and the cumulative crack failure probability of the reactor pressure vessel materials are
presented in this work.
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INTRODUCTION

Bangladesh is going to install two generation- 11" VVER -1200 model reactor in
Rooppur Nuclear Power Plant (RNPP) project. Russian designed VVER-1200 reactor
pressure vessels are made of ferritic low—alloy steels. The inner surface of these RPV is
coated with anti-corrosive material to protect it from corrosion environment that was not
considered in case of first generation VVER reactors (Timofeev and Karzov, 2006).
Austenitic steel is used for RPV cladding material because of its special characteristics
like ductility, corrosion resistance, cryogenic toughness, strength and hardness (Timofeev
and Ulin, 1992). Besides the special characteristics, austenitic steel has influence on the
behavior of RPV defects initiation. Crack initiation and propagation in RPV is influenced
by the mechanical strength experienced by RPV cladding (Blauel et al. 1997). Ensuring
structural integrity of RPV is essential to ensure the safe operation of the reactor
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throughout its lifetime (Kim et al. 2016). Structural integrity and safety of RPV may be
evaluated by either deterministic fracture mechanics (DFM) or probabilistic fracture
mechanics (PFM) approach (Huang et.al, 2016). Due to higher conservatism in DFM,
PFM has been incorporated into the regulations to rationally evaluate plant life (Y agawa
et al. 1997). The regulations and standards have been taken into account the PFM
approach to evaluate structural integrity of RPV and RPV cladding including several
cases (Vesely et al.1978, U.S. Nuclear, 1987). Depending on the PFM approach several
number of computer programs has been developed worldwide to assess the structural
integrity of RPV cladding and piping (ASME, 1991, Muhammed, 2003, Williams et al.
2004, Saarenheimo and Simola 2004, Onizawa et al. 2004). Safety aspects of crack
initiation in nuclear RPV is inconceivable and emergency conditions may arise due to its
consequence. In this paper, crack initiation and crack propagation in RPV cladding
material has been investigated with the help of NUREG manual and for several design
stress and fracture toughness conditions, cumulative crack failure probability has been
observed. This investigation is conducted to estimate crack propagation rate and crack
failure probability of the VVER-1200 RPV cladding material so that it can be used as
data base of the forthcoming nuclear power project of the country.

VVER RPV AND CLADDING MATERIAL CHARACTERISTICS

The VVER reactors are Russian designed reactors that incorporate some salient
features over previoudy designed light water reactors (LWRs) (Dwiddar et al. 2014). It
consists of vessel itself, vessel head, support ring, thrust ring, closure flange, sealing joint
and surveillance specimens (Series, I.N.E., 2009). The RPV cladding is austenitic steel in
genera that is manufactured from forged rings and cladding is deposited by welding
process. Typically, 18 Cr/Ni type austenitic stainless steel is applied as cladding material.
The potential crack propagation initiates from the cladding and the RPV base steel when
it experiences highest peak of stress during several transient conditions. The higher
toughness of cladding material can provide appreciable strength to the RPV (Sauter,
1983). The RPV cladding is made with two layers of different chemical compositions by
automatic strip welding. The chemical compositions according to layers are shown in
Tables 1 and 2 (Revka et al. 2012).

Table 1. Chemical composition in wt % for RPV cladding materials.

Material ID C S Mn Ni S P Cr N Nb
1% Layer < 05 12 1214 < < 2326 < -
SvO7Kh25N13 009 1 0.018 0.025 0.05

2" Layer 0.05- 02- 18 95 < < 185 < 0.9-

SvO8Kh19N10G2B 0.1 045 22 105 002 003 205 0.05 13
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Table 2. Chemical composition for VVER-1000 base materials.

Material ID C Mn S P Cr Ni Mo \Y
15Kh2NMFA 0.13- 0.3- 0.17- < 1.8- 1.0- 0.5- -
18 0.6 0.37 .002 2.3 15 0.7

From Table 2, it is seen that VVER-1000 RPV uses type 15Kh2NMFA steel that
contains almost no vanadium and 1-1.5 mass percentage of nickel.

Though vanadium carbides make the material relatively resistant to thermal ageing,
fine grained and strong, it is more difficult to weld than nickel alloyed steels and requires
very high preheating to avoid hot cracking (Abbasi and Shokuhfar, 2007). The key
component of any stainless steel is the amount of carbon present in it. To obtain high
strength and hardness, carbon content is deliberately increased. Corrosion resistance can
also be improved by combining carbon with chromium (Kermani, 2001). From the work
done by Gillemot et al. 2007, a very clear idea can be obtained about RPV cladding
material characteristics.

PROBABILISTIC CRACK FAILURE ANALYSISAND DISCUSSION

It is known that crack behavior is dynamic depending upon various situation that a
RPV encounters throughout its service life. It depends on various conditions like
materials, piping geometry, environmental conditions, welding mechanism and so on.
Considering all of these situations PFM has been incorporated into the regulations early
1980s (Code of federal, 1985). Probabilistic failure analysis has drawn attention all over
the world because of its structural formation. The flow chart that is used to analyze crack
initiation and to determine the cumulative crack failure probability for specific conditions
are shown in Fig. 1.

In this analysis, average crack size has been considered as 3 mm. From NUREG
manual (Harris et.al, 1992), critical crack < 3mm and crack will propagate with + 30% of
its average size. The geometry factor for the crack analysisis 1.12 for the present study
since edge location is considered for the present analysis. Fracture toughness value,
critical crack size and cumulative probability has been observed based on equation (1)
(Donald et al. 2004).

(2-n) 2n
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where, N isthe number of cycle per year, g istheinitial crack size, asisthefina crack
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Fig. 1. Flow chart of probabilistic failure assessment of RPV cladding (Zubchenko, 2003).

size, f isthe geometry factor and s isthe stress. According to the propagation rate with its
average size, fina analysis range is 1.8 mm with a considerable deviation of 0.0002 mm
and a single analysis gives 9002 number of final crack size. Considering design stress
1000 MPa fixed, critical flaw size has been found to be 3.65592 mm and the final crack
sizeis supposed to be 3.01582 mm. Again considering design stress at 1000 M Pa, critical
crack size has been analyzed varying fracture toughness value [Fig. 2].
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Critical crack size is directly related to the fracture toughness value as it is seen in
Fig. 2. The size of the critical crack increases as the fracture toughness value increases.
Cumulative probability of crack failure is also analyzed considering fracture toughness at
a fixed value while design stress is continuously changed [Fig. 3]. In this case, fracture
toughness is considered fixed at 100 MPa\/r_n. It is also observed that, cumulative
probability of crack failure is directly proportional to the applied stress. It is also
observed that, if design stress is used as applied load during operation then the crack will
propagate at maximum rate and material fails after 20 years only for 100 MPa\/r_n
fracture toughness. If plain strain fracture toughness (Ky¢) is used, then material fails just
after the application of thisload.
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Fig. 2 Relation between fracture toughness and critical crack.

Fig. 3 demonstrates that, cumulative probability for 274 MPa stress is higher than
190 MPa stress and it rises sharply with time. Stress calculation for longitudinal and
circumferential direction of RPV was found to be 190 MPa and 274 MPa respectively
which depicts that, crack failure probability is higher at circumferential direction than
longitudinal direction. Relation between crack failure starting point and the operation
year of the reactor is shown in Fig. 4. It is observed that, crack failure starts at high initial
value for low stresses and this starting point decreases as stress increases. Another
observation is that, the larger the stress, the sharper the crack failure starting point drop to
downward with time.
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Fig. 3. Cumulative probability with varying stresses.
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Fig. 4. Crack failure initiating value for different stresses.

Asiit is done by Degueldre (2017), cumulative crack failure probability with timeis
observed for specific fixed fracture toughness values following passive technique [Fig.
5]. It shows that crack failure probability is inversely proportional to the fracture
toughness. If considered fracture toughness increases, then crack failure probability
shows decreasing tendency. Cumulative crack failure probability becomes low for higher
fracture toughness but for lower fracture toughness, it rises slowly compared to the higher
fracture toughness.
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Fig. 5. Cumulative probability at 274 MPa stress with several fracture toughness.

Fig. 6 shows the relation between crack failure starting point and the reactor
operation year for severa fracture toughness conditions. It is observed that, at higher
fracture toughness condition, crack failure starts from a high crack initiating point but it
sharply goes downward with time compared to the lower fracture toughness condition.
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Fig. 6. Crack initiating value at 274 MPa stress with several fracture toughness.
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274 MPais considered as stress, 100 M Pay/ m as fracture toughness and design stress
as a varying quantity to estimate crack failure probability (Fig. 7). In this case,
cumulative crack failure probability is observed with reactor operation year for several
design stress conditions. Crack failure probability for a constant fracture toughness
condition shows increasing tendency as design stress increases. Unless increasing
materials fracture toughness, it is not a good practice to increase design stress at a higher
value because material suffers from aging problem and degraded at an earlier life
(Horsten et al. 2001). Fig. 8 shows that higher design stress allows the material to reach
its critical crack size earlier and crack initiating point is more steady than the lower
design stress condition.
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Fig. 7. Cumulative crack failure probability for several design stresses.

375 +— Design
Stress
00 hMP

— - | —G - . - —— [leaim
[ ahjess
OO0 ME S

value (mm)
Foud
—
w

Diesign
Slress
| 30
IMFa

Crack fadlore mitiatig
r: I~
W

jn
=]

ol
=

30 40 50 &0 70
Year

Fig. 8. Crack failure initiating value for several design stresses.

Fracture toughness changes linearly with design stress for a fixed size critical crack.
Hence higher fracture toughness is allowable for using higher stresses that eliminates
materials boundary limitation of using higher design stress value (Lu and Zheng, 2017).

CONCLUSION

To estimate practical safety margins of RPV cladding, PFM plays a vital role
(Spencer et al. 2016). It is because efficient utilization and extension of existent power
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plant becoming more important day by day. From the present analysis, it is found that
critical crack size increases with fracture toughness. Crack initiating point has been found
larger for higher fracture toughness values though it decreases sharply with time than
lower fracture toughness. On the other hand, cumulative crack failure probability is lower
for higher fracture toughness but increases sharply with time. At constant critical crack
size (3 mm), fracture toughness can be increased as per demand with the increase of
design stress value.
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