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Materials Engineering for Light Water Reactors

Preface:

Exposure to intense radiation fields, high temperatures, chemically
active environments, and high pressures for long periods of time are
characteristic of many materials in nuclear reactor systems. Since
their satisfactory performance is vital for operation of the reactor
system, the associated development, design, and maintenance are
major aspects of nuclear reactor engineering. (Ref.1)

Materials degradation in service represents one of the major
technological factors that can limit the efficiency and viability of
nuclear power. Extensive experience with commercial thermal
reactors has demonstrated the need for improved understanding of
materials phenomena (principally related to corrosion and
irradiation) and better analytical procedures for transferring test
iInformation to the real problem. (Ref. 2)

In the present lectures, we will deal with the fundamentals of
materials engineering and actual material issues experienced in
LWR operation.
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1.1 Introduction (1/5)

Since the beginning of the nuclear power
generation age, various components of nuclear
power plants (NPPs) have been suffered from
the various kind of material degradation and
failure.

For example, in 1980s many NPPs suffered
the stress corrosion cracking (SCC) which is
known as one of typical subcritical cracking
failures, and it reduced NPP availability
remarkably.

The intergranular SCC (IGSCC) of piping
system caused by a thermally sensitization at
the heat-affected-zone (HAZ). The IGSCC was
overcome by the extensive material research.
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1.1 Introduction (2/5)

Materials selection : The steps in the process can be defined as follows:

1.

2.

Analysis of the materials requirements. Determine the conditions of service and environment that the product
must withstand. Translate them into critical material properties.

Screening of candidate materials. Compare the needed properties (responses) with a large materials property data
base to select a few materials that look promising for the application.

Selection of candidate materials. Analyze candidate materials in terms of trade-offs of product performance, cost,
fabricability, and availability to select the best material for the application.

Development of design data. Determine experimentally the key material properties for the selected material to
obtain statistically reliable measures of the material performance under the specific conditions expected to be

encountered in service. (quoted from Ref.5)
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Fig.1.1.3 Materials selection and evaluation process for a complex product. (Ref.5)




1.1 Introduction (3/5)

This figure shows an example of diversity of materials of PWR components that need to be evaluated
for their long term integrity.
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Fig.1.1.4 Overview of a PWR system showing materials used in construction. (Ref.3)



1.1 Introduction (4/5)

There is also a diversity of the chemical and radiation environment and the
thermo-hydraulic conditions in NPPs.

There are many components operating at different mass flows, different
temperatures, different pressures, different alloys, and different chemistries.
Each of these components is prone to different kinds of failure modes with
different dependencies. (Ref.3)
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1.1 Introduction (5/5)

Most important aspect of materials engineering for
LWRs is an assessment of materials integrity and
degradation during an operation of NPP, because a
start of the operation means a start of the degradation.

Ageing of the major components in NPPs must be
effectively managed to ensure the availability of
design functions throughout the plant service life. The
assessment of materials integrity/degradation is a
significant part involved in the component ageing
management program.

The right figure shows an example of systematic
ageing management process for BWR reactor vessel
internal components which is adaptation of Deming’s
“Plan-Do-Check-Act” (PDCA) cycle [Ref.6].

Understanding ageing is the key to effective
management of the ageing. Knowledge of the
materials engineering is essential for this purpose.

This understanding consists of: knowledge of the
materials and material properties, stresses and
operating conditions; likely degradation sites and
ageing mechanisms; condition indicators and data
needed for assessment and management of the
ageing and effects of ageing on safety margins.
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Fig.1.1.7 Key elements of PWR RPYV internals ageing management
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1.2 Major Structural Materials

In this section, Requirements of Nuclear Material Properties,
Materials used in LWR Plants and as the major structural
materials used in PWR/BWR; Carbon Steels, Stainless Steels,
and Nickel Alloys are briefly summarized. Detail of the
specifications, properties and behavior of the materials will be

explained the following sections.




1.2.1 Requirements of Nuclear Material Properties *

In selection of nuclear materials required, the material properties, or considerations, and the changes of
material properties in an intense radiation environment must be taken into account. The requirements of
material properties in nuclear reactors can be divided into two main categories:

A. general properties, or basic considerations
B. special properties, or particular considerations

The general properties are, in general, similar to the conventional engineering properties of materials,
which are required in most engineering designs. The requirements of general properties for nuclear reactor
materials are given in Table 1.2.1.

The special properties required for nuclear reactor materials arise from nuclear radiation, or irradiation,
sources and circumstances of the reactor system. Material properties of a reactor component can have a
tremendous change under severe radiation. The requirements of special properties for nuclear reactor
materials are listed in Table 1.2.2.

Furthermore, the mechanical processes, heat treatments, etc., used in the production and fabrication of
nuclear reactor materials can also modify their general and special properties. Some applications may not
involve all those properties, or considerations, but others may require additional properties besides the
general and special properties given above, such as hardness to resist wear.

Table 1.2.1 General Properties of Nuclear Reactor Table 1.2.2 Special Properties of Nuclear Reactor
Materials Materials
Mechanical strength Heat transfer properties ~ Neutronic properties Chemical interactions
Ductility Thermal stability Induced radioactivity Particle interdiffusion
Structural integrity Compatibility Irradiation stability Ease of fuel reprocessing
Fabricability, machinability Availability
Corrosion resistance Cost

(quoted from Ref.[7], see handout)




1.2.2 Materials used in LWR Plants (1/3)

Carbon steels, stainless steels and Nickel alloys are the major materials in PWR,
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Fig.1.2.1 Overview of a PWR system showing materials used in construction. (Ref.3)



1.2.2 Materials used in LWR Plants (2/3)

Table 1.2.3 Materials used for the components of PWR/BWR.

Vessel (RPV)

Cladding

Stud bolts

SA508 Cl.2, SA508 CI.3
Stainless steel:

Type308L
high-strength low alloy steel:

SA540 Gr.B CI.3

Component Parts BWR PWR
Reactor Vessel and Head Low alloy steel: Low alloy steel:
Pressure SA533 Gr.B Cl.1 SA533 Gr.B Cl.1

SA508 Cl.2, SA508 CI.3
Stainless steel:

Type308L
high-strength low alloy steel:

SA540 Gr.B CI.3

RPV Internals
(RPVI)

Core support plate
Shroud

Core internals, etc.

Low carbon stainless steel:
Type304L, Type316L

Stainless steel:
Type 304

Type304L, Type316L
Carbon steel:
SA106 Gr.B

Support/bolt, etc. Nickel alloy: Cold-worked type 316 SS
Alloy 600, Alloy X750 Nickel alloy: Alloy X750
Fuel Assembly | Fuel cladding Zircaly-2 Zircaloy-4
Channel box Zircaly-4 -
Steam Shell - Low alloy steel:
Generator SA533 Gr.B Cl.2
(SG) Tubesheet - Low alloy steel:
SA508 CI.3
Tube - Nickel alloy:
Alloy 600, Alloy 690
Piping Pipes Low carbon stainless steel: Stainless steel:

Type304, Type316
Carbon steel:
SA516 Gr.70

14



1.2.2 Materials used in LWR Plants (3/3)
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1.2.3 Carbon Steels (1/2)

Carbon steel:
The American Iron and Steel Institute (AISI) defines

carbon steel as follows: Steel is considered to be
carbon steel when no minimum content is specified

Classification by
Commercial name
Or application

Ferrous alloys

16

or required for chromium, cobalt, columbium

Classification by
structure

Steel

[niobium], molybdenum, nickel, titanium, tungsten,
vanadium or zirconium, or any other element to be
added to obtain a desired alloying effect; when the
specified minimum for copper does not exceed 0.40
per cent; or when the maximum content specified for
any of the following elements does not exceed the
percentages noted: manganese 1.65, silicon 0.60,
copper 0.60.

Low-alloy Steels:

Low-alloy steels constitute a category of ferrous
materials that exhibit mechanical properties superior to
plain carbon steels as the result of additions of alloying
elements such as nickel, chromium, and molybdenum.
Total alloy content can range from 2.07% up to levels
just below that of stainless steels, which contain a
minimum of 10% Cr.

For many low-alloy steels, the primary function of the
alloying elements is to increase hardenability in order to
optimize mechanical properties and toughness after
heat treatment. In some cases, however, alloy additions
are used to reduce environmental degradation under
certain specified service conditions.
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1.2.3 Carbon Steels (2/2)

Low-alloy carbon steel is an important reactor
material for use in pressure vessels and
miscellaneous components where the corrosion
resistance of stainless steels is not required but an
ability to withstand thermal stress is desirable.

Steels for thick-walled pressure vessels are
specified in the ASME Code and are more
accurately described as high-strength, low-alloy
steels. These steels contain small amounts of
alloying elements to improve mechanical properties.
The composition and some properties of a typical
pressure-vessel steel, ASTM A 533-B, are given in
Table 1.2.4.

The effect of exposure to fast neutrons (energy>1
MeV) on the mechanical properties of ASTM A 533-
B steel is shown in Fig. 1.2.5. The increase in the
yield and tensile strengths and the decrease in
elongation are consistent with a decrease in the
ductility of the steel with increasing fluence. The loss
of ductility reduces the ability of the metal to
accommodate thermal stresses, but the
accompanying increase in the NDT temperature
may be a more serious matter for pressure vessels.
Steels with higher amounts of copper exhibit a
greater irradiation effect.

(quoted from Ref.1)
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Table 1.2.4 Composition and Mechanical Properties of Pressure-
Vessel Steel ASTM A 533-B (Ref.1)

Alloy Element Weight Percent, Maximum
Carbon 0.25

Manganese 1.50
Phosphorus 0.035

Sulfur 0.04

Silicon 0.03
Molybdenum 0.60

Nickel 0.70

Mechanical Properties

Tensile strength (MPa)
Yield strength (MPa)
Elongation (percent)

550 to 690

345
18

800

600

STRESS, MPa

200

[ | I [ I I

- TENSILE STRENGTH

YIELD STRESS

TOTAL ELONGATION —>

|
S

| | | | | |

=]
% ELONGATION

|

0

0 2 4 6

FAST NEUTRON FLUENCE, 1023 neutrons/m? (>

@
(=]

1 MeV)

Fig. 1.2.5 Effects of fast-neutron irradiation at 260C on tensile
properties of pressure vessel steel (ASTM A 533-B) (Ref.1)



1.2.4 Stainless Steels (1/4)

Stainless steels are iron alloys Table 1.2.5 Compositions of the 300 series of austenitic
containing a minimum of stainless steels (Ref.8)
approximately 11% chromium. Composition? (%)
This amount of chromium preven UNS
. . prevents Number Name Cr Ni C Mn Si P S Other

the formation of rust in unpolluted

I S30400 304 18-20  8-10 0.08 2.0 1.0 0.045 0.030 —
atmos_pf_]eres, as §hown In F'Q- _ $30403  304L 18-20 8-12 003 2.0 1.0 0.045 0.030 —
1.2.6; it is from this characteristic $30430  302Cu  17-19 8-10 008 2.0 1.0 0.045 0030 Cu3-4
that their popular designation S30451 304N 18-20 8-10.5 0.08 2.0 1.0 0.045 0.030 N0.1-0.16
Mepa " : - S30453  304LN  18-20 8-12 003 2.0 1.0 0.045 0.030 N0.1-0.16
Stalnlt_ass IS _derlved: Thelr_ S30500 305 17-19 105-13 012 20 1.0 0.045 0.030 —
corrosion resistance is provided by S30800 308 19-21 10-12 0.8 2.0 1.0 0.045 0.030 —
a very thin surface film, known as $30900 309 22-24 12-15 020 20 1.0 0.045 0.030 —

" el S30908  309S 22-24 12-15 0.08 20 1.0 0.045 0.030 —
the _paS_S|ve f'_lm’ Wr_“Ch Is self $31000 310 24-26 19-22 025 2.0 15 0.045 0.030 —
healing in a wide variety of $31008 3108 24-26 19-22 008 2.0 15 0.045 0.030 —
environments. $31400 314 23-26 19-22 025 2.0 15-3.0 0.045 0.030 —

$31600 316 16-18 10-14 0.08 2.0 1.0 0.045 0.030 Mo 2-3
. $31620  316F 16-18 10-14 0.08 2.0 1.0 020 0.10¢ Mo 1.75-2.5
S $31603  316L 16-18 10-14 0.03 2.0 1.0 0.045 0.030 Mo 2-3
w 0.5~ 5% MONTHS $31651 316N 16-18 10-14 0.08 2.0 1.0 0.045 0.030 Mo 2-3,N0.1-0.16
< $31653  316LN  16-18 10-14 003 2.0 1.0 0.045 0.030 Mo 2-3, N 0.1-0.16
3 $32100 321 17-19  9-12 0.08 20 1.0 0.045 0.030 Ti5 x Cb
5 N08330 330 17-20 34-37 0.08 2.0 0.75-1.5 0.040 0.030 —
2 $34700 347 17-19  9-13 0.08 2.0 1.0 0.045 0.030 Nb+ Tal0 x Cb
2 $34800 348 17-19  9-13 0.08 20 1.0 0.045 0.030 Nb+ Tal0 x Cb
= Ta 0.1, Co 0.2
g S38400 384 15-17 17-19 0.08 2.0 1.0 0.045 0.030 —
% Source: Specialty Steel Industry of the United States, Washington, D. C.
E o ) é ; é BI ,I‘o 12 |'4 ||6 8 :Bzfla.ncc iron. Single values are maximum value unless otherwise noted.
CHROMIUM, % Mm.lmum'
<Optional.

Fig. 1.2.6 Influence of Cr on the atmospheric
corrosion of low-carbon steel. (Ref.8)



1.2.4 Stainless Steels (2/4) 19
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Fig. 1.2.7 Compositional and property linkages in the stainless steel family of alloys (Ref.8)



1.2.4 Stainless Steels (3/4)

Sensitization: The exposure of austenitic stainless steels to elevated temperatures for long
periods of time can result in the formation of various precipitates. The formation of such precipitates is
generally described in the metallurgical literature by time-temperature-precipitation (TTP) diagrams. A
TTP diagram for type 316 stainless steel is shown in Figure 1.2.8, where it is seen that carbide
(M,3Cy), chi, Laves phase, and sigma can be precipitated at certain elevated temperatures. This
figure also shows that the precipitation of M,;C, carbide can occur in relatively short times or at
relatively fast cooling rates compared to the other precipitates. Carbide precipitation can give rise to a
phenomenon known as "sensitization," which can cause intergranular corrosion and
intergranular stress corrosion cracking (IGSCCQC) in certain BWR environments. It is now widely
accepted that these phenomena are related to the precipitation of carbide at the austenite grain
boundaries.

1950 : : : : : 1066
o |- Croeae { 982
L 1650 | 1899 o
H.:j 1500 Mo3Cg+- 816 %
2 n+X+0
-
'é' 1350 | 172 <
w M23C6+Tl w
L 1200 | {649 2
L Ll
F 1050 | 4 566 F
X = chi
900 n = Laves phase - 482
750 ' 1 1 ' L 399
0.01 0. 1 1 10 100 1000 10000

TIME, HOURS

Fig. 1.2.8 Time—temperature—precipitation diagram for type 316 stainless steel containing
0.066% carbon. (After Reference 3).
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1.2.4 Stainless Steels (4/4)

To understand this phenomenon in terms of microstructure, it is instructive to examine the equilibrium
relation-ships and carbon solubility in the Fe-18Cr-8Ni alloy, illustrated in Figure 1.2.9. This figure
shows that in alloys containing between about 0.03 and 0.7% carbon, the equilibrium structure at room
temperatures should contain austenite, alpha ferrite, and carbide (M,;Cy).

In considering carbon solubility in austenite, the simplified diagram, as shown in Figure 1.2.10, is often
considered as being representative of real (i.e., non-equilibrium) situations. In terms of this simplified
diagram, austenite containing less than about 0.03% carbon should be stable. Austenite containing
carbon in excess of 0.03% should precipitate M,;C, on cooling below the solubility line.

T T T T 1100
L+8 L+3+y L(LIQUID) | L
%Aurbide
1400 7/8+), L+Carbide+y 1000
Y
1200 — 900
© d
051000 & W 800F Y +M23Ce
x y + CARBIDE x
& i 2 y
x 800 < 700
& &
s =
Ifl—" 600 - l’.n_J 600
4007 T B 200 -~ LIMIT OF
a +Carbide Y+ a+ Carbide ~~_ SOLUBILITY OF
ool i _ 400 |- CARBON IN
2 AUSTENITE
| | | | | |2 | | |
f 0l 02 03 04 05 06 07 08 09 10
74%Fe o 300 L ' L L
18%Cr CARBON CONTENT, wt. % 0 002 004 0.06 008 0.0
8% Ni CARBON CONTENT, WT. %

0%C

Fig. 1.2.9 Pseudo-binary phase diagram for an Fe—18%Cr—8%Ni alloy with varying carbon
content. (Ref_8)

Fig. 1.2.10 Solid solubility of carbon in an Fe—18%Cr—8%Ni alloy. (Ref.8)



1.2.5 Nickel Alloys

Nickel-based alloys of interest in reactor systems are
primarily those in the Inconel family, because of their
corrosion resistance at high temperatures. However, the
large thermal-neutron absorption cross section of cobalt,
present as an impurity in the nickel, requires that these
alloys be used outside the core, such as in heat
exchangers or parts of the pressure vessel.

However, they have been used for fuel bundle spacer
components. Resistance to stress corrosion cracking is
an important consideration and has been found to be
sensitive to microstructure and impurity content. Inconel
600, which contains 16 percent chromium, 7.6 percent
iron, and smaller amounts of other elements, has been
widely used for PWR steam generator tubing. It is also
used at the ends of pressure vessel nozzles to improve
weldability.

Inconel 800 (21 percent chromium) is also used in PWR
steam generators. It has better high-temperature
strength than Inconel 600, and is of interest for fast-
reactor heat exchangers. However, both alloys have had
such problems as wastage and stress-corrosion
cracking.

Inconel 690, containing 30 percent chromium, has been
specified for steam generator tubing in the advanced
APG600 reactor because of its superior resistance to
stress-corrosion cracking.

Table 1.2.6 Chemical composition of Ni alloys. (Ref.2)

Type Ni Cr Fe
Inconel 600 60.5 23.0 14.1
Inconel 690 60.0 30.0 9.5
Inconel (Alloy) 800H 325 21.0 46.0
Inconel (Alloy) 800 34.0 21.0 43.0
PE 16 42.3 max. 16.6 34.1

Composition (wt.%)

C Mn Si Ti Mo S Others
0.08 0.5 0.2 1.4 - —
0.03 - s - - -
0.05 0.8 0.5 0.4 — — 0.4 Cu
0.02 0.64 0.3 — — - —
0.06 0.12 0.24 1.31 3.63 0.004 0.99 Al
0.003 P
Chromium

VA

P Alloy /Al
310 Alloy /Alloy
300/ 23 Alloy

Alloy Alloy
X-750 600

409

316

60

80

Nickel
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Fig. 1.2.11 Ternary Fe-Cr-Ni diagram determined at 400 C. (Ref.3)



1.3 Mechanical Properties of Materials




1.3.0 Introduction (1)

Purpose of components and structural systems is to support and
resist various loads not only during long time operation but also at
construction and at in-service inspection, and even at emergency
and faulted conditions.

For examples;
At construction, when heavy components is transported and suspended, a

load and bending moments is applied on the components at air temperature.

At over pressure test in in-service inspection, a pressure vessel and pipes
made of steels are failed with brittle manner at cool air temperature.

At severe accident, such as TMI, structural materials and systems must
shut and dissipate explosion energy.

Therefore, knowledge of mechanical properties and corrosion
behavior complement design (including selection of materials) and
protective maintenance.
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1.3.0 Introduction (2)

* Requirements of nuclear material properties
— 2 main categories: general and special properties.

General properties

Special properties

» Mechanical strength, Ductility
» Structural integrity

» Fabricability, Machinability

» Corrosion resistance

» Heat transfer properties

» Thermal stability

» Compatibility

» Cost

» Neutronic properties

» Induced radioactivity

> Irradiation stability

» Chemical interactions

» Particle interdiffusion

» Ease of fuel reprocessing

25
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1.3.0 Introduction (3)

 \When we control materials’ deformation and failure, we must control
stress, strain, stress concentration, stress intensity, temperature,

loading modes, and environment. _T o
I===7j A
l I
Stress and Strain ! ! b
: L : : ' LotAL
Any force or load applied on the material will result in stress and : dy-Ad : L
strain in the material. Stress represents the intensity of the reaction | | °
force at any point in the body as imposed by service loads, assembly : do :
condition, fabrication, and thermal changes. Stress is measured as T—T
|

the force acting per unit area of a plane.

Force //////// ///

o(stress) =

Area Tensile strain
The alternation in the shape or deformations of a body resulting from a a b b T
stress is called strain. Tensile strain is expressed as elongation per >
unit length Y. '

g(strain) = L-L
LO

d ’II’ C IIIII
where L and L, is length after and before deformation, respectively. W/////////ﬁ

Shear strain, y=aa'/ad
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1.3.0 Introduction (4)

In structures, geometrical discontinuities, fillets and notches, and cracks in particular, give rise to a
stress concentration, i.e. a local region where the stresses are higher than the nominal or average

stress.
Stress concentration Snom 4 Srom
IR YY) A A
At blunt notch (instead of a sharp cut), every discontinuities forms E c‘»
an interruption of load flow lines. (load low lines are imaginary 57\ P By
lines indicating how one unit of load is transferred from one 4a <\/’ %/
loading point to the other.) Local stress at a notch tip o, is higher anand “
than the nominal stress c,,,,- The ratio between local stress and O [ f
nominal stress is called the theoretical stress concentration factor. YVVVVVVY v
o b b \
k:—':1+2—:1+2\/:
Ohom a P 1 c

Stress intensity

The concept of stress concentration dose not provide a quantitative 4
measure. Stress intensity factor, K, gives us the value of the stress ‘\GI
intensity at tip of the crack, which remains constant for particular

environmental conditions and geometry of a crack. The value of K is
defined in general form as a

K:CO'\/E

where C is shape factor which depends on the geometry and variety
of conditions, a is the half-length of the crack.
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1.3.1 Failure Modes and Mechanisms

Metals can deform elastically and plastically.

stress

(1) Elastic deformation
Hook’s Law: c=Eg¢, E: young modulus ©

(2) Plastic deformation
Plastic deformation occurs either by slip or by twining. (mainly by slip)
Slip occurs due to formation and moving of dislocation.
(Dislocation is imperfect arrangement of atoms.)
The force required to move a dislocation are many times smaller than
those required to exceed the elastic limit of a perfect crystal. ©p |}
Nonrecoverable deformation occur after removal of the stress. o B
Bauschinger effect: |oA|>|op|
Residual stress, o, exists after deformation to zero strain.

(3) Creep deformation (flow)
The slow and progressive deformation of a material with time under a constant stress.
Creep occurs if the stress is smaller than the elastic limit. Metals usually exhibit creep at

a temperature T>0.35 Tm (Tm is the melting point), where the moving of dislocation is
thermally activated.

(4) Cyclic deformation
When alternating (cyclic) stress or strain are loaded, usually stress-strain behavior shows

hysteresis loop (Shake down). However at some conditions, progressive distortion accumulates.
(Rachet).
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1.3.2 Short-Term Mechanical Properties (1)

(1) Tensile properties
The ability of a material to resist breaking under tensile stress is one of the most important and widely

measured properties of materials used in structural applications.
y N C

Engineering stress

A: Elastic limit, B: Upper yield stress

D

A N I

Engineering strain

Engineering stress

v

Engineering strain

A: Elastic limit, B: 0.2% offset stress (o, ,)

C: Lower yield stress (o,), D: Ultimate tensile strength (UTS)  C: Ultimate tensile strength (UTS), D: Fracture

E: Fracture

Body-Centered Cubic (BCC) metal

(Low carbon steel, mild steel, low alloy steel, Martensitic steel)

Face-Centered Cubic (FCC) metal
(Austenitic steel, Ni-base alloy, Cu alloy)
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1.3.2 Short-Term Mechanical Properties (2)

Ductile manner and brittle manner o g e fracture

» Low ductility or toughness
little deformation, flat surface normal to stress

P - .
1 = » Irradiation embrittlement
1 . cleavage fracture, intergranular fracture
U |--9=—— Fracture _— sy o .
. " .
4_Fruc‘lurc P ’.‘fj|
surface 2| e Strain energy
@ [fwy (mainly elastic)
N
N
W
\-'x“.'l
VM > €
; € Strain
I)
(a)
P
1]
A
Fracture
o |
«Fracture y 2 Strain
surface 7 MICTEY.
- (mainly S odl S
; plastic) / A .._ R :—.;\1-\ 15. 0V I Tl ‘oum
2 Jz==z) Ductile-fractured surface
N =
< . . . .
S ‘ - N Dimple c_reat.lon in ductile fracture
I'rue strain G \ (a) Equi-axial dimples
P (b) Sheared dimples

(c) Tearing dimples



1.3.2 Short-Term Mechanical Properties (3

(2) Impact property
Charpy impact test
« Impact loading by hammer to break specimen at a certain temperature

— Charpy specimen of 10mm square with 2mm V-notch

+«—55mm———
Charpy impact specimen 10x10mm
(JIS Z2202 No.4)
V-notch
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1.3.2 Short-Term Mechanical Properties (3) (cont)

32

Charpy impact test

« Measurements of absorbed energy, lateral expansion and percent shear

fracture

— Calculate the absorbed energy from the angle of the hammer after

specimen broken

— Measure lateral expansion and shear area from the broken specimen

AY

& =Max (5,8, )+Max(s,,5,)

Measurement of LE

*The amount of plastic
deformation

*Index of transition behavior

250

200 F

150

100

Charpy absorbed energy, J

Example of Charpy impact test results

Before irradiation
@)

After irradiation
1.13x10% n/cm? E>1MeV

: DBTT (°C) _.
Togs Taw Teay
Before irrad.: -8 -61 =50
After irrad.: 2 10 23
| shit: 70 A 13

-100

-50 0 50 100
Test temperature, °C

150 200



1.3.2 Short-Term Mechanical Properties (4)

Thermal embrittlement

Cast austenitic-ferritic (duplex) stainless steels with significant amount of delta ferrite will
experience a reduction of toughness when aged at around 475°C. DBTT increases, and both
room-temperature and operating temperature toughness decrease. This temperature is well above
the maximum temperature of BWR and PWR, nevertheless, a reduction of toughness dose take
place at the BWR and PWR operating temperature but requires longer times.

Temperature (°F)

-500 -300 -100 100 300 500 700
450 T T | 1 T |
—250
400 — CF - 8M
Heat 74 6 = 18%

350 ts00
& (%)
£ 3001 =
5 ® Unaged . ® =
(3: 250 — H 350°C 2,570 h o —150 3
@ O 350°C 10,000 h o ° 6
S 200 O 9
Q@ [«¥]
o —100 «
g 150 |- 8
E E

100 —

—50
50
0 0
-200 -100 0 100 200 300 400

Temperature {°C) N92 0191



1.3.2 Short-Term Mechanical Properties (5)

(3) Fracture toughness

Fracture processes are enhances by the presence
of cracks since they concentrate stress and strain
at the crack tip. Fracture mechanics is concerned
with a description of stress and strain distribution
at crack tips and the mechanism of crack
propagation. Thus, fracture mechanics provides a
basis for predicting conditions that could lead to
component failure and which should be avoided.

Linear elastic fracture mechanics: stress
intensity factor K

When the stress intensity factor is larger than K-
at crack tip, material fails in a brittle manner.

Elastic-plastic fracture mechanics: J-integral J

When the J-integral is larger than J,. at crack tip,
cracks propagate in a ductile manner.

180 AS33 GRADE B CLASS 1 STEEL 180
PLATE 12 in. THICK [ HSST PLATE 02}
1607 ;.4 1
30y SA533 Gr.B Cl. 160 ~—~
Twor g na0 &
C 2T-C7 N
L5 0
; N
@
0 -
o
) n
60 - i 60 o
40T 10 7
20" I 20
L AST I
O 8| I 1 1 1 ! O
200  -100 0 100

Test temperature (°F)

Austenitic stainless steel
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a | i !
o | Aa

— | Initial sharp crack
:‘:5’ Crack blunting and plastic

P + deformation at crack tip
:J"- i Crack blunting and defect formation

! ' at plastic deformed region
— T ————— Stable tearing
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1.3.2 Short-Term Mechanical Properties (5) (cont.)

Fracture Toughness

Fracture toughness test specimens

Large CT
(100mm thick)

¥ _Standard CT
A (25mm thick)

ok = 3 Charpy size
| O_(mmm thick)

Plane strain fracture toughness (K,.)
Fracture criterion:

| K2K, |

Q\dardized specimen geomg

Compact tension specimen

VAN
e
0.25W ip
EWIIES AR

a=0.45~ C\

0.55W ¢y p

<awd&§§i

e 1.20W—— 5] /<
(/4

W
125 W—

P
4«’«‘ lil
‘bg;(}\ i
llf IRz ER EH
Y
l “A 3=o.45~o.55w

\m

Lsztlw

ree-point bend specimey
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1.3.2 Short-Term Mechanical Properties (5) (cont)
Kr curve in ASME B&PV Code Sec. I

220
200 | O  Shabbits (WCAP-7623) 6.

& Ripling and Crosley HSST, o .J
5th Annual Information
Meeting, 1971 Paper No. 9

180 p—

160 p—
140 }— @ Unpublished W Data

L
S MRLArrest Data 1972 HSST s O

120 t— Info Mtg.

Kg (ksiVin)

100 —

80 |—
60 |—

40 }— () & 3 ' / \
20 '\"81 1t 1 1 1 | 1 | RT\pt: Reference temperature
160  -120 -80 -40 0 40 | on Nil-Ductility Transition
determined from the results of
Drop weight and Charpy tests
\ P g Py Y,

T-RTpom °F

v'Kr curve: Lower bound curve of all types of fracture toughness data
(static K., dynamic K4, crack arrest K,)

—For Ferritic steels, fracture toughness can be bounded by this curve.



1.3.3 Fatigue Property (1)

(1) Fatigue life

At temperature range from RT to 350°C, there AlO = Type 316 stainless steel
is little difference on fatigue lives. S E Strain rate: 1x10-3/s
q) = ~
Langer equation > | T==
S, = E In L +B 2
“T4N, 1-RA £ lE|—RT
_ _ = - | =~ =400°C -
Universal slopes equation C_‘g - | —500°C
= — [0}
A& _ Agelastic n A8p|astic _ 35 O-UTS N f—O.lZ + DO.GN f—0.6 |9 B _gggog
2 2 2 E 0.1 ] ] IIIIII| | | IIIIII| | | |
D=-In(1-RA) 102 103 104 10°
RA - reduction of area Cycles to failure (cycles)
10 ¢
- Plastic strain range
]
(@]
C
©
c 1F . .
'® - Corresponding stress : Endurance limit
17 - \
© i Elastic strain range ﬁ\
|9 [ Giga cycle fatigue ?\\
Ol Ll ||||||| 1 |||||||| Ll ||||||| Ll ||||||| |||||||| Ll ||||||| [ ||||||| [ R

102 103 104 10° 106 107 108 10° 1010
Cycles to failure (cycles)
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1.3.3 Fatigue Property (2)

Design for Fatigue

The class 1 plant design analyses have considered the well-defined thermal transients such as plant
startup and shutdown. (low cycle fatigue)

The turbulence in the mixing layer at the interface between the hot and cold coolant layer introduces
cyclic thermal stress at the inside surface of the pipe in the vicinity of the mixing layer. (high cycle

fatlgue) 107 T T T T T TP T T T =TT TTTTT ‘\ TTTTIT
® Room temperature, air
& 550°F air
® 550°F water, 0.2 ppm
B 550°F air, pipe test
ASME mean A 550°F water, 0.2 ppm, pipe test
data curve B 550°F water, 8.0 ppm, pipe test
V 550°F water, 8.0 ppm CT spec

] 11

Best-fit curve by Langer equation

108

T T TTIT

107,

Lol

Lo
Equivalent stress amplitude (S, psi)

SRR S AR LA BRI AR LI R 450°F

I CARBON STEELS v i

s r EN-2, A-20!

:—f’ B o 105: 0\’\_ or o |

2 1080 . - ———— C ASME— ¢ %o 3

; 0 ? oo . BEST Flrbcggxgasé-loe,s Yo § ! E dgj’i.g: - m&{?\?}kﬁ_
%5 : 2 & : B o \&\\\_7 ’!
%gwsz bo ; = 10?0' L \\I\II;OZ 1 | m1\03 | ; ‘\;\04 | ||\|u|1\05 | |.\|m1|‘0E
2 E o o Eo Cycles to failure T
) B ADJUSTED FOR MEAN STRESS—" ‘_"% EnVironmentaI effeC'[S

104 Lt RNl UL L LI (LI 7
10 02 10? N 104 10% 108 10 I
. 3 "
A least-squares curve was fitted through the data, and a 0 1o I~ Best-fit curve
factor of 2 on stress or 20 on cycles, whichever was more & >‘ /
conservative for a given point, was used to establish the n 12 N
design curve. o 10° /“l\\
. .. R —

A factor of 20 is divided to sub factors. e e stent Cuwe\\_ _______
« deviation of fatigue lives : 2 10

. 1 2 3 4 5 6
e gize effect: 2.5 10 10 10 10 10 10

- circumstantial effect, surface roughness : 4 N (cycles)
Sa: pesudo-stress ampitude
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1.3.3 Fatigue Property (3)

Fatigue damage evaluation

In Most real service application, the type of controlled stress fluctuations evident in laboratory
experiments dose not exist. Instead a given stress level may prevail for a certain number of cycles,
a different level for another number of cycles, and so forth.

Palmgren-Miner cumulative damage theory, or Miner’s rule

m cycles ‘

m cycles A
a1 —" k cycles o =2 o | kcycles o 1
0 ¥ ; a | i Qo T 8 | ncycles
& _ncycles ||+ [\/\ N A = /\A[\ E | ——r——
=~ | t Al 7 £ e
. L o] L fiil] ) A .

o

T e [T e [T me e

(0}
[9)]
R p m . K LN n,
A ‘= oy
n ! I\lm I\lk I\ln i=k NI
iy v
Nim Ny N When ¢ is equal to or larger than 1, fracture occurs.

Cycles to failure



1.3.3 Fatigue Property (4)

(3) Fatigue crack propagation
Under cyclic stresses the crack propagation can occur at a stress intensity factor K much lower than

the fracture toughness factor K,. As a consequence of accumulative damage strain, hardening occurs,
causing the plastic zone around the crack to be much smaller than the initial plastic zone during the

application of load.

/4

e N,
\

loading| __ 7
R )|
! |
Voo !
— [
S P
— '_‘__l_/l
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_____-| |
- __1"\’
—_—1|
|
un-
loading| " T o
Aa
| --"-—*\‘

s JNE
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|
|
|

un- TS,
ioad'\ngl e

‘.t:—=-(:/ Slip at crack tip L
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dN

log crack growth rate —
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N C(AK) 2a: crack length
Paris’ law 8K (MPo /7 )
I T : 10] 102
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1.3.4 Creep Property

Usually creep is not considered in LWR conditions.

In ASME code section Ill, the use of ferritic steel and austenitic steel is restricted below 371 and
427 °C, respectively, where the creep is ignored.

|

# Period of Period of Period of ;E
L e primary +—— secondary —t<tertiary
creep creep creep

=)
=

Stress (MPa)

]

|

|

|

[

[

{

L
&

™

o)

: F Instantaneous elastic

9 and/or \D\\q
anelastic deformation | 500 -

i |

Deformalion (creep strain)

b8

Time ——> t

v

Stress (MPa)

Minimum creep rate Ae/At and creep rupture
time (tp) is important.

Larson-Miller parameter, 1.8T(In t, + C)

In some circumstances, creep can be advantageous in the relief of
thermal stress resulting from temperature differences.



1.4 Welding
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1.4.1 Welding Technique (1)

Welding is important not only for construction but also for

maintenance (repair, replacement of component).

(1) Type of welding process
Shielded metal arc welding, (SMAW)
Submerged-arc welding, (SAW)
Gas shielded are welding,
Inert-gas arc welding: Tungsten-inert-gas (TI1G),

Metal-inert-gas (MIG)

CO, arc welding,
Laser beam welding

(2) Important parameter in welding process
Groove shape: RPV, internals = Butt joint
Heat input power:
Minimum preheat and interpass temperature
Post weld heat treatment

43

Table 8.4. Prehsat, interpass and post-welding heat treatment temperatures for

various steels

Steel type Minimum preheat Postweld heat treatment
and interpass temperature
temperature range
{=C) C}

Carbon steel <19mm None None

Carbon steel >19mm 100 580-650

C3Mo 100 850-630

iCr3Mo 150 650-700

231Cr1Me 200 690-740

5CriMo

9Cr1Mo 200 700-760

12CrMoV

31N None 580-620

9Ni None None

Austenitic Cr-Ni steel None Normally none {see text)




1.4.1 Welding Technique (2)

(3) Weld defects @ : often A\ : occasionally

* Stress Relief

Material Hot cracking Cold cracking Lamellar tear | SR cracking

Delayed crack | Quenching crack

A

Low carbon steel

Low alloy steel

Cr-Mo steel

Martensitic
stainless steel

A

Austenitic ‘ A
)
@

@ 00o)

stainless steel

Ni-base alloy

Cu alloy

steel. Note the steplike

S S = : : 8.48 Alamell:
. hol dency to run in planes 8 ! N Bt :
836 Cra Dela Crackln a fillet weld in higher-tensili n-::;%;t Lame”ar tear ph courtesy of TWI).
stet y g & 9.72 Hotc Hot Crac kl ng ustenitic chromium-
nicke iring welding (x200)

(phot



45

1.4.2 Material Issues Related to Welding (1)

Position of welding
— Reactor pressure vessel (RPV), Vessel support, —>Heavy steel
Reduce weld lines.

‘|2 CONVENTIONAL IMPROVED
100 % 70%

Note :-
Shaded parts indicate
parts common {o reactor
vessels using forgings
or rolled plates

=10.5m

Narrow groove MIG

1100 MWe PWR

No longitudinal weld lines




1.4.2 Material Issues Related to Welding (2)

Inner surface of RPV; Overlay cladding

_ Under-clad cracking
Stainless steel

(308,309,309L)
Inconel Location of cracking Coarse grained HAZ
clad ~2
o ,'. > > - l - - -:.tc‘:;
| .
RPV , l
SGPV i |
i !
= I
| r‘:
:':" l- i
S =
E}’Q— !;: S
S .
< s 5
= >
= .
I:\Z‘ ‘? E
— 3= b
I{' i"; =
) = 22
: — lil —

—-—

veld head sequence
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1.4.2 Material Issues Related to Welding (3)

- Nozzle to safe end (RPV, pressurizer)
DlSSlmllar metal Weldlng Stainless steel weld

Stainless steel or
NiCrFe alloy weld

Alloy 600 weld
Alloy 600 buttering

/
J Type 316 stainless steel
P RPV / safe-end forging 4
R4 Nozzle ; f
# Centrifugally cast
! stainless steel steel nozzle Cladding
[ )
bR Forged stainless steel safe-end N92 0218
S
Cladding
i Thermal sleeve
) . SB-168 (Alloy 600)
/ v Stainless steel or
)’ 5 o NiCrFe alloy buttering Dissimilar-metal weld
B RPV [ ]
7 Nozzle S
4 Voo § Hot leg
/ T 1 T
f s 7 T | 12-in.
[ I surge
l| piping
Cladding Ng2 0210 ) CE —= e
/
/ !
o U

Stainless steel \ Safeend

cladding SA-351 GR. CF8M
{stainless steel casting)
SA-105 Gr. Il

(carbon steel)
N92 0252

Buttering of Ni alloy on low alloy steel




- RPV head, control rod drive nozzle

Cladding
(stainless steel)

Thermal sleeve
(Stainless steel)

Control rod drive nozzle
(Alloy 600)

Vessel head
(low alloy steel)

Weld deposit
(Alloy 6Q0)

J-groove weld
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1.4.2 Material Issues Related to Welding (9)

The deposited weld metal contains a characteristic microstructure consisting of long
columnar grains. These nucleate from favorably orientated grains in the heat affected
zone and grow epitaxially from bead to bead in a multipass weld. In austenitic
stainless steels, each grain contains a network of d-ferrite and subgrain structure,
dislocation network etc.

Moreover, welding affects not only on the as-welded deposit but also on the
surrounding parent metals.

(1) Dissimilar metal welding

Dilution of alloying element, Post Welded Heat Treatment (PWHT)
—) Formation of new phase
Welding of safe end to nozzle, Buttering, cladding,

(2) Thermal cycles

There is an influence of localized reheating and chilling during the overlapping of
successive weld metal. Regions adjacent to each new weld bead experience short-
time, high-temperature, reheats. Then considerable variations in dislocation density
also occur depending upon position in the welds, resulting in the heterogeneous
hardness distribution. Shrinkage and thermal stresses experienced on welding cause
significant deformation of inner weld bead compared to surface bead. These also
affect on the surrounding parent metals.



1.4.2 Material Issues Related to Welding (6)

— Heat-affected zone (HAZ)

75mm
5 il Fine-grain
ase meta .
_ Weld metal Coarse-grain
Pearite

Carbon steel

The heat-affected zone adjacent to weld fusion
line has known to give lower toughness value
than other regions, since the local temperature
peak from the welding process rise above
1200°C and the zone is cooled slowly.

Base metal Precipitates at grain boundaries

Coarse-grain  Weld metal

Austenitic stainless steel

Thermal sensitization :
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— Residual stress

Symbol| Company|Method PWHT

o IHI SG N/A
° [HI SG |800°C = 45hr
o MHI SG N/A
o MHI SG |615°C x20hr
a BHK X-ray N/A
~ B BHK X-ray [610°C x 40hr
€50 -
£
E‘/’O _ st beod Jy 2nd bead J7 3rd bead
P %ﬁgl
w30~ _
&
Z d
Dol Tg 5 %\O—WJ{ owe{de "
B
0 R ¢ §
’0—&ﬁ A of r PWHT
0 : IS WSS St S S
Bead width
Direction of
stress

clad
// /
Low alloy steel [_ \
Strcin gouge

Location of measurement

Residual stress by cladding has peak

at position just below overlap of beads.

The residual stress decreased after
PWHT.

150p®

Distance along weld axis (mm)

| \ | | Y@ T L
=500 —400 -300 -200 -100 0 100 200 300 400
a (MN m™)

(c)

150~

—O0—¢
sscs@Emsedoy
— %_ —0’[

S0

Distance along weld axis {mm)

LL_
-100 0 100 700
o (MN m™2)

7.29 The distribution of residual stress along the centreline {c) of a
submerged arc weld in 165 mm thick Mn-Mo steel: (a) postweld
heat treatment 15 min at 600 C; (b) postweld heat treatment 40 h at
600 “C. Curves are oy, stress transverse to weld; sgr, stress at right
angles to plate surface; ¢ .longitudinal stress (from Suzuki et al.,
1978).
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4.2 Material Issues Related to Welding (8)

Remedy of residual stress for pipes

CORROSION BACKLAY
RESISTANT WELDING
WELDING \

(al CORROSION RESISTANT {d) BACKLAY WELDING
CLADDING

INDUCTION COIL PUTERSLEEVE
N

\J:,_/’-/”";?

(b) INDUCTION HEATING (e} OUTER SLEEVE RZPAIRIN
STRESS IMPROVEMENT EGEARI

HEATED &—\ STAW

s A
PARTIALLY (fg/ TORCH
MELTED 7
Sl

WELD WITH
WATER COOLING )

(¢) HEAT SINK WELDING (1t} TIC HEATING STRESS
IMPROVEMENT

For J-groove welding at penetration

v Water jet peening
v’ Laser peening
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1.4.3 Repair by Welding

TEMPERATURE °C

53

* Repair welding of pressure vessel nozzle

1100

1000

900

500

400

300

200

100

welding process and PWHT.
Residual stress.

RECORDED

VERIFICATION
X¥———X nacvsis

TEMPERATURES

WELD\

PREHEAT 4o

POSTWELD HEAT TREATMENT —-—h————ﬂ
| L . L | | < Eient i PEESC

b=
!
0

6.0

2.0 4.0 6.0 8.0 10.0 120 140 16.0 18.0 20.0
TIME (hours)

220

2000

1800

1600

1400

1200

1000

600

400

Recorded and Verification Analysis Temperature Versus Time for Nozzle N4B

TEMPERATURE °F

— Thermal sensitizing of austenitic stainless steels such as clad during

7.03 kg/mm?
10 ksi

10,56 ka/mm?

{15.0 ksi _\

2

5.27 kg/mm?

(7.5 ksi)
14.06 kg/mm
{20 ksi)

352 kg/mm?

/
/ =

MINIMUM STRESS 2
INTENSITY 8.50 kg/mm
(1.21 ksi)

15.82 kg/mm?
(22.5 ksi)
2

12.30 ka/mm

12.30 kg/mm?
(17.5 ksi)

(17.5 ksil

7.03 ke/mm?
10 ksi

19.33 ka/mm?

/‘ (27.5 ksi)

14.06 kg/mm?
26.37 kg/mm?

(20 ksi)
2 (37.5 ksi)
7.0 kg/mm
(10 ksi)

3.5 kg/mm?

(5 ksi) \
.27 kg/mm? _/ 3.5 kg/mm?

(7.5 ksi) {5 ksi)

T 28.12 ke/mm?

(40 ksi}

Maximum Stress
2 intensity

1054 kg/mm? 10.54 kg/mm

(15 ksi) {15 ksil 28.66 kg/mm2
2 2 {40.76 ksi)
10.54 kg/mm' 17.58 ka/mm
(15 ksi) (25 ksi)
Figure 6. Stress Intensity Plot for the Verifica-

tion Thermal Stress Analysis at 10.5
Hours into the Postweld Heat Treatment
Cycle (End of the Holding Period)



1.5 Radiation Effects in Materials
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1.5.1 General Principle (1)

Radiation damage

The radiation damage event is defined as the transfer of energy from
an incident projectile to the solid and resulting distribution of target
atoms after completion of event. This energy per atom is much larger
than the usual chemical reaction energy.

1. The interaction of an energetic incident particle with a lattice atom

2. The transfer of kinetic energy to the lattice atom giving birth to primary knock-on
atom (PKA)

3. PKA ionizes and displaces surrounding atoms from their lattice sites

4. The passage of the displaced atoms through the lattice and accompanying creation
of additional knock-on atoms
2ps ~12ps

5. The production of a displacement cascade "™ .
6. The termination of the PKA as an interstitial i |

70 SIAs
. " 93 SlAs
e

¢« ©
2
D *

4 o e .
w g 8N

234 vacancies

i T S

L= N -_

SIA : Self-interstitial atom



1.5.1 General Princi

Displacement damage

le (2

Fig. 7.5. Interactions of thermal and fast neutrons with gset
ABSORPTION EXCITED IMPURITY
Lgszxé&-s >| COMPOUND > ATOMS FROM
NUCLEUS (n,p), (n, a)
RECOIL NUCLEI
—*| DISPLACED
! ATOMS
SECANDARY/| (INTERSTITIALS
MA + AND VACANCIES)
i COLINGIONS
| ELECTRON
* ENERGY
IONIZATION DISSIPATED
AND AS HEAT
EXCITATION
£ (n, p), | ENERGETIC ENDOF | sinn
NEUTRONS o s FAREE o1 spikes
(n, a) NUCLEI, ETC.

dpa (displacement per atom)
This is a measure of the amount of radiation
damage in neutron-irradiated materials, for
example, 10 dpa means each atom in the
material has been displaced from its site within
the structural lattice of the material an average of
10 times (due to interactions between the atoms

and the energetic neutrons irradiating the

material.

56

2 step reactions
58Ni(n,y)°°Ni(n,o)>¢Fe
58Ni(n,y)*°Ni(n,p)>°Co

Parameters in
radiation damage
for metal

2)

10!

102
10 10

Cross section. displacements/(cm?) (neutrons/cm

102 1 102

104

108 106

Neutron energy (MeV)
Fig. 2.18. The displacement cross section for stainless steel based on a Lindhard model and
ENDF/B scattering cross sections (after [21])



57

1.5.1 General Principle (3

Formation of radiation defects
Interstitial cluster, dislocation loop

Vacancy cluster, Stacking fault tetrahedron, Cavity (He bubble, void)
Precipitates

Bolt Head, 0 mm Top Shank, 25 mm Near Threads, 55 mm
19.5 dpa. ~320°C 12.2 dpa, ~340°C 7.5 dpa, ~330°C

Fig. 8.19. Swelling in a cold-worked 316 SS ballle bolt in a PWR as a function of position
along the bolt length. The bolt head was closest to the core and the temperature distribution is
caused by a combination of gamma heating and whether the bolt was exposed (o the coolant

D|Slocat|0n Ioop (courtesy S.M. Bruemmer and Garner FA, PNNL)
. Precipitate
Cavity (He Bubble) P



1.5.2 Irradiation Hardening (1)

* |n austenitic stainless steels, 0.2% offset stress increases with
Increasing dose, dpa.

Engineering stress, MPa

1000

800

600

HP304/C
= unirrad.
—— 1.0dpa
— 3.4dpa

20 30 40 90 60

Engineering strain, % _
(Y. Miwa)

Plastic instability occurs just after yielding

1000 [T
] 316LN ]
800 - 316 / ;%. s
5 i 304 /& E'ﬂ .' ol |
= r -l 4 | 1
= 600+ u L] @ | ]
B i ._ai--"" I|I T
= & & - | b
o - |
%400 - i 304, 304L ]
e, L ol 316, 316LN
g Jl { - 316 PCA ]
F 4
200 -
i Unirradiated ]
304, 316, PCA alloys
D Ll Lnnl Ll Lnnl Ll L1
0.0001 0.001 0.0 041 1 10 100

Meutron dose (dpa)

Figure 19 Strengthening of various annealed 300 series
stainless steels versus dpa in various water-cooled reactors
at relatively low temperatures (280-330°C). Reproduced
from Pawel, J. P.; loka, |.; Rowcliffe, A. F.; Grossbeck, M. L.;
Jitsukawa, 5. In Effects of Radiation on Materials: 18th
International Symposium; ASTM STP 1325; 1999;

pp 671-688. At these temperatures strengthening saturates
at ~10 dpa.

The strength increase usually saturates at relatively low exposure levels (<10
dpa) as shown in Figure 19, reflecting a similar saturation of microstructural

densities.
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1.5.2 Irradiation Hardening (2)

- " -
R > ? g O7 MO S = ,v T
op. b Y - 5 N .“,' 2 ” T e )

< b gy A= £
o £y v V8
- ) . £ % - :

28x102ncm2 Intermediate  10.7x10?? ncm™ Channel fracture

B mechanism
< Uniform elongation
L) = O Proportional elastic limit
100 m | O Yield strength
Symbols
B o Open-5C3 CRT
80 |- ® = - Crossed-5A3 CRT
Closed-3A1 SRT
= Proportional
2 60 elastic limit .
< EBR-II 304 SS =
2 Irradiated at 700 °F 5
g 40 Tested at 700°F 42 &
2
o
20 Uniform g
elongation & o & . 5
C
0 | | | | | | | > | | | » | 0 2
0 1 2 3 4 5 6 7 8 9 10 11

Fluence, 1022 ncm=2 (E> 0.1 MeV)

Figure 31 Increase in strength, loss of ductility, and change in failure mode observed during tensile testing in annealed
304 safety and control rod thimbles (SRT and CRT) after irradiation at ~370°C in EBR-II. Reproduced from Fish, R. L.;
Straalsund, J. L.; Hunter, C. W.; Holmes, J. J. In Effects of Radiation on Substructure and Mechanical Properties of Metals and
Alloys; ASTM STP 529; 1973; pp 149-164.

® Concurrent with an increase in radiation-induced hardening is a loss of ductility.

® The flat faces observed at highest exposure are often referred to as ‘channel fracture’, but they are not
cleavage faces. They are the result of intense flow localization, resulting from the first moving dislocations
clearing a path of radiation produced obstacles, especially Frank loops, and thereby softening the alloy
along that path.



1.5.2 Irradiation Hardening (3)

- T d) )

Fig. Typical dislocation dynamics simulation: a) Simulation cell with initial random distribution of Frank-Read dislocation
sources and Frank-Sessile (FS) loops, b) dislocation-defect structure after plastic deformation, c) a close-up view showing
the interaction between dislocations and FS loops, d) underlying dislocation structure resulting from cross-slip, €) FS loops

structure showing the formation of defect-free channels.
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1.5.3 Fatigue Property

61

10.0 III| T III| T III| T III| T III| T TT

o - Unirradiated —
e -01=0.7-2x1025nm2
A - Unirradiated, aged 115days |

at 430°C

Total strain range, Aeq (%)
o
|

37 [ I YT 1 S A Y I Y Y O
102 102 104 108 108 107 108
Cycles to failure

Fig. Fatigue life of 20% cold-worked AISI 316 stainless steel irradiated
in HFIR to a maximum dose of 15 dpa and 900 appm He. Reproduced
from Grossbeck, M. L.; Ehrlich, K.; Wassilew, C. J. Nucl. Mater. 1990,

174, 264-281.

The lifetimes of irradiated and unirradiated materials
are not really so dissimilar. The observed difference
is the result of competing influences, degradation
due to irradiation, and improvement due to
hardening.

LR ' EC-316L : 430°C
—-—— MNonirrad.
100 = —a— |rrad.: 10dpa
S sf - 2 ]
© B " “f.:i o )
=2 B m | %H © ]
& ol \ G0 0 i
T
= Y iy
@ \ 0
S10-1 | \ =
g - o =
g sp ]
A L _
L ] a
2r "~ 7
r e
10-2 L1l “Ji_llllllhl gL L1l
102 104 10% 108

Number of cycles to failure

Fig. Plastic strain versus number of cycles to failure of annealed EC-
316L irradiated to 10 dpa at ~430°C in BR2. Reproduced from
Grossbeck, M. L.; Ehrlich, K.; Wassilew, C. J. Nucl. Mater. 1990, 174,
264-281; Vandermuelen, W.; Hendrix, W.; Massault, V.; Van de Velde,
J. J. Nucl. Mater. 1988, 155-157, 953-956. Using total strain rather
than plastic strain, the reduction of life was only a factor of ~2,
relatively independent of strain range.

There is a significant effect of radiation on the lifetime
at a given plastic strain. The lower the plastic strain,
the greater the decrease in lifetime. Under conditions
where the crack initiation phase controls the lifetime of
the unirradiated material, irradiation will result in much
earlier crack formation and much earlier failure.



1.5.4 Irradiation Creep (1)

Temperature”F
0 1300 1200 1100 1000 900 BOO 700
T T T T T

T T
20% CW 316 585
I ) Dose-15dpa
| Time—4138h

| I\., Thermal creep

~ In-reactor creep |

/ Hoop

o stress
T ksiMPa_|
——Yaor207

_.
T
.-"-—-—
\
.

I
|

|

|

|
é
£
P

Midwall hoop strain (%)
(=)

0.0

4]
|

0.004 | 1 | 1 | 1
1.0 1.1 1.2 1.3 1.4 1.5 1.8

1000/T (K7

Figure 63 Early comparison of thermal creep and
irradiation creep in EBR-Il of 20% cold-worked 316
pressurized tubes at 15 dpa and various stress levels.
Reproduced from Gilbert, E. R.; Straalsund, J. L.; Wire, G. L.
J. Nucl. Mater. 1977, 65, 277-294.

Temperature (°C)
700 600 500 400
T T T

Temperature (°F)

1400 1200 1000 800
L I I T I T I ]
i Hoop stress =70 MPa
1.0 —
g F
E’ -
E =
o 01pF
<] =
(=] —
E —
= B
g =
D
S 001
L 600h 2400h
DDU_I | | 1 1 | |

10 11 12 13 14 15 18
1000/ T (K-1)

Figure 64 Another comparison of thermal creep and
irradiation creep in EBR-II of 20% cold-worked 316
pressurized tubes at various dpa levels at 70 MPa hoop
stress. Reproduced from Gilbert, E. R.; Bates, J. F. J. Nucl.
Mater. 1977, 65, 204-209.
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While the irradiation creep rate is much higher than that of thermal creep at
relatively low temperatures, the difference decreases between the two as the
temperature increases, as shown in Figures 63 and 64.



1.5.4 Irradiation Creep (2)

* Irradiation creep mechanism (Still unknown)

PN

External stress

Vacancy
Interstitial
O
Fast growth rate
,\ T ——
— N\ e —
A — —
\ L m—

B

Preferred
absorption

Irradiation increases the number of interstitials
and vacancies in the solid, but the effect of this
increase is not merely to accelerate thermal
creep. In fact, irradiation does not accelerate
diffusional creep rates.

Rather, irradiation creep needs to be understood
in the context of enhanced defect production,
the application of a stress and the developing
irradiation microstructure. The formation and
growth of loops and voids play important roles in
the creep process.

The stress-induced nucleation of dislocation
loops and the bowing of dislocation lines by
stress-assisted preferential absorption of
interstitials can account for the transient portion
of the creep behavior, but climb and glide are
required to explain steady state creep.
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30 30
(a) Unirradiated (b) 3dpa
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Fig. 7 Typical compositional profiles near grain boundary in PWR-irradiated CW316 stainless steels




65

1.5.5 Radiation Induced Segregation (RIS) (2)

@ CW316 PWHA thimbde tubes, this work
OCW316 PWR thimble tubes, 9)

& CW316 PWR bolts, )

* 54316 BWR 30)

+ 5A304 BWR, 30.31)

&
<4 (@)
E. 2
Cr g Lo
LT aXs x ¥
G | S
4 &
1 !

TR B S S L B SE—
NI g 10 -ﬁﬁg{ - S— T sl E {

hrment (%)
m =] =

STRRE B (P S P P
s % e = w n w Grain boundary (GB)

Mo

Mo depletion

0 Sxiin { . .{.E_._. - . { EnriCh at GB : Nl, Sl
. Deplete at GB : Cr, Mo

Fig. 13 Depletion of {a) Crand (d) Mo and enrichment of (h) Ni and (c) 5i against dose in LWR-iradiated stainless
steels



1.5.6 High Temperature Embrittlement

* He embrittlement
— He: formed by transmutation reaction
Insoluble to steels

After irradiation, At high temperature such as weld repair,
He atoms aggregate and form bubble especially at GBs.

Cracking during welding
Intergranular fracture

L1

Microscopically ductile,
but macroscopically brittle.
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1.5.7 Irradiation Embrittlement

e Reactor surveillance programs:
g Charpy test using V-notch specimens
ATyt M
| _ > The temperature shifts in impact energy due
Temperature, T Temperature, T to irradiation are all that is available to
f2) : ®) determine the shift in fracture toughness due

Fig. 13.19. Application of the transition temperature shift in a Charpy test to the fracture to irradiation.
toughness test. (a) Charpy impact energy, and (b) fracture toughness (from [247])

&
150 T T T T T T T T T =E 3Dﬂ T T T T T T T T T T T T T
KS-01 weld - K3-01 weld, median fracture toughness |
| irradiated at 288°C O o ol g 250 | values only )
0.74 x10'? n/cm? —1 = o ]
E>1 MeV E unirradiated urad:gted '
100 - | 2 200 L {0.74% 107 wom*, i
—~ o i ate e
= unirradiated ¥ © 0 irradiated | .
ot s o
2 =) ¢>|{=‘I--"3}| |
= & 00 i
50 g 100 (10/10)
*(8/8
2 s} (8/8) |
g i =olid points are for the cases where the minimum
;E 0 nurrllbccr ufvalli.d. tests }'nqulmdl!:ly El?ﬂ,ll Was n.clgir.wd
0 = =100 =50 0 30 100 150 200 230

-100 0 100 ™ 200 300 Temperature (°C)
Temperature (°C)

Fig. 13.21. Median fracture toughness of the same weld metal in the unirradiated condi-

Fig. 13.20. Charpy impact encrgy vs. test temperature for weld metal in the unirradiated tion and following irradiation under the same conditions as for the Charpy test in Fig. 13.20

condition and following irradiation to 0.74 10! n/em? (£ > 1.0MeV) at 288°C (from [25]) (from [25]}



1.5.7 Irradiation Embrittlement (cont.

Pressurized Thermal Shock

« Injection of ECCS water into RPV during Accident

68

£ AN

High Stress due to Pressure
and Rapid Cooling

Fracture Toughness
Degradation due to Neutron
Irradiation

In-service Inspection

(non-detection probability)

N

v'"Non-ductile fracture must be avoided.

v'Deterministic analysis method is prescribed in
Codes/Standards.

Cold ECCS Water

Fracture <

Toughness

=
=

PTS

A

Temp. ‘/

Inside Outside

/\__
Stress at

Crack Tip

—

5=

1Y
L

Vessel Wall
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1.5.7 Irradiation Embrittlement (cont.)

Structural Integrity Assessment of RPV during PTS

Fracture Toughness (K\;) > Stress Intensity Factor (K))

Kiv | Initial (Unirrad.)/ ART, '

,Z—> K

Safety Margin

4 Irradiation embrittlement

, 60 years

o

» K, histories analyzed through
a PTS transient
»An axial crack having 10mm
depth and 60mm length is
assumed in RPV wall.
(Japanese procedure)

Temperature at crack tip

v

» Regulations require that the fracture toughness is maintained in an
enough level throughout the plant operation.

» In addition to the prediction of fracture toughness decrease, ART 1
have to be monitored by the surveillance tests during plant

operation.



2. Material-Related Issues in PWR and BWR




2.1 Introduction




Major Components and degradation mechanism

1.

2.

Reactor pressure vessel
Radiation embrittlement, Primary water stress corrosion cracking (PWSCC), Boric acid corrosion

Reactor coolant piping and safe ends
Low and high cycle thermal fatigue, Thermal embrittlement, High cycle mechanical fatigue

Steam generator

PWSCC, Intergranular stress corrosion cracking (IGSCC), Intergranular attack, Pipe fretting,
Denting, Corrosion fatigue, High cycle fatigue, Wastage

Reactor coolant pumps
Thermal embrittlement, boric acid corrosion, high cycle mechanical and thermal fatigue

Pressurizer
Low cycle thermal fatigue, PWSCC

Control rod drive mechanism
Thermal embrittlement, PWSCC, wear, insulation breakdown

RPV internals

Irradiation induced stress corrosion cracking (IASCC), High cycle mechanical fatigue,
IGSCC, Stress relaxation, |G cracking

Feedwater piping and nozzles
High and low cycle thermal fatigue, Flow accelerated corrosion (FAC), SCC
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Advanced Pressurized Water Reactor (APWR)

12.9m

Larger reactor pressure vessel

— Longer distance from core, reduction of neutron fluence at RPV (~1/3)

Neutron reflector

— Thick ring block structure : nuclear heating, high displacement damage

=3

EREoE:
-2 JFJLES0

po AR
5, ] : = |
H# | 3 i : t!.'l
| T 1 (]
HEl ¥ / i |
il 1\ Core barrel of 11 Ri
N T T ) _...1_1 Ay
:L,: E T—i \ Neutron reflector WL L4
Ny , ‘11\'\ Bod 1
hi *—L—v";/ Baffle former plate T B
. #4.4m ¢5.2m
APWR

Latest 4 loop

—_—

APWR - Reactor Internals Design

(I Enhanced
performance
Large volumetric [
core structure Neutron Reflector }
EEET for fuel cost reduction
Large reactor internals $REEEEyC
for large output Jr Cooling holes
Enhanced
reliability

Neutron Reflector
for simplified structure |
( Number of bolts :
2,000 l

Improved Tie Plate
for stabilized flow

GEN-HSW-7010-30

Ar’\ MITSUBISHI HEAVY INDUSTRIES, LTD.
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2.2 Design and Materials of PWR Components




2.2.1 Reactor Pressure Vessel

Material : SA508 CI.2
Thickness : 200mm
Cladding : Type 308 or 309

e
o Weld : SMAW
¥
: d KWU DESIGN USA DESIGN
R \ s ———— @ 550 5160 — =
nozzle \_ 1 e 5750 | o e 3810~ |
\ Lol o 1
—~ i ,J’:—"

® 4,010 ——
® LN —

SET-ON TYPE NOZZLES BELT SEPARATED,

\_ INTEGRATED FORGED FLANGE DESIGN CONVENTIONAL DESIGN
COMBINED VESSEL FLANGE AND NOZZLE BELT VESSEL FLANGE AND ROZZLE
SET-IN TYPE NOZILES
‘KWU-157 PWRPV, combined vessel flange and nozzle belt forging as
compared with conventional design.

Weld line: automatic SAW

PWHT: 610°C for 20 h followed by a furnace cooling
to reduce residual stress and
to temper any martensite in the HAZ
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2.2.2 Neutron Reflector

 PBalffles

Baffl
Baﬂ:l e fO rmer bO |t // plat:.:e /— Neutron dose evaluation point

N\
\Former plate
\

e | c— — — 2cm

Z NN _'
0/ Baffle former bolts

Welding ~

Baffle plates : Type 304 SS
Former plates : Type 304 SS

: 20% cold worked type 316 SS
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2.2.3 Control Rod and Guide Tube Assemblies

i 5

ﬁ N Upper A
support plate
[—]
Control rod S il i%:
drive mechanism —]
—— +
Drive rod ™ Control rod/
assembly Upper support uide tube
J N piats :
e — Guide tube
Internals support bottom plate
Lod ||k ledge ' /
Failure
Fulltlelngtg /': b d | B Core barrel e —— Shoulder
control ro
assembly in dififb d 1| p )
the withdrawn / Guide plate B
position alne sl p Litli] Leaf spring
JIL L TT1T 1 Variable || POMion | ypoercore plate
thickness \
AT 1 Guide tube 7 s f
Guide tube — e =] bottom plate L0040 (
assembly | 1A [“]
1a0jo
Upper core
plate \M 9.0443
Split pin : X750
9-0442
Fuel
assembly Upper core plate

Control rod
assembly inserted
N2 0095

Figure 13-3. Westinghouse control rod guide tube assembly and split pin. A typical
Figure 13-2. Elevation and plan cross-section views of two Westinghouse full-length failure location in a split pin is also shown (Urquhart 1986, Mager 1983). Copyright
control rod and guide tube assemblies, one fully withdrawn and one inserted. American Nuclear Society; reprinted with permission.

77



2.2.4 Water Coolant Piping (1)

Steam
generator

Reacior coolant ——
pump/motor

I

D |

O

O

AN

—

Reactor
vessel

S

Primary

78

Piping : Type 316 SS, CF-8M, CF-8A
Fitting : Wrought and cast SS
(CF-8M, CF-8A)

L]

Safe ends : Type 316 SS

Stainless steel or

,/ NiCrFe alloy weld

RPV
T2 Nozzle

KL
&5
S

<7 "ﬂ
KKK

3
KL
AN

<’
%>

<3

X

::
::
XD

/ Type 316 stainless steel
safe-end forging

5
XXX
58,

e

A

Cladding

o4
B

A RPV
Nozzle

Stainless steel or
NiCrFe alloy buttering

7.3068 /

3 \

Cladding

Figure 5-1. Schematic of a Babcock and Wilcox PWR reactor coolant system.
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2.2.4 Water Coolant Piping (2)
e Secondary

Diffusion Elboy Suoight Pipe 74° and 75° Elbow Secondary water C00|ant p|p|ng

Coniing

/ | Piping : SA106B
Kéé\ - | Elbow with Support Valye EIbOW A234WPB

Penetration /“g
/

-———Steam Generator / e
S e e e
— @ | —;
Pressurizer
Pump Casing /

Primary water coolant piping

Straight Pipe

FiG. 17. Reactor coolant and main steam line piping system.



2.2.5 Steam Generator

Steam outlet Pressure vessel : SA533B CI.2
f Tube sheet : SA508 CI.3
Clad : Type 308 or 309

Tube : Alloy 600 TT E=) Alloy 690 TT
Steam

separators Plate Construction Forged Construction

— Feedwater
inlet

Downcomer
annulus

60 '-',HEZ e

¥
N

=
L389 —

Tube
bundle

J
|
]
|i
-
‘ I ~
.,L 3300 —=——

Tube

ik ¢3L57—~J|Ll“ 3
supports ‘

byl |

L

e

ot 73§ == 2920 —=f 1557

I

; i

, y ‘_:'Idﬁ"' =
=l

sheet T
Primary inlet Primary outlet
Number of Welds
Recirculating Circumferential Welds| 9 Circumferential Welds | 7
steam generator NS3 0022 Longitudinal Welds 10 Longitudinal Welds -
Nozzle Welds 15 Nozzle Welds 14

Plate and forged design of a steam generator.



2.2.6 Pressurizer

Spray valve

/

Safety valve

Relief valve
A ——Manway
~—nstrumentation Pressure vessel : Low alloy steel
/ nozzle
At Clad : Type 308, 309
A508 CL3
@
o Pressurizer
@6‘— Lifting lug interior
] B
s A / AR 3 mm
| ASRATRATHAR Pressurizer Expansion
Circumferential Full- “zone Weld pad
welds power Height = 634 in. (for 1800 ft? pressurizer)
'\ Watar 475 in. (for 1300 ft3 pressurizer) V_L Crack
‘ Ioye! Wall thickness = 4.1 . Simm 1133 -
=
Head thickness = 3in. k ¢ ‘
\ r (
\ ID = 84in. Alloy 182
\ Penetration
\ 308L
\ stainless
Alloy 600 ) steel
\ Heater support Pressurizer shell
\ TR e plate l<_ e
AU / Famin N92 0061
i Figure 11-14. PWSCC in Electricité de France instrument penetrations (O'Neill and Hall
1990). Copyright Electric Power Research Institute; reprinted with permission (modified).
} /Suppon flange
E(/-—— Electrical heater

Surge nozzle

(1in. = 25.4 mm) 7-2550

Figure 11-5. Westinghouse pressurizer (Diablo Canyon | and 2 FSARs).



2.3 Corrosion-Related Issues in PWR




2.3.1 Introduction (1)

- Material degradation events

Sweden (PWR: 3 plants, BWR: 11 plants)

@ IG5CE

m Erosion

] Thermal fatigue

OFatigue

H Corrosion

g Manufactuning or installabion emors
g TGSCC

O Mot investigated, or unknown

Wl Ciher

K. Gott, Proc. 10" Int. Conf. Environmental Degradation of Materials in Nuclear Power System —Water Reactors-, NACE, 2002.
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2.3.1 Introduction (2)

Primary water stress corrosion cracking (PWSCC) events in U.S. PWRs during
1999 — 2005

oy
=/ N\, LevelInstrument

Nozzle (1) o 42
/ X
Nozzles and pipes Brbssurker Shdits
\ Tf Steam
_ _ | Heater Bundle Generator
Cracks in as-weld deposit Diaphragmi(t) | ]
—————
CROM Nozzle (20) \ a4
Vent Pipe (1) Thermocouple | // Hot Leg TRIN|
N ¥ Nozzle (5) i Ll
i b - .. ) Instrument B
ﬂ% 1‘3.;\ Wl Nozze(7)
{ \]  Heater Sleeve N
|l (12) —);If {4 SG nozzle
| Reactor || ™Hot Leg Nozzle (1)~ HotLeg Drain ,
Pressure! Pipe (1) SG Drain
[ Nozzle (3)
| Vessel ||
/ T

/

\f 6
’ Note) The number in parentheses means the number of
applicable LERs. There are some LERs that include
degradations of two or more RCPB components.

'\?"14 " /_ Bottom Mounted
' Instrument Nozzle (1) 1

LER: Licensee Event Report



2.3.1 Introduction (3)

SG tubes Unknown

100%

Impingement

f Fatigue / ,~ Fatigue

90%

itting

80% { Other

70%
!
60% A

50% -

Percent

40%

30%

20% -

10% 1

Local
hinnin

SCC

0% /1T TT"TT"T T

Preventative

I Ll L i 1 ] 3 ' ' i ] 1 T | 1 1] I 1 I |
‘74 76 ‘78 ‘80 82 ‘B4 ‘86 ‘88 90 '92 ‘94 ‘96 ‘98 ‘00 02

Year

04

Primary water side
*« PWSCC

Secondary water side

* Wastage

* Pitting

* IGSCC

« intergranular attack (IGA)

Evolution of modes of damage in PWR steam generator tubes with Alloy 600MA and
drilled hole TSPs. Courtesv of EPRI

85



2.3.2 Water Chemistry »

Structural materials of PWR/BWR are exposed to the high-
temperature cooling water. In the corrosive environments, chemical
Interactions between the materials and water caused various kind of
material degradation and consequent problems on the components.
Therefore, a quality of cooling water or water chemistry is one of
the most important issue for the operation of NPPs. In this section,
an outlook of water chemistry mainly in PWR plant is given.

All viewgraphs are kindly provided by Dr. S. Uchida.



2.3.2 Water Chemistry o

Mayjor roles and adverse effects of cooling water
PWR primary cooling water

major roles: energy transporting medium
neutron moderating medium

adverse effects

structural material integrity / steam

enerator

moisture separator

NHP turbine
ﬂ LP turbine
generator
control drive ‘ —— ________i:opudt?ir;]sger
reactor i condenser
pressure / _ hot well
vessel — - heater drain
fue\bundle / uging
- 0
. . : HP heater LP heater
fuel integrity ¥ occupational exposure
Primary cooling system Secondary cooling systems

The under line shows items concerning adverse effects




2.3.2 Water Chemistry
Comparison of cooling system of BWRs and PWRs

88

item BWR PWR
reactivity control rod control rod
control + void (core flow rate) + chemical shim (B)
corrosion pH neutral [pHg+: 5.6-8.6] alkaline [pHg>9]
control [O,] | 200 ppb [HWC : <10 ppb] <1 ppb
[H,] 20 ppb  [HWC : 50 ppb] 2 ppm
turbine dose rate during operation 16N dose rate free
during plant shutdown ¢°Co,Cr

Primary Secondary system
_ system '
Primary Secondary system ySEEm turbine
SyStem turbine Steam T |
drier steam line T generator E | d
I = condenser
t ; &
Separator condenser i feed water
: heater
reactor : feeﬁie\é\{%}rer : condensate polisher ; reactor water _boron removal

recirculation
line

——< reactor water ' : e
» clean-up system » :

......... TR A

radwaste

SyStem "::55555:: /

reactor

: cle;?-up system/ system
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2.3.2 Water Chemistry

Material atlas of PWR primary and secondary cooling systems

moisture separator

dryer SG HP turbine
separator H LP turbine
preSSUFJ'Z{ N ﬂ — ’ dynamo
-
_ condenser
CR drive ‘_ —>( ©1====2 tubes
| condenser
_ hot-well
RPV — |, heater drain
tubing
fuel
i
— 10—

clean-up system major materials

—— stainless steel

—— carbon steel

- NiCcKel base alloy
zirconium alloy
copper

— — — copper alloy/titanium

HP heater LP heater




2.3.2 Water Chemistry »

Material atlas of BWR primary cooling system

moisture separator
reactor pressure vessel  HP turbine

M .
drier —f ) LP turbine
separators._| & j dymano
: iy »~ condenser
fuel assemblies EMH - ™ .

N ) —s [ g-—=—== tubing

'11 M | \Qgcondensor
recirculation ] heater drain hot-well
system

y
CRD system —|:L|—G'I£'I<— major materials

cleanup system HPturbine LPheater |~ stainless steel
—— carbon steel
nickel base alloy
zirconium alloy

~— =~ cupper alloy/titanium




2.3.2 Water Chemistry .

Major interactions
between cooling water and structural materials

PWR (PWR primary) PWR (secondary) BWR
SCC of stainless steel SCC of SG tubing SCC
SCC of nickel alloy wall thinning erosion-corrosion
(PWSCC) denting
Radioactive corrosion IGA Radioactive corrosion
product accumulation pitting product accumulation

(dose rate buildup) erosion-corrosion (dose rate buildup)




2.3.2 Water Chemistry

Major achievements for water chemistry improvement

BWRs
Water Chemistry Research Committee
| »
commercial
Y power plant vy JISPBWR v ABWR
fuel defect reduction reliability of variety of fuel |
SCC of stainless steel _| life management &
. . extension of
occupational exposure .
100 . improvements of structures, ]
) materials and operation
30 RN [] : improvement of water chemistry
60

40
20
0

plant availability factor (%0)
\ occupational exposure
defective- ( x 10 person Sv/plant )

fuel R

1970

1975 1980 1985 1990 1995 2000 2005
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2.3.2 Water Chemistry

Major achievements for water chemistry improvement

PWRs
Water Chemistry Research Committee
| ——
commercial
JISP PWR | TT690 for
V¥ power plant \/ SG tubing
maintenance of SG integrity
(AVT, Na/Cl ratio) \ SG exchange
reduction of life management &
occupational extension of
exposure aged plants

[] : improvements of stru_ctures,'
100 materials and operation

[ ] : improvement of water chemistry

80

60 plant availability factor (%0)

40 occupational exposure
PN ( x 10 person Sv/plant )
20 C Y n“"’ " defective fugl ™~ T - <o o---
O [Q “el 1 N )

1970 1975 1980 1985 1990 1995 2000 2005
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2.3.2 Water Chemistry

Locations for in-line monitoring and sampling in PWR

steam generator *

16N detector [Csl scintillation counter]

RN

high pressure  mpgisture separator

94

dryer turbine
separators = low pressure turbine
pressurJ'Z{ m -~ —’\L dynamo
control rod | Cl_» H b Eondenser
] CE [0,] > Er====2 tubes
drive _Il : | condenser
1+ pH i heater hot-well
reactor ol tubing | drain
core | E |
Lozl [y ! e
| high | Tow !
| | pressure heater | pressure heater sampling* o
' * chemical analysis
V| sampling™ on-line ion chromatography at laboratory

in-line automatic analysis [[H,], conductivity, pH]

CE

RN

. conductivity
. radioactive nuclei

H. Takiguchi, H. Takamatsu, S. Uchida, K. Ishigure, M. Nakagami, M. Matsui, J. Nucl. Sci. Technol., 41, 214 (2004)



2.3.2 Water Chemistry

Optimal Water Chemistry Control

Fewer environmental impacts

Reduction of
occupational exposure
(radioactive contamination)

I Iron & Cobalt Control

Radiowaste Sources Reduction

Higher safety and higher reliability

Improving reliability of Improving reliability of
structural materials cladding materials

Hydrogen Water Chemistry Control of Corrosive Radicals

Establishing 4 Targets



2.3.2 Water Chemistry

Water chemistry control targets

for PWR primary system

Japan EPRI
Control item unit target standard target standard
pH at 25°C - *1 *1
conductivity uS/cm *1 *1
boron ppm *2 *1
Clion ppm <0.05 <0.15 <0.05 <0.15
[O,] ppm <0.005 <0.1 <0.05 <0.1
[H,] cc-STP/kg-H,O  25-35 15-50 25-50 >15
[Li] ppm 0.2-2.2 zone control
muddily ppm <1 <0.05
[SO,%] ppm <0.05
[Si] ppm-SiO, <0.5

*1: combination of [Li] and [B] for optimal pH
*2: determined by reactor reactivity



2.3.2 Water Chemistry v

Latest problems related to water chemistry

o L_atest experiences with problems
related to water chemistry are as follows.

1) Increasing occupational exposure
Challenge to more dose reduction by water chemistry improvement

2) Stress corrosion cracking of BWR core shrouds
Mitigation of corrosive conditions by water chemistry control

3) Flow accelerated corrosion of PWR feed water piping
Water chemistry improvement applying experience with
BWR and fossil plants



2.3.3 Primary Water Stress Corrosion Cracking (PWSCC) (1 °

Control rod
drive mechani;‘\

Reactor
vessel head

®) SCC occurred in Alloy 182/82 weld.

~91.4cm (367)
From Reactor to Crack

Core barrel

Reactor | RCS Safe End Nozzle

C I rod
ontrol ro Wall SA-203 Class 2

drive shaft

—

RCS nozzle
FwW 23
327°C, 2250 psi

Reactor vessel ————p To Stear

Generato

Core support

%

Alloy 182 “butter”

OD surface /
N

NN
ANANNANNNNNNANNANN

NASNRNNENARANA N
RN USACNAIN
Reactor Coolant System,
Hot Leg Nozzle
SA-508 (713552
ANNANNNNANNNNNNNNANNYN
AR VRN AN NSAN]

G LN i

573'[’1]:1;? steel Extent of circumferential crack.
cladding  p surface Starts at carbon steel.

73:7cm, (29') nominal View of crack on OD surface
Figure 10 LPSCC of weld in primary piping of PWR outlet nozzle. (a) Schematic overview of
reactor pressure vessel showing location of an outlet nozzle. (b) Cross section of nozzle,
weld, and pipe. (c) Enlarged schematic cross section. (d) OD surface showing location
of leak. From EPRI.




2.3.3 Primary Water Stress Corrosion Cracking (PWSCC) (2)99

« Steam Generator at Tsuruga Unit 2 (1)

SG primary water inlet nozzle

RAREBIRANKADE S ME
> 943m o PWSCC occurred in
Alloy 182/82 weld.
o 188mm > e
AT2LA |
:::::::==::::§N 15715b4 4;2:::::::::::
a

P T

EEMED
M EEN
(ZwsrLEBE®R)

" Nozzle
% &
=@ (low alloy steel)

s Lked)| Weld

Lo L8 | ATEMMMICT . R
EATOLAD /T"" il ”"‘“T\ Grroixm | Safe end
m?yffﬂa? = [ B;%i',;vlﬂ Weld (SS)
jLy
1R HARE ﬁ IRHHAEF
(AFoLAH) (AFoLAMR)
1RAFKAD Pipe (SS)

Primary water coolant
(i, TIRNERE L2251 2]




2.3.3 Primary Water Stress Corrosion Cracking (PWSCC) (éfo
« SG at Tsuruga Unit 2 (2)

Outer surface  Inner surface
Clad Crack

No. 1#h
X‘I—“J‘DX
d—nrA

Nozzle AU TRERE

) |

Buttering |
AEE
AR

===

Circumferential
weld
repair
ErmE
Safe end BO@H L TREA BIERY B OB EFREN

Rond@k | Weld repair L__22t>R2

7

Rough surface
(Grinding)

- T e,

Cracks

(buffering)
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2.3.4 Corrosion of RPV (1)

* Boric acid cor([)osion

(c)

Nozzle #3 with insulation removed and
shielding installed 03-16-02

L

Control rod drive
mechanism

Area of reactor vessel
head degradation

Reactor vessel head
insulation

Primary water leaks after PWSCC.
Then the water corrodes RPV.

Reactor vessel
head carbon steel
portien

R %

(d)

I
.) Nozzle #3 cleaned
! =

' N
Reactor vessel head stainless
steel cladding layer

(b) I

Boric acid and LiOH

concentrate and are corrosive
1

High LPSCC

susceptibility

¢ail ~3l1em ¢

— (1225") ——f

~3.8 cm (1.5") - ~6.35cm |
| /

Reactor vessel
head, carbon
steel portion

i
3.18-9.53 mm (0.125"-0.375")
stainless steel cladding layer

High residual
weld stress

Figure 58 (a) View of pressure vessel head. (b) Cross section of pressure vessel head with location
of corrosion. (c), (d), (e) view of corroded cavity with small crack in cladding in ().
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2.3.5 |IASCC of Baffle Former Bolts (1)

* |ASCC (Irradiation Assisted Stress Corrosion Cracking)
— Baffle former bolt

Irradiation
dose and
lemperaure
vary along
the bolt
length

E. P. Simonnen et al., “Response of PWR Baffle-Former Cross section of SCC  Optical micrograph
Bolt loading to Swelling, Irradiation Creep and Bolt of crack #1
Replacement as using Finite Element Modeling”, Proc.

Int. Conf. Environmental Degradation of Materials in

Nuclear Power System —Water Reactors-, TMS, 2005,

p.449.



2.3.5

JASCC of Baffle Former Bolts (2

R R

L.E. Thomas et al., Proc. Fontevraud 5, (2002) p.117

Cracks are discontinuous.
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2.3.6 Corrosion Issues in Steam Generator

Wasusge-ColdLeg  Uobends Wide U-Beads Ani-Vibration B
astage - - -Ben - on Bars - .
Many kinds of SCC mechanisms
@ 6 ﬁ) on SG tube
Circumferental
ircumferen| LPSCC-Ti -
ODSCC at Dent LPSCC at Dent U-Bends ot Corrosion Fatigue Free Span ODSCC F&Sgﬁaﬁm‘m
— iy t
IGC - Tube Support
S_—"-..
‘oDscC- A i
‘ 3 (D'mmfzigamn i 1
~ oratches) —
\ =
\; ube Support
90000000092 | Denting-Induced vy I;?acmﬂou‘: TEER .
[Cooe ] [Defomatonof paff | |8
0000090000, H:u‘:usrllols ke :
. ODSCC- Flow
i Distribution Baffle
et
Wear -
Preheater
k. ” l — U
3 I (Y .
Wasl;ge - Sludge Pitting - Sludge IGC - Sludge ODSCC - Sludge LPSCC - Expangion =~ LPSCC - Roll
Transition

Figure 2 Armay of modes of failures at various locations (mode-location cases) that have occurred
in recirculating steam generators having Alloy 600MA tubes and drilled hole tube

supports.



_2.3.7Flow Accelerated Corrosion (FAC) ™

Flow assisted (accelerated) corrosion (FAC) is one the most common
problems in nuclear and fossil power plants.

Large scale rupture of the Surry-2, feed water piping which thinned
locally due to FAC was experienced in 1986. Last summer, one of the
feed water piping in Mihama-3 Nuclear Power Plant ruptured suddenly
caused by FAC.

The mitigation of FAC to prevent such tragic accident is one of
Important subjects for corrosion engineers in nuclear power plants.

In this section, we discuss about the FAC issue based on the
experience of accident at Mihama-3 NPP. In order to prevent such
accident, the mechanistic viewpoint is effective and essential.

Viewgraphs are kindly provided by Drs. S. Uchida and T. Satho.



2.3.7 Flow Accelerated Corrosion (FAC)
Large scale piping rupture accident at Mihama-3 NPP

high pressure turbine moisture separator and heater

il I, G gl H~—t---—----—-—-—-—-—==- :
: ! low pressure turbine
steam !
generator ! rmmmm-mm-——-o--- { g
! ! ! condenser
: | ! condensed
i ! ow " low ¥/ water pump
|
, ] 'oressure ! Dressure condensed water
h'r%rslsure ) v ¥ rupture, Pheater Lpheater treatment device
eater ~r7
¥ deaeratol T_feeqd y
water orifice flange
pump p /
i A/ ruptured point
Parameter T
Operating time 185,700 h
Outer diameter 560 mm
Initial thickness 10 mm
Pressure 0.93 MPa "
Temperature 142 °C
Flow velocity 2.2 m/s
pH 8.6-9.3
DO" <5ppb

*DO: dissolved oxygen
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2.3.7 Flow Accelerated Corrosion (FAC)

Materials and Water Chemistry at Mihama-3 NPP

Table 1 Chemical composition of material (%) (Mihama Unit 3)

C Si Mn P S Cr Cu
Piping 0.16 0.24 0.67 0.009 0.011 0.01 0.01
Elbow 0.14 0.23 0.74 0.016 0.007 0.03 0.03

Table 2 Parameters in the rupture point (Mihama Unit 3)

Parameter

Piping Material JIS G3103 SB42
Operating time 185,700 h
Outer diameter 560 mm
Initial thickness 10 mm

Flow condition Mass flow rate 1,700 t/h
Pressure 0.93 MPa
Temperature 142 °C
Flow velocity 2.2 mls

Water chemistry  pH 8.6-9.3
DO* <5 ppb

*DO: dissolved oxygen



_2.3.7 Flow Accelerated Corrosion (FAC)

A photo of ruptured piping of Mihama-3

Ve
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)
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/
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o upstream



_2.3.7 Flow Accelerated Corrosion (FAC)  ©

Microscope image of rupture pares

OO

280 280
1120mm mm mm

OO

180°

”scallop” surface
— Single phase FAC 9700
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2.3.7 Flow Accelerated Corrosion (FAC)

Distribution of wall thickness
Azimuthal distribution

Line A: Line A:
.| downstream of oriphis i downstream of oriphis
0 near 1D (62cm) 0 near 2D (112cm)

45° 3150 T~ 45°
(welded) §, (welded)

/f/ \\\ Azimuthal distributions
caused by either of

270° 90° 270° 10'F
| |0 mm \\ "}I/ . . . .
‘ flow velocity distribution
QOFTEL K or
205° = ;/ 135° O,] distribution due t iIXi
T [O,] distribution due to mixing
180° 180°
Line B: Line B:
downstream of oriphis downstream of oriphis
0° | near 1D (62cm) 0° near 2D (112cm)
35 T 450
¥ i e A (welded)
\ g \
// /// \\ \\\ \\
270° ] i 10 mm ’/ ] gor;m
\ /
\\ /)
1Y o
225° \E/;// 135




_2.3.7 Flow Accelerated Corrosion (FAC) &
Mechanism of FAC

oxide film (magnetite)
Inner outer ]
Carbon Stee|layer Iayer Diffusion layer ~ Bulk water ~FAC mechanism: Two processes

[corrosmn process] I [mass :
I transfer 1: corrosion Process

| Process] [production of soluble Fe2* and
corrosion ] their accumulation at the oxide-

l water interface]
% dissolution //sts
Fa2+ ~ | transfer 2: mass transfer process
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i precipitation l convective mass transfer

: mechanism]

 direct ' _

OX|dat|on [ In order to determine a process on
oxidant | flow FAC experimentally, the other

: process should be simplified.
er03|on I [* Erosion may be occurred by share
EIEIET I

stress, however it can be neglected in
FAC process.]



_2.3.7 Flow Accelerated Corrosion (FAC)

Dependency of FAC on flow velocity and temperature

FLOW, kg hr '
o 983
x 907
® 75
A 605
v 491
Q38

m 302
+ 227 I

5000

40

1000 —

500 —

|

WEAR RATE, jLg/cmZh
wn
(@] (@]
l |
X
D\
|
LOSS RATE, mm vr—
~N
[—)
|
\'
>x

INCREASING
FLOW

100 —

13 CrMo44
| [ )
S 10 CrMo9I0 | i ‘/-.
=X x BERw 10 /:év \
x -

fid= - f""—_o 0 v ~
+-——-_.: " o
0.5 -
S 50 [ ] -
0 10 20 30 40 v I\I‘*-___T'_—‘ =

VELOCITY, més 90 100 110 120 130 140 150 160 170

TEMPERATURE, °C
Figure 1 Dependency of FAC on flow velocity
(pH=7.0, T=180°C, DO<5ppb) Figure 2 The dependency of FAC rate on temperature (pH=9.5)



_23.7 Flow Accelerated Corrosion (FAC)  ~

Effects of pH and [O,] on corrosion of carbon steel

1000~ 1B | l | 16 T T T T I T T T TTTT T T 11711
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| 1 [ 1 10 10 210 10
6 7 8 9 10 1 Dissolved oxygen concentration (ppb)
PH

Figure 4 The relationship between DO and dissolution rate
Figure 3 The dependency of FAC rate on cold pH of iron in pure water



2.3.7 Flow Accelerated Corrosion (FAC)

weight loss  (g/m?)

Effects of chromium contents on corrosion rate

Cr

0.31

1.44

Mo

0.56

materials C Si Mn P S Cu Ni
A SS41 0.15 0.21 0.69 0.013 0.020
® Cu-SB46 0.18 0.23 0.70 0.014 0.008 0.26
6.0 I O CuCrNi-SB460.17 0.24 0.76 0.010 0.007 0.30 0.30 0.22
A SMA41A 0.15 0.23 0.92 0.014 0.011 0.31
O 11/4Cr-0.5Mo 0.14 0.69 0.61 0.012 0.007 0.20 0.20
45 R -
3.0 | —
exposure time: 2000 h
A [0,]: <5 ppb
15 - pH: 7 at RT ]
AN =
0 l l l l l | L
0 0.2 04 06 08 10 12 14 1.6

chromium content (%)
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__2.3.7 Flow Accelerated Corrosion (FAC)  *

Summary of effects of each parameter on FAC

Parameter Effect on FAC

Flow velocity proportion to flow velocity

Chromium content mitigated with more than 0.5 % chromium content
Temperature maximum at 130 - 150 °C

Dissolved Oxygen mitigated in more than about 20 ppb

pH mitigated in more than about 9.2

Ferrous ion concentration  proportion to (C,-C)
here, C_; saturation concentration, C; ferrous ion concentration

Electero-chmical potential mitigated at more than -500mV-SHE in alkali
(ECP) water (pH9.0)




2.3.8 IGSCC

 Intergranular Stress Corrosion Cracking (IGSCC)
— Non-sensitized, but hardened materials

« X-750 alloy

» Alloy A-286

1st thread ——— ] ~~-

Shank-to-shoulder

>Cracks

transition

Cracks —

Cantilevered
end of prongs

Figure 13-15. Locations of split-pin cracking in Framatome PWRs (Benhamon and
Poitrenaud 1989). Copyright Electric Power Research Institute; reprinted with permission.

N92 0094
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&— Location of
principal fracture

WL

N91 0507

Figure 13-16. A Babcock & Wilcox bolt with the location of the principal fracture
shown (Moore 1983).



2.4 Design and Materials of BWR Components
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2.4.1 Reactor Pressure Vessel (1

Material : SA533B Grade B
e 1 ladding : Type 308 or 309

Closure studs Closura

reglan i
@ | I@ — Main eteam
Uppir
baam shell
@ — Instrumentation
7 —— Feesdwater
dj: @ i @ “]— Cora spray
— (& —— CRD return fine
Fasdwater inlat \é l . - M | — wsumenmston
shall

P Lowar
i intarmadiate
shal

Coara Circumferential
J beltiing girth wald
I region
E Longitudinal
) saam wild
&) Recirculating ‘
| witer inled . 4
Jet pump/ =T E[[ @ (=)} @ @ _EI — Radirculating watar inkels
I'BEIIEH.IMM B — .
f——, B Lowsr Aecirculating water cutlet
-E: shell @ — Jet pump instrumentatian
Skirt suppons 1
Wigw 1
\ . J}/I o — [Dilferential pressura
Iy L end liquid control
o y P Botiom haad B e na inlat nozzle
T snclasure 3
" ¥ Su|
Control rod m == wr:) Na2 o2

Figure 18-2. BWR pressure vessel showing vessel plates, seam welds, and nozzles.

PWHT: 610°C for 1 h per inch thickness, followed by
a furnace cooling

Figure 18-1. Typical BWR pressure vessel. to reduce residual stress and

to temper any martensite in the HAZ




2.4.1 Reactor Pressure Vessel (2)

Alloy 00 suppart
/ochmns (14 total)

Alloy B2 or 182
wald build-up

Figure 18-3. Sketch of a Chicago Bridge and Iron vessel shroud support structure attach-
ment configuration.

Either Alloy 82 or Alloy 182 weld materials were used.

Alloy 182 fiald wald

Allgy 82 weld overday

Alloy 620 sale end

AN

NN O A

Alloy 182 ——"

Thermal shidwe

Stainless stasl clad Maz 001

Figure 18-11. Nozzle-to-safe end weld overlay (Smith et al. 1980}, Copyright Elsevier
Science Publishers; reprinted with permission.

Temporary repair by weld overlay using
corrosion resistant Alloy 82 material.
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2.4.2 Reactor Internals

Reactor vessal haad

Dryar assembly
lifting lugs

Steam dryer assembly
Steam outlet nozzle

Shroud head
lifting lugs

Feadwater sparger

Cora spray
supply header

Shroud head

Shrowd haad
hold down bolts

Cora spray sparger

Im-core fux
manitor assembly

Recirculating water
inlet nozzle

Jat puemp assambly
Ditfuser saal ring and
shroud support plate

Conitrol rod
drive housing

i

)
|i-l

Top head cooling
spray nozzrle

Steam separator and
standplpe assambly

Steam dryer and
shroud head alignment
and guide bars

Top guide

) h Feadwaler inlat nazzle

= ’"’ffcml rad
i ﬂﬁFudmanﬂy

Fuil suppor place

Flow inlet inta
L fusl bundie

|~ Care shroud

Core plate assambly

Recirculating water
outlet nozzle

Cantrol rod guide tubs

Figure 21-1. Amangement of CRDM and reactor internals used in BWR/3 and BWR /4
designs (Herrera and Stancavage 1988). Copyright American Nuclear Society; reprinted

with permission.
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Control red
guide tube

Keyway for securing
thermal slesve

Housing
87370

Figure 21-2. Amrangement of CRDM housing (USNRC Reactor Training Center),

In BWRS, the control rod drive mechanisms
(CRDMs) are mounted at the bottom of the pressure
vessels where they position the neutron absorbing
control rod assemblies (CRAS) within the reactor
core to provide reactivity control during startup and
shutdown of the reactor, flux shaping at power, and
emergency shutdown (scram).



2.4.2 Reactor Internals
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Core spray
inlet pipa
Shroud
Shroud head Care spray
allgnment lugs gpargers
; Upper core
= ]! 2 shroud
\ Tep guide
; Middle core
shroud
Juat fi
Jet pump | ot purmp riser
diffuser i
3 Recirculating
Recirculating . wiater inlat
water outlet = : nazzle
nozzie A Core plate
g : Lowear core
: H shiraud
Core suppon
s N [ ][ e
Baffle plate
suppart column
MI3 D035

Figure 22-2, Arrangement of core shroud, core spray spargers, baffle plate, and jet

pumps (ISNRC Reactor Training Center).
The core shroud is a 51 mm thick cylindrical stainless steel
assembly that provides vertical and lateral support for the core
plate, top guide, and shroud head.

Typlcal end-of-life (40-year} fluence estimates:

Top guide center
A 1x 102 nkm? (=1 MeV)
B 1101 nicmz (>1MaV)

Top guide periphery
C 2107 nm? (=1 MeV)
D 1 x 10% pjem? (> 1 MaV)

Figure 22-6. Top guide structure (Gerber et al. 1986). Copyright Electric Power
Research Institute; reprinted with permission.

Lifting eye | Holddown
b " beams
—— Tranaiticn piace
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—
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- Middle core
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Wi -
and restrainer
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Slip joint
Core plate
Diffuser collar
Reactor pressure —
wassel racirculation
inlet nozzie
{1 to each Difuser ”
et purnp riser) hypical of 2)
Instrument
line
Lowercore
- shroud
FAsactor
pressurs vessel

Baffis plate

87359

Figure 22-5. Jet pump assembly (USNRC Reactor Training Center).

The jet pump is primarily composed of forged Type 304 SS.
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2.4.3 Recirculation Pipin

l Recirculation

Recirculation
Plan 2 outlet nozzle lnl‘n@ nazzle
(typical)
Cross tia valve .
(not installed on 12-in. upper
some plants) discharge riser
o0 22-im,
heat remaoval WMQH
outlet
{one loop only) 224n. x 281n.
Cross
. EEHn.**""r 12-in. residual
suction riger heat re
Suction vake inhet
\ 2B-in. lower
Plan 1 discharge riser
4-in. bypass
lime (rat
installed an
some plants)
ME2 05T

Figure 19-1. Loop B of a typical BWR-4 recirculation piping system, with the weld
locations indicated by screened lines (Lo et al. 1989). (See Figure 19-2 for plan views.)

The stainless steel recirculation piping systems are connected to the low-
alloy steel pressure vessels through vessel nozzles and transition pieces
of pipe called safe end.



2.5 Corrosion-Related Issues in BWR
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2.5.1 SCCin Piping

SCC is a synergistic effect
Material factor of material, stress and

: ;Sensit_i_zat'on* environmental factors.
- Impurities

- Cold work, etc. @

The remedy for SCC is to
remove any of the factors.

esidual
stress, etc.

Environmental

Stress factor
factor

Sensitization*: Condition of
alloy that becomes sensitized

_ _ to SCC due to thermal effect
Fig. Factors governing SCC or irradiation effect.
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2.5.1 SCCin Piping

- Thermal sensitization due to Cr,;C, precipitate at grain boundary -

A

No Cr-depleted zone
Base metal

:j 18%

Cr content

Weldment

Grain boundary

‘ Corrosion resistance H Cr-rich passive film '

Thermal sensitization i H

Cr carbide
b
18%

| boundary G | = \/| Yy 0
A Cr carbide \ / 12%
NP ), |

Grain boundary
r_»

Heated at 500-800°C Formation of Cr-depleted zone

| Initiation of IGSCC I<——{ Lack of Cr at GB l

HAZ

(Heat affected zone)




2.5.1 SCCin Pipin

7 ~High Ni alloy

Wi-Grnbe I 303, 303 Se

ALLOYS
ADD S OR Se FOR
MACHINABILITY

SUPERFERRITIC
STAINLESS STEELS

ADD Cr, Mo

ADD Ni FOR CORROSION
RESISTANCE IN HIGH
QMPERATURE IENVIRONMENTS)

o : DUPLEX
Stabilized stainless steel STAINLESS
/7 STEELS
ADD Cr AND Ni FOR
‘;g”ﬂ':g;gg STRENGTH AND INCREASE Cr, LOWER Ni
’ OXIDATION 'FOR HIGHER STRENGTH
SENSITIZATION RESISTANCE
_ 304 ADD Cu, Ti, Al, PRECIPITATION
ADD Ti LOWER Ni FOR HARDENING
k TO REDUCE Fe-19Cr-10Ni PRECIPITATION STAINLESS
HARDENING STEELS

ADD Mo FOR

R Ni
PITTING RESISTANCE ADD Mn AND N, LOWER Ni

FOR HIGHER STRENGTH

No Ni ADDITION
LOWER Cr,
MARTENSITIC

ADD MORE Mo FOR
PITTING RESISTANCE

Low carbon stainless steel

SUPERAUSTENITIC ADD Ni, Mo, N ( 403, 410, 420 ’
STAINLESS L@ FOR CORROSION
STEELS RESISTANCE

Figure 2.1 Compositional and property linkages in the stainless steel family of alloys.
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]

SCC “resistant” alloys

1100
1000
900 -
%4
UJ- 800 = Y"’ M23CG
g
= Y
< 700 -
w
o
=
W 600
0g= < LIMIT OF
SOLUBILITY OF
B CARBON IN
400 AUSTENITE

|
0 002 004 0.06 008 0.0
CARBON CONTENT, WT. %

Fig. Carbon in 18Cr-8Ni-Fe alloy

Ref: J. Sedriks,
“Corrosion of Stainless Steels”
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2.5.1 SCCin Piping

g 100 Av. BWRs in Japan Irradiation Assisted SCC, IASCC
E 60 - -
S P U NN wotcaonotowcavonss. |\ | I Capacity Factor Losses Due to Corrosion-
s 40 Y - -
- SCC at hroud:
E o b Y stggreshols_/ Related Damage in BWRs
a SCC of high carbon s.s. SCC of low carbon s.s.
0 ' ' ' ' ' ' I
1970 1975 1980 1985 1990 1995 2000 2005
Fiscal year Capacity Faclor Loss (%) Through December 31, 2004
-
Updated 1 I
100 — D Reactor Internals
S : I
§ 80 1 5 All Cthers
:‘E’ 70 10 B Reactor .hfemala
3 50 . O NSSS Piping
'S 50
g .
8 40 |
£ 33 ——BWR i N
: Sl nl Aapntln
& 10 , % 0 N s B O e O H NN _ N . . L.J_,_,_,_nﬂ
j

1820 1881 1882 18B3 10984 1885 188G 1847 1088 1089 1900 1991 1992 1903 1904 1905 1096 1007 1808 1900 2000 2001 2002 2003 2004

01970 1980 1990 2000
Fiscal year
) ) o ) From: “EPRI's R&D Programs on Materials Degradation in LWR’s”
Fig. The history of LWR plant utilization rate in Japan. by Robin Jones, RIC 2006, Session Th5BC, Materials Degradation,
T. Isogai; Maintenology, Vol. 6, No. 2, (2007) pp.23-28 March 9, 2006 (http://www.nrc.gov/public-involve/conference-symposia/ric/past/2006/)

Operational history of NPPs clearly shows the influence of material
degradation due to various type of corrosion and SCC phenomena.
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2.5.1 SCC in Piping

Type F316 SS(Forged material)
(0.016%C,16.7%Cr,12.7%Ni,2.6%Mo)
Operation condition: 6568.0

-Temp.: about 275°C , -Pressure: about 70 kg/cm?
-DO content: about 150 ppb, -Conductivity: about 0.08 uS/cm o° s
[ . }| | Py
| PT indication (crack) | Weld metal 90— D F—-
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SEM observation of fracture surface Hardened microstructure near surface  Distance from surface, um

(Intergranular cracking on almost whole surface) (Slip lines) (JAERI-Tech2004—003)



25.2 SCCin Core Shroud

BWR:
Boiling
Water
Reactor

, p
v 0

H1

H2
H3

H4

Hb6a
H6b
H7a

H7b

*

Horizontal
weld lines

N

N

In 1990, cracking of core shroud was reported
first at the Swiss NPP, and in 1994, in Japan.
In 2001, cracking of a shroud made from 316L

Cross-
//_\_ section
4+—H1
g Core shroud >//j
|
S 4+—H2
P~ a/ H3
’_\
N — H ¢—H4
i N == +—Héa
H6b
m A —hra
m4e—H7b
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25.2 SCCin Core Shroud

SUS 316L
1.3X10%? n/m? (E>1MeV)

2F3-Hb6a

Cracking

Intermediate
flame
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#50m
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Ref.: JAERI-Tech 2004-044 (2004)
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25.2 SCCin Core Shroud

Evaluation of SCC growth
- Rules on Fitness-for-Service for Nuclear Power Plants (JSME) -

& J16L Reil
1. Initial cracking oE.ps | O6L Retz
E & JIENG Rel2
[ & 304L Refd
2. Distribution of : T B
) residual stress T 1006 — T
E — SCC growth evaluation Y
4 = — line for sensitized 304 I'H
~ — SSin NWC \
1 1 [¢D) — v ]
3. Stress intensity factor S e . VoA
~ = ;u
3 b scc h evaluati !
4. SCC growth o Iinegfrgrmﬁ)weggrggﬂon — I,J'ifﬂ;:l ~
rate curves S SS InNWe /1
O 1aE-oa | _ y it B
N Z——]
5. Extension of cracking
1.0E-0m
1 100
y Stress intensity factor (MPavm)
Finish . :
SCC growth rate vs. Stress intensity factor curves

Flow of evaluation of SCC growth Ref.: Nuclear and Industrial Safety Agency, Report on structural
integrity evaluation for core shroud and PLR piping, Oct. 22, 2004.




2.5.3 SCC Mechanism of Low Carbon SSs e

J. Kuniya: 39 E.D.M. (1988) p.383

Influence of hydrogen on CBB tests of cold-worked non-sensitized Type 304 SS
(* CBB: Creviced Bent Beam)

Specimen holder

~
g
Q 16 (@]
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Figure 13
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g SCC of non-sensitized Type 304 SS was also
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<L 0 0.2 0.4 0.6 0.8 1.0 1.2 14 . .
Hydrogen in CBB Specimen (ppm) SCC and hydrogen contents was investigated.

Figure 5 Correlation of average crack
depth, a, and hydrogen in CBB
specimens



2.5.3 SCC Mechanism of Low Carbon SSs

It was confirmed that IGSCC was observed in crack growth test of Type 316L SS
under high conductivity conditions.

(mm/sec.)

Crack Growth Rate

10-6

1077

108

10-°

Conductivity
O :0.5uS/cm
O :0.1uS/cm
B Sensitized 304SS
A

i 1 1 1

A. Sudo: 6t E.D.M. (1993) p.251

IGSCC post crack

fatigue pre-crack

Figure 4- Fracture surface morphology of en-
vironmental cracking of Type 316L after SCC
growth test at K=37 Mpa/m in 288 'C w»ater con-
taining 0.2 ppmO2 and conductivity of 0.5 uS/cm.

Fatigue Pre-crack Region | IGSCC

N
10 20 30 40 50
Stress Intensity K, MPa/m"

Figure 3- SCC growth rate of Type 316L stainless
steel as a function of stress intensity factor,K
in 288°C water containing 0.2 ppmO2 and conduc-
tivity of 0.5 and 0.1 uS/cm.

Relationship between stress intensity factor K

and crack growth rate

~—Region

X

| PSS
—— 100zm
Crack Growth Direction
Figure 6- Longitudinal section of crack growth specimen of Type 316L

after SCC growth test at K=37 MPa/m in 288°C water containing
0.2 ppw 0z and conductivity of 0.5 uS/cm.
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2.5.3 SCC Mechanism of Low Carbon SSs

A. Jenssen: 7th E.D.M. (1995) p.553

It was confirmed that SCC growth rate highly increased with increase of
cold work in Type 316NG SS.

1079 107

o Type 304 SS, 0% cold work O Type 316 NG, 0% cold work
A Type 304 SS, 5% cold work A Type 316 NG, 5% cold work
® Type 304 SS, 20% cold work ® Type 316 NG, 20% cold work
% | Stainless steel constant Y b Stainless steel constant

" 10 load design curve according o 10 load design curve according

p= to NUREG 0313, Rev. 2 = to NUREG 0313, Rev. 2

£ E

o o

§ 7 e @ ;‘; 7 @

= 10 c 10

S = ]

&) - w7

© ©

o o

© (3]

o Q

£.081 ¢ £ .08

8- 10 mm .- 10

.4 £

3] 0

5 A 5

10°9 +—o—tr—itty 1079 +—ag—0O—003
10 100 10 100

Stress Intensity, MPa4/m Stress Intensity, MPay/m

Figure 7. Crack propagation Rates for Cold Figure 8. Crack propagation Rates for Cold
Worked Type 304 SS Worked Type 316 NG Stainless Steel

K dependence on SCC growth rate is small in low carbon SS by cold work.
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2.5.3 SCC Mechanism of Low Carbon SSs

M. Tsubota: 7th E.D.M. (1995) p.519

Relationship between cold work and SCC initiation was investigated
in CBB test of Type 316L/304 SSs. (* CBB: Creviced Bent Beam)
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Fig. 2 CBB test results in 288°C high temperature water
for cold rolled 304 S/S and 316L S/S.
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Fig. 3 Average crack depth measured in CBB specimens

versus Vickers hardness.
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PUSEEREEE | -
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Fig. 4 Quantity of martensite estimated by X-ray Analysis
for cold rolled 304 and 316LS/S.

TGSCC was initiated and
susceptibility increased
with increase of cold work
reduction ratio.

Critical hardness in TGSCC
initiation is Hv=300 in Type
316L SS and Hv=270 in

Type 304 SS.

Martensite is not a
control factor of TGSCC
by cold work.

Cold work reduction ratio correlate with TGSCC initiation susceptibility in
CBB test under high dissolved oxygen (DO) condition of Type 316L SS.



2.5.3 SCC Mechanism of Low Carbon SSs o

Nishimoto, et al.: Proc. of the 52"d Japan Conference on Materials and Environments (2005) p.185

Influence of cold work on grain boundary sliding behavior was investigated in
Type 316LN SS.

> 1.4
g ol .As received
ks #Roliing reduction : 20%
QF tf #Rofling reduction : 30%
"g 3 . Rolling reduction : 40%
e 0.8 | # Rolling reduction : 60%
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D EC 06 |
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g'ﬁ 04 |
a o2}
= ;
q H]
0 G6.04 .06 0.08 0.1 8.12
NONE 561 0KV 5000 D 10 Sirain
Fig.3 Surface appearance of Fig.4 Relationship between strain and amount
tensile tested specimen. of grain boundary sliding.
It was found that grain boundary In cold work material, grain boundary sliding
sliding was initiated in stress of was initiated in lower strain condition and
above 500 MPa in constant strain increase of amount of grain boundary sliding is
rate test (strain rate=1.25X10%/s). remarkable compared in as received material.

It is considered that grain boundary energy increase with increase of
amount of grain boundary sliding and encourage grain boundary corrosion.
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2.5.3 SCC Mechanism of Low Carbon SSs

Y. Kaji, et al.: Japan Institute of Metal 2006 Autumn Meeting

Plastic strain distribution was investigated near crack tip of CT specimen of
Type 316L SS by EBSD method.
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-, o N i ~ @ | at crack tip, and steep strain gradient
Misorientation distribution near crack tip was found within 1 or 2 grains.
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2.5.3 SCC Mechanism of Low Carbon SSs

- Analysis of Grain Boundary Character near SCC -

Grain boundary character is known to influence crack growth path and segregation of
chemical elements at grain boundary (GB). Relationship between cracked and the
other grain boundaries was investigated by scanning electron microscope with
Electron Back-Scattering Diffraction pattern (EBSD). Crystal orientation was
measured in step interval and classified for misorientation degree into four categories

Electiron Backscatter Diffraction Pattern

Electron
Beam

4

. 7
<N T——
Specimen
-
Phosphor Screen

Diffracted Electrons

(a) EBSP({Electron Backscatter diffraction Pattern)iEE
AR

Main cracks extended with many secondary

b AASCEDHREOM - i cracks. . .
COBROBOAERRET LIRS TERDD. Branched and discontinuous cracks were
Schematic drawing of EBSD observed.
and diffraction pattern

Y. Miwa, et al.: Proc. of the 52" Japan Conference on Materials and Environments (2005)

1200 hw = o 216b2  |bk: [004]
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2.5.3 SCC Mechanism of Low Carbon SSs

Local corrosion resistance on the hardened layer which had been carried out surface
machining was investigated by atomic force microscope (AFM) after electro-chemical
corrosion testing.

Y. Nemoto, et al.: Proc. of the 52"d Japan Conference on Materials and Environments (2005) p.197

The machined surface

AN

> < T
Hardened layer Corrosion testing was

performed on this face

80U m square

1e
Position [urm]

Fig.3 (a) Results of AFM observation after electro-chemical corrosion testing on
the SUS316L specimen which had been carried out surface machining.
(b) The height distribution along the line drawn in the Fig.3(a).

From results of AFM observation, preferred corrosion was observed in
hardened layer, especially slip line portion.




2.5.3 SCC Mechanism of Low Carbon SSs 0

AFM observation was performed near SCC cracks of core shroud material after
electro-chemical corrosion test.

3 specimens were taken for corrosion test

5 I / I Corrosion test was
Weld depo | | ] Héa

Y. Nemoto, et al.: Proc. of the 52"d Japan Conference on Materials and Environments (2005) p.197

performed on this face

o

Outer surface of the shroud

o
p=!
®
S
3]
1=
[}
3}
E
[}
o

In low carbon Type 316L
SS used in core shroud,
preferred corrosion was

observed in grain rather
A r— than grain boundary in
o grain boundaries hardened |ayer_

‘ : This phenomenon is

considered to be one of

cause of transgranular
SCC initiation.

: . Plane like structure
Outer surface of the{ﬁhroud on grain boundaries

Fig.4 AFM topography observed after corrosion test on the cross sectional area of

the shroud specimen. (a) Hardened layer near the surface. (b) Matrix layer.
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2.5.3 SCC Mechanism of Low Carbon SSs

F. Ueno, et al.: Proc. of the 52" Japan Conference on Materials and Environments (2005) p.193

Microscopic magnetic structure of surface hardened layer was measured by magnetic force
microscope (MFM) and investigated relationship between SCC |n|t|at|on and martensne phase

(b)SUS316L (a)SU8304L| (b)SU8316L|
- —— Martensite
G ;.‘j . r‘/ 7__‘_-,...
' / 5 | : H
AW XA (-
o e U ) NN

Slap line B ! _ o

(a)SUS304L

1004 m » 100 m
Fig.2 Microscopic images of surface hardened layers

Cu Coated|layer: (a)SUS316LL

EaN
o
o

1

400 m,

s s
I I ‘
o | (2)SUS304L @5USIAL ) o | (b)SUS3IEL @5US316L(//)

(L 16L(L
g 300 8 OSUS304L(L) g 300 P+ OSUS316L(L) = =
o ° g > =
: M T > =
5 200 ot o 200 (&4 o o
joe @ oo “o 8 = 3’ Da, oon, 2 g
o o3 6’%'0‘%@'(’00 09 8 [0} N 00% * g0 E= O
¥ 48 6% Y Toscleq o 2% 8859 3 3
$ 100 =S 100 = <
o o) d= T
5 ) 50 ! '
S 00 02 04 06 08 50 = 00 02 04 06 08 50

Distance from Surface (mm) Distance from Surface (mm)
Fig.3 Hardness profiles of surface hardened layers of stainless steels -32.21deg -38.84deg  0.0deg -4.107deg

Fig.5 MFM images of cross-sections of surface hardened layers

It was considered that no or very small (hnm order) martensite phase (o’ phase) was observed
in surface hardened layer of Type 316L SS. Magnetic phase in surface layer is not only
martensite phase but also self-magnetization by large residual strain and plastic deformation.
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Y. Miwa,et al.: Proc. of the 52"d Japan Conference on Materials and Environments (2005) p.189
K. Kondo, et al.: Japan Institute of Metal 2005 Autumn Meeting

In order to investigate local chemical composition of core shroud material in
high spatial resolution, 3-dimensional atom probe (3DAP) observation was
performed in grain and grain boundary.

H6a weld depo

ﬂ“\ 3DAP specimen
S
- ;|\=“ TEM specimen

Downcomer side
e

EBSP specimen

5mm

Grain boundary Grain boundary

Cross section of core shroud ——

5nm

Fig.1 boat sample Fig.4 Atom maps at grain boundary on shroud sample

From 3DAP results in region of about 8 X 9 X 100nm including grain boundary,
enrichment of Ni, Si and Mo was observed in 2nm width at grain boundary and
no Cr depletion was observed. Amount of segregation in Si and Mo is larger than
that of FE-TEM analysis and average amount of Si in 2nm region is about 8 at%
(about 2 at% in EDX analysis) and about 10 at% (about 4 at% in EDX analysis)
in Mo.
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2.5.3 SCC Mechanism of Low Carbon SSs
3-Dimensional Atom Probe (3DAP) :

In 1988, by applying a position sensitive detector to a time-of-flight atom probe,
Cerezo, Godfrey and Smith at the University of Oxford succeeded in
determining both the mass to charge ratio (m/n) and the position of ions at the
same time. It is possible to draw two dimensional element mapping with a
subnanometer spatial resolution. Reconstruction of a series of two dimensional
element mapping with a graphics workstation make it possible to draw a three
dimensional element mapping in a 3D volume of a few nanometer region.

Position sensitive detector

ToF measurement

_I Ii}Start signal  Stop signal
T

HV || HV pulser 8ch timer Charge measurement
Position
Interface 1‘ measurement

A photograph of the three-dimensional atom probe

Personal computer
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2.5.3 SCC Mechanism of Low Carbon SSs

Needle like sample and analysis region for 3DAP observation

Analytical region (about 8nmx9nmx100nm)
(a) Bright field

Needle like sample

100 nm

(b) Dark field

10nm

TEM observation Sampling of analytical region perpendicular to GB = ey

<

Data area shown in next slide



145

2.5.3 SCC Mechanism of Low Carbon SSs

Evaluation of solute elements distribution at grain boundary

1.4 nmX3.5MmX19 nm

6
o

1
o -
*

L o,
s ®
* o o

3nm

b
.
|
1
|
|
|
1
1
|
1
|

.|
.

3

1

|

|

Solute segregation was segregated in about 2nm near grain boundary.
Dilution: Fe Enrichment: Ni, Mo, Si  Uniform distribution: Cr, Mn

3DAP analysis results of solute elements distribution near grain boundary of core shroud
(Type 316L SS)

Y. Miwa, et al.: Proc. of the 52" Japan Conference on Materials and Environments (2005)
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2.5.4 |ASCC of In-Core Materials

Fluence dependence of SCC phenomena
BWR, HWC & BWR end PWR IASCC PWR end

PWR IASCC of life service failures of life
BWR IASCC in lab tests )
service and lab PWR life
failures \l l/ extension
1020 1021 IO22 1023

Neutron Fluence, n/cm? (E >1 MeV)

Irradiation dose, dpa
0.1 1 10 100

I I I I
i  S—
Significant changes in alloy  Precipitation and cavity

microstructure, microchemistry ~ formation at higher
and mechanical properties temperatures

-~

>

Effects of water radiolysis Original reference: ?

For BWR, IGSCC and IASCC must be understood from a viewpoint of
continuous effect of neutron/gamma radiation on the material and also on the
environment.

IASCC: Irradiation Assisted Stress Corrosion Cracking
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2.5.4 |IASCC of In-Core Materials
IASCC susceptible parts in BWR

< Core shroud K Top gwde :  Control rod
*.,, 1.5X102" (nfem?) . *., 0.2-1X1022 (nfcmzz e 4X10%" (nfcmz), *
LLE N ] :rl:m/
lllll . /'C’C:]\go .
Core plate mHAzY o %ol
+, §X1020 (n/cm?), " 02 o 7l
OO: Z: O/
MHER2A ﬁ“%ﬁ?
g5 o] |
R . 5|l e
~ ~=~ n. flux monltor* ® kol
wREEAT "o 1X1022 (n/cm2) a‘;" % °
el b """mammamus \G/
CRDNﬁ'xfi Hz )@ )
BFSENTH )

BWR core internals and their max. neutron fluence after 40 years operation.

Various components will be susceptible to IASCC from a viewpoint of the “threshold” fluence,
but even below the fluence SCC were observed in BWR.
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2.5.4 |ASCC of In-Core Materials
IASCC of CR sheath material in BWR inspected in 2006

¥ 0.8mm
- / -__O.Imm
= [—
"w_
‘ ! N2Z0L8ETUN
(a7:5US316L)
1F-G mx - ‘
H18. 1. 240U FE €
L/N 38-39 EOUHY . S -
ER BxJ z
i . 0‘
3H
#) 45cm
~50cm

BERE—-FEFHRBACSEBOM (HEH)T7ILF1—09—022: EFH{4E38—39)
B F @B TR, S68EEBDAHAFME (C—ATHHN53443mm L)

Sheath material: SUS316L iz
Fluence of failed part: > 4.4X10%2' n/cm?

http://www.meti.go.jp/press/20060531005/houkokusho0%20kouhyou-set.pdf



2.5.4 |ASCC of In-Core Materials

Post Irradiation Examination (PIE) Facility for IASCC Research Activities

Hot Laboratory in Oaral Research Center of JAEA

149
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2.5.4 |ASCC of In-Core Materials
PIE Test Apparatus for IASCC Research

Test Apparatus for SCC Growth Test Test Apparatus for SCC Initiation Test
of Irradiated Materials of Irradiated Materials

| Fp—"

A ' ; s : v
Ob t A o B, . S ,
pservation SAUE I | /1 "1

,‘W" .

S EN
Test apparatus with two autoclave Test apparatus with four autoclave for uniaxial
for crack growth tests and high constant load (UCL) and slow strain rate testing
temperature  circulation  pump (SSRT) tests was installed inside hot cell of
(1000I/h) was installed inside hot cell WASTEF facility in Tokai Research Center.

of JMTR hot laboratory in Oarai
Research Center.



2.5.4 IASCC of In-Core Materials o
Slow Strain Rate Testing (SSRT) in High Temperature Water

Tensile test method at very slow

strain rate compared with general
tensile test to initiate forcibly SCC.
SCC susceptibility is evaluated by |

ratio of SCC in fracture surface. 400

“© 350
<
2 300 Sensitized material
2 250

Autoclave (300 °C, 10MPa) o
s 200
L

[$3)
o

Specimen

10 20 30 40 50 60

Engineering strain (%)

N
«I—=0»
AN
\ SN

In high temperature water at 288°C

Dissolved oxygen (DO)content: 8 ppm

Strain rate: 2x107 s'1 (Tensile rate:about 0.4mm/day)
Fracture time: about two week or one month

High temperature water
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2.5.4 |ASCC of In-Core Materials

Intergranular SCC was
observed on whole fracture
surface. No reduction of area
was almost observed.

(%IGSCC=100%)
SUS304L

No SCC was observed.
Reduction of area is large
and ductile fracture was
observed.
(%IGSCC=0%) AccV  Magn

165 RT04

25.0 kV 20x

(Miwa, 2001)

Fracture Surface Observation in SSRT
(Unirradiated material)
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2.5.4 |ASCC of In-Core Materials
Important Knowledge derived by PIE

Neutron Fluence Dependence | B-IASCC: IASCC under BWR environmental condition

P-IASCC: IASCC under PWR environmental condition

T T T T L) 1 ! 100
100 [Type 304ss [ Type 31658 = OO. i 4 320C refl9) . °
| | ® This study o) 4 | ®320C This study : 9
sok ARets  |aret3 : 80 ™5 325c ref) - o
O Ref. 8 0 Ref. 8 f¢ 14, g 0 340C ref(9) : 3
8 a2 60 & o
Q 60 o e 4 £ g ! °
@ a § 40 E '
= 40 ; 9 |
i sl ] X : |
20 ’ i
5 ® O _
20 el B-IASCC N = ® P-IASCC
L a $ ;
0 i - - 0 B l
3
107 1oz 102 102 0% 1E+24 1E+25 1E+26 1E+27

Neutron Fluence (n/m2, E>1MeV)

2| n/m’(E>0.1M
(Kodama, 1993) G

(Fukuya, 2001)

v'These figures show the existence of so-called “threshold” fluence

of IASCC from SSRT results.
v Threshold fluence under PWR environment is larger than that

under BWR environment.
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2.5.4 |ASCC of In-Core Materials
Common feature between B-IASCC injected H, and P-IASCC

SSRT: 288°C SSRT: 320°C
]00 [ T T T T T T OT OI ] 100
Irradiated Type 304 SS ] ' U
This study |Kodama et al.*® A
® 1.3x10%/n? |A 6. 0x10%n/m
80} CA] 4. 6x10%n/m & = m‘ a
| Thermally sensitized Type 304 S8 () g - 24 0 A
2 % ;
Q 6ol . B 5 0
2 . a - Q
o 0 O , 9
s s — - wn 40
= 40 Injection of H, G (&) /
i 3 3 n | A9E25 |
il e / o e | > i | D526
. q i @8E26n/m2 !
= ® -
0 [N 1 1 | | 1 0
-4 -3 - -1 2
10 10 10 10 1 10 10 0 10 20 30 40 50
DO at Inlet (ppm) Dissolved hydrogen (ccHykgH,0)
(Kodama, 1995) (Fukuya, 2001)

Influence of H, addition on B-IASCC P-IASCC vs. Dissolved Hydrogen (DH)

— Relation between hydrogen content in high temperature water
and IASCC behavior

— Similarity between both IASCC morphology under hydrogen
addition condition
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2.5.4 |ASCC of In-Core Materials

Relationship between IASCC susceptibility and water chemistry and fluence

; NWC : HWC
® . 23 : = = i BE
: : > g

2 = 5 CP Type 304 SS - =% ® CP Type 304 SS
A ~ HP Type 304 SS |} R~ A
§ % 2040 cpTypesiess [ FETT bt ligenin
3 % £ B ’ O CP Type 316 SS
s : i . | & ; : '
-1 - S . £ E * :
2 gb el i m g2 ¢ L5 : 5
© o 3 o & i M
& A B
= kb n - e o
s B b 2! alh 0 S 8 1,0 5 =
8 & ; 45. . : A g 3 =
5 © e TR 5 E .

Q - & ' s 9 :
- 5 B S T £S5 08
ix |0 | o Ez A A
% 0,0 AEDCRI—O0-O—O0—G—D— 5 0,0 @ -aRm— —a—y/ O
= 0 2 4 6 8 10 = 0 9 4 6 8 10

Fluence x 1021, n/cm?® >1 MeV Fluence x 1021, n/cm?2 >1 MeV

(Jenssen, 1996)

B-IASCC under NWC (left) and HWC (right) conditions
(NWC: Normal Water Chemistry, HWC : Hydrogen Water Chemistry)

— In high fluence regions, IASCC is uncontrollable by hydrogen injection.
— Different mechanism with dissolution of Cr depletion layer ?
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JASCC of In-Core Materials

Summary of influence of environment and fluence on IASCC

@®CW316 53dpa PWR This study
B CW316 35dpa PWR This study
ACW316 6dpa PWR This study
®CW316 4-7dpa PWR Suzuki [11]
O304 18dpa BWR Kodama [3]

<316 7-13dpa BWR Kodama [4]
A304 7-9dpa BWR Kodama [4]
* 304 3dpa BWR Chung [17]
+304 2dpa BWR Kodama [4]

[1304/316 5-13dpa BWR Jenssen [7]

[304/316 1-5dpa BWR Jenssen [7]

104
DH content DO content
»
- H|gh<—> Low ngh<_> L%_V’Vg,g
E 107 ~50 dpa 'ﬁ:;xxoz -~"3
~ is _______ _0 ':: < :,/’ %
_______________ ® e 9// ﬁ’ G

9 i\\. A ' ’, /,/
@© S, o 8 . o _0
= 10% | »' 2 S i S s
= \ ~20 dpa 4 ’ ,//
E \\ // /,/
e |’ ) ~ ,’, 4 a5
(@)) ) \‘\ ,é// /’ // )KX

107 - T F % i
X B ‘. pet ’ ,
% Y ~10 dpa )K,’/ //:3 dpa + ~2 dpa
o \\~5dpa s / P
O % ~5dpa . # i

) <3dpa "~ ,,’/ S ,,,/’ <1 dpa
108 400 S o X 4+ o L A - ; +
-800 -600 -400 -200 0 200 400

Electrochemical potential (ECP) (mV/SHE)

Relationship between ECP in irradiated SS and crack growth rate
*|ASCC susceptibility is high in high DO or DH environment.

Fukuya et al.

Influence of environment on CGR is small in high irradiated material.
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2.5.4 |ASCC of In-Core Materials

From production of neutron radiation damage to IASCC initiation

: s High temp.
Displacement 4 Absorption —  Microstructure Ihrraglat!on I e
igrati ardening
Self-interstitial gllg;?élr(i): change
atoms (SIA) u 9 _ —
Production of Irradiation
dislocation loop embrittlement
Neutron o oduction of cav _
L creep e
Radiation induced Initiation
segregation | ™ Sweling
Phase change,
| Nuclear || precipitates Localized GB -
| transmutation — composition — Stress/
H and He formation change Strain

Mechanism of IASCC initiation have been already investigated above 20
years. It is found that radiation induced segregation and irradiation hardening
are important factors, but several influences of irradiation on IASCC cannot
be comprehensively explained.




254 |ASCC of In-Core Materials e

Mechanism of IASCC

Existing theories fall into five categories:
(1) Radiation-induced grain boundary chromium depletion
(2) Radiation hardening
(3) Localized deformation
(4) Selective internal oxidation
(5) Irradiation creep

Ref:“Fundamentals of Radiation Materials Science”, Gray S. Was, Springer, 2007.

The difficulty in determining the role of irradiation in SCC stems
from the simultaneous occurrence of several effects. The
attribution of one or a combination of effects to the observed
Increase in cracking is complicated.
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(1) Grain Boundary Chromium Depletion
by Radiation Induced Segregation (RIS)

159

Difference between thermal and irradiation

] Neutron
§ 2 i PORBEETE. . Py Thermal : L
e SURP & B R Cause (450~800°C) irradiation
= L == ,’ ! = ~
S esaf \ 1 08
il }5’ JEOL2010F | & ) G.B.
k= C «\ 0.75-nm Probe?] 3 & (] :
=14 F A 4 = 3 ;
8 I r ;\.\ o n
Sl N & 2 & = ;
O g = = J / l\ 3 S ~ 3
= 10 F e o Q . |
iy sl e =- | profile 1
8 beme B | e 118 o | P —
s & pi gl ki et 5 | at GB §
6‘?_"'{"'“0"" o a” Bpgd<-.g.-" 80 ?_J'_
20 15 10 5 0 5 10 15 2 % § ‘
Distance from Grain Boundary , nm s o :
(Brummer, 1999) P | N |
~100 nm ~10 nm

Example of radiation induced
segregation near the grain
boundary

Plot of solute element profiles across a grain boundary

In the case of thermal non-sensitization, Cr depletion zone near grain

boundary is made by neutron irradiation.
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Fig. 7. Relationships between neutron fluence and changes in
grain boundary chemistry.

(Furutani, 2001)
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JASCC of In-Core Materials

— Mechanism of RIS

Inverse Kirkendall Segregation

Vacancy migration to boundaries prompts
preferential depletion of fast diffusing solutes
and enrichment of slow diffusing solutes

Slow Diffusing
Solutes (Ni)

Fast Diffusing
Solutes (Cr, Fe)

Irradiation Defects
{Vacancies)

Distance from Grain Boundary

(Bruemmer,1999)
Interstitial Association Segregation
Self interstitials drag undersized

solutes (Si, P) to boundaries causing
uphill diffusion and enrichment

Back Diffusion

\
Uphill diffusion

a~

Irradiation Defects
(Interstitials)

Distance from Grain Boundary
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JASCC of In-Core Materials

Is it possible to explain IASCC phenomena by RIS ?

20t

10

Minimum Grain Boundary Chromium
Concentration Measured by FEG-STEM, wt%
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(Was, 1994)

Change of grain boundary Cr concentration
as function of neutron fluence
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Minimum Grain Boundary Chromium Concentration Measured by ATEM, wt%

(Brummer, 1999)

Relationship between grain boundary Cr
concentration and IASCC susceptibility

It is necessary to consider both local solute element change at grain boundary
(RIS) and change of microstructure by formation of radiation defects at the

same time.
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(2) Irradiation Hardening

 Influence of materials

100 > <
<
9 f Irradiated materials
80 £ | under BWIR condition
70
.
o 60
2
3 50
= 40 v
©316L [2.2] WM 316L [2.3]
30 A 316L [2.4] @ 316L [2.5]
20 v 316L [2.6] @316 [2.7]
W316 [28] A316 [2.9]
10 ® 316 [2.10]

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Damage (dpa)

Effect of carbon addition on %IGSCC
was able to explain by increase of
yield stress.

But it is difficult to explain complicated
effect of element addition by only
increase of yield stress.
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%IGSCC in Post Irradiation SSR Tests

100

300 500 700 900
Yield Stress, MPa

S. M. Bruemmer et al., Proc. 6th Int. Symp. Environmental Degradation of
Materials In Nuclear Power System —Water Reactor-, TMS, 1993, p.537.

% IGSCC in SSRT
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80 |- 347L-PL-SiL
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40 - = O
316L-Nb
= [~}
| 347LPLSIM g 316NG-Nb
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0f--—m-—————— -l -~~~ —————————— B
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K. Fukuya et al., Proc. 6th Int. Symp. Environmental Degradation of

Materials In Nuclear Power System —Water Reactor-, TMS, 1993, p.565.
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2.5.4 |ASCC of In-Core Materials

(3) Localized Deformation

Dislocation channels: Cause of localized deformation

a) b)

Fig. 5 Dislocation channels in 304L SS irradiated to 3 dpa and deformed at 288°C a) low
magnification b) high magnification.

(Cole,1995)

Dislocation channel is
portion in which point
defect loop is absorbed
and density of radiation
defect is low by moving of
dislocation.

Brittle fracture is occurred
by small macroscopic
deformation to
concentrate localized
deformation in dislocation
channel area.

No empirical proof for relevance to SCC
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254 IASCC of In-Core Materials o

Formation of denuded zone near grain boundary
Neutron irradiation at 275°C

6000+ttt .
B 304SS Measured '
E 50.00F H i
= E O O 316SS Measured ﬁ
3 40.00F 0 . 8
= 3 0 ]
g 30001 1
N t . Measured Loop Spacin
T 2000rEm H < Popaciog o,
! i
a 10'004;_ - Measured Loop Size
0.00+ } -t + + T+

0 2 4 6 8 10 12 14

Figure 4 Measured denuded zone widths in 304SS and
316SS. Measured loop dimensions are also shown.

Figure 3. Observed denuded zones in 316SS and 304SS
after LWR irradiation. Well-established denuded zones exist at low dpa but

(Simonen, 1999) disappear at high dpa. (Simonen, 1999)

Denuded zone near grain boundary Change of denuded zone width

Denuded zone with low density of radiation defects is formed near grain
boundary of irradiated stainless steel. Even though denuded zone width is
different with irradiation conditions, it is possible to be cause of
concentration of deformation at grain boundary.
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(4) Selective Internal Oxidation

« Microstructure near crack tip
— BWR:Top guide of Type 304 SS, 0.7dpa

(b) .,

L.E. Thomas et al., proc. 11th Int. Conf. Environmental Degradation of Materials in Nuclear Power System-Water Reactors-,
2003, p.1049.

Oxide-filled cracks extended up to several tens of um along all high-angle
grain boundary. Oxides consisted of thin layers of epitaxial Cr-Fe-rich spinel
next to metal grains, and Fe-rich spinel (magnetite) in middle. Grain
boundaries appeared deflected by ~5 nm and returned to course of leading
grain boundaries at ~60 nm past tips.



2.6 Remedies for Material Issues




2.6.1 Countermeasure of SCC

Countermeasure

Concrete Example

Improvement of
materials

-Low carbon (Type 316L SS, etc.)
-Development/application of high SCC resistant alloy (Alloy
690, etc.)

Improvement of
stress

- Improvement of surface worked method
- Surface peening treatment
- Improvement of welding method (reduction of residual stress)

Improvement of
environment

-Injection of H2, NMCA, Zn and hydrazine
-Water chemistry management (degas operation in start-up)
- Development of monitoring technique (ECP sensor, etc.)

Advanced
evaluation

Improvement of SCC model and simulation method
Improvement of nondestructive inspection technique
Improvement of SCC test method

*In-pile SCC/water chemistry test in MTR

Preparation of
standards

- Preparation of fithess-for-service standard and structural
integrity evaluation guide

- Standardization of water chemistry control and SCC test
- Preparation of crack growth curve

Nurturing of
talented people

Persons who bear basic research for SCC




2.6.1 Countermeasure of SCC

Water

Principle of LP
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Compression residual stress layer is formed due to
impact force of plasma initiated in surface of
material by pulse laser irradiation in water.

Tensile residual stress near welding joint of core
shroud is able to convert to compression stress
until about 1 mm depth by laser peening treatment.

(Journal of the Atomic Energy Society of Japan, Vol. 44, No. 4 (2002))



2.6.1 Countermeasure of SCC

Example of application of WJP

When high pressure water jet out in water, whirl is
initiated in boundary between jet water and surrounding
stopped water. Since pressure in center of whirl is low,
water in center of whirl is evaporated and many bubbles
are formed. With reaching downstream, pressure of
water is recovered and bubbles are crushed. And then
big force of several tens thousand of pressure is formed
and stress situation in surface of metal is improved by
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(Atomic Energy Society of Japan, Advanced Atomic Energy a la carte (2002))
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2.6.1 Countermeasure of SCC

CRC.: Corrosion Resistant Cladding

In the corrosion-resistant cladding technique,
Type 308L weld metal is applied to the inside
surface of the pipe at the pipe weld ends
before making the final field weld. This
duplex weld metal covers the region that will
become sensitized during the final weld
process, thus providing intergranular SCC
resistance by maintaining low carbon and a l’
sufficient ferrite level in the region that would

» 2RE
normally be sensitized. BEP YT (BRDEE)

1A
Numerous laboratory data generated on Bty Y Y (BRMGRE LIAREFDIC L SHHABRS)

welded and furnace-sensitized Type 308 and
Type 308L weld metal prompted the . . : :
conclusion that a minimum amount of ferrite lllustration of corrosion-resistant cladding
(7 %) must be present to provide a high

degree of resistance to intergranular SCC in

BWR environments. As with Type 304

stainless steel, reducing the carbon level is

also beneficial as in the L-grade steels.



2.6.1 Countermeasure of SCC

HSW: Heat Sink Welding

The heat sink welding procedure both reduces
the sensitization produced on the inside
surface of welded pipe and, changes the state
of internal surface residual welding stresses
from tension to compression. Heat sink
welding involves water cooling the inside
surface of the pipe during all weld passes
subsequent to the root pass or first two layers.

Welding in air
Flow of water

Welding in water

lllustration of heat sink welding process
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IHSI: Induction Heating
Stress Improvement

The process involves induction heating the outer pipe
surface of completed girth welds to approximately
400°C while simultaneously cooling the inside surface,
preferably with flowing water. Thermal expansion
caused by the induction heating plastically yields the
outside surface in compression, while the cool inside
surface plastically yields in tension. After cooldown,
contraction of the pipe outside surface causes the
stress state to reverse, leaving the inner surface in
compression and the outside surface in tension.

Induction coil

water

lllustration of heating and cooling process
for induction heating stress improvement
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Hydrogen Injection (+NMCA: Noble Metal Chemical Addition)

The hydrogen add to the primary coolant

recombines  with the radiolytically 400, 14
produced oxidizing products (primarily ]
oxygen (O,) and hydrogen peroxide ' 200 _ I
(H,0,)), reducing the oxygen level in the ECP in reactor bottom =
coolant and the corrosion potential of the 0 110 8
: e ] =
stainless steel piping. f% 200 1, £
L > ) £
The consequence of injecting amounts of £ 400 ] £
hydrogen > 0.3 ppm into the feed-water is o o 6 [
that volatile nitrogen species (N,, NH,) o0 Ean‘igtr'logr's;;' a 14 z
are formed, and the radiation levels in the ; -%
main stream line and turbine may —800 12 T
increase by a factor of X4 to X5 due to / ] o
the formation of 16N via an (n, p) reaction ~1000 b s btttedteteca 1 )
. 0.0 0.2 0.4 06 0.8 1.0

on O,
Hydrogen content (ppm)

Few amount of hydrogen promote

recombination between oxygen and : : L.
hydrogen by utilizing catalytic effect of Reduction of ECP and increase of radiation level

introducing a noble metal onto the in main steam line by hydrogen injection
material surface.

(Handbook of Water Chemistry of Nuclear Reactor System, Atomic Energy Society of Japan, 2000.)
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