Appendix A

Materials Degradation Modes and their Prediction

“He that will not apply new remedies must expect new evils; for time is a great innovator,’
from Essays Il Of Innovations, Sir Francis Bacon (1561-1626)

“No sooner knew the reason, but they sought the remedy,” from As You Like It, Shake-
speare (1564-1616)
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A.1  Introduction

In order to satisfy the objective of this Proactive Material Degradation Assessment it is neces-
sary that, as Sir Francis Bacon and Shakespeare recognized, the various modes of degradation
(e.g., stress corrosion cracking, crevice corrosion, thermal embrittiement, etc.) be defined and,
in order to be proactive, there should be quantitative life-prediction capabilities for each of them.
Some of the challenges to having an adequate prediction capability were discussed in Section
2.4, with examples taken specifically for the case of stress corrosion cracking. In this Appendix,
a wider range of materials degradation modes are described, together with a brief description of
the mechanisms and system parameters that control the extent of degradation. This information
_ serves as an introduction to more extensive discussions in the topical reports given in Appendix
B. These latter discussions outline the dependency of the various degradation modes on spe-
cific system parameters, and thereby lay the background behind the panelists’ susceptibility,
confidence, and knowledge scoring of degradation in the various Light Water Reactor (LWR)
systems. '

Since many of the degradation modes involve corrosion, a brief primer is included in Appendix A
on corrosion basics so as to orient the reader to phraseology and concepts. The materials and
degradation modes considered in the following sections in Appendix A are:

A.2  Materials of Construction
A3  Corrosion Basics
A4 Description of Degradation Modes and their Predictability in LWRs
A.4.1 “Uniform” Corrosion
General Corrosion -
Boric Acid Corrosion
Flow-Accelerated Corrosion and Erosion-Corrosion
A4.2 Localized Corrosion
Crevice Corrosion
Pitting Corrosion
Galvanic Corrosion
Microbiologically-influenced Corrosion (MIC)
Environmentally Assisted Cracking
Intergranular Stress Corrosion Cracking (IGSCC) -
Transgranular Stress Corrosion Cracking (TGSCC)
Primary Water Stress Corrosion Cracking (PWSCC)
Irradiation Assisted Stress Corrosion Cracking (IASCC)
Low-temperature Crack Propagation (LTCP)
A.4.3 Under-clad Cracking and Clad Disbonding
A.4.4. Fatigue ’ '
A.4.5 Loss of Fracture Resistance
Irradiation Effects
Neutron Embrittiement
Void Swelling Effects
Thermal Aging



A2

Materials of Construction

As detailed in Tables A.1-A.4, which are excerpted from the appropriate sections in Appendix B,
there is a large variety of metallic materials used in the fabrication of PWR and BWR pressure
boundary and internal components that include the following combinations:

1.

2.

Reactor Coolant Piping and Fittings — carbon steel, low-alloy steel, cast and wrought
stainless steels and various weld materials depending on the parent material used.
Reactor Pressure Vessel and PWR Pressurizer Vessel - low-alloy steel, stainless steel
cladding, wrought nickel-base penetrations and various weld materials.

Reactor Internals — cast and wrought austenitic stainless steels, nlckel base alloys, and

their associated weld metals.

4. PWR Steam Generator —

base alloys, and various weld materials.
5. Pumps - cast and wrought austenitic stainless steels for pressure boundary materials;

various high alloy steels for bolting and austenitic or martensitic stainless steels for

pump shafts and other internal components.

low alloy and carbon steels, stainless steel claddmg, nlckel-

Table A.1 Compositions of Carbon & Low Alldy Steels Used in LWR Pressure Vessels
and Piping (wt. %)
A533-B A508-2 A508-3 A333-6 A516
Carbon 0.25 0.27 0.25 0.30 0.28
(max)
Manganese | 1.15-1.50 0.5-1.00 1.20-1.50 0.29- 1.06 0.60-1.20
Phosphorus |
(max) 0.035 0.025 0.025 0.025 0.035
Sulfur (max) 0.035 0.025 0.025 0.025 0.035
Silicon 0.15-0.40 | 0.15-0.40 | 0.15-0.40 <0.10 0.15—0.46
Nickel 0.40-0.70 | 0.50-1.00 0.40-1.00
Chromium 0.25-0.45 <0.25
Molybdenum | 0.45-0.60 | 0.55-0.70 0.45-0.60
Vanadium <0.05 <0.05
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Table A. 2 Compositions of Some Stainless Steels Commonly Used in LWRs (wt. %)

Type 304L| Type 316 T3y2‘;e | Type347 | Type308L | Type309L | A-286 17-4PH
Carbon (max) 0.03 0.08 0.08 0.08 0.03 0.03 0.08 0.07 .
Manganese(max) 2.0 2.0 2.0 20 2.0 20 20 1.00
Silicon (max) 41 0 1.0 1.0 1.0 1.0 1.0 1.0 1.00
Chromium 18-20 16-18 17-19 17-19 19-21 22-24 12-15 1 5-V17.5
Nickel 8-12 10-14 9-12 9-13 10-12 12-15 24-27 3.0-5.0
Molybdenum 2.0-3.0 1.00-1.50
Phosphorus (max); 0.045 0.045 0.045 0.045 0.045 0.045 0.040 | 0.040
Sulfur (max) 0.030 0.030 0.030 0.030 0.030 0.030 0.030 0.030
_ Ti 1.55-2.00( Cu3.0-5.0
Other elements Ti>5C | Nb+Ta>10C Al <0.35 |Nb+Ta 0.15-
V 0.10-0.50 0.45
Table A. 3 Compositions of Cast Stainless Steels used in LWRs (wt. %)
CF-3 "CF-3A ‘CF-8 CF-8A CF-8M
Carbon (max) 0.03 0.03 - 0.08 0.08 0.08
Manganese (max)  1.50 1.50 1.50 150 1.50
Silicon (max) . 2.00 2..00 2.00 2.00 1.50
Sulfur (max) 0.040 0.040 0.040 0.040 0.040
Phosphorus (max) 0.040 0.040 0.040 0.040 0.040
Chromium 17.0-21.0 17.0-21.0 18.0-21.0 18.0-21.0 18.0-21.0
Nickel 8.0-12.0 8.0-12.0 8.0-11.0 8.0-11.0 9.0-12.0
Molybdenum (max) - 0.50 0.50 0.50 0.50 2.0-3.0
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All of the above materials are potentially susceptible to one or more degradation modes, de-
pending upon the combinations of material and service conditions. Some of these combinations
for PWRs are indicated in Table A.5 as an example of the range of degradation modes and how
their emergence changes between one system and another. For example, alloys, which may
potentially degrade by a given mode in a given system, are shaded in Table A.5 (with no judg-

. ment being made as to the extent of the degradation). The environmental conditions shown in
the Table have been chosen to represent the range of chemistry and temperature conditions in
various PWR systems (e.g., Reactor Coolant System, both primary and secondary; Emergency
Core Coolant System (ECCS); Service Water; etc). Although stress corrosion (SCC) and fa-
tigue (FAT) are possible for the majority of the chosen environment/material combinations, other
degradation modes will change with different system conditions. For instance, microbiologically-
induced-corrosion (MIC) will not be an issue in the higher temperature borated RCS, since the
microbes cannot survive under these conditions, but MIC may be an issue in the lower tempera-
ture systems, such as parts of ECCS, and especially in those reactor systems that are not bor-
ated, such as the component coolant and service water systems. Ranges in temperature are
shown in some of the system examples, and this will give rise to a range in degradation suscep-
tibilities within that system since most of the degradation modes are temperature activated to
different degrees. It is the objective of the PMDA project to assess the extent to which these
susceptibilities may vary due to temperature, material condition, etc. for each component within
the various subsystems (and to assess whether there is sufficient knowledge to predict and
mitigate this degradation). It should also be noted in Table A.5 that many of the al-
loy/degradation mode combinations are shown blank; indicating that although there may be a
possibility of degradation, its likelihood of occurrence is small. The rationale for such judgments
is either the fact that that particular combination (marked with an X) does not occur (e.g., there
are no Alloy 82/182 welds in the highly irradiated core region, so irradiation induced creep is
unlikely), or there are mechanistic reasons to judge that the likelihood of degradation is low; this
latter aspect is covered in Section A.4 of this Appendix.
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Table A. 4 Compositions of Nickel base alloys used in LWRs (wt. %)

Alloy All0y 182| Alloy 82 |Alloy 690|Alloy 152| Alloy 52 |Alloy 800 Alloy (ajjoy 718
600 X750
Nickel >72.0 | Bal. Bal. | >58.0 | Bal. Bal. | 30-35 | >70.0 | 50-55
Chromium | 14-17 | 13-17 | 18-22 | 28-31 [28-31.5|28-31.5| 19-23 | 14-17 | 17-21
Iron 6-10 | <100 | <3.00 | 7-11 | 812 | 812 | >395 | 5-9 Bal.
Titanium <1.0 | <0.75 <050 | =10 | 0> | 225 ) 065
Aluminum <110 | 213 10.4-1.0 |0.2:0.8
| 0.60
Nioblum plus 1.0-2.5 | 2.0-3.0 1.2-2.2 | £0.10 0712 T
Molybdenum : <0.50 <0.05 2.8-3.3
Carbon (max)| 0.05 | 0.10 | 0.10 0.04 | 0.045 | 0.040 | 0.10 | 0.08 | 0.08
Manganese | <1.0 |5.0-95|25-35| <050 | <50 | <1.0 | <150 | 1.0 | <0.35
Sulfur | <0.015 | <0.015 | <0.015 | <0.015 | <0.008 | <0.008 | <0.015 | <0.010 | <0.010
Phosphorus <0.030 | <0.030 <0.020 | <0.020
Silicon <05 | <1.0 | <0.50 | <0.50 | <0.65 | <0.50 | <1.0 | <0.5 | <0.35
Copper <0.5 | <0.50 | <0.50 | <0.5 | <0.50 | <0.30 | <0.75 | <0.5 | <0.30
Cobalt <0.10 | =0.12 | <0.10 | <0.10 | £0.020 | <0.020

A-5



Table A. 5 Expected Alloy/Degradation Mode Combinations for PWRs (GC=General Cor-
rosion; BAC=Boric Acid Corrosion; FAC= Flow Accelerated Corrosion; CREV= Crev-
ice Corrosion; PIT=Pitting; GALV=Galvanic Attack; SCC=Stress Corrosion Cracking;
MIC= Microbiologically-Induced Corrosion; FAT= Fatigue)

"General Corrosion” “Localized Corrosion" "Mechanical"
Alloy System GC | BAC | FAC|CREV] PIT {GALV| SCC | MIC| FAT[Therm. Emb{irad Embl Irrad Creep
[Reactor Coolant , 550-650 F, PWR Primary and Secondary Water
Low Alloy & Carbon Steel
{Wrought Stainless Steel, 304/316
Stainless Steel Welds 308/309
Cast Stainless Steel CF8/CF8M
oy 600 Nozzes, Saf-ends, SGTubes m:
Alloy 82/182 Welds
Main Feedwater, 250-450F, Demin Water, pH 9-10
Carbon Steel Pping H l
Alloy 690 Forging
Main Steam Line, 445-530F , Steam
Low Aloy & Carbon Stee! | |
CVCS, 115-290F, PWR Water
Low Alloy Steel Bolts (assume leakage)
Wrought Stainless Steel, 304/316
Stainless Steel Welds 308/309
Cast Stainless Steel CF8/CFM
Emergency Core Cooling System, 100-150 F, Borated Demin Water
Wrought Stainless Steel, 304/316
Stainless Steel Welds 308/309
Cast Stainless Steel CF8/CFM
Component Cooling Water,105-130F, Treated Water
Low Alloy & Carbon-Steel Piping / Fittings
Low Alloy & Carbon-Steel Piping  Fitings =
Wrought Stainless Steel, 304/316 HX tubing
Stainless Steel Welds 308/309
Copper base alloys HX tubing




A3 Corrosion Basics

Corrosion of metals in aqueous environments involves various electrochemical and chemical
reactions at, or close to, the material/environment interface. For instance simplified reaction
equations may be formulated for the electrochemical oxidation of a metal atom to form either (a)
a solvated metal cation (Equation A.1) or (b) in alkaline solutions, a metal anion (Equation A.2);
or (c) an oxide may be formed directly on the surface (Equation A.3) by electron transfer. Alter-
natively, the oxide may also form adjacent to, and then deposit onto, the surface via a precipita-
tion reaction (Equation A.4).

M+ H,0 > My +ze A1
M+nH,O — MO, +2nH" + ne’ A2
M+ HO — MO +2H,0 + 2¢ A3
Ma™" + H;O — MO + H+ A4

Extensive research and development over many decades has focused on the kinetics and
thermodynamics of such reactions since they are central to the development of corrosion mitiga-
tion actions used in numerous industries; such actions include, for instance, anodic and ca-
thodic protection, development of various inhibitors and paint schemes, alloy development, wa-
ter chemistry control, etc. Discussion of such developments and the science behind them is
outside the scope of this present discussion, and the reader is directed towards appropriate
textbooks, such as References 1-6, for such details.

Under equilibrium conditions the change in Gibbs free energy, AG, associated with those sur-
face reactions involving electron transfer (Equations A.1-A.3) will have a related electrode po-
tential, E, at that surface (Equation A.5) with the value of that potential being a function of tem-
perature, metal cation or anion activity (for Equations A.1 and A.2) and pH (for Equations A.2
and A.3).

E =-AG/zF » A5

where F is Faradays constant (96,500 coulombs/equivalent), and z is the number of electrons
(or equivalents) exchanged in the reaction.

Again the reader is referred to corrosion textbooks [1-6] for details of these electron transfer re-
lationships, and the derivation (and measurement) of the electrode potential that exists at the
metal/solution interface. The equilibrium stability of the precipitated oxide in Equation A.4 will
be dependent on the interactions between temperature, pH and oxide solubility.

These fairly basic concepts lead to the construction of a Pourbaix diagram [7], which denotes
the potential/pH combinations where various species (M, MO, M,,*", MO,™) are thermodynami-
cally stable or metastable at a given temperature. Such diagrams are of extreme value in pre-
dicting corrosion events and in determining E/pH combinations where the metal is, (a) thermo-
dynamically immune from corrosion or, {b) where it is possible that the surface may be pro-
tected by an oxide (or salt)' which may, depending on its structure, confer “passivity” or, (c)
where the metal may undergo active corrosion. With this knowledge, mitigation strategies as-
sociated with, for instance, water chemistry specifications or alloy choice can be formulated.

" The Pourbaix diagram for the iron-water system, at 25°C and activities of dissolved species of
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10"® gm-equivalents/L, is shown in Figure A.1 as an illustration of these concepts. It is seen
that, at lower potentials, there is a region in potential-pH space where the oxidation reactions
(Equations A.1-A.3) are not possible thermodynamically, and iron is immune from corrosion.
However, corrosion is possible at more positive potentials corresponding to the general oxida-
tion Equations A.1 and A.2 where the dissolved species are Fe?* or Fe*" in acid solutions and
HFeO; in alkaline solutions.

NN
: \ I
\\&\\\ R Passivation :

VR

Ep{V)

pH

Fig. A.1 Pourbaix diagram for the iron- water system at 25°C, Activities of dissolved spe-
cies of 10° gm-equivalents/L [7] (© NACE International 1974)

Oxides (Fe;04, Fe,0;) are stable at intermediate pH values via oxidation reactions (Equation
A.3) or dissolution/ precipitation reactions (Equation A.4) and may, depending on the oxide
structure confer corrosion protection. Alloying may significantly affect the oxide structure and
the degree of protection or “passivation,” which is conferred at various E/pH conditions. A sim-
ple example of this is shown in Figure A.2 where the stability region for Cr(OH); is superim-
posed onto the Pourbaix diagram for the iron-water system. It is seen that the passivity region
is considerably- expanded, with the possibility of improved corrosion resistance in ferritic
stainless steels (Fe-Cr alloys) and austenitic stainless steels (Fe-Cr-Ni) due to the formation of
mixed spinel oxides on the metal surface. Again the reader is guided to the corrosion hand-
books that refer to numerous papers that focus on the details of these phenomena.
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-~

Fig. A.2 Superimposition of Cr(OH)3 stability region onto the Pourbaix diagram for the
iron-water system at 25°C and activities of dissolved species of 10 gm-
equivalents/L. [4; adapted from 7]. Note that the alternate Cr,O; phase has a similar
outline but with reduced stability regions in the acid and alkaline regions. (Reprinted by
Permission of Pearson Education, Inc., Upper Saddle River, NJ.)

Pourbaix diagrams may also be used for the prediction of corrosion degradation modes other
than general corrosion, since many of these are dependent on the conjunction of reactions such
as Equations A.1- A.4. Such a use is discussed in Appendix B relative to the E/pH combina-
tions known to be relevant for various submodes of stress corrosion cracking of nickel-base al-
loys in PWR steam generators [see Appendix B.7].

Finally, in discussing the thermodynamics of the various species at the metal — environment in-
terface, it is important to point out that the Pourbaix diagram sets bounds on the kinetics of for-
mation of those species. For example, metal dissolution (Equation A.1), cannot occur, even at
extremely slow rates at potentials more negative than the reversible potential for that reaction.
The rate of dissolution at potentials above the reversible potential will depend on various factors
that are discussed below.

The extent of corrosion, or the mass of metal oxidized per unit area, is the faradaic equivalent of
the oxidation charge density passed in Equations A.1-A.3. However, in order to conserve
charge under open circuit conditions (i.e., the metal does not have an imposed current on it as
would be the case with anodic or cathodic protection), the release of electrons in such oxidation
reactions must be balanced by an equal consumption of electrons by reduction reactions. In
LWRs such reactions commonly involve reduction of hydrogen cations (Equation A.6), water
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(Equation A.7), or dissolved oxygen (Equation A.8), or may be associated with other reactions
associated with reduction of hydrogen peroxide, cupric cations, etc.

2H" + 2e — H, A6
in acid solutions or, in neutral or alkaline solutions

2H,0 +2e — H; +20H ‘ A7
and

O, +2H,0 +4e — 40H | A8

The fact that reduction reactions must also occur on the metal surface has an impact on the re-
gimes on the Pourbaix diagram that are applicable for a given system. For instance, Equation
A.6 is an appropriate reduction process in deaerated water, and the line “a” in Figure A.1 indi-
cates the equilibrium potential/pH relationship for that process. Thus, in order to have reduction
according to Equation A.6 in conjunction with oxidation of iron by Equations A.1-A.3, the rele-
vant potential/pH area lies below line “a.” By contrast in aerated water, where a relevant reduc-
tion reaction would be Equation A.8 (whose equilibrium potential / pH relationship is given by
line “b” in Figure A.1), the relevant potential/pH area on the Pourbaix diagram where metal oxi-
dation or corrosion can occur is considerably increased. Thus there is a thermodynamic reason
why, in general, corrosion problems are potentially more significant in aerated vs. deaerated
solutions.

As shown schematically in Figure A.3 the oxidation and reduction reactions may take place on

adjacent areas of the material surface, but this is not always the case, especially for localized

corrosion modes when the “anodic” and “cathodic” sites (where the oxidation and reduction re-

- actions respectively occur) may be separated for geometric or metallurgical inhomogeneity rea-
sons. :

HCl solution

Fig. A.3. Oxidation and reduction reactions occurring on adjacent areas of surface [4]
(Reprinted by Permission of Pearson Education, Inc., Upper Saddle River, NJ.)
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The kinetics of the oxidation and reduction reactions for the simple case of zinc dissolving in an
acid solution are shown in Figure A.4 in order to illustrate the concept of the equilibration of oxi-
dation and reduction reaction rates. It is seen that the oxidation, or dissolution, rate for zinc,
quantified by the current density for the reaction,

Zn — Zn*" + 2¢

increases exponentially with the extent that the surface potential is increased from the potential
associated with equilibrium for that oxidation reaction (i.e. approximately -0.75V vs. SHE); this
difference between the equilibrium potential and the surface potential is known as the overpo-
tential. Similarly the reduction rate of hydrogen cations (Equation A-6) occurring on the adja-
cent metal surface also increases exponentially with increasing overpotential from the equilib-
rium potential (i.e. OV vs. SHE) for that reduction reaction. At a surface potential denoted as the
corrosion potential, E..rin Figure A.4 the rate of oxidation equals the rate of reduction, and the
zinc corrosion rate is defined by the Faradaic equivalent of the corrosion current density, icor
Note that in terminology generally used in corrosion in nuclear systems, E. is usually termed
the electrochemical corrosion potential, or ECP.

+0.2

0.0

POTENTIAL, E (V) VS. SHE

Zn% +2¢ — 20
-0.8 ] L I ! )

10-12 10-10 10-8 10-6 10-¢ 10-2
CURRENT DENSITY (A/cm?)

Fig. A.4 Schematic “Evans” diagram indicating the equilibration of the oxidation and re-
" duction rates for the dissolution of zinc in 1N HCI solution, and the associated
*corrosion current, (icor )’ and “corrosion potential, (E....)’. [4] (Reprinted by
Permission of Pearson Education, Inc., Upper Saddle River, NJ.)

This simple kinetic system may become more complicated when, as mentioned above, the “an-
odic” and “cathodic” sites are separated for geometric or metaliurgical inhomogeneity reasons,
or where the areas on the metal surface associated with oxidation and reduction reactions are
markedly different. These are particularly important in localized corrosion events, and will be
discussed later in the appropriate section.
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In order to control corrosion product (or “crud”) release in the reactor coolant system, alloys are
used that operate in the region of the Pourbaix diagram where surface protection is provided by
the presence of a protective oxide film. The effect of the formation of such a film on the kinetics
of oxidation is shown schematically in Figure A.5. As the overpotential for oxidation is increased
so the corrosion rate may increase exponentially under “activation control” until a potential, pre-
dictable from the Pourbaix diagram, is reached when an oxide may form. This potential is de-
noted by E,, in Figure A.5. Thereupon the oxidation rate decreases by a factor of 10* or more
dependent on the structure, composition, and solubility of the surface oxide. The increased cor-
rosion resistance may be maintained over a considerable potential range until, at more positive
potentials, the oxide may lose it's protective properties, either due to the onset of localized
breakdown associated with the presence of aggressive impurity anions (such as chloride) lead-
ing to pitting [8, see Appendix B.9,] or, at more oxidizing conditions, to the dissolution of the
passive film. This latter condition is known as “transpassivity” and an example would be disso-
lution of Cr,0Os -rich surface oxides to HCrO,".

Transpassive
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log CORROSION RATE OR CURRENT DENSITY

Fig. A.5 Schematic oxidation current density vs. electrode potential diagrams, indicat-
ing, for the oxidation reactions, transitions from activation control, to onset of
passivation, to oxide break down due to transpassivity or pitting. [4] (Re-
printed by Permission of Pearson Education, Inc., Upper Saddle River, NJ.)

The prediction of the kinetics of corrosion reactions is further complicated by the fact that many
of the oxidation and reduction reactions occurring on the metal surface may be ultimately con-
trolled by the transport of either reaction products away from the surface, or by the transport of
reactants to the metal surface. This is especially the case for material geometries, such as
crevices and cracks; these situations will be discussed in the appropriate sections on localized
corrosion later in this Appendix and in the topical reports in Appendix B. An example of such a
complication due to mass transport under general corrosion conditions is shown schematically
in Figure A.6 where the kinetics for the reduction of dissolved oxygen (Equation A.8) are super-
imposed on-the metal oxidation kinetics from Figure A.5. In this situation it is seen that the “ac-
tivation controlled” reduction kinetics increase exponentially with overpotential to a limiting value
when the reduction rates become potential-independent. This limitation corresponds physically
to the point when dissolved oxygen cannot arrive fast enough to the reacting surface to satisfy
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any further increase in activation controlied processes. As would be expected, however, this
.condition is delayed if the bulk-dissolved oxygen content is increased or if the solution flow rate
is increased; both of these actions effectively increase the concentration of oxygen and reduc-
tion kinetics at the reacting metal surface. This is illustrated in Figure A.6 by the vertical lines
marked i 1, 2, 3, 4, 5, and 6. It is apparent that the corrosion current density and corrosion po-
tential can change in a non-monotonic manner with different changing system conditions (e.g.,
flow rate, oxidant concentration, turbulence), but these can be predicted via knowledge of the
oxidation rates and the reduction rates associated, in this example, with dissolved oxygen con-

tent, solution flow rate, etc.

(~) «— POTENTIAL—» (+)

log i

Fig. A.6 Superposition of the reduction kinetics for dissolved oxygen on the metal oxida-
tion rates from Figure A.5. In this case the reduction kinetics may be limited by
the supply of oxygen to the reacting surface. [4] (Reprinted by Permission of
Pearson Education, Inc., Upper Saddle River, NJ.)

A.4  Description of Degradation Modes and their Predictability in LWRs .
A.4.1 “Uniform” Corrosion

This section addresses degradation mechanisms, which result in loss of material over a rea-
sonably large area (as opposed to localized corrosion that may occur over areas governed by
metallurgical inhomogeneity defined broadly as less than 1-2 cm?). Such “uniform” degradation
modes include general corrosion, boric acid corrosion and flow accelerated. corrosion.

General Corrosion

General corrosion is characterized by uniform surface loss through material oxidation (i.e., gen-
eral Equations A.1-A.3), and is deleterious to plant operation due to (a) loss of functionality of a
pressure boundary due to loss of section thickness, (b) the presence of corrosion products
(“crud”) which may decrease the heat transfer efficiency when these deposit on e.g., steam gen-
erator tubes or fuel cladding, and (c) the presence of crud which is deposited and activated on
the fuel cladding surface and, upon release, will increase the radioactivity levels in the RCS or,
in the case of direct cycle BWRs, the balance of plant.



General corrosion issues are part of the design basis of the LWRs and are founded on a large
body of research over many decades. Thus there is good reason for the judgments in Table A.5
that general corrosion is usually not an issue in LWRs. The following discussion is included,
however, since the electrochemical details of general corrosion in LWRs forms a basis for un-
derstanding other corrosion-based degradation modes for which there may be less confidence
in our ability to adequately address the situation.

As explained in Section A.3 the corrosion rates may be managed by consideration of the ther-
modynamically stable (or metastable) species (dissolved metal cations, oxides, salts, etc.) at the
metal/water interface and the control of the relevant oxidation and reduction kinetics. In the
case of the main materials of construction in LWRs importance is attached to the surface oxide
solubility, which, as indicated in Figure A.7, for magnetite in the iron/water system at 300°C, ex-
hibits a minimum at neutral or slightly alkaline conditions [9]. Very similar solubility /pH relation-
ships are noted for chromium and nickel. Also shown in Figure A.7 is the dependency of the
corrosion rate for mild steel on pH, which mirrors the oxide solubility dependency.
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Fig. A.7 Corrosion of mild steel and solubility of magnetite at 300°C showing corrosion
rate laws [9]

As explained in Section A.3 the corrosion rates of stainless steels and nickel-base alloys in high
temperature water are significantly lower than those of carbon steels due to spinel type oxides
composed of a mixture of NiFe,0,, Fe;0, and FeCr,0,. Consequently in the high temperature
RCS, the internal surfaces of the low alloy steel pressure vessel, pressurizer and steam genera-
tor are clad with type 308/309 stainless steels. However there are carbon steel components
exposed to high temperature water/wet steam such as feedwater piping, main steam lines.and
some parts of the pressure vessel left exposed following repair procedures at, for instance, ves-
sel penetrations such as CRDM or instrumentation tubes. For these reasons, amongst others



“associated with control of localized corrosion, both PWR and BWR operations are subject to
strict water chemistry control, as discussed below.’

Because of the dependencies of corrosion rate and oxide solubility on pH, the water chemistry
specifications for PWRs impose a tight control on the pH values, which may vary slightly from
one plant to another, and between primary [see Appendix B.11] and secondary [see Appendix
B.12) systems. This control is achieved via injection from the Chemical Volume and Control
System (CVCS) to the primary system of LiOH, and boric acid (for chemical shim control of core
reactivity). Early water chemistry specifications imposed a pHsqoc specification of 6.9 +/- 0.2,
corresponding to the minimum in magnetite solubility (Figure A.7), but more recent specifica-
tions have increased this pHsgoc Specification range to 7.1-7.3, in order to take advantage of
both the corrosion resistance due to nickel ferrite and the improved control-of crud build up and
shutdown dose rates. There is a limit to which this alkalinity increase can be allowed which is
associated with an increase both in corrosion rate of zirconium alloy fuel cladding, and in sus-

- ceptibility to stress corrosion cracking of Alloy 600 steam generator tubing.

In addition to pH control for PWRs associated with the thermodynamic stability of a protective
oxide on the surface, the kinetics of corrosion are also, as discussed in section A.3, a function of
the presence of oxidizing species. Consequently, the RCS primary system has an overpressure
(approx. 15 KPa) of hydrogen to minimize the reduction kinetics of Equation A.7. A maximum
limit in the amount of hydrogen overpressure is determined by avoidance of hydriding of the zir-
conium alloy cladding. Additional overpressure via operation of the pressurizer also ensures -
that, under normal operating conditions, boiling in the reactor core is largely suppressed,
thereby minimizing the possibility of concentration of, e.g., impurities at heat transfer surfaces in
the primary side and the consequent increase in corrosion rate at these boiling sites.

In the PWR secondary system the dissolved oxygen concentration (which affects both the acti-
vation and diffusion controlled reduction kinetics and, thereby, the metal corrosion rate), is con-
trolled by the presence of hydrazine [see Appendix B.12]. However since boiling occurs on the
secondary side of the steam generator tubes, it is possible to have accelerated corrosion in oc-
cluded regions such as tube/tube support regions; this will be discussed later in the section on
crevice corrosion.

Control of general corrosion in the lower temperature systems such as the service water sys-
tem, where the piping is predominately carbon steel, can present a potential problem since the
water supplies for such systems are “uncontrolled” sources such as the ultimate heat sink, lake
water, or sea water. Moreover, under such lower temperature conditions the surface oxide is
not as protective as that at higher temperatures in the pH range specified for, e.g., the RCS.
However, generally accepted corrosion prevention methods widely used in other industries
(transportation, petrochemical, marine, etc.) are applied, including the use of cathodic protec-
tion, (for submerged pumps and underground piping), inhibitors (such as phosphates) or bio-
cides to control microbiologically induced corrosion. :

Chemistry control for general corrosion in direct cycle BWRs is largely driven by the fact that,
under “normal water chemistry” (NWC) conditions, there is an excess of dissolved oxygen in the
coolant, since the other product of the radiolytic breakdown of water, hydrogen, is preferentially
partitioned to the steam phase. This dissolved oxygen has a deleterious effect on stress corro-
sion cracking of most of the BWR materials of construction, as will be discussed later. Conse-
quently the main driving force in chemistry control for BWRs [see Appendix B.10] has been to
lower the dissolved oxygen concentration (or more accurately, the corrosion potential) by both.
injection of hydrogen (Hydrogen Water Chemistry) and control of the dissolved impurity level.
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As a result of these industry actions, the level of impurity contents in the reactor coolant has
dropped markedly over the last few decades, with current coolant conductivities approaching
that of theoretically pure water; moreover, virtually all of the U.S. BWRs now operate under
HWC with modifications due to the addition of noble metals (Noblechem™) to the coolant that
improve the efficiency of the oxygen/hydrogen recombination [10, 11, see Appendix B.10].

Although these actions have been extremely effective in controlling stress corrosion, the addi-
tion of hydrogen can have a deleterious impact on radioactivity release due to both "°N during
power operation and the creation and release of activated corrosion byproducts, mainly *°Co,
during plant shutdown and/or changes between NWC and HWC.

In the former case the release of "N to the steam and off-gas systems is aggravated by the ad-
dition of hydrogen to the coolant and the effect that this has on the formation of volatile nitrogen
bearing species originating from '°O(n,p)'N reactions in the core region. This increase in the
'®N content effectively limits the hydrogen addition to the feedwater to 200-300 ppb. In more
recent times the widespread adoption of noble metal technology, and especially Noblechem™,
has minimized the HWC/'®N problem and has allowed the efficient reduction of the corrosion
potential without the deleterious radioactivity offgas release [11].

The creation and release of ®°Co is directly relatable to the presence of *°Co in corrosion prod-
ucts from cobalt-rich, wear resistant Stellite valve seatings, roller bearings, etc, or to cobalt im-
. purities in the nickel base components and stainless steel piping and, especially, control rod
blade sheaving. Once this crud is deposited and the **Co is activated on the fuel cladding, the
resultant ®°Co is transported to the stainless steel piping where it is incorporated into the oxide
spinel structure. The mitigation for this deleterious general corrosion related phenomenon [see
Appendix B.10] is to (a) reduce the cobalt inventory in the reactor circuit by using alternatives
to cobalt-rich Stellites, (b) minimizing the crud formation (which acts as a transport vehicle for
the activated °°Co from the core to the piping) by control of the anionic impurity and the dis-
solved iron concentrations and, (c) add 10-100ppb zinc to the coolant. In this latter case the
zinc inhibits the corrosion of stainless steel, resulting in thinner spinel films, and also takes up
competing sites where ®°Co could reside in the oxide spinel structure.

Although the reduction in dissolved oxygen content and corrosion content via HWC/ No-
blechem™ has been successful in reducing the extent of stress corrosion cracking in BWRs, it
has introduced a problem of increased corrosion of carbon steel feedwater lines [12,13] due to
the formation of non-protective magnetite films at the low corrosion potentials associated with
oxygen contents <5-10 ppb. Consequently BWR water chemistry guidelines [see Appendix
B.10] specify a minimum dissolved oxygen content of 30 ppb in the feedwater lines to ensure
the creation of a more adherent and protective magnetite film which is stable at the more ele-
vated corrosion potentials. ’

From a life-management standpoint, it is apparent that the knowledge base exists to predict and
control the general corrosion behavior in most of the materials of construction in LWRs via ap-
propriate water chemistry control. Indeed there is some considerable margin in the design basis
to account for general corrosion since actual corrosion rates are significantly below the design-
basis allowable values. For instance, the design specification provides a general corrosion allow-
ance of 120 mils for the carbon steel main steam system. The actual general corrosion rate for
carbon steel piping in a steam environment is less than 0.16 mils per year. Similarly, the corro-
sion allowance for stainless steel piping operating in the 260-316°C (500-600°F) range is 2.4
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mils. The actual general corrosion rate for stainless steel in this temperature range is 0.01
mils/year of service life.

Boric Acid Corrosion

Although, as discussed in the section above, the general corrosion rates of the LWR materials
of construction are well below the design values required to maintain structural integrity, and the
radioactivity issues associated with activation of the corrosion products can be managed, there
are situations where very high corrosion rates can occur over significant areas.

One such situation is the corrosion of carbon and low alloy steels due to boric acid in PWR pri-
mary environments [14, 15, see Appendix B.18,]. Under normal operating conditions the corro-
sion rate of carbon and low alloy steels in borated, hydrogenated, primary water is <0.025
mm/year, but problems have occurred in operating plants when borated water leaks from the
PWR RCS onto an external carbon or low alloy steel surface. Under these leakage situations
the boric acid concentration on the external component will increase due, for instance, to steam
flashing and alternate wetting and drying cycles that produce, ultimately, a low pH boric acid
slurry which, in combination with an oxygenated air atmosphere, can cause very high corrosion
rates of approximately 25 mm/year, (Figure A.8). Such an increase in corrosion susceptibility is
predictable via reference to the Pourbaix diagram for the iron/water system (Figure A.1), which
indicates that, under acidic, and especially under higher surface potential, oxygenated condi-
tions, corrosion is likely, and that it is unlikely that any protection due to a surface oxide would
be forthcoming given the high oxide solubility under these acidic conditions (Figure A.7).

Problems of boric acid wastage of closure studs in the pressurizer, reactor coolant pump, steam
generator manways, etc. have been associated with leaks due to gasket failures or through wall
cracks in the component. The most notable recent observation of such a degradation mode
was the through-wall corrosion of the pressure vessel-head at Davis Besse in 2002 associated
with stress corrosion cracking of nickel-base alloys in the vessel head penetration assembly and
subsequent leakage of primary coolant into a restricted geometry between the outside of the
pipe and the reactor pressure vessel head. The result was that boric acid concentrated due to
boiling and evaporation to levels that led to excessive corrosion of the low alloy steel pressure
vessel. All of these incidents are in the higher temperature RCS where such concentration
mechanisms are possible. By contrast, boric acid wastage problems would not be expected to
be associated with leaks in lower temperature systems (<100°C) such as the ECCS and CVCS
since, although these systems are borated, there would be no mechanism to concentrate the
boric acid sufficiently to achieve the low pH values needed for high low alloy steel corrosion
rates.

As indicated in Figure A.8 the corrosion rate of carbon and low alloy steels increases with in-
creasing acidity and is, depending on the pH value greatest at temperatures between 80 and
150°C. Such a surface temperature range is achievable due to evaporative cooling of the es-
caping high pressure coolant impacting on the external component.
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Fig. A.8. Relationship between the corrosion rate of carbon and low alloy steels in vari-
ous acidified boric acid solutions as a function of temperature. [15]

As discussed in Appendix B.18, the Davis Besse incident does present some challenges to the
assertion that all boric acid wastage is predictable since; in this particular geometry, it was un-
clear that very low pH values could be achieved. As a result there are ongoing research efforts
both in the industry and the NRC to determine, for instance, the interactions between the corro-
sion rate and various factors such as the leakage rate (and the role of erosion —corrosion or im-
pingement), the chemistry of the escaping coolant, the extent of evaporative cooling of the low
alloy steel surface, and the role of the geometry of the assembly (for instance, the dimensions of
the annulus between the CRDM pipe and the pressure vessel in the case of Davis Besse),
which will affect the mass transport of oxygen and liquid within the crevice.



. Flow-Accelerated Corrosion and Erosion-Corrosion

Flow-accelerated corrosion is frequently localized at areas of high turbulence, often associated
with geometrical discontinuities or abrupt changes in flow direction, and this manifests itself as a
localized wall loss. There are well-defined electrochemical and mechanical reasons for such
-degradation since the water or steam flow past the metal component may increase the kinetics
of corrosion in various ways, as discussed below.

At the simplest level the corrosion kinetics may be increased under both laminar and turbulent
flow regimes due to an increase in diffusion rates of, for instance, dissolved oxygen, to the metal
surface, or the increase in removal rate of oxidized species from the metal surface. These con-
cepts were discussed in relation to Figure A.6. If the oxide film has a two layer structure, as
seen and discussed above for the general corrosion of carbon and low alloy steels in high tem-
perature water, (Figure A.9), then increasing flow rate may also remove the outer oxide layer
under turbulent flow conditions. Under these conditions the flow-accelerated corrosion rates will
be controlled ultimately by the reductive dissolution of the inner oxide layer and the diffusion ki-
netics of Fe(ll) species away from the surface. Under such conditions the corrosion rate may be
considerably enhanced and be of the order of 10 mm/year.

It is apparent that these controlling conditions are primarily electrochemical in nature. ltis also
possible to accelerate the corrosion rate even further by imposing a mechanical factor to the
removal of the outer oxide layer, including the effect of the impact of water droplets on the sur-
face in two phase flow steam systems (e.g., wet steam in main steam lines or cross-around pip-
ing in turbines), cavitation effects (e.g., impeller blades in pumps) or, in extreme situations, en-
trained particles, such as sand, in service water systems. Such mechanically dominated effects
are normally described as “erosion-corrosion” or “erosion” depending on the degree of the me-
chanical contribution.
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Fig. A.9. Schematic of two-layer oxide structure on carbon steel in
high temperature water. [16] (© NACE International 1981)



As mentioned above, the extent of flow-accelerated electrochemically-controlled corrosion in
high temperature aqueous environments is very much a function of the material/environment
combinations that affect the structure of the oxide layers and their chemical and mechanical sta-
bility. Following the catastrophic failure of a carbon stee! suction line to the main feedwater
pump at Surry-2 PWR [17], there was considerable study [18] of the factors controlling flow ac-
celerated corrosion in LWRs, leading up to the development by EPRI of the CHECWORKS™
prediction code [19]. As discussed in more detail in Appendix B.17, the flow rate effect on the
corrosion rate for carbon or low alloy steels is a function of the material composition, piping ge-
ometry, single vs. two-phase environment, temperature, pH, laminar vs. turbulent flow and the
local corrosion potential. As indicated in Figure A.10 for flow accelerated corrosion of carbon
steel in deoxygenated ammoniated water, the corrosion rate is a non-monotonic function of tem-
perature, with a maximum occurring in the range of 130-150°C for single phase fluids; the peak
corrosion rates occur at a higher temperature range for two-phase environments {e.g., wet
steam in the main steam line and turbine cross-around piping).

Control of the local corrosion potential (or dissolved oxygen.content) is a key factor in managing
flow accelerated corrosion of carbon and low alloy steels in the main steam, feedwater, conden-
sate and moisture separator piping in BWRs. As indicated in Figure A.11, the flow-accelerated
corrosion rates in condensate and moisture separator reheater drain systems are a function of
the local dissolved oxygen content; such an observed relationship is in agreement with the
CHECWORKS™ predictions.

The ability to minimize the corrosion rate by maintaining the local dissolved oxygen content
above 30 ppb will be a function of the amount of air in-leakage from the turbine condenser and,
as mentioned earlier in the general corrosion section, the degree of oxygen dosing in the feed-
water lines. The amount of oxygen control required to minimize flow-accelerated corrosion in
the two-phase environment in the main steam line will be a function of the amount of radiolysis
occurring in the reactor core, the degree of hydrogen water chemistry/ Noblechem™ and the
extent of venting being applied in the moisture separators. The ultimate remedy is to make use
of the more protective and adherent films associated with chromium alloying; hence the re-
"placement of the susceptible lines with low alloy steels with higher chromium content, stainless
steels or the use of a higher chromium content coating deposited by thermal spray or weld over-
lay.

The message here is that the extent of flow-accelerated corrosion that can occur in carbon and
low alloy steels in PWRs and BWRSs is predictable, and the mechanism is understood. The pre-
diction algorithms (i.e., CHECWORKS™) are routinely used in individual plant Aging Manage-
ment Programs to assign inspection priorities. It has generally been found that, where problems
do occur, it is apparent that these analyses and inspection priority methodologies have not been
followed.
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A.4.2 Localized Corrosion

This section addresses materials degradation modes, where the corrosion damage occurs over
relatively small areas but, potentially, may occur at high penetration rates. The result in such
cases may be localized leakage or, in more extreme situations, lack of structural integrity and
catastrophic failure. Such degradation modes include, crevice, pitting, galvanic and microbio-
logically induced corrosion and environmentally assisted cracking. This latter category includes
stress corrosion cracking, strain-induced cracklng and corrosion fatigue (discussed in Section
A.4.4 on Fatigue). .

Crevice Corrosion

As the title suggests, this phenomenon is associated with crevices inside which a relatively
stagnant solution is present and where there is a mechanism to make that solution more ag-
gressive (e.g., increased acidity and increased anionic impurity concentration), and thereby in-
crease the local metal corrosion rate. The crevices may be inherent in the component design
(such as at gaskets, lap joints, bolt heads and threads), or may occur under corrosion deposits
and sludge piles. The critical factors in.controlling this form of attack are (a) the geometry of the
crevice, and the conditions that affect the thermal hydraulics within the crevice, and (b) the
mechanisms that change the cationic and anionic concentrations within the crevice.

The thermal hydraulics and mechanisms of crevice corrosion have been extensively researched
over the last 30 years and, as a result, control techniques are available (see, for instance, Ref-
erences 21 and 22). Examples of this understanding/control synergy are given below.

As indicated schematically in Figure A.12 there is the possibility that, in aerated solutions, the
site for oxygen reduction is concentrated on the exposed surface at the mouth of the crevice. A
reason for this is that the convection-controlled transport rate of dissolved oxygen into the crev- -
ice is insufficient to make up for the removal of dissolved oxygen due to general corrosion on
the crevice sides. The resultant separation of the oxygen reduction site at the crevice mouth
from the metal oxidation site at the tip of the crevice imposes a potential gradient down the crev-
ice, thereby giving rise to potential-driven diffusion of anionic impurities (e.g., chloride) to the
crevice tip. In order to maintain electroneutrality it is necessary that there be an increase in
acidity within the crevice by, for instance, the hydrolysis of the dissolved metal cations (Equation
A.4). Thus, the environmental conditions of low pH and high anionic impurity concentratlon are
created within the crevice that could lead to an increase in metal corrosion rate.
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Fig. A.12. Schematic of crevice in aerated solution, indicating the separation of the metal
oxidation and oxygen reduction sites, and the consequent changes in pH and
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A further crevice corrosion mechanism is possible at heat transfer surfaces, where concentra-
tions of species may occur due to their distribution between the aqueous and gaseous (e.g.,
steam) phases or the evaporation of volatile species. This concentration of acidity, alkalinity, or
other aggressive non-OH anions may be retained in an occluded region under specific geomet-

" rical conditions which inhibit solution redistribution. A classical example of this is the localized
corrosion of carbon steel tube support plates in PWR steam generators, as illustrated in Figure
A.13 [see Appendix B.7], which has led to denting of the Alloy 600 tube and subsequent stress
corrosion cracking on the primary and secondary sides of the tube.
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Fig. A.13. Schematic of crevice formed at PWR steam generator tube/ carbon steel tube-
support, together with the phenomena that give rise to the localized corrosion.
[23]

Such understanding of the mechanisms of crevice corrosion lead to logical methods of control-
ling the problem including, for instance, ensuring that there is adequate flow in the crevice, as
illustrated by the redesign of BWR pressure vessel inlet safe ends and steam generator tube
support structures, and by the control of the amount of oxidant in the environment at the mouth
of the crevice. Examples of this latter control method are the adoption of hydrogen water chem-
istry/ NobleChem™ in BWRs, and the appropriate use of hydrazine in PWR secondary systems.
The hydrogen overpressure in a PWR reactor coolant system provides adequate protection
against crevice corrosion for the internal surfaces of RCS components. As indicated in Table
A5, residual concerns for control of crevice corrosion are mainly for carbon steels, which have
an inherently weaker corrosion resistance (compared with austenitic alloys) in the aggressive
environments in the crevices and, especially, in systems where it may be more difficult to control
the creation of an aggressive water chemistry in the crevice, such as in aerated service water
systems or at restricted heat transfer sites in the secondary side of steam generators. It should
be pointed out, however, that other forms of localized degradation such as stress corrosion
cracking or intergranular attack in stainless steels and nickel-base alloys can be accelerated in
crevice environments.
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Pitting Corrosion

Pitting corrosion has very similar attributes to crevice corrosion in that it depends in part on the
creation of a localized environment; however the important difference is that the geometric fea-
tures that lead to degradation are inherent in the material microstructure and may be manifested
by long incubation periods before the pits grow. Again this is a topic that has received much
attention and research [8, 21, 22, 24, 25] over many decades and is covered in part in Appendix
B.3. Thus the judgment indicated, for instance, in Table A5 is that there is adequate under-
standing to manage this phenomenon in LWRs, with the biggest uncertainty being associated
with reactor systems where there might be lesser knowledge or control over the environmental
conditions. ‘

Quantitative models for predicting and controlling pitting corrosion in nuclear systems focus on
taking into account the following sequence of events:

(a) Localized breakdown of the surface oxide, usually due to the presence of aggressive
anions. The aggressive anions are normally associated with chlorides originating from, for
example, condenser leaks, but damage can also be associated with other halides, or with
sulfates, perchlorates, etc. The metallurgical sites for such oxide breakdown may be ran-

- dom, but are usually associated with inhomogeneities such as surface breaking precipitates
or with grain boundaries over which the oxide is of a less protective nature. The breakdown
of the oxide occurs at surface potentials above a critical value (known as the “pitting poten-
tial”), which is a function of the anion type and its concentration, the material composition,
temperature, etc. Thus pitting is a possible concern if the corrosion potential is more posi-
tive than the pitting potential, and such a criterion puts a limitation on the system conditions
under which pitting corrosion would be a problem This is illustrated in Figure A.14 by the
temperature dependence of the corrosion potential and pitting potential of Alloy 600 in water
containing various concentrations of chloride. [26, 27] It is seen that under low dissolved
oxygen conditions the corrosion potential is always lower than the pitting potentiai (for the
indicated range of chloride concentrations) and, therefore, over a wide temperature range,
pitting should not be a concern. At higher oxygen content conditions, however, pitting might
be a concern, especially at lower temperatures and at higher chloride concentrations. '

The pitting potential will also be a function of alloying content (and therefore the extent of

. passivity or corrosion resistance) and will increase with both chromium content and molyb-
denum content; thus nickel-base alloys and ferritic or austenitic stainless steels (and espe-
cially molybdenum-containing Type 316 stainless steel) will exhibit better pitting resistance
than lower alloyed materials.

(b) Once the conditions for oxide breakdown have been met, then localized corrosion, or pit
growth, may occur at a rate that is, amongst other parameters, a function of the degree that

the corrosion potential exceeds the pitting potential, and the maintenance of the aggressive

environment in the growing pit (i.e., the conditions discussed in the section on crevice chem-
istry).
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temperature. [26, 27] (© NACE International 1985)

Although the essential controlling parameters of importance in the initiation and growth of pits
are known, it is also apparent that many of these parameters are dependent on random events
[28, 29] and that, therefore, there will be a distribution associated with both the stochastic [28,
29] and deterministic model [30, 31] predictions. Such effects on the variability in predictions
are discussed in separate background papers [see Appendices B.15 and B.19]. Regardless of
these aleatory uncertainties, the basic knowledge of the conjoint conditions for pit initiation and
growth exists, thereby allowing management of potential pitting damage in LWR systems. This
knowledge includes the material choice and degree of environment (water purity, flow rate) con-
trol that is needed. Prediction uncertainties arise when there are unanalyzed changes in plant
configuration; an example of this might be the removal of certain insulation materials from
stainless and carbon steel piping, e.g., mitigation of sump screen blockage concerns, when the
chemical makeup of that insulation material (for example, silica) might be conferring pitting (and

stress corrosion cracking) resistance to the piping.
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Galvanic Corrosion

Galvanic corrosion is the loss of material, generally measured as a local rate of loss of surface
material, caused when two materials with substantially different corrosion potentials are in elec-
trical contact in the presence of a corrosive (and electrically conductive) environment. In.such
cases the corrosion rate of the more active material (i.e., that with the more negative corrosion
potential) is increased, with the magnitude of that increase being a function of the relative areas
of the two metals, and the difference in corrosion potentials. Thus the corrosion rate of mild
steel condenser tube sheets exposed to seawater may be increased by a factor of 3-7 in the
area adjacent to a copper based condenser tube that is rolled into it, with the precise accelera-
tion factor being a function of the excess area of the copper tubes. Similarly, carbon and low
alloy steels in service water environments have substantially lower corrosion potentials than
stainless steeis and titanium alloys, and would be preferentially attacked in a galvanic couple.

As with general corrosion, galvanic corrosion is a well-understood phenomenon, being the
theoretical basis for sacrificial anode protection techniques used in many industries. Conse-
quently, although the possibility of galvanic corrosion exists, it is relatively rare in reactor service
since the corrosion potentials of the various materials in the higher temperature systems are
reasonably similar, and in the lower temperature systems involving large surface areas in cool-
ing water such as condensers [32] the phenomenon is generally accounted for at the reactor
design and construction stage.

Microbiologically Influenced Corrosion (MIC)

MIC is associated with the presence and biological activity of various bacteria and fungi which,
upon interaction with nutrients in the environment, produce organic acids that may lower the lo-
cal pH level to 2.5 thereby increasing the metal corrosion rate (Figure A.1). The “environment”
in this case may be not only untreated service water, for example, but also greases applied to
external structures for general corrosion protection [33]. Damaging species other than organic
acids may be formed which are specific to the bacteria and fungi microorganism [see Appendix
B.16). ‘For instance, anaerobic sulphate-reducing bacteria (SRB) produce reduced sulphur com-
pounds that may increase the localized corrosion rate of carbon and low-alloy steels. On the
other hand, aerobic bacteria, which require oxygen for survival, are sulphate oxidizing, produc-
ing sulphuric acid, and a local increase in acidity. In addition such bacteria form slimes, which
cover the metal surface, thereby creating an oxygen-starved region that allows the development
of anaerobic bacteria. In such cases, biological fouling can be so severe that it not only forms
corrosive crevices, but can also block flow in service water piping.

These various bacteria each have very specific conditions of survival in terms of pH, tempera-
ture, dissolved oxygen content, and supply of appropriate nutrients. From a control viewpoint,
however, MIC is not expected for any extended period at temperatures above 99°C or in bor-
ated- or hydrazine treated water. For instance, treated water systems, such as PWR borated
emergency core cooling systems, have operated for many years with no evidence of MIC.
However, damage might be expected in cooling water and service water systems that have a
flow rate low enough to ensure an adequate nutrient supply rate without physically removing the
bacteria. Another process that exacerbates MIC is the intermittent flushing of water lines that
are otherwise stagnant, such as fire protection lines. The periodic flushing introduces new nu-
trients to the stagnant lines, increasing biological activity and increasing the risk of bacteriologi-
cally induced corrosion and fouling. Consequently, MIC damage has been observed in LWR
structures such as carbon and stainless steel piping and tanks, copper-nickel, stainless steel,
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brass and aluminum bronze cooling water pipes and tubes, especially during construction, hy-
drotest and outage periods [4]. Effective control in these potentially susceptible systems is
achieved by the use of biocides and controlling the nutrient supply rate.

Environmentally Assisted Cracking

Environmentally assisted cracking is closely related to the principles of other localized corrosion
phenomena, such as pitting, crevice corrosion and intergranular attack, and these may well act
as the precursor [see Appendix B.15] to sustained crack initiation and growth when that local-
ized corrosion process has the added contribution of tensile stress.

Environmentally assisted cracking phenomena cover a wide spectrum of degradation modes,
categorized in terms of stress corrosion cracking, hydrogen embrittiement, strain-induced crack-
ing, and corrosion fatigue. Even within these categorizations there are submodes that may be
defined in terms of the morphology of cracking (e.g., transgranular, intergranular, interdendritic,
granulated), the effect of specific environments (e.g., irradiation, “external, contaminated,” pri-
mary-water) or subsets of an existing cracking mechanism (e.g., low-temperature crack propa-
gation as a subset of hydrogen embritttement). To a large extent such a confusing categoriza-
tion has arisen because of the historical nature of the first laboratory and reactor observations,
plus the fact that, at that time, it was not recognized that many of the cracking modes were not -
new mechanisms, per se, but merely associated with changes in a rate controlling parameter.
For instance, as shown in Figure A.15, the subcritical crack propagation rates in stainless steels
strained at various rates in oxygenated water at 288°C have a monotonic relationship with strain
rate; those observed at slow strain rates, associated with creep under constant load (e.g., stress
corrosion cracking), are an extension of both those observed under applied, monotonically-
increasing strains (e.g., strain induced cracking), and those at even higher applied strain rates
under cyclic loading (e.g., corrosion fatigue). Thus, for this system, there is no difference in the
environmentally enhanced crack propagation mechanism between stress corrosion cracking,
strain induced cracking and corrosion fatigue, although the sensitivity of the cracking response
to e.g., environmental or material conditions may change significantly at different strain rates.
Similarly the effects of irradiation on the cracking susceptibility are now recognized as merely
changing the rates of various rate-controlling parameters, rather than introducing an entirely
new mechanism of crack propagation.

it has long been recognized that there are three requirements for environmentally assisted
cracking to occur (Figure A.16); a “susceptible” material condition, an “aggressive” environment
and a tensile stress. The extent of these conjoint criterion will change with the specifics of the
system but, in general, if one of these attributes is completely absent then the cracking phe-
nomenon will not occur; this very qualitative observation was the root of many of the early m|t|-
gation actions, e.g., stress corrosion cracking in BWRs.
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The management of environmentally assisted cracking has moved in the last 25 years beyond
reliance on a largely qualitative understanding of the various phenomena inherent in Figure
A.16, to the development of a quantitative understanding of the multidimensional interactions
between the parameters that control the cracking susceptibility, backed up by an understanding
of the mechanisms of crack initiation and propagation. Such developments are central to the
definition of appropriate inspection procedures. The fact that the system parameters are not
always defined adequately, and the interactions between these parameters are not always well
quantified or understood from a mechanistic viewpoint, are the basic reasons why stress corro-
sion cracking appears as a potential concern area for so many of the reactor systems in Table
AL.

The challenges in predicting the occurrence of environmentally assisted cracking were dis-
cussed in Sections 2.5 and 4.2, and several background papers in Appendix B listed below ad-
dress specific issues associated with, for instance, irradiation, the overall environment, and the
alloy composition: .

e SCC of Sensitized and Non-Sensitized Austenitic Stainless Steels and Weldments [see

Appendix B.1] : _
e |ASCC of Stainless Steels and Other Irradiation Phenomena [see Appendix B.2]
_ e SCC of Alloys 600, 690, 182, 152 and 52 in PWR Primary Water [see Appendix B.6]

» Corrosion of Steam Generator Tubes [see Appendix B.7]

e Stress Corrosion Cracking of Carbon and Low Alloy Steels [see Appendix B.8]

s Environmental Degradation of High Strength Materials [see Appendix B.9]

o Degradation of Fracture Resistance; Low Temperature Propagation (LTCP) in Nickel-
' Base Alloys [see Appendix B.13]

In many of these systems there is a considerable database to allow analysis of the effects of
system variables on the cracking response. In some cases, however, there is cause for con-
cern about the data quality (due to lack of experimental control during older data collection pro-
grams), which gives rise to excessive data variability and, therefore, uncertainty in the predic-
tions of future behavior. In other cases the variability is to be expected due to the stochastic
nature of some of the cracking phenomena [see Appendix B.7] and, in such cases, there are
well-accepted data analysis techniques [see Appendix B.19] to address this. In other systems
(such as stress corrosion cracking of carbon and low alloy steels [see Appendix B.8] and aus-
tenitic stainless steels under unirradiated [see Appendix B.1] and irradiated [see Appendix B.2]
conditions), there is sufficient mechanistic understanding of the effects of the various system
variables to give assurance that the potential.cracking in the future could be mitigated. How-
ever, in other systems (such as stress corrosion cracking of some nickel base alloys in PWR
primary coolant [see Appendix B.6] at operating temperatures, or under dynamic straining con-
ditions at lower temperatures [see Appendix B.13], further development of mechanistic under-
standing of the cracking process will provide adequate support to data-based mitigation actions.

The following discussion presents a relatively high level treatment of some of these topics in
order to provide a background to the details given in the topical reports in Appendix B. Focus is
placed on certain aspects of environmentally assisted cracking which are highlighted in the -
PIRT panel judgments; namely changes in the morphology of cracking (transgranular vs. inter-
granular), the effect of environment (effects of irradiation and PWR primary water) and “new”
modes of cracking (low temperature crack propagation).
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Intergranular Stress Corrosion Cracking (IGSCC)

IGSCC is associated particularly with the cracking of austenitic alloys used in, e.g., stainless
steel piping (Figure A.17) and internals and in nickel base alloys in BWRs. The specifics of
IGSCC of nickel-base alloys in PWR primary environments are discussed in a separate part of
this section. Under BWR operating conditions the conjoint requirements for cracking given in
Figure A.16 correspond to an environment that is oxidizing (due to an excess of radiolytically-
produced oxygen or hydrogen peroxide), a microstructure that is “sensitized” (due to thermal
sensitization during welding and/or stress relief heat treatment) to produce a chromium depleted
region adjacent to the grain boundary, and a tensile stress associated primarily with weld resid-
ual stresses.

Fig. A.17. IGSCC in a 400 mm (16 in.) diameter welded Type 304 pipe exposed to oxygen-
ated water at 288°C. Note propagation adjacent to the weld heat affected zone,
in a region associated with maximum grain boundary chromium depletion and
weld residual tensile stress [37]

IGSCC has been extensively researched [34,35,37,38] and is considered, at least for austenitic
stainless steels and nickel-base alloys in BWRs, to proceed primarily by a slip oxidation (disso-
lution) mechanism [34,35], which relates the propagation rate to the continual rupture of the pro-
tective oxide at the crack tip and the associated increase in oxidation rate in this region. This
process (Figure A.18) has been successfully quantified in terms of key parameters such as
crack tip strain rate (i.e., a function of applied/residual stresses), corrosion potential and conduc-
tivity (i.e., functions of surface chemistry/bulk water composition) and material composi-
tion/microstructure (i.e., function of fabrication conditions).
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Mitigation of IGSCC is focused primarily on improved coolant chemistry (e.g., hydrogen water
chemistry (HWC) and dissolved impurity reduction in BWRs, [see Appendix B.10] sometimes
together with surface modification of the component (e.g., Noble Metal Chemical Addition
(NMCA) or zirconia coating). For instance the predicted and observed benefit of reducing the
corrosion potential of sensitized stainless steel in 288°C water and consequently decreasing the
stress corrosion crack propagation rate is apparent in Figure A.19. Such a mechanistic under-
standing and data base offers the quantitative rationale for adopting HWC and NMCA water
chemistry control in BWRs. Such an understanding also explains the generally high stress cor-
rosion resistance of stainless steels in the deaerated PWR secondary circuits where the corro-
sion potentials are low. Similar rationales are available to support the control of anionic impuri-
ties; especially chloride and sulphate (see Appendices B.1 and B.10).

Stress reduction has also been used extensively {e.g., weld overlays for piping and clamps for
internals in BWRs, improved tube support plate structures in PWR SGs, etc.). The primary em-
phasis has been on significantly reducing crack growth since minor intergranular attack (IGA) of
austenitic alloys, which is a common initiating precursor, is often present from fabrication, and/or
cannot be prevented in operation. As indicated in Figure A.20, the quantitative understanding of
the mechanism of crack propagation gives support to data-based estimates of the benefits of
various mitigation actions, thereby offering assurance about successful future plant perform-
ance.

Key areas for further research include the effects of cold work (including local strain concentra-
tion in weld heat-affected zones) and the behavior of cast stainless steels and nickel-based
weld metals, as well as the influence of specific, deleterious coolant impurities (e.g., lead, resi-
dues from ion exchanger resins). All of these topics are covered in greater detail in appendix B
and in Section 3.3 “Generic Materials Degradation and Life Management Issues.”

IGSCC of carbon and low alloy steels does not normally occur in LWR media [see Appendix
B.8], but limited cracking of this type has been observed in CANDU reactors and it should also
be considered a possible degradation mechanism in concentrated boric acid environments,
such as might form on external surfaces following leakage of PWR primary coolant.
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Transgranular Stress Corrosion Cracking (TGSCC)

TGSCC may be observed in solution-annealed stainless steels since there is no metallurgical
feature in the grain boundary akin to grain boundary chromium depletion in the sensitized condi-
tion to concentrate the corrosion processes in that region. In such cases the extent of cracking
is governed by slip features that maintain a high oxide rupture rate at the crack tip, and envi-
ronmental conditions such as the corrosion potential (i.e., function of dissolved oxygen or other
oxidants) and aggressive impurities (e.g., chlorides) that affect the chemistry at the crack tip
(see earlier discussion on crevice chemistry). As would be expected from the discussion above
on IGSCC it is possible to transition from IGSCC to TGSCC morphologies depending on the
materials’ degree of sensitization, slip characteristics (i.e., function of yield stress or degree of
cold work) and dissolved oxygen/chloride content. An example of such transitions is shown in
Figure A.21. Itis apparent that TGSCC would not be expected to be a common phenomenon
under normal BWR and PWR water chemistry regimes. However, as pointed out in the main
report, such TGSCC incidences may become of importance for stainless steels, especially if the
surface.is highly cold worked, or on external component surfaces which may be contaminated
with chloride deposits, or, in dead legs (e.g., for CRDMs and canopy seals in PWRs.) where im-
purities cannot be dispersed.
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Fig. A.21. Effect of oxygen and chloride concentration on the SCC of austenitic stainless
steels in 250-350°C water, together with the oxygen/chloride ranges in BWR
and PWR environments. [38] (© NACE International 1980)

As discussed in Appendix B-8, although the ferritic carbon and low alloy steels are regarded as
resistant to SCC under well controlled LWR operating conditions [see Appendix B.6], limited
TGSCC has been observed, e.g., in SG shells exposed to faulted secondary water, and in BWR
components subjected to high, local loads while operating with normal (oxygenated) water
chemistry. Recent research suggests that occasional susceptibility may also be related to chlo-
ride chemical transients and changes in the deformation behavior of particular low alloy steels
associated with the dynamlc strain aging which can occur at intermediate operating tempera-
tures.

Primary Water Stress Corrosion Cracking (PWSCC)

PWSCC refers to intergranular cracking of any material, but particularly of Ni- base alloys such
as Alloy 600 and its weld metals, Alloys 182 and 82, in PWR primary coolant (i.e., containing
lithium, boric acid, and hydrogen). Figure A.22 illustrates the main locations where PWSCC has
occurred [see Appendix B.6], whereas the schematic drawing in Figure A.23 illustrates the rela-
tionship between the shape of the axial crack in the Alloy 82/182 weld and Alloy 182 butter and
the dissimilar metal low-alloy steel and stainless steel components.
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Fig. A.22. Regions in the PWR Primary Reactor Coolant System where PWSCC of nickel
base alloys have been observed.
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Fig. A.23. Schematic diagram illustrating the locus of an axial PWSCC crack front in the
Alloy 82/182 weld between dissimilar alloy carbon and stainless steel compo-
nents.
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Over the last thirty years, intergranular stress corrosion cracking in PWR primary water
(PWSCC) has been observed in numerous components made of these nickel-base alloys some-
times after relatively long incubation times. In stark contrast to IGSCC of Ni-base alloys in other
media (e.g., on the PWR secondary side) or austenitic alloys in BWRs discussed above, sensi-
tization of the material through intergranular precipitation of chromium-containing carbides is
beneficial to the PWSCC resistance of Alloy 600, which justifies its consideration in a separate

. category of cracking mechanism. However, large variations exist in the susceptibility of individ-
ual heats of material, even of nominally similar composition and thermomechanical processing

" history, so that prediction of service behavior is difficult. Cold work is highly detrimental, in
agreement with observations in many other stress corrosion alloy/environment systems in
LWRs. ’ '

Cracking, which can also occur in pure hydrogenated water or steam, is highly temperature-
dependent and is associated with environmental conditions under which the surface films are in
the transition region of Ni/NiO stability. Despite intensive research, there is no general agree-
ment on the mechanism of PWSCC. Candidate theories include hydrogen assisted cracking,
slip oxidation, thermally activated dislocation creep and internal oxidation. The latter has a par-
ticular attraction, since it could expiain the very long times (>100,000 hours) sometimes neces-
sary for cracking to initiate, even under conditions where subsequent crack propagation is rela-
tively rapid. PWSCC of weld metals (and its possible interaction with fabrication defects such
as hot cracking) is currently a high-profile topic that has been insufficiently studied and is not
well understood. '

To date, mitigation of PWSCC has usually involved repair and replacement actions using more
resistant materials (such as Alloy 690). In addition, increased attention is now being paid to
possible mitigation measures involving surface treatment (e.g., water-jet peening), chemistry
optimization (e.g., adjustment of hydrogen levels and/or addition of potentially inhibiting species
such as zinc), and various mechanical options to achieve a reduction in tensile stress levels.

Irradiation Assisted Stress Corrosion Cracking (IASCC)

The SCC behavior of irradiated stainless steels is a natural extension of IGSCC of un-irradiated
stainless steel [see Appendix B.2], but the critical fluence level above which irradiation effects
begin to dominate material behavior is hard to define because of the interactions of several ma-
terial, stress and environmental factors. A lower value of ~5x10?° n/cm? is often quoted for
BWR internals, with saturation of the irradiation effects beginning at around 3x10%' n/cm?, i.e.,
shortly before the expected end-of-life (EOL) fluence of ~8x10?' n/cm?. In contrast, IASCC in
the very different primary water chemistry in PWRs has only been observed (e.g., in baf-
fle/former bolts) to start after reaching a fluence of ~2x10?' n/cm? and little information is avail-
able about expected behavior near the much higher EOL fluence values typical of PWRs.

The mechanism of IASCC in PWR primary water is currently unclear, with no evidence that lo-
cally oxidizing conditions, grain boundary segregation, helium formation, or hydrogen embrittle-
ment play a major role, although high strength from irradiation hardening does appear to be im-
portant (possibly analogous to the effects of cold work in SCC without irradiation). Mitigation
measures are not yet available.
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Fig. A.24. Calculated change in crack depth in irradiated stainless steel as a function of
fluence (e.g., time) due to specified changes in residual stress and degree of
grain boundary sensitization. [see Appendix B.2]

By contrast, the mechanistic understanding of the roles that irradiation has on stress corrosion
cracking of stainless steel core components in BWRs, and its relationship to the cracking that
occurs in thermally sensitized microstructures, is relatively advanced [see Appendix B.2 ] and
-this has an impact on the judgments of the future IGSCC/IASCC performance of such compo-
nents. Forinstance, apart from its role in reducing fracture toughness, irradiation in BWRs is
best viewed as an accelerant of many of the features shown schematically in Figure A.19. For
instance, fast neutron irradiation increases the extent of grain boundary chromium depietion, it
affects the crack tip strain rate through both irradiation induced hardening and relaxation of the
residual stresses and, finally there is an elevation of corrosion potential. Such interacting irra-
diation effects affect the IASCC cracking kinetics in a sometimes non-monotonic fashion, as il-
lustrated in Figure A.24.

Mitigation of IASCC in BWRs is focused primarily on reductions in corrosion potential through
the use of HWC/NMCA, and the improvement in water purity, i.e., an extension of the ap-
proaches already taken for IGSCC.

Low-temperature Crack Propagation (LTCP)

LTCP refers both to high sub-critical crack growth rates (i.e., SCC, most likely from hydrogen
assisted cracking) and to reduced fracture toughness [see Appendix B.13]. Such degradation
has been observed in laboratory tests on nickel-base alloys under very specific conditions of
temperature, strain rate and the extent of hydrogenation, and is of potential concern in PWR
primary systems operating under very limited conditions. While the greatest concerns are for
higher strength Ni alloys (e.g., Alloy X750 and Alloy 182/82 weld metals), there are possible
concerns for base metals (such as Alloy 600 or 690), particularly (but not only) if the yield
strength is elevated (e.g., from cold work or irradiation).
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Initial studies in the 1980s [ 39, 40 ] showed very rapid crack propagation in the temperature
range 70-140(C in moderate to high strength Ni base alloys once |G SCC cracks had formed in
high temperature water. The highest rates were observed in Alloy X750, although large effects
were also observed for Alloy 182 and 82 weld metals and other Ni base alloys (e.g., aged Alloy
625, Alloy 718, and Alloy 680). The observations occurred in constant displacement
(wedge/bolt loaded) specimens, in actively loaded specimens, and also in specimens exposed
only to gaseous hydrogen in this temperature regime (leading to the reasonable conclusion that
it's a hydrogen related phenomenon). . More recently, it has been observed that significant re-
duction in fracture toughness (e.g., in J-R tests) can occur in the same temperature regime, un-
der very specific loading rates.

The fact that these degradation effects are only observed when the specimens have been ex-
posed to hydrogen (e.g., hydrogenated water) above a specific level strongly implies that the
mechanism of both embrittiement and increased subcritical crack propagation is related to hy-
drogen embrittlement. However, the exact mechanism is unknown, and the conjunction be-
tween the PWR plant operations and the observed requirements of temperature, alloy content
and microstructure, and strain rate for these degradation phenomena to become significant, is
the object of high priority studies.

A.4.3 Under-clad Cracking and Clad Disbonding

Three types of cracking have been recognized as potentially affecting the heat affected zones of
bimetaliic joints such as those made between low alloy reactor pressure vessel steels and over-
lay cladding of austenitic stainless steel: hot cracking (sometimes called liquation cracking), re-
heat cracking and cold cracking.

Hot cracking usually arises from a combination of the formation of a liquid metal phase at grain
or dendrite boundaries at very high temperatures during welding and the contraction forces that
develop during cooling of the weld pool. Due to the high temperature necessary for such crack-
ing, it is only encountered in the deposited weld metal or very close to the fusion line. Under-
clad cracks of this type are therefore <1 mm in depth below the cladding. They are rarer found
when cladding low alloy steel and do not lead to clad disbonding.

Reheat cracking [41] occurs as a result of a creep mechanism during stress relief heat treat-
ments at temperatures in excess of 550°C. In practice, the low alloy pressure vessel steels
used in the nuclear industry are relatively insensitive to this form of cracking except in zones of
elemental segregation (C, Mn, Mo, S, and P). -When observed, the cracks are perpendicular to
the fusion line, less than 4 mm in height, and are situated exclusively in zones of large grains
that may be formed in the heat affected zone where two successive weld beads overlap. The
large grain zones have reduced ductility that allows intergranular cracking to develop under the
influence of the stresses arising from the difference in coefficients of thermal expansion of aus-
tenitic and ferritic steels. Creep cavities are easily seen on the intergranular facets generated
by reheat cracking. This cracking phenomenon is avoided by adjusting the welding procedures
to avoid the development of large grain heat affected zones.

Cold cracking [42-44] is caused by the combined action of residual welding stress and hydrogen
introduced into the substrate low alloy steel during welding. Three factors are associated with
-the appearance of this cracking: a mixed martensitic-bainitic microstructure in the heat affected
zone of the low alloy steel; residual welding stress (that typically reaches a maximum 5-to 10
mm from the fusion line); high concentrations of hydrogen in the low alloy stee! heat affected
zone after welding (with up to 15 ppm in the austenitic weld deposit) compared to <0.2 ppm in
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the base material before welding. The hydrogen originates from moisture absorbed by the coat-
ing of weld electrodes or by the flux used for strip cladding. Hydrogen diffuses into the sub-
strate low alloy steel heat affected zone where it may reach temporarily 10 ppm while the tem-
perature is high enough for the metal to be austenitic. The susceptibility of the heat affected
zone is enhanced by the presence of zones of elemental segregation (C, Mn, Mo, S, P), particu-
larly in large forgings. The cracks have a mixed intergranular and transgranular quasi-cleavage
morphology. Usually, due to constraint, the cracks are orientated perpendicular to the fusion
line with defect heights typically up to 7 mm, exceptionally up to 12 mm. In some special cases,
(e.g., welding on a re-entrant angle, which leads to stresses perpendicular to the interface, and
in the presence of a hard zone with precipitates at the fusion boundary), cracking may take
place parallel to the fusion line and lead to clad disbonding. The main remedies are to ensure
adequate preheat, interpass and post weld soak temperatures that allow the hydrogen to diffuse
away prior to stress relief, to keep welding consumables as dry as possible, and to avoid as
much as possible weld cladding the most segregated zones of low alloy steel forgings.

A.4.4 Fatigue

This section addresses materials degradation due to fatigue, an aging degradation mechanism
that can affect a number of major components throughout the primary pressure boundary of
both PWRs and BWRs. [see Appendix B.14]. Components that may be affected range from the
low alloy steel reactor pressure vessel, pressurizer, and steam generator shell to stainless steel
pumps, piping etc. to nickel base alloy welds, tubing, etc. This degradation mode is an ex-
tremely well researched topic, fatigue being, unlike many of the other degradation modes, con-
sidered in the original reactor design basis. ‘ :

From a categorization viewpoint, fatigue may be regarded in terms of “High Cycle Fatigue,”
“Low Cycle Fatigue,” “Thermal Fatigue” and “Environmental (or Corrosion) Fatigue.” Superim-
posed upon these categorizations is the (sometimes semantic) division of degradation periods
between “initiation” and “propagation.” Some of these categorizations and environmental im-
pacts may be understood in relationship to Figures A.25 (a) and (b). At the reactor design stage
the fatigue life, which forms part of the design basis, is calculated from a stress-amplitude vs.
fatigue cycle database that relates to the curves in Figures A.25a and A.25b marked “air.”
These curves (in this example for carbon steel) are based on data obtained in air at 25°C for
smooth cylindrical specimens, fully reversed cyclically loaded under strain control; “initiation” in
this case is defined as a drop in maximum load by 25%, which physically corresponds to a crack
of 2-3 mm depth.

The categorization of “high-cycle fatigue” refers to a high number of cycles at a relatively low
stress amplitude (typically below the material’s yield strength but above the fatigue endurance
limit of the material), with the driving force for the cyclic loading coming from, for instance, flow
induced vibrations and/or instabilities in thermal mixing of the coolant. On the other hand "low-
cycle fatigue” refers to the higher stress/strain amplitude regime, where the local yield stress
may be exceeded leading to correspondingly shorter fatigue lives; such a regime is associated
with, for instance, lower frequency operational transients (such as plant start-up/shut-down or
hot stand-by). “Thermal fatigue” is due to cyclic stresses/strains that result due to changing
temperature conditions in a component or in the piping attached to the component. Thermal

- fatigue may involve a relatively low number of cycles at a higher stress (e.g., plant operational
cycles or injection of cold water into a hot nozzle) or due to a high number of cycles at low
stress amplitude (e.g., local leakage effects or cyclic thermal stratification).
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Design against fatigue damage is based primarily on the fatigue curves in Section Ill, Appendix |
of the ASME Code. In this design process, the fatigue cycles are decreased from those de-
noted by the “air” data lines in Figure A.25, in order to take into account the unknown (at that
time) effects of a) materials variability and data scatter, b) component size, and c) surface
roughness. The extent of this decrease was based on engineering judgment and, as indicated
in Figure A.25b, the “design curve” is displaced from the data curve by a factor of two (on
stress/strain amplitude) or 20 (on fatigue cycles), whichever was the more conservative. Itis
this design curve that the fatigue “Cumulative Usage Factors” (CUF) are calculated during the
design process aimed at maintaining CUF below 1 through the design life of the component.

As discussed in Appendix B.14, there is much discussion internationally about the appropriate-
ness of this “2 and 20" design line, especially when environmental effects need to be accounted
for [45-50].

This concern for the effect of the environment on crack initiation is discussed in Appendix B.14,
but the essence is illustrated in Figure A.25 for the specific case of carbon steel in LWR envi-
ronments. It has been demonstrated in several studies that the decrease in the fatigue life be-
low that observed in dry air is a function of the strain rate applied during the loading period, cor-
rosion potential, temperature, and water purity. To a large extent these dependencies are pre-
dictable via the knowledge of the environmentally assisted cracking mechanisms discussed ear-
lier [45]). Moreover similar dependencies are observed for most of the ferritic and austenitic al-
loys in LWRs and as indicated in Figure A.25 (b) for carbon steel piping there are combinations
of these system parameters that lead 1o fatigue lives that are less than the currently accepted
design values.

As also discussed in Appendix B.14, there are similar concerns about the effect of the environ-
ment on the fatigue crack propagation rates that are used for crack disposition decisions ac-
cording to ASME Xl procedures. In this case significant progress has been made, for the spe-
cific case of LAS in PWR reactor water through the introduction of Code Case N-643 [51], which
is currently undergoing further refinement.

A-41



-1
'10 ¥ TV Tweg 1 1 LERSLRREE] 1 R4 ey Trrly 1 T LR R R i ) LAt At

- =
- Theoretical Conditions |
[ -5 -4 -2 . B
[ 1Q 10710 Theoretical ?’Q' P -
L Relationships F=10"s .
€= Epp
- € =2x1073 7
1, = O.Secs.
2102 lo = 1Sec. -
2 = a, =100miis. 3
Qa - R
€ - -
< | .
£
& . i
& L Higuchi Observed Conditions
= -1.0 ; Strain Control
1 0_3 | N, = 25% Load Drop- N
= 8ppmO, E
- En=ax1077" (x) p
- =10~4s"" {*) -
— =‘°-65_‘ (’) . =
A NERE! 11 3 qeaad Lo el i1 opa el Lol b taagl
10' 102 -~ 108 104 - 103
Cycles To Crack initiation
. &) %S STEEL ppmO, °C
® HIGUCHI  10® 015  SA333 8 250
ASHACK 4x107 015 SA106 .9 288
@®SHACK  4x10° 015 SA106 8 288
107 T ASHACK  4x10° 015 SA106 8 288
3 N x SHACK ~ 4x10° 013 SAS33 819 288
' ~
- ~
- ASME "DATA" —e™ < 4
~
- .
LN 1
2102k =
3 E NN T 3
a o Nle e 3
£ NN T ]
< F N —— X e -
R N THEORETICAL N\ o @&—N__ e, |
g U A
@ N E,=2x107
i € =15x103 ST
1073 T e T -
£ £a10°s p
[ TN I U E T S S B TR 1 B S WSS I R ¥ | S i B B AL AN S B N1 B W U S B Y I 1
10 10? 10% 104 108

Cycles Yo Crack Initiation

Fig. A.25. (a) Predicted [45] and observed [46] strain amplitude versus cycles to crack
initiation relationships for unnotched carbon steel in 288°C, 8 ppm oxygenated
water with strain applied at different rates. (b) Predicted [45] and observed
[46,47] strain amplitude versus cycles to crack initiation relationships for un-
notched carbon and low alloy steels in 288°C water, under the worst combina-
tion of material and environmental conditions. (Reprinted with Permission from
TMS) Note the non-conservatism of the ASME lll design curve under these condi-
tions at certain strain amplitudes
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A.4.5 Loss of Fracture Resistance

This section addresses material degradation mechanisms that lead to a reduction in the fracture
toughness of the material with increasing time. Because a high level of fracture toughness is a
design assumption for the LWR pressure boundary and internal components, degradation
mechanisms that lead to reductions of toughness are of high significance.

Two distinct degradation mechanisms, which are relevant to many of the materials of LWR con-
struction, are addressed in this section, radiation embrittlement and thermal aging. In some
cases, arguments have been made for synergistic effects between the two degradation modes.
An example of this, identified by the NRC in Safety Evaluation Reports, would be cast austenitic
alloys in PWRs. To date, however, no data have been presented to prove or disprove the exis-
tence of such synergistic effects.

A third loss of fracture resistance issue, associated with some nickel-base alloys after having
been exposed to hydrogenated water, and tested at specific loading rates in a specific tempera-
ture range was discussed previously in this Appendix, and this is discussed in more detail in
Appendix B.13.

Irradiation Effects
¢ Neutron Embrittlement

Radiation embrittlement results in an increase in the material’s yield and ultimate strengths, with
a corresponding decrease in material ductility and resistance to flaw propagation (fracture
toughness). Radiation embrittiement in ferritic steels is measured by an increase in the ductile-
to-brittle transition temperature (RTnpr) and a drop in the Charpy upper shelf energy. Embrit-
tlement in ferritic steels is primarily caused by the formation of copper-rich precipitates that
harden the matrix and reduce toughness. Neutron irradiation enhances the formation of these
precipitates.

Extensive databases exist for evaluating and predicting embrittliement in reactor vessel steels.
These data are obtained from vessel material surveillance capsules in both PWR and BWR
vessels, and from test reactors. Embrittlement trend curve models given in various literature
citations such as Regulatory Guide 1.99, Rev. 2 are used to predict the shift in RTypr and drop
in upper shelf energy as a function of copper, nickel, and fluence.

Significant variations in radiation embrittlement have also been observed between different
types of steel (carbon and low alloy steels, etc.) and even between different heats of the same
steel. These differences are caused by variations in metallurgical structure and composition.
Improved empirical trend models have recently been developed to describe the combined ef-
fects of copper, nickel, phosphorus, irradiation temperature, and neutron flux and fluence on the
embrittlement of pressure vessel steels. Steels with a very low copper content show little em-
brittlement in spite of high radiation doses. The effect of irradiation exposure at low tempera-
tures (below 525°F) increases the rate of embrittlement damage. Weld metal is generally more
sensitive to radiation embrittlement than base metal. Impurity chemistry, chemistry variability,
and different micro-structure are responsible for the greater sensitivity of the weld metal. In
2002, this improved trend curve model was approved in a revision to ASTM Standard Guide
E9S00.

Stainless steels are also affected by irradiation exposure [see Appendix B.2], but do not exhibit
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a ductile-to-brittle transition. In stainless steels, reduction in the ductile fracture toughness
properties is associated with microstructural changes resulting from the effects of neutron/atom
interactions. Neutrons interact with atoms in the crystal lattice, both directly and indirectly, to
displace atoms in the lattice and alter material properties through formation of dislocations, in-
terstitials, and vacancies. Segregation of material impurities also occurs.

“Data are available from austenitic stainless steel components exposed to neutron irradiation in
experimental and thermal reactors. They show that significant reductions in material J-integral
values and tearing modulus values appear at approximately one displacement per atom (dpa).
Reductions in these fracture toughness properties appear to saturate at fast neutron exposures
greater than 10 dpa.

Currently, there is a lack of substantive fracture toughness data for austenitic stainless steels
exposed to a neutron fluence exceeding ~10%" n/cm? in an LWR environment. The bulk of exist-
ing data are developed from materials irradiated in experimental reactors. Differences in neu-
tron spectra of experimental reactors and light water reactors could result in actual material
property changes. Specific data regarding irradiation exposure of cast stainless steels in an
LWR environment are particularly limited. '

e Void Swelling Effects

Void formation is a mechanism in which radiation-induced vacancies accumulate in metal to
form microscopic voids. If a large number of voids form, termed void swelling, dimensional
changes can occur and loads at connection points (for example, at bolted or welded joints of
structural members) may also be altered. Thus void swelling could potentially affect the in-
tended functionality of certain component(s). Based on available fast-reactor data, significant
fracture toughness reduction of stainless steels can also occur if void swelling is large (i.e.,
greater than several percent).

'

Thermal Aging

Thermal aging [see Appendix B-4] of the duplex austenite/ferrite structures of cast austenitic
stainless steels (CASS) has been shown to cause precipitation of additional phases in the ferrite
such as formation of a o phase by spinoidal decomposition, nucleation and growth of a a
phase, or nucleation and growth of carbides at the ferrite/austenite phase boundaries. Devel-
opment of these additional phases results in an increase in hardness and yield strength of the
casting, with a corresponding reduction in fracture toughness properties. As a result, the com-
ponent becomes more susceptible to brittle fracture when sufficient tensile loadings are present
to drive crack growth. A brittle fracture occurs when the ferrite phase becomes continuous or
the ferrite/austenite phase boundary provides an easy path for crack propagation in the pres-
ence of an existing flaw and sufficient stresses. This type of failure is due to cleavage of the
ferrite or separation of the ferrite/austenite boundary and is termed “channel fracture.”
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The effects of thermal aging on casting fracture toughness have been shown to saturate once
conditions leading to predominantly brittle fracture occur. This saturation effect is associated
with development of channel fracture conditions. While the extent of reductions in casting frac-
ture toughness due to thermal aging is related to operating temperature, time at temperature,
casting method (static vs, centrifugal), and material composition (molybdenum and ferrite con-
tent), available research results indicate that the saturation fracture toughness (Cvsat) can be
correlated to casting chemical composition, material properties and the casting method. The
actual casting toughness decreases logarithmically with-increased operating time toward this
“infinite-time” saturation value; thus the use of Cvsat as a measure of casting fracture toughness
is conservative. '

Thermal aging embrittiement of materials other than CASS used in reactor components includes
(1) temper embrittlement and (2) strain aging embrittlement. Ferritic and low alloy steels are
subject to both of these degradation mechanisms but wrought stainless steels are not affected
by either mechanism.

Temper embrittlement of low alloy steels is caused by the diffusion and segregation of impurity
elements, such as phosphorous, tin, antimony and arsenic, into the grain boundaries after pro-
longed exposure to temperatures in the range 350°C (662°F) to 575°C (1067°F). At tempera-
tures above this range, the impurities tend toward solution in the ferrite matrix. For example,
little or no grain boundary segregation is observed at temperatures above 625°C (1157°F). At
temperatures below this range, very long exposure times are necessary for the impurities to dif-
fuse to, and segregate in, the grain boundaries. The presence of carbon tends to accelerate the
embrittlement process, due to preferential segregation of the impurities at the interface between
grain boundary carbides and ferrite grains. The role of other alloying elements, such as chro-
mium, nickel, magnesium, and molybdenum, in the acceleration or retardation of the temper
embrittiement process has been studied extensively. The principal manifestation of temper em-
brittlement in low alloy steels is an increase in ductile-to-brittle transition temperature, due to the
change from predominantly cleavage fracture (before temper embrittlement) to predominantly
intergranular fracture along impurity segregation paths (after temper embrittlement).

Strain aging embrittlement occurs in cold worked ferritic steels when they are subjected to tem-
peratures in the range of 260-371°C (500-700°F), and is caused by the pinning of dislocations
by interstitial impurities (nitrogen, carbon, etc.). Post-weld heat treatment of reactor vessel
components following cold working during fabrication mitigates, but does not eliminate, the ef-
fects of strain aging embrittiement. However, following post-weld heat treatment, residual strain
aging embrittlement has only a slight effect on the ductility and fracture toughness of LWR ves-
sel component materials under the environmental and loading conditions of interest.
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Appendix B

Background Papers

Foreword

The intention in presenting the background papers in this appendix is to describe the broad basis
for the scoring by the experts. The audience for these topical reports includes technical peers,
corporate level engineers and regulators. The depth of knowledge (including plant experience and
laboratory data) differs immensely among the topics, and the nature of the papers reflects this.
The papers are not consensus documents, but have each been written by individual panel
members and reviewed by one or more of the panel members. Differing opinions and additional
factors that enter into each expert’s scoring/judgments are addressed in the individual comments
put in the spreadsheet used for scoring each sub-group of components. The background papers
also rely on Appendix A, which provides an overview of all environmental degradation phenomena.



Contents — Appendix B

Page No

Foreword.......cccoooiiieeeee e, SO PO i
B.1 SCC of Sensitized and Non-Sensitized Austenitic Stainless Steels ,

ANd WeldmMENTS ...t e B-1
B.2  IASCC of Stainless Steels and Other Irradiation Induced Phenomena...................... B-21
B.3  Stress Corrosion Cracking and Pitting: Contaminating External Environments......... B-45
B.4  Thermal Aging and Embrittiement of Cast Stainless Steels...........cccceviiieiiiiiiinnne, B-50
B.5 SCC of Ni Alloy 600 and Alloy 182 and 82 Weld Metals in BWR Water.................... B-57
B.6  SCC of Alloys 600, 690, 182, 82, 152 and 52 in PWR Primary Water....................... B-79
B.7  Corrosion of Steam Generator TUDES .........oiiiiiiiiiiie e B-91
B.8  Stress Corrosion Cracking of Carbon and Low Alloy Steels ..........cccceeeeiiiieieiinnnen, B-135
B.9  Environmental Degradation of High Strength Materials ................ooooeiicoiiiinneennn. B-158
B.10 BWR Water Chemistry: Effects on Materials Degradation and Industry Guidelines .. B-165
B.11  PWR Primary Water Chemistry GUIdelineS...........ccc.ooiriiniiiiee e, B-186
B.12 PWR Secondary Water Chemistry Guidelines...........c.ccoovcvieiiieiiceeiieeceeeee e B-191
B.13 Degradation of Fracture Resistance: Low Temperature Crack Propagation

(LTCP) in Nickel-Base AllOYS ... ettt e e e e e e e e e e e e s sannes B-195
B.14 Fatigue ....cccooevviiiiee e, et ee et e ea e —eaee e brreeesea—narteeeeanaraeeee e naeaas B-202
B.15 Predicting Failures Which Have Not Yet Been Observed — Microprocess

Sequence Approach (MPSA) ... e e e e B-211
B.16  Microbiologically Influenced Corrosion (MIC)...........ccceoiiiiiiiiiiiiee e B-268
B.17 Flow-Accelerated COMMOSION ... ...o.uiiiiiiiiiiiieiiiie ettt e e e e e e s s e e s B-273
B.18 Boric Acid Corrosion (BAC).......cooiiiiiiiie et et B-278
B.19

Variability in the Corrosion of Materials in LWR Environments..........cccccccieniiennen. B-296

i



B.1 “SCC of Sensitized and Non-sensitized Austenitic Stainless Steels and
Weldments,” by Peter L. Andresen

This background overview paper provides a foundation for understanding the proactive
materials degradation concerns for stress corrosion cracking (SCC) of wrought, unirradiated
austenitic stainless steels in both boiling water reactor (BWR) and pressurized water
reactor (PWR) environments, including weldments. There are separate papers for
irradiated assisted SCC of stainless steels, for SCC of cast stainless steels, and for lower
temperature, mostly-chloride-related pitting and SCC of stainless steels. There are also papers
related to BWR and PWR water chemistry, evolving operational practice, start-up and
shutdown, and other considerations that influence SCC.

There is a long history of SCC in stainless steels exposed to high temperature water [1-4], and
extensive research work designed to understand the dependencies and underlying causes [1-8].
While the mechanical behavior of stainless steels is not dramatically different at 300 °C than at
room temperature, many aspects of corrosion and SCC are quite different. All structural
materials (e.g., iron and nickel base alloys) are suitable for service in water environments
because they form a protective passive film on the surface. When the film is broken (e.g., by
scratching or plastic straining), the “bare surface” corrosion rates are very high, decaying in a
logarithmic fashion over time as the protective oxide film reforms. Even after long time, the
corrosion rate does not decrease to zero, but is sustained at a low, “passive” current density.

The nature of the oxide film on stainless steel is quite different in high temperature water (in this
context, defined to be above about 150 °C). Near room temperature, the films on stainless steel
are very thin (nanometers) and very protective (in terms of passive corrosion current).

However, the films on standard “18Cr-8Ni” stainless steels are not that protective in terms of
their resistance to aggressive species like chlorides, and even this limited resistance decreases
as temperature increases [9,10]. The breakdown of the film can lead to pitting corrosion,
crevice corrosion, stress corrosion cracking, etc., with the primary aggravants being increased
chloride (halide), H* (lower pH), temperature, and oxidant concentration.

Above =150 °C, the oxides become much thicker (hundreds or even thousands of nanometers)
and somewhat less protective (both in terms of passive current density and tolerance for
breakdown from, e.g., chloride) [11]. The composition of the films is not uniform, either through
thickness or from environment to environment [11]. For example, in oxidizing (e.g., traditional
BWR) environments, Cr is oxidized from Cr** (e.g., Cr,03) to Cr®* (e.g., CrO,"), which is soluble
in water (Figure B.1.1). Thus, these films have an inner layer, which is Cr-rich and an outer
layer low in Cr. In deaerated water, the addition of H, reduces the corrosion potential (lowering
line (a) in Figure B.1.1, which is the H,/H,O reaction), which results in an increase in the
solubility of Fe?* (more in pure water than in PWR primary water, whose pHr'is ~ 1.5 units
higher). Note that oxidants like O, are consumed in cracks and crevices, so those films are
somewhat different than exterior films (in oxidizing environments). Both films form oxide
crystallites on the surface by re-precipitation, which are typically 0.1 — 10 micrometers in size.
The films that form in the presence of oxidants are somewhat more protective (i.e., lower
passive current density) [11,12].

While there is not complete concurrence on the mechanism(s) of SCC of stainless steels in hot
water, the consensus opinion is that SCC growth occurs by a process involving localized
deformation (e.g., at the crack tip), which is a shear process that “breaks” or damages the inner
protective oxide and produces an accelerated oxidation process as the film repairs. This was
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originally conceived as “slip — film rupture — dissolution,” but there is in fact no requirement for
an agueous electrolyte since steam, -air or other gaseous environments produce oxidation,
which meets the requirement for the underlying mechanism. Thus, many people refer to the
mechanism as “slip — oxidation.” An important element of this mechanism is that it is not ,
fundamentally related to (local) stress per se, but to (local) dynamic strain that damages the
protective film. Dynamic strain at constant load (e.g., when cracks grow primarily from weld
residual stresses) is sustained because the stress / strain field at the crack tip is redistributed as
the crack advances, and this requires local strain. Thus, there is an inherent inter-dependency
between dynamic strain that produces crack advance, which in turn sustains the dynamic strain.
The slow repassivation process in hot water, long term thermal creep, the interaction among
crack advance in adjacent grains, irradiation creep, operating fluctuations (e.g., in temperature
or pressure), start-up and shut-down, etc. also help sustain crack advance.

Factors such as simplistic or flawed experiments and extrapolation of room temperature data
led to the early presumption that SCC would not occur in non-sensitized, unirradiated stainless
steel; or in high purity water; or without oxidants in the water, etc. However, it is now
recognized that SCC can occur in essentially any environment-material combination in high
temperature water, although the ease of initiation and rate of SCC growth can vary markedly.
Thus, the concepts of thresholds (e.g., in sensitization, water purity, oxidant level, radiation
dose/fluence, etc.) that produce immunity to SCC have given way to an understanding of an
inherent susceptibility to SCC that varies markedly with material, environment and stress.
However, pragmatically, in many cases there are conditions of use that lead to very long lives.

The traditional view of SCC is reflected in Figure B.1.2, which expresses the need for a
confluence of stress, environment and metallurgical parameters to exist for SCC to occur.
(Drawn today, the central over-lapping region of SCC susceptibility would be much larger). The
various parameters that control the initiation or growth rate do not operate independently but
rather inter-dependently; thus, some factors (e.g., 10 — 30 ppb sulfate) can have a huge
influence under some conditions {e.g., in oxidizing water), but not under other conditions {(e.g.,
deaerated / hydrogenated water). Many such inter-dependencies exist in SCC; indeed, to some
extent the effect of essentially all factors are influenced by all other factors. Thus, focusing on
the engineering factors that influence SCC can produce a confusing variety of observations, and
successful understanding and prediction of SCC must be built on an accurate image of the
“crack tip system.” ”

The primary factors that control SCC of stainless steels in hot Water are:

- o Degree of sensitization. Sensitization results from Cr carbides that form during thermal
~ exposure (from heat treatment or welding) in the range of 550 — 750 °C, although Cr

carbide nucleation can occur below 400 °C in cold worked stainless steels, and growth
of existing Cr carbides can occur below 300 °C. The fundamental phenomenon relates
to the formation of Cr carbides (usually Cr,3Cq in stainless steels), which nucleate
preferentially in the grain boundaries. Because C diffuses much faster than Cr, a Cr
depletion profile is created adjacent to the grain boundary (the diffusivity of Cr within the
grain boundary is much higher than within the grain, so the Cr concentration is
reasonably constant along the grain boundary). At higher temperature, the Cr profile is
deeper and wider. When the carbon is consumed, the carbide stops growing, and the Cr
depletion profile eventually vanishes. This is difficult to accomplish in stainless steels,
but such “healed” microstructures can be fairly readily produced in nickel-base alloys.
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The effect of Cr depletion is most evident in oxidizing and/or pH-shifted water
chemistries (oxidizing environments create a pH shift in cracks and crevices). In
oxidizing (e.g., traditional BWR) environments with impurities (e.g., 50 — 100 ppb
sulfate), the presence of sensitization can produce a > 20X increase in crack growth
rates, and a similar acceleration in crack initiation. However, in deaerated, near-neutral
pH water, Cr depletion plays a much lesser role; indeed, the presence of carbides in the
grain boundary reduces SCC susceptibility, apparently by making deformation in the
grain boundaries more difficult.

Nucleation of Cr carbides is greatly delayed in time, e.g., by reducing the C content (L-
grade stainless steels) and adding Mo (type 316 stainless steels). Thus, modern
stainless steel components are either not welded or are fabricated from L-grade
stainless steels.

Cr depletion also develops during irradiation due to radiation-induced segregation. The
Cr profiles are much narrower, and the minimum Cr level is generally higher — usually in
the range of 12 — 14% Cr for stainless steels containing ~ 18% Cr. The report on

- irradiation assisted SCC goes into this phenomenon in more detail.

Oxidants and Corrosion Potential. The presence of oxidants like dissolved O,, H,O,,
and Cu ion can increase SCC and corrosion fatigue (CF) growth rates markedly.
Oxidants react on -metal surfaces and elevate the corrosion potential. As oxidants
diffuse into cracks and crevices, they are consumed (electrochemically balanced by
reaction with H, or metal corrosion). Thus, the interior of cracks and crevices are at low
corrosion potential, and the difference in corrosion potential drives migration of anions
(like chloride) into the cracks, and cations (like H" and Na*) out of the cracks. The effect
on SCC and CF of a complex mix of oxidants (and reductants) is fully captured by their
effect on corrosion potential. The corrosion potential is not linear with oxidant
concentration, and small (ppb) levels of oxidants can produce large (> 300 mV) change
in corrosion potential.

Figure B.1.3 shows an example of the effect corrosion potential of SCC. While its effect
is very strong on sensitized stainless steels, it also affects non-sensitized stainless steel
(and nickel-base alloys, and carbon and low alloy steels). However, SCC growth occurs
at moderate rates in deaerated water (and without any prior exposure to water
containing oxidants) and so is also a potential concern in PWRs if cracks can initiate.

Water Purity and pH. Water purity has a profound effect on SCC and CF, and in
oxidizing water there is sensitivity to = 10 ppb levels of impurities. The most damaging
impurities are chloride and suifate, but most impurities are damaging. In oxidizing
environments, even buffering chemistries (e.g., the B/Li chemistries used in PWRs)
produce accelerated growth rates (compared to pure water) in oxidizing environments.
Because the oxidizing conditions produce a pH-shifted chemistry in cracks and crevices,
there is somewhat less sensitivity to bulk pH (for crack growth — crack initiation is more
directly dependent on the bulk chemistry). ‘

In deaerated water (where essentially no difference in corrosion potential occurs in

cracks), the sensitivity to impurities is low, although levels > 1 ppm can accelerate SCC.
The relatively minor shifts in pH associated with pure (deaerated) water (pHspoc = 5.63)
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and various standard levels of B (as H3BO;) and Li (as LiOH) (pHsgoc =~ 6.8 — 7.4) have a
relatively minor effect on SCC growth rates.

The addition of H; to deaerated water produces a small decrease in-corrosion potential
(59.3 mV per 10X change in H, at 325 °C). This is very important for nickel-base alloys,
because it can produce a transition across the Ni/NiO phase stability. However, there is
pragmatically no way to cross the Fe/Fe;O4 phase boundary by adding H,. There is
evidence that increasing H; produces somewhat enhanced SCC susceptibility, but this
has been observed in slow strain rate tests on smooth specimens, and may be
associated with accelerated initiation under these conditions — a broadly parallel
observation to enhanced corrosion fatigue initiation in stainless steels at low potential vs.
high potential.

“Yield Strength / Cold Work / Weld Shrinkage Strain. There are multiple factors that can
increase the yield strength in materials, including cold work, irradiation, precipitation
hardening, etc. It appears that all have a similar effect on SCC growth rate. For
stainless steels, the primary factors are cold work and irradiation, and irradiation is
covered in a separate report on irradiation assisted SCC. Cold work occurs as bulk cold
work; surface cold work from machining, rolling, grinding, etc.; and weld shrinkage strain
in the heat-affected zone adjacent to welds. The latter factor has only recently been
recognized and quantified, and equivalent room temperature strains of >20% are often
observed near the fusion line. This explains the shift in location of most cracks from =~ 6
— 8 mm (depending on wall thickness) from the fusion line in sensitized piping compared
to = 1 — 3 mm for unsensitized piping observed in BWRs.

As materials are cold (or warm) worked, the effect of yield strength increases, and its
effect on SCC growth rates appear to be captured by yield strength. The presence or
absence of martensite in the deformed structure is small, at least for crack growth in high
temperature water; martensite might affect crack initiation and lower temperature SCC
response (e.g., < 150 °C). Figure B.1.3c shows the effect of cold work. Figure B.1.4
shows that the increase in growth rate is not linear with yield strength, and that yield
strength affects SCC in a similar fashion at low and high corrosion potential.

Temperature. In the range of 250 — 350 °C, increasing temperature increases SCC
growth rates. Equally importantly, it appears to help sustain SCC growth. At lower
temperature — all things being equal — the growth rates may continue to decrease; but
“all things” are never equal. In particuiar, the corrosion potential changes with
temperature; this is especially pronounced and important in the presence of oxidants
(Figure B.1.5). Pragmatically, as components cool down, many are exposed to unusual
loading and/or water chemistry. BWR components vary only between 274 and 288 °C,
where the difference in growth rates is limited. In PWRs, the temperature ranges from
286 °C (core inlet) to 323 °C (core outlet) to 343 °C (pressurizer), and the crack growth
rate varies more significantly.

Stress and Stress Intensity Factor. Stress and stress intensity factor obviously play a
large role in SCC initiation and growth. In general, few components are designed for
use above a nominal stress ~ 80% of the yield strength. The effect of stress intensity
factor on crack growth rate appears to vary with water chemistry, and tends to be in the
range of K? to K* (Figure B.1.6). Many cracks grow adjacent to welds, where the weld
residual stress profile must be accounted for along with operating stresses. The weld
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residual stress profile combined with the inherent effect of crack length, a, on stress
intensity factor (K « Va), causes a large variation.in K vs. crack length — sometimes
resulting in an increase in K, and sometimes in a K that rises, then drops to zero. -

e Low frequency vibratory loading, high frequency “ripple” loading, and even occasional
load perturbations can significantly accelerate SCC growth rates. The distinction
between SCC and corrosion fatigue (CF) is poorly demarcated, and with good reason:
in most if not all cases, SCC and CF represent a continuum in the environmentally
assisted cracking spectrum, with increasing strain rate causing higher propagation rates
but a lower factor of improvement for SCC mitigation approaches such as water
chemistry or material modifications (Figure B.1.7).

Kisce was once considered to be an invariant material property. However, there is
extensive evidence that “K;scc” depends on many parameters — indeed, the evidence of
“Kisce” has been based on non-optimal experiments (e.g., use of transgranular fatigue
pre-cracked specimens as a basis for growth or non-growth of intergranular stress
corrosion cracks). Other tests were performed under decreasing stress intensity factor
conditions where the change in K was large and/or the increment of growth small (e.g.,
compared to the size of the plastic zone). More recent data has shown well-behaved
crack growth rates as low at 5.5 MPavm. It is impossible to prove that a Kiscc doesn’t
exist, because one can always choose an incrementally smaller K, and the growth rates
become too small to study in a realistic time frame, e.g., below 3 MPavm.

Predictability of SCC of Stainless Steels

A strong qualitative understanding and good quantitative predictive capability exists for SCC of
stainless steels, esp. for BWR water chemistries and temperatures where extensive SCC has
occurred, initially in sensitized pipe weld heat affected zones, and later in unsensitized vessel
internal components (while there is a well-behaved continuum between unirradiated and
irradiated stainless steels, SCC has occurred in stainless steel components thatreceive
essentially no radiation damage (e.g., <0.01 dpa, such as the core spray lines).

The distinction between BWR and PWR primary operating conditions is not nearly as great as
once thought, esp. as BWRs shift toward low corrosion potential operating by adding H, and, far
more effectively, introducing NobleChem™ (which creates a sub-monolayer of Pt or Pt/Rh on all
wetted surfaces [13-15]. Under such conditions, the primary differences between BWR and
PWR primary water chemistry are coolant additives (typically H;BO3 and LiOH) that shift the pH
at temperature from 5.6 to ~7.2; H, fugacity (=50 vs. 3000 ppb H,); and temperature (274 — 288
°C vs. 286 — 343 °C). Of these, temperature may be the most important factor for stainless
steels; for nickel alloys (where the Ni/NiO transition can be traversed) both temperature and H,
fugacity are important [4-8].

Examples of crack growth predictive capability are shown in Figures B.1.3, 4, 6 and 7 for
sensitized and cold worked stainless steel [6,16-19]. Cold work is a particular concern — not
only are some components used in a cold worked state (such as PWR baffle bolts), but most
fabricated components have a surface layer of deformed, hardened material. Shrinkage strain
during welding also produces a residual strain profile in the heat-affected zone (and the weld
metal) in addition to the more-thoroughly studied residual stress profile [6,16-19]. These strains
usually peak at the weld fusion line, generally at an equivalent room temperature cold work level
of 15 — 20% (but sometimes higher) (Figure B.1.8).
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Quantifying and understanding SCC in most systems relies predominantly on high quality,
reproducible, consistent SCC data [20,21]. This has proven difficult enough in crack growth rate
measurements, but is generally more difficult in crack initiation experiments as well as
evaluation of plant data.

It is important to understand that the effect of individual changes (such as corrosion potential,
water purity, temperature, cold work, stress intensity factor, irradiation, etc.) on SCC cannot be
viewed in isolation in most experiments, and rarely if ever in plant components. For example,
the effect of BWR water purity is dramatically different at moderate to high corrosion potential
than at low corrosion potential (as indicated by the predicted curves in Figure B.1.3). Similarly,
the factor of improvement observed for various mitigation techniques varies with loading and
water chemistry conditions (Figure B.1.7).

It must also be recognized that there is a time-based evolution (e.g., related to plant operating
conditions, or to radiation damage — as addressed in the IASCC topical report) and a crack-
depth based evolution (e.g., in residual stress, stress intensity, cold work, sensitization,

“microstructure...), and these produce complex changes in predicted and observed response.
Figure B.1.9 shows an example of this interaction in terms of the predicted difference in crack
growth trajectory vs. time in different welds. Figure B.1.10 shows an example of crack length
vs. time observations and predictions for sensitized type 304 stainless steel pipes.

SCC Mitigation

There are many approaches that have been pursued and adopted to mitigation SCC in stainless
steels. In BWRs, eliminating sensitization (grain boundary Cr depletion) was a primary focus in
the 1970s, and most BWRs replaced all recirculation piping with grades of stainless steel that
resisted weld sensitization (by lowering C, adding Mo, using lower heat input, etc.). Efforts were
also made to reduce weld residual stress by last-pass heat sink welding, induction heating, and
mechanical stress improvements. Some BWRs operated with high aqueous impurity levels
(esp. chloride and sulfate), and major efforts were undertaken to improve water purity.

The most effective mitigation strategy for existing plant components is to reduce the corrosion
potential (Figure B.1.3), and the most effective way to accomplish this is using electrocatalysis.
The techniques to make surfaces electrocatalytic are numerous, but the most effective and
economical approach is NobleChem™ [13-15], which involves the injection of ionic forms or Pt
(or Pt and Rh}, which electrolessly reduce and deposit on the surfaces of all wetted parts in
BWRs. Applications have been performed on about 30 BWRs, and a new on-line application
technique will be performed at a lead plant in 2005.

There is a possibility of attaining further SCC mitigation by adding Zn [22,23]. This is applicable
to both BWRs and PWRs, and because Zn is a cation, it is most effective if the corrosion
potential is low (i.e., BWRs operating with NobleChem™). Accurate quantification of the benefit
of various Zn levels must still be performed and validated. Other approaches are more
achievable only in new plants or if components are replaced. For example, the presence of
grain boundary carbides or other particles impedes crack advance provided that they are not
accompanied by Cr depletion [16,17].

SCC of Stainless Steels — Concerns and Emerging Issues
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A number of ambiguities and emerging concerns exist in the area of SCC of stainless steels.
Despite some improvements, the quality of experimental crack growth rate data is still a large
factor in the observed scatter and disagreements over the quantitative effect of specific
parameters. Even more problematical is the lack of statistical confidence and even qualitative
insight into the controlling factors for crack initiation, although in general the same factors that
enhance the crack growth rate also accelerate crack initiation.

- Among the emerging concerns is that role of increasing stress intensity factor (K) as the crack
grows (dK/da) [24. There is usually a large positive dK/da early in the crack growth process
because K « cVa (stress times the square root of crack depth), and the integrated effect of the
weld residual stress profile produces an increasing stress at the crack as the crack grows.
There continues to be a change in K as the crack grows longer, but the magnitude of the
+dK/da or —dK/da is smaller (Figure B.1.11). Unfortunately, the few studies that have evaluated
dynamic changes in K have been performed using a fixed change in load (dP/dt) or
displacement vs. time (similar to dK/dt). However, this is expected and observed to yield non-
conservative response because it does not produce the accelerating effect of positive feedback
as the crack begins to growth faster, causing K to increase faster, causing the crack to grow
faster... (Figure B.1.11) Conversely, with decreasing dK/da, as the crack slows, the rate of
change of K slows, causing further slowing in the crack growth rate... At plant-relevant values
of —dK/da, stable, well-behaved SCC can be sustained from 30 MPaVvm to below 12 MPaVvm
[16,17,25]. Using —dK/dt (or —dP/dt) fails to provide the important feedback between the rate of
change of K and the rate of crack growth, and tends to produce crack arrest.

Another concern is the role of Si, which has been shown to cause elevated crack growth rates.
and a limited effect of stress intensity factor or corrosion potential (Figure B.1.12) [16,17,25].
While this may be a particular concern for irradiated materials, many stainless steels have a
nominal Si content of 0.7 — 1.0%, which may be sufficient to cause elevated growth rates. Si
readily oxidizes and is quite soluble in high temperature water — indeed, it is typically present in
BWR (and probably PWR) water at levels about 100X higher than other impurities (typically 100
— 1000 ppb). It does not affect conductivity because is dissolves primarily in non-ionic form. A
more speculative concern is the role of Mo, esp. in type 316 stainless steels, which have 2 — 3%
Mo. Mo does not impart large improvements in corrosion or stress corrosion resistant in high -
temperature water (as it does below ~ 100 °C), and it does readily oxidize and become soluble.
. Importantly, many Type 316 stainless steels show very high Mo segregation at the grain
boundary (10 — 20% Mo), the extent of which peaks at certain cooling rates following annealing
[26]. This could have a significant effect on SCC response, although no studies have yet been
performed to confirm it.

A final concern relates to the role of environment in fracture toughness data. Essentially all of
the fracture toughness data obtained above 200 °C were obtained in air. It is well established
that high crack propagation rates under constant load — and reduced toughness in J-R tests —
are observed in the range of about 75 — 140 °C for precipitation hardened Ni alloys [27-29], and
it is reasonable to suspect that this might occur in stainless steels and Ni alloys like alloys 600
and 690 (esp. if their yield strength is elevated from cold worked, weld shrinkage strain or
irradiation). Very preliminary data at 288 °C on cold worked stainless steel showed that the
specimen unexpectedly failed as the K was allowed to increase to about 88 MPaVm at the end
of a test. The load was accurately known, as was the crack depth from post -test fractography at
the point sudden failure occurred [17].
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CRACK CHEMISTRY,

Crack depth vs. time = f ( Material, Stress, Environment )

MASS TRANSPORT /
. Chromium Primary Corrosion Potential

e RUPTURE o, Cold Work Static Oxidizing Species

CRACK TIP Neutron Fluence Dynamic Anionic Species
Silicon Residual Type
Nickel Crack Depth ' Activity
Sulfur Neutron Fluence =~ Temperature
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Carbon Thermal : Neutron flux

PASSIVATION RATE . ..
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Figure B.1.2 The complexity of SCC is reflected in the large number of influential variables and
the associated requirement that all 20 to 40 in a given system be adequately controlled [4,5]..
© NACE Internat/onal 2002.
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Figure B.1.3 SCC growth rate vs. corrosion potential for stainless steels tested in 288 °C high
purity water containing 2000 ppb O, and 95 — 3000 ppb H, [4,5,16,17]. (© 2003 by The
American Nuclear Society, La Grange Park, lllinois)
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Figure B.1.4 Effect of yield strength and martensite on the stress corrosion crack growth rate on
stainless steel and alloy 600 in 288 °C, high purity water (<0.10 uS/cm outlet) at (a) low and (b)
high potential [16,17] (© 2003 by The American Nuclear Society, La Grange Park, lllinois)
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Figure B.1.7 Crack growth rate vs. crack tip strain rate showing the ability to predict
environmental cracking across a range of constant load/K, slow strain rate and corrosion fatigue
response. When water chemistry or the material is changed, the resultant curves are not
parallel, but diverge at lower crack tip strain rate. Thus, the benefit observed in a laboratory test
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(Courtesy of Taylor and Francis Group)
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Figure B.1.8 Weld residual strain vs. distance from the weld fusion line for stainless steel welds.
If the number of welding passes is limited, the peak residual strain can be below 10% equivalent
room temperature tensile strain. However, most pipe welds that have been analyzed show
residual strains in the range of 15 — 20%, with some slightly above 25%. The residual strain is
also highest near the root of the weld [18]. (Reprinted with Permission from TMS)
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B.2 “IASCC of Stainless Steels and Other Irradiation Induced Phenomena,”
by Peter L. Andresen and Peter M. Scott

This background paper provides a foundation for understanding the proactive materials
degradation concerns originating from irradiation effects. The emphasis is on irradiation
assisted stress corrosion cracking (IASCC) of wrought, austenitic stainless steels in BWR
and PWR environments. Other radiation induced phenomena that are discussed include
radiation creep relaxation, swelling and microstructural evolution. There are separate papers
for SCC in unirradiated stainless steels, in cast stainless steels, and for lower temperature,
mostly chloride related pitting and SCC of stainless steels. There are also separate papers
related to BWR and PWR water chemistry, evolving operational practice, startup and shutdown,
and other factors that influence SCC.

The paper on SCC of unirradiated stainless steels provides an introduction to the mechanisms,
processes and dependencies in high temperature water. The primary factors that control SCC
of stainless steels in hot water [1-8]-many of which are affected by radiation — include:

¢ Degree of sensitization, i.e., Cr depletion along the grain boundaries.

« Oxidants and corrosion potential, which affect the crack chemistry as well as the nature
of the oxide films on the free surfaces.

e Water purity and pH, which primarily affects the crack chemistry.

e Yield strength, which produces an increase in crack growth rate. There are many ways
by which yield strength is increased, including bulk or surface cold work, weld residual
strain, precipitation hardening, etc., but not usually to the same degree as is caused by
irradiation.

o Temperature.

s Stress and Stress Intensity Factor.

It is widely accepted that irradiation assisted SCC (IASCC) is literally that: an irradiation
assisted process [2,9-19]. When viewed in a given time frame in plant components (Figure B.2.
1a) or in accelerated laboratory tests, there can appear to be a threshold fluence for IASCC, but
in fact SCC is observed in unirradiated stainless steels [2-5,9,15,16,20-22]. Irradiation is known
to affect primarily the grain boundary chemistry (i.e., degree of sensitization), the oxidants and
corrosion potential, the yield strength and the stress (via irradiation creep relaxation)
components in this list of factors. In sufficiently careful and sensitive laboratory tests (e.g.,
crack growth rate tests), all grades of austenitic stainless steel have been shown to have
inherent susceptibility to SCC. However, the numerous factors that promote SCC give rise to
orders of magnitude difference in susceptibility, i.e., the incidence of cracking. Importantly, the
effects of most parameters, such as corrosion potential, water impurities, stress, stress intensity
factor, temperature, etc. are known to have a similar effect on both irradiated and unirradiated
stainless steels.

The effect of corrosion potential (Figure B.2.1b) and water purity (Figure B.2.2) is similar for
unirradiated and irradiated stainless steels exposed in BWR environments, which supports the
concept that the underlying mechanisms and dependencies are similar. While the term
“threshold fluence” appears in the literature, it should be recognized that unirradiated (and
unsensitized, un-cold-worked) materials have some small susceptibility to SCC, and an
apparent “threshold fluence” depends strongly on the details of other controlling parameters,
such as the environment, loading, cold work, temperature, etc. Thus, a “threshold fluence” has
relevance primarily from an engineering perspective within a specific context of environment,
loading, etc. [5,9,11]
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Figure B.2.1 shows the increasing SCC incidence with increasing fast neutron fluence in BWR
crevice control blade sheath and in laboratory slow strain rate tests. While small amounts of
intergranular cracking have been observed in tests in inert environments on irradiated stainless
steels, there is an incontestable and dominant aqueous environmental effect. Thus, the
concerns for cracking in irradiated components are appropriately characterized as IASCC, not
as a simple effect on mechanical properties [2,9-19].

The radiation dose achieved in various components and the onset of various radiation effects is
shown in Figure B.2.3 [11]. Most aspects of IASCC are well understood qualitatively, and a
good quantitative description seems to exist in BWR water chemistry and temperature regime,
but it is not completely clear that all of the aggravating effects of radiation on SCC are identified
or qualified for all light water reactor conditions, esp. at the higher temperatures and fluences in
PWRs. For all systems, the following factors are known to be important (Figure B.2 .4):

I Radiation hardening (RH), in which the radiation generated defects produce an increase
in yield strength (and a localization of deformation to “channels” in the material). Figure
B.2.5 shows the increase in yield strength of a variety of austenitic stainless steels vs.
irradiation dose. An increase in the yield strength from 150 — 200 MPa up to ~ 700 — 1000
MPa is commonly observed, with a saturation after several dpa. Cold worked materials
have a higher initial yield strength, but follow a broadly similar trajectory vs. dose. Much of
the microstructural evidence of the initial cold worked microstructure has vanished after
about 5 dpa. '

The increase in yield strength results primarily from the formation of vacancy and
interstitial loops (Figure B.2.6). Source hardening and dispersed barrier hardening
models provide reasonable correlations between hardening and the dislocation loop
microstructure, with the increase in yield strength (or hardness) proportional to (Niop X
dioop)™, Where Ny is the loop number density and dip is the loop diameter.

The effect of yield strength on SCC growth rates is discussed in the topical paper on
unirradiated austenitic stainless steels, and appears to be a common effect among many
materials and many mechanisms of yield strength enhancement (cold work, martensite
formation', irradiation, precipitation hardening, etc.). Growth rates are increased in both
BWR and PWR chemistries. '

The homogeneous nature of deformation at low dose is replaced by heterogeneous
deformation at higher doses as the defect microstructure impedes the motion of
dislocations. Initial dislocations clear defects along narrow channels, and plasticity
becomes highly localized. The channels are very narrow (< 10 nm) and closely spaced
(<1 mm) and typically run the full length of a grain, terminating at the grain boundaries.
Dislocation channeling results in intense shear bands that can cause localized necking
and a sharp reduction in uniform elongation, but the reduction in area generally remains -
very high. Dislocation channeling may also be an important in IASCC [11,19].

“Il.  Radiation induced segregation (RIS), in which the migration of radiation generated
defects (vacancies and interstitials) to sinks (esp. grain boundaries), alters the local
chemistry within the material. Figure B.2.7 shows two examples of the grain boundary
composition of high purity and commercial purity heats of stainless steel. The enrichment.
or depletion of major alloying elements and impurity elements can be significant [2,9-19],
with depletion of >5% Cr and enrichment of Si by >5-10X often observed [2,9-22].
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RIS is driven by the flux of radiation-produced defects to sinks, and is therefore
fundamentally different from thermal segregation or elemental depletion from grain
boundary precipitation processes (e.g., sensitization from Cr carbide or boride formation
and growth). In simple terms, radiation displaces an atom from its lattice site, and it
comes to rest in a relatively distant location in an interstitial site. In fact, this primary
displaced atom itself interacts with other atoms along its path, producing a cascade of
damage as it loses energy and comes to rest. The resultant vacancies and interstitials
can reach concentrations that are orders of magnitude greater than the thermal
equilibrium concentrations. They migrate and are absorbed at sinks, creating profiles in
concentrations of the constituent elements near grain boundaries. The species that
diffuse more slowly by the vacancy diffusion mechanism are enriched at the grain
boundary and the faster diffusers become depleted. Enrichment and depletion can also
occur by association of the solute with the interstitial flux. In this case, the undersized
species will enrich and the oversized species will deplete.

Even though the depletion and enrichment profiles are very narrow compared to those
that form from, e.g., Cr carbide formation during welding or heat treatment, the effect on
SCC remains very pronounced. For example, very narrow Cr depletion profiles can be
generated during complex, multi-step heat treatments, and for a given level of Cr _
depietion, they have as strong an effect on SCC in high temperature water as much wider
Cr depletion profiles.

Si enrichment is potentially of great concern because many stainless steels containing 0.5
— 1% Si can enrich to >5% at the grain boundary. Indeed, since the measurements are
generally made by analytical electron microscopy, which has a 1 — 2 nm beam size, the
actual Si concentration at the grain boundary can approach 50 atomic percent. Crack
growth rate measurements on stainless steels with elevated Si levels (e.g., 1.5 — 5% Si)
show high growth rates and limited or no effect of stress intensity factor and corrosion
potential (Figure B.2.8) [20-22]. This may help explain the loss of the benefit of lowering

“the corrosion potential at high fluence in some stainless steels, esp. since Si enrichment

appears to continue after Cr depletion saturates.

Radiation creep relaxation, in which the migration of radiation generated defects under
stress produces an accelerated creep rate (e.g., at constant load) and/or stress relaxation
(e.g., at constant displacement, as for weld residual stresses, bolts and springs). Figures
B.2.9 and 10 show two examples of radiation creep relaxation, which produces a large
reduction in stress after a dose of several dpa. The radiation creep rate is proportional to
the dose rate (flux) and stress. '

Radiation creep relaxation is a mixed benefit. For welds, the weld residual stress is
significantly relaxed in the same range of fluence where radiation hardening and
segregation occur, and the net effect is generally beneficial. However, in many bolting
application, the loss of stress over time can cause other problems related, e.g., to
inadequate clamping forces that allow leakage that can produce erosion or fatigue.
Because radiation creep inherently represents deformation, it can also promote SCC
nucleation and help sustain crack growth. The radiation creep rates are very small
compared to other sources (e.g., cyclic loading, slow strain rate testing, and strain
redistribution at the tips of SCC cracks), so there is no evidence or expectation that
growth rates will be elevated. However, the low rates of continuous deformation resulting
from radiation creep may promote crack nucleation and help sustain crack advance.
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Radiation creep provides a good example of a complicating factor in understanding the

. effects of radiation. Because radiation affects grain boundary chemistry and increases

yield strength while it simultaneously reduces the stress near welds and in bolts,
understanding and deconvoluting the effects of radiation on SCC is very difficult to do from
field data. Add to this the effects of plant operating conditions (such as having high
impurity levels early in BWR life), and it becomes very difficult to use plant data as a basis
for understanding the real affects of various parameters on SCC, or to anticipate the
response of one component (e.g., with constant displacement stresses) with others (e.g.,

. with active pressurization stress). This is an example of the importance of developing a

fundamental framework from which hypotheses can be formulated and tested. Such an
approach has been undertaken, and even twenty years after the original hypotheses, this
framework still represents the basis for current understanding of irradiation effects on
SCC. While some improvements in quantifying some aspects of irradiation effects on
yield strength, corrosion potential, radiation induced segregation and radiation creep
relaxation could undoubtedly be made, there is a strong basis for both understanding and
predicting radiation effects on SCC.

Radiolysis, in which H,0 is broken into various constituent elements, including H,O, and
Hz (the longer lived species) as well as radicals (e.g., €., H, OH, HO,). While
stoichiometric quantities of oxidizing and reducing species are formed, the corrosion
potential inevitably increases, sometimes dramatically. Radiolysis is suppressed at
coolant H; levels above about 500 ppb (5.6 cc/kg), so there is little concern for radiolysis in
PWRs (whose coolant H; level is typically 25 — 35 cc/kg).

In BWRs, the primary radiolytic species of interest are H, and H,0,. H, preferentially
partitions to the steam phase, while H,O, remains in the recirculating water, creating a net
oxidizing environment. The effect of these (and other) species on SCC is accurately
characterized by their effect on corrosion potential. The corrosion potential on most
structural materials is similar in deaerated water, and drops by about 57 mV per 10X
increase in H; and 114 mV per unit increase in pH at 300 °C. As soon as even very small
amounts of oxidants are present (e.g., ppb levels), the corrosion potential can rise
dramatically, generally increasing by 500 mV or more at >10 ppb of oxidant. Most

- importantly, when oxidants change the corrosion potential, a differential aeration cell

forms, which produces an altered crack chemistry — this does not occur if only H; is
present because it is not consumed in cracks (as is H,O, and O5).

Concerns have been expressed that radiolysis could produce oxidizing conditions within
cracks, and thereby alter the corrosion potential, mass transport processes, and SCC.

“However, an evaluation of the corrosion potential in a tight crevice under highly irradiated

conditions showed no consequential elevation in corrosion potential (e.g., < 25 mV).

Radiation induced swelling, in which voids form within the material that produce a
change in material density and diménsions. This can produce distortion and warping,
which can in turn produce elevation in stresses, e.g., in bolted structures. The occurrence
of swelling in austenitic stainless steels is very rare and/or limited below 310 °C, even at
high fluence (>30 dpa). Gamma heating of thick components can produce perhaps a 40 -
50 °C elevation in internal temperature, and at such temperatures swelling is more likely at
moderate to high fluence.
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One possible area of significance for void swelling is in PWR baffle plates and bolts.
Because the bolts are fabricated from cold worked stainless steel, swelling is delayed
compared to the adjacent annealed plates. Radiation creep relaxation will reduce the
stress applied by the bolts, but differential swelling of the plates relative to the bolts will
cause reloading of the bolts, which achieves some dynamic equilibrium (between
reloading from differential swelling and ongoing rad|at|on creep relaxation). This is difficult
to quantify precisely at this time.

VI. Gamma heating has already been mentioned in relation to swelling. Another possible
consequence of gamma heating is superheating of crevices in PWRs above the
temperature of the pressurizer (for example crevices between the shanks of baffle bolts
and baffle plates). Thus local boiling with consequent changes in environmental chemistry
can occur. Although there is no hard evidence that this has caused any environmentally
induced cracking, the phenomenon cannot be ignored when searching for contributing
factors in service failures.

VIl. Fracture toughness is reduced substantially in irradiated stainless steels. There is
substantial scatter in the available data, but many stainless steels drop by a factor of five
or more from 250 — 300 MPavm to 50 MPavm or even slightly lower (Figure B.2.11).
These are also data obtained in air, and there may be further environmental degradation
in fracture toughness in the environment, both at 288 — 323 °C and in the 75 — 140 °C
regime [23].

Predictability of IASCC

A solid qualitative understanding and at least semi-quantitative predictive capability exists for
IASCC, esp. for BWR water chemistries and temperatures (there may be additional aggravating
effects.of radiation that become important at the higher temperatures and fluences in PWRs).
The crack growth predictive capability is built on the basis of irradiation assisted SCC - that is,
the understanding and predictive framework used for unirradiated stainless steels can be
extended to radiation effects by defining key characteristics of SCC and quantifying those
effects. This has been done for the four primary radiation induced phenomena: segregation,
hardening, radiolysis and relaxation (Figure B.2.4) [2,9,15,17,18]. Figure B.2.12 shows the
crack growth response at high and high corrosion potential of irradiated stainless steel and of
sensitized stainless steel exposed to high and flow neutron fluxes. These (and other) data are
replotted in Figure B.2 13 to show crack velocity vs. corrosion potential. Other examples of
predictive capability are shown in Figure B.2.14, which shows the response of neutron irradiated
stainless steel in slow strain rate and constant load tests in 288 °C water. As in many SCC
systems, obtaining high quality, reproducible, consistent SCC data experimentally is often a
limiting factor in quantifying and validating predictive models.

The effect of individual changes (such as flux, fluence, temperature, radiolysis, segregation,
hardening, relaxation, etc.) cannot be viewed in isolation in most experiments, and rarely if ever
in plant components. For example, the temperature of irradiation, the presence of stress, the
radiation dose rate (flux), etc. can all affect the result at a given dose / fluence. It must also be
recognized that there is a time-based evolution in radiation damage (Figure B.2.15), and these
produce complex changes in predicted and observed response. In most components that
undergo IASCC, there are damaging elements of radiation exposure (e.g., hardening and
segregation) and beneficial elements (radiation creep relaxation of constant displacement
stresses). There are then further complications when considering plant operation and the
evolution of cracks. For example, if the water chemistry in BWRs is good, so that cracks don’t
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nucleate (or remain vanishingly small) by a dose of 1 — 3 x 10?" n/cm?, then the weld residual
stresses will have markedly decreased and the likelihood that SCC will occur also decreases
markedly. Figure B.2.15 shows an example of this interaction in terms of the predicted
difference in crack growth trajectory vs. time for different water purities in a BWR core shroud.
Figure B.2.16 shows an example of crack length vs. time predictions for a type 304 stainless
steel BWR core shroud with multiple inspections and multiple cracks, and a comparison of

- observed and predicted crack depth for a number of BWR core shrouds.

IASCC in baffle bolts has also been evaluated and some controlling factors identified [24],
although the state of knowledge does not yet permit prediction.

IASCC Mitigation

There are a variety of approaches for mitigating SCC in light water reactors, and they fall into
categories of water chemistry, operating guidelines, new alloys, stress mitigation and design
issues. Since most components in light water reactors are not intended to be replaceable (and
are therefore very expensive to replace), water chemistry is the most attractive mitigation
strategy, with operating guidelines and perhaps stress mitigation providing more limited
opportunities. While the focus of this paper is on IASCC, most mitigation approaches (esp.
water chemistry) are applicable to both irradiated and unirradiated components.

Water chemistry mitigation approaches are the easiest to implement and can often provide
mitigation to many areas and components in the plant. In BWRSs, the focus is primarily on
lowering the corrosion potential, which can be done with H; injection, but is more effectively
achieved using NobleChem™ [25-27]. In both BWRs and PWRs, the addition of Zn appears to
provide some crack growth rate benefit for stainless steels, although more work is needed.
Similarly, improvements in surface finish, stresses, etc. are effective in both reactor types.

Alloying with oversized elements reduces the extent of radiation-induced segregation (esp. Cr
depletion) [19], but it's not clear that it will reduce Si enrichment. Cr depletion is less important
in BWRs at low potential and in PWR primary water, but low potentials cannot be achieved in all
locations in a BWR (it requires stoichiometric excess H; in the water, which doesn'’t exist in
areas where boiling occurs). Radiation hardening differs somewhat among stainless steel types
and heats, but it's not clear that it can be changed sufficiently to make an adequate difference in
SCC response. Slip localization may aggravate SCC, and there are alloying approaches for
altering stacking fault energy which influences slip localization [19]. Operationally, it is always
wise to avoid higher stresses, vibration, start up and shutdown, fatigue (e.g., from mixing of cold
and hot water, which has increased in low leakage core configurations in PWRs), etc. The
timing of H,0- injection during PWR cooling and deaeration and H; injection during PWR heat
up may be important. In BWRs, the early injection of H, during start up, and maintaining H,
injection close to 100% of the time during operation should reduce SCC.

IASCC — Concerns and Emerging Issues

There remains a number of uncertainties and emerging concerns in the area of IASCC. The
uncertainties arise in part from the huge scatter in data that has been obtained on irradiated
stainless steel,.much of which is caused by weaknesses in the experimental techniques. While
factors such as good control and monitoring of water chemistry, transitioning from transgranular
fatigue to intergranular SCC morphology, and similar concerns exist, perhaps the biggest issue
is associated with K-size validity for crack growth specimens of irradiated materials [16,28].
There remain some concerns for the prospect of additional radiation related degradation (such
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as precipitation of new phases, high He and void swelling) at higher temperatures and fluences
associated with PWR components. As in all materials / systems, the understanding and
prediction of crack nucleation is much weaker than for crack growth.

Among the emerging concerns is the role of Si, which appears to continue to segregate under
irradiation at fluences where Cr depletion has effectively saturated. This may occur because Si
undergoes radiation-induced segregation by a different (or an additional) mechanism than does
Cr. Evidence of highly elevated (> 3%) Si levels in irradiated stainless steels and very
pronounced effects of Si on crack growth rate are a significant concern, esp. since many
stainless steels have a nominal Si level of 0.6 — 1%. Crack growth rate studies show elevated
growth rates and a limited effect of stress intensity factor or corrosion potential {Figure B.2.8)
[20-22]. Sireadily oxidizes and is quite soluble in high temperature water — indeed, it is typically
present in BWR (and probably PWR) water at levels about 100X higher than other impurities
(typically 100 — 1000 ppb). It does not affect conductivity because is dissolves primarily in non-
ionic form.

Another concern is that role of increasing stress intensity factor (K) as the crack grows (dK/da)
[29]. Because K o« oVa (stress times the square root of crack depth), and because the weld
residual stress profile changes vs. crack depth, there is usually a large positive dK/da early in
the crack growth process. K also changes when the crack is longer, but the magnitude of the
+dK/da or —dK/da is smaller. Unfortunately, most studies have been performed using a fixed
change in load or displacement vs. time (similar to dK/dt), but this yields non-conservative
response since it does not produce the accelerating effect of positive feedback as the crack
begins to grow faster, causing K to increase faster, causing the crack to grow faster...
Conversely, with decreasing dK/da, as the crack slows, the rate of change of K slows, causing
further slowing in the crack growth rate... dK/dt fails to provide the important feedback between
the rate of change of K and the rate of crack growth, and tends to produce crack arrest. .
Examples of this are shown in the topical paper on SCC unirradiated stainless steel and in
reference [29].

Finally, fracture toughness data obtained in situ (after prolonged exposure to high temperature
water) [21] might be substantially lower than the vast majority of available data, all obtained in
air. The reduction in toughness from irradiation might be broadly representative of cold worked
stainless steel (Figure B.2.11), and both may show significant effect of the environment, both in
288 C and ~100 °C tests, and in tearing resistance (e.g., J-R tests) and impact loading (e.g.,
Charpy or K¢).
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Figure B.2.1 Dependence of IASCC on fast neutron fluence for (a) creviced control blade
sheath in high conductivity BWRs and (b) as measured in slow strain tests at 3.7 x 10" s~ on
pre-irradiated type 304 stainless steel in 288C water. The effect of corrosion potential via
"changes in dissolved oxygen is shown at a fluence of ~ 2 x 10?" n/cm?. The effect of corrosion
potential on unirradiated and irradiated materials is similar under BWR conditions [2,9,15]. (©
NACE International 1995)
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Figure B.2.2 The effects of average plant water purity are shown in field correlations of the core
component cracking behavior for (a) stainless steel IRM/SRM instrumentation dry tubes, (b)
creviced stainless steel safe ends, and (c) creviced Inconel 600 shroud head bolts, which also
shows the predicted response vs. conductivity. The effect of conductivity on unirradiated and
irradiated materials is similar under BWR conditions [2,9,15]. (© NACE International 1990)
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Figure B.2.3 Neutron fluence effects on irradiation-assisted stress corrosion cracking
susceptibility of type 3048S in BWR environments [11]. (Reprinted with Permission from
Elsevier) ‘ '
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Permission from Elsevier)
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Figure B.2.6 Irradiation dose effects on the measured loop diameter and density for austenitic
stainless steels at 280°C [11,19]. (Reprinted with Permission from Elsevier)
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Figure B.2.10 Stress relaxation of bent beam and C-ring specimens of 304 SS in JMTR
during irradiation at 288°C [23]. (Reprinted with Permission from ASTM)
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Figure B.2.11 The effect of fast neutron fluence under LWR conditions on fracture
toughness of types 304 and 304L stainless steel at 288 °C [9,30,31]. A preliminary band
based on the fracture toughness response of a few tests on unirradiated, cold worked
stainless steel tested in-situ in 288 °C pure water is also shown [21]. (Reprinted with

Permission from Elsevier)
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Figure B.2.12 Crack length vs. time for: (a) a CT specimen of irradiated type 304
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irradiated (pink triangles) (right graph) SS in 288 °C water. Unirradiated and irradiated
materials of similar yield strength show similar SCC response at low corrosion potential.
At high potential, the combined effect of radiation hardening and radiation segregation
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Figure B.2.14 Comparison of predicted and observed crack growth rates for stainless
steels irradiated in a BWR at 288C to various fluences [2,9,15-19]. (a) Notched tensile
specimens were tested by Ljungberg [32] at a slow strain rate in 288C pure water and
interrupted after a given strain / time. (b) time-to-failure for the effect of fast neutron
fluence on pre-irradiated type 304 stainless steel tested at constant load in the laboratory
in oxygen saturated, 288 °C water [31]. (©® NACE International 1995)
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Figure B.2.15 Examples of IASCC predictions illustrating the interactions among
radiation “damage” (segregation and hardening) and radiation creep relaxation
(reduction in weld residual stress) for a BWR core shroud. (a) crack depth vs. time with
individual curves for the increase in EPR (Cr depletion), stress relaxation, and
“multiplier” (radiation hardening). The stress intensity factor is also shown, which goes
through a peak due to the nature of the residual stress profile as well as radiation
relaxation. (b) crack velocity vs. depth illustrating that at high coolant conductivity (0.3
US/cm), cracks nucleate and grow earlier in life when the weld residual stresses are
higher, resulting in higher growth rates and a shorter time to achieve a given crack depth
[9,15]. '
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B.3 “Stress Corrosion Cracking and Pitting: Contaminating External
Environments,” by Robert L. Tapping

Background

Since commercial nuclear power began, extensive research has been concerned with
corrosion processes inside the piping and components. Most of this project is.
concerned with the results of this research including mitigations and improved
procedures for operation. This chapter is concerned with corrosion in environments that
are outside the piping and components. While the environments inside the boundaries
of nuclear plants are reasonably well defined and monitored, there is a class of
environments that occurs outside these pipes and components. Such environments are
miscellaneous and resuit from impurities carried in the air, adventitious leaks, and
animals including bacteria and fungi.

Many commonly used metallic materials are susceptible to localized and general
corrosion when exposed to ambient, or external, conditions. Typically such corrosion
occurs only when the external surface of the material or component is cool enough that
ambient moisture, or in unusual circumstances, potentially corrosive non-aqueous
vapors, can condense on the surface. For nuclear power plants the ambient external
environment is assumed to be air, occasionally moist or wet and periodically
contaminated with potentially corrosive species. The most important, and common, of
these contaminants is the chloride ion, present either as salts from the local environment
(sea air, for instance) or as a contaminant leached from the immediate environment,
such as insulation. Sometimes contaminants arrive via animal wastes and at other
infrequent times bacteria and fungi produce corrosive metabolic products.

In nuclear power plants, the most likely materials to be exposed to contaminated
external environments are stainless steels (SS), usually austenitic stainless steels such
as types 304 and 316, and carbon steels. The austenitic stainless steels are susceptible
to stress corrosion cracking (SCC and pitting in chloride-contaminated aqueous
solutions. Carbon steels may sustain [RT: a quirk of mine to avoid human emotions to
describe physical processes; do as you wish] pitting in such environments. This
Technical Supplement outlines the rationale behind judgments of susceptibility of
nuclear power plant materials to contaminated external environments, predicted future
behavior of these materials, and mitigation and life management strategies to avoid
significant degradation or failures.

Factors Influencing Material Susceptibility in External Environments

This discussion emphasizes the corrosion behavior (susceptibility factors) for austenitic
stainless steels and carbon steels in nuclear power plant systems where components
fabricated from these materials present their outside surfaces to environments that may
cause external damage. The knowledge bases underlying these susceptibility factors
are discussed in the following sections. Note that for austenitic alloys and ferritic
stainless steels also, containing more than about 20% Cr, the susceptibilities to such
degradation is considerably less than that of the “18-8" Cr-Ni stainless steels, and
commonly-used nickel-base alloys such as Incoloy 800 or 825. Thus a possible
materials solution to under-deposit or marine corrosion could be selection of materials
such as type 310 or 321 SS, or use of “superalloys such as AL-6X, or a Hastelloy.
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However this is usually not a cost-effective solution for most nuclear applications, other
than for steam condensers exposed to seawater or brackish water.

In the discussion that follows the modes of pitting and stress corrosion cracking are
emphasized. These modes are the most likely to lead to damage especially as plttmg
might also initiate SCC or corrosion fatigue.

There are several different environments that can produce pitting and SCC. These
include deposits that accumulate and crevices that form and contacts between metals or
metals and non-metals. In addition bacteria and fungi can accumulate and through their
metabolic processes can produce local corrosive conditions. The action of these
microbes is favored by moisture and oxygen as well as nutrients. Finally, galvanic cells
such as those as might occur with juxtaposed carbon and stainless steels. While the
three sometimes lead to the terms “crevice corrosion, microbiological corrosion (MIC),
and galvanic corrosion, these terms are really incorrect and are simply different
environmental configurations where pitting and SCC both can occur.

With the configurations of crevices, MIC and galvanic juxtaposition, the chemistries that
produce corrosion are acidic impurities in the atmosphere, salts such as chlorides from
the ocean waters, the various chemistries of animal wastes, and acids from the
metabolism of microbes. Also, corrosive chemicals are sometimes leached from
insulatioh, polymers, paints, and floor dirt

Stress Corrosion Cracking:

SCC of austenitic SS occurs in low temperature environments only if the material is
subject to high'stress, the surface is abused by grinding or by poor machining practice,
is exposed to a corrosive environment, and if the material is sensitized, for instance by
heat treatment such as that which occurs on welding. Welding-induced residual stress is
the most likely source of the high stresses necessary to initiate SCC, although fit-up
stresses and other fabrication-related cold work (cold bending, for example) are other
examples. Thus welds and bends are locations most likely to be susceptible to SCC. In
the presence of chloride contamination (see below), the cracking usually takes the form
of transgranular SCC (TGSCC).

The corrosive environment responsible for most external ambient temperature is
oxygenated water contaminated with chloride ions. The usual temperature range of
‘concern is from about 50°C (120°F) to about 100°C (212°F). The upper temperature
depends on the dew point of the environment; typically the surface must be wet at least
part of the time for SCC to occur. The source of the chloride is usually either ambient air
or adjacent materials. Marine coastal environments are those most commonly chloride-
contaminated, but nearby. industrial sources may also occur if the power plant is situated
near a large industrial complex that can emit chloride- or chlorine-contaminated air.

Note that external pipe surfaces routinely exposed to rain, or frequently washed down,
are at little risk of TGSCC or pitting, even in marine environments, since the rain and
washing will remove the soluble chiorides.

Pipe insulation or polymeric materials such as tape are often contaminated with chloride,
although the insulation sometimes contains a chemical inhibitor to reduce corrosion. For
SCC to occur under insulation, or some other chloride-containing material, the material
surface must be wet and in intimate contact with the insulation. Wet insulation is the

B-46



worst case, since the insulation provides a crevice environment as well as a chloride-
contamination source, resulting in an increase in chloride concentration in the crevice
with time. As noted above, a crevice environment can build up with time, so SCC
conditions may not develop for several years.

SCC of carbon steels is unlikely to occur under these conditions but can possibly occur
in the range of 100C if sufficient water and stress are available.

Pittin

Pitting of stainless steels occurs under the same conditions as noted above for SCC,
with the important exception that pitting does not require high stresses or sensitized
material. Thus pitting can develop anywhere on a stainless steel component exposed to
chloride contamination in a crevice environment. Austenitic SS with molybdenum
additions (type 316SS, for example) are more resistant to pitting than non-Mo stainless
steels such as type 304SS.

Pitting of carbon steels also can occur in external environments, although typically such
pitting usually is associated with deposits or other crevices. Otherwise, carbon steels
usually exhibit general or uniform corrosion in the presence of wet chloride-contaminated
external environments.

Typical Occurrences of (TG) SCC and Pitting in Power Plants

The most common occurrences of TGSCC or pitting of austenitic SS (primarily types 304
and 316) are under wet insulation or where piping is exposed to marine air and deposits
can build up. Insulation can become wetted by water leakage from adjacent
components, by washing or by soaking as a result of fire sprinkler action. Chlorides in
the insulation leach out and deposit on the piping, eventually reaching concentrations
sufficient to cause SCC (highly stressed areas, typically near joints/welds or at bends) or
pitting. Examples of this are SCC of instrument lines and other small diameter lines.

Inspection and Remediation Strategies

Inspection strategies require an assessment of which sections of piping are exposed to
conditions which can promote SCC or pitting. These locations are those which can be
wetted and which are in contact with chloride-contaminated insulation or
coatings/adhesives/tapes, or where deposits can build up and chloride contamination is
also present. Typical areas at risk are in the temperature range 60°C to about 100°C.
Visual inspection for water drips, wet areas on the pipe, deposits and rust stains are a
first step required to focus any further inspection. Where insulation or other coverings
are present, these may need to be removed to allow an effective visual inspection. If
any welds, bends or other stressed areas show any visual evidence for possible
corrosive conditions, non-destructive examinations (NDE) should be carried out.
Surface eddy current, ultrasonic inspection, magnetic particle, radiography or equivalent
alternative and qualified procedures may be used for these inspections.

Mitigation strategies center around preventing wetting of the pipe surface or any
surrounding materials that might contain chlorides. Most insulation contains corrosion
inhibitors that are designed to prevent corrosion of adjacent contacted surfaces, but this
needs to be verified for specific plants. Much of the insulation in power plants is covered
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with metallic water-resistant jackets, and this is a good mitigation strategy, although it
does interfere with any subsequent inspections. For piping exposed to outdoor
environments, the mitigation strategy is to keep the piping clean and free of deposits.
This is of most concern in marine environments, or areas where chloride-contaminated
deposits may build up. Washing down such piping periodically is a good counter-
measure. For piping that does not see high temperature internal fluids, coatings are a
good corrosion prevention approach.

As noted earlier, a possible remediation strategy is to use highly corrosion-resistant
materials for components exposed to potentially corrosive external environments, rather
than 18-8 stainless steels or carbon steels, but this is not normally a cost-effective
solution compared to good maintenance practices.

Life Management Issues

Current industrial practice should include routine visual inspections for wetted, rust-
stained, or fouled areas of low temperature piping. This would be an effective mitigation
strategy for the longer term if accompanied by cleaning/washing and/or NDE as
appropriate. It is not clear if visual inspections are a routine practice at nuclear power
plants; many incidents of TGSCC of low temperature piping are managed by repair
following detection of a leak. This is feasible because the low temperature piping
sections or systems may be isolated and repaired on-line.

References for B.3

[1] Uhlig’s Corrosion Handbook, Ed. R. Winston Revie, Second Edition, The
Electrochemical Society, John Wiley & Sons, New York, 2000.

2] Corrosion, Volumes 1 and 2, Ed. L. L. Shreir, Second Edition, Newnes-

‘ Butterworths, Boston, 1976.

[3] . Atmospheric Corrosion, W. H. Ailor, The Electrochemical Society, John Wiley
and Sons, 1982. .

[4] Metals Handbook, Volume 13, Corrosion, Ninth Edition (or latest), ASM
International, Metals Park, Ohio, 1987

[5] Stress-Corrosion Cracking, Ed. R. H. Jones, ASM International, Materials Park,
Ohio, 1992. ' '

[6] Pitting Corrosion of Metals, Z. Szklarska-Smialowska, National Association of
Corrosion Engineers, Hogston, Texas, 1986.

B-48



Figure B.3.1: Cross-Section of OD-initiated transgranular cracking in a
cold-worked stainless steel line. ’
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B.4 “Thermal Aging and Embrittlement of Cast Stainless Steels,”
by Peter M. Scott :

Introduction

Cast stainless steels (CASS) are used for many components in Light Water Reactors including
piping, elbows and T's, and particularly those components with complex shapes such as pump
and valve bodies. They are not normally subject to high neutron fluxes although some CASS
components on the edges of PWR cores may reach fast neutron fluences on the order of 10%°
n/cm? at end of life (for 40 years initial licensing period).

The most commonly used CASS materials are SA-351 grades CF-3, CF-3A, CF-8, CF-8A and
CF-8M, the specifications of which are shown in Table B.4.1. They have a duplex (y) austenite /
5 ferrite microstructure and are susceptible to thermal aging embrittlement of the & ferrite phase
at typical PWR and BWR operating temperatures. The volume fraction of ferrite is typically 10
to 20% but may attain 25%; only the lower limit is imposed by the ASME code. Stainless steel
weld deposits, typically Type 308 and 309, have a similar duplex microstructure but with a lower
volume fraction of ferrite typically in the range 5 to 10% and notably lower Cr contents. '

Embrittlement of the d ferrite phase results in an increase in hardness and loss of ductility and
of fracture toughness. The mechanisms of thermal aging have been extensively studied from
the point of view of microstructural changes resulting in the formation of nanometer-scale
embrittling phases. Predictive, albeit empirical, equations have been developed for the purpose
of forecasting the deterioration in mechanical properties over typical reactor lifetimes.

The purpose of this appendix is to provide a summary of current understanding of the thermal
aging mechanism of CASS and the application of that knowledge currently proposed in the
United States for predicting changes in mechanical properties and loss of fracture toughness in
PWR and BWR components [1,2,3]. There are no known published studies of the stress

. corrosion resistance of these materials in the aged and embrittled condition when exposed to
PWR or BWR primary coolants although there are some instances of stress corrosion cracks
propagating into stainless steel weld metals in BWRs, apparently along the & ferrite, after long
periods of service. There are also no known published studies. of the influence of these
aqueous environments compared to air on fracture resistance.

Mechanism of thermal aging

Thermal aging embrittlement of CASS at temperatures below about 400°C arises primarily as a
consequence of a thermally activated separation of chromium by diffusion in the Fe-Cr solid
solution of the & ferrite phase resulting in the formation of an iron rich o phase and a chromium
rich o' phase. This process is called 'spinodal decomposition' and occurs mainly at the higher
chromium contents greater than ~23% in the & ferrite (for temperatures <400°C). The o' phase
may also form by precipitate germination and growth, particularly at temperatures >400°C, but
can also contribute at lower temperatures depending on the precise combination of chromium
content and temperature e.g. <~26%Cr at 400°C and <~23%Cr at 300°C. The austenite phase
of CASS is unaffected by thermal aging in the same temperature range:

The formation of a' during thermal aging can affect all Fe-Cr solid solutions with Cr contents in
solution >10%. An "oscillation” in the resulting Cr distribution is observed by high resolution
microscopic techniques with "wavelength” (measured in nanometers) and amplitude increasing
with aging time and temperature. The effect increases notably with the Cr and Mo content of
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the ferrite phase and consequently CF-8M is less resistant to aging than CF-8 or CF-3 without
Mo. The formation of embrittling o' phase from & ferrite is enhanced by other alloying elements
such as silicon which together with Cr and Mo can be represented by the chrome equivalent.
The presence of the adjacent austenite phase in CASS appears to exert a detrimental influence
relative to purely ferritic alloys of similar composition.

Other precipitation phenomena occur in the & ferrite phase and at the ferrite-austenite interfaces
above about 350°C, particularly the formation of the fcc Ni,Si,Mo rich G phase which can reach
up to 12% by volume in Mo containing CASS. Carbon also enhances G phase precipitation.
Nevertheless, G phase does not appear to contribute significantly to hardening and loss of
toughness. At higher temperatures between 400 and 500°C other intermetallic phases
precipitate but to a much lesser extent than G phase. However, extensive carbide (and
sometimes nitride) precipitation, particularly at austenite-ferrite interfaces, occurs in the Mo-free
CASS.

Although the microstructural evolution of CASS during thermal aging is fundamentally driven by
solid-state diffusion processes, the complexity and changing nature of the phenomena with
temperature is such that extrapolation over large temperature ranges using Arrhenius type
relations is very difficult. Accelerated thermal aging for PWR and BWR applications is generally
only carried out up to 400°C where hardening of the d ferrite by a' formation is the predominant
aging process. Even with this restriction, the apparent activation energy observed for changes
in mechanical properties such as hardness and toughness (see next section) can be very
variable and sometimes significantly below the activation energies of 210 to 260 kJ/mole
associated with diffusion of metallic species, particularly Cr, in ferrite.

Mechanical properties of thermally aged CASS

The complexity of the microstructural changes associated with thermal aging of CASS gives rise
to very strong material and heat dependencies for the extent and kinetics of evolution of
mechanical properties. Consequently, very careful studies have been necessary to determine
the range of temperature, composition etc for which mechanical properties data obtained from
accelerated aging tests can be applied to service conditions.

The overall degree of embrittlement depends strongly on the amount, composition and
distribution of the ferrite phase. The increase in hardness and decrease of ductility of the ferrite
phase due to thermal aging promotes premature cleavage in this phase that can extend
preferentially through it if there is a continuous ferrite network. Even if the fracture path
intersects the austenite, deformation induced martensitic transformatnon can allow the brittle
fracture to extend beyond the embrittled ferrite.

The main parameter used for characterizing the evolution of mechanical properties due to
thermal aging has been the Charpy impact energy. Measurements of tensile properties,
hardness, microhardness of the ferrite phase and J-R fracture resistance curves have also been
made.

Thermal aging of CASS at BWR and PWR operating temperatures is characterized by an
increase in hardness and tensile strength and a decrease in ductility, impact strength and
toughness. In addition, the "brittle-ductile” transition temperature increases and the upper shelf
decreases. Examples of Charpy impact energy measurements at room temperature on many
heats of CASS are shown in Figure B.4.1. Although the dispersion in the results is large, all
heats show a clear trend to a saturation of the aging effect (lower plateau value of Charpy
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impact energy) that is independent of aging temperature,‘at least up to 400°C. The main trends
in the data are with chemical composition, the plateau Charpy impact energy decreasing with
increasing ferrite and chrome equivalent.

A procedure proposed in the United States for estimating the toughness of CASS components
in service is based on empirical equations relating Charpy impact energy to the chemical

- composition, notably Cr, Mo, Si and C (i.e. Creq), and time and temperature, including
accelerated aging data at temperatures up to 400°C. The kinetics of aging are based on
Arrhenius type correlations in'which the apparent activation energy also depends on the
concentrations of the aforementioned elements. The toughness (Jo2) and J-R curve are then
estimated from empirically established correlations with the Charpy impact energy from room
temperature to normal operating temperatures. Lower bound estimates of end-of-life toughness
are made based only on the chemical composition and lower bound correlations if no further
details of the microstructure are available. The procedure can be refined if the initial Charpy
impact energy and/or ferrite content are known, for example by classifying the material into
three groups defined for <10%, 10 to 15%, and >15% ferrite.

A method proposed in the United States for screening CASS components for their potential
susceptibility to thermal aging embrittlement is to divide all such components into six categories
as shown in Table B.4.2. The indicated ferrite levels may be calculated or measured. All

~ components identified as having a potentially significant reduction in fracture toughness due to
thermal aging are then placed in an aging management program. The NRC staff position is
described in a letter dated May 19, 2000 from C.I. Grimes (NRC) to D. J. Walters (NEI). A
corollary of this classification is that no significant thermal aging is anticipated for stainless steel
weld deposits because of the low ferrite contents relative to CASS. However, studies of the
fracture properties of weld heat affected zones in aged CASS do not appear to have been
published.

It is important to note that there is significant variability internationally in approaches used to
estimate the degradation in CASS toughness that can lead to differing judgments of the
significance and extent of thermal aging embrittlement. In particular, the US approach
eliminates from consideration all heats known or believed to contain niobium on the grounds
that these are out of specification in the USA. The counter argument is that niobium precipitates
as niobium carbide very quickly and in any case has no significant effect on toughness in either
the as-received or thermally aged condition. An even greater dispersion in possible toughness
levels and a significantly reduced lower bound compared to that adopted in the US have been
measured [1,4], i.e., significantly lower than the saturation room temperature impact energy of
~25 Jlem? seen in Figure B.4.1. ltis acknowledged, however, that the very low toughness heats

~in the international population of CASS heats is strongly influenced by heats from a particular
foundry that has not supplied the US market. Nevertheless, the range of ferrite contents and
chrome equivalents are not considered to be unrepresentative of the range encountered in
CASS used in US plants.

Other possible degradation phenomena

As mentioned in the Introduction, some CASS components below or above the core can be
irradiated possibly up to ~10% n/cm? at the end of a 40 year licensing period. Since the fracture
resistance of fully thermally aged CASS is essentially that of the network of austenite (because
the fully thermally aged ferrite is so brittle and hardly contributes at all to remaining fracture
toughness), the effect of irradiation damage will only be significant if the austenite is embrittled -
by neutron irradiation. At a neutron fluence of ~10?° n/cm? the mechanical properties of
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austenitic stainless steels are scarcely affected. It follows, therefore, that no significant effect of
irradiation damage on fracture resistance of CASS is anticipated in the fully thermally aged
condition. Of course, at intermediate stages of thermal embrittlement of the ferrite phase, the
effect of irradiation damage on fracture toughness could be more marked. The industry is
currently investigating the mechanical and fracture of irradiated CASS to check the anticipated
behavior described. :

It is well known that fracture resistance can be affected by the environment in which the fracture
events occur. For example, the fracture resistance of nickel base weld metals appears to be
significantly reduced in a PWR primary water environment compared to air at temperatures
below about 1560°C, probably due to hydrogen embrittlement (See Paper B.13 N° 13). Given
the nature of the embrittlement of the ferrite phase in CASS, it is reasonable to suppose that
some effects of hydrogen embrittlement may also combine with thermal aging embrittiement in
this case. However, there are no known published studies of the effects of aqueous
environments on fracture resistance of CASS although certain electrochemical non-destructive
tests proposed for the detection of thermal aging embrittlement of CASS depend on different
dissolution response between aged and non-aged material[5,6]. In oxidizing environments such
as BWR normal (oxygenated) water chemistry, this could result in preferential
dissolution/oxidation at the y-ferrite interface. Such differences would be less likely in
hydrogenated BWR hydrogen water chemistry or PWR primary water chemistry. On the other
hand, hydrogen entry into the aged duplex stainless steels, especially into the hardened ferrite
phase, may raise some concerns.

An ancillary question to the one posed above concerns the stress corrosion/hydrogen
embrittlement behavior of thermally aged CASS but again there are no known published studies
other than the (unexpected) observations of stress corrosion cracks propagatmg into stamless
steel weld metals mentioned in the Introduction. .

Some effort has been devoted to examining fatigue and corrosion fatigue S-N and fatigue crack
propagation behavior of CASS. The corrosion fatigue data for de-oxygenated PWR
environments appear to present similar environmental effects as wrought stainless steels.
Given the unresolved controversy regarding how to incorporate such environmental effects in
fatigue evaluations no further discussion is given here. The extent to which these corrosion
fatigue studies extend to thermally aged material is not known. '
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Table B.4.1 ASME Specifications for CASS Grades Commonly Used in PWR and BWR

CF-3 CF-3A CF-8 CF-8A CF-8M
Carbon %max 0.03 0.03 0.08 0.08 0.08
Manganese %max | 1.50 1.50 1.50 1.50 1.50
Silicon %max 2.00 2.00 2.00 2.00 1.50
Sulfur %max 0.040 0.040 0.040 0.040 0.040
Phosphorus %max | 0.040 0.040 0.040 0.040 0.040
Chromium 17.0- 17.0-21.0 | 18.0-21.0 | 18.0-21.0 | 18.0-21.0
21.0
Nickel 8.0-12.0 | 8.0-12.0 8.0-11.0 8.0-11.0 9.0-12.0
Molybdenum 0.50 0.50 0.50 0.50 2.0-3.0
Y% max ‘
Tensile strength 70 (485) | 77 (530) - | 70 (485) | 77 (530) |70 (485)
Min Ksi (MPa)
Yield strength 30 (205) | 35(240) | 30(205) | 35(240) | 30(205)
Min Ksi (MPa)
Elongation 35.0 35.0 35.0 35.0 30.0
Min % ‘

Table B.4.2 Proposed Thermal Aging Screening Criteria in EPRI TR 106092

Mo Content . Ferrite N .
(Wt. %) Casting Method Content Significance of Thermal Aging
High . . —
(2.0-3.0 Static All Potentially significant
' Centrifugal >20% Potentially significant
<20% Non-significant
Low ; o . I .
(0.50 max.) Static >20% Potentially significant
’ <20% Non-significant
Centrifugal All Non-significant
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aged at 400°C (2).
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B.5 “SCC of Ni Alloy 600 and Alloy 182 and 82 Weld Metals in BWR Water,”
by Peter L. Andresen

Introduction

Nickel alloys were originally specified for BWR components for their resistance to
corrosion and stress corrosion cracking (SCC) — as indicated by early laboratory data
and field experience — and because their thermal expansion coefficient is similar to the
low alloy steel used for the reactor pressure vessel. Typical compositions of the relevant
nickel alloys are shown in Table B.5.1. Table B.5.2 provides a list of BWR components
where Alloy 600 and Alloy 182 and 82 weld metals have been used.

Intergranular stress corrosion cracking (IGSCC, Figure B.5.1) susceptibility of Alloy 600
and high strength alloys (e.g., Alloy X750) in high temperature water was demonstrated
in laboratory testing over 50 years ago [1]. Significant cracking of nickel alloys began to
occur in BWR components in the 1970s, and SCC has become the primary materials
issue with nickel alloys in light water reactors. For Ni alloy weld metals, so-called
interdendritic cracking (actually intergranular, as grain boundaries form as groups of
dendrites grow during solidification) is the morphology of SCC observed in plant

"~ components and relevant laboratory tests (Figure B.5.1).

While SCC of nickel alloys in PWR and BWR systems has been considered a distinct
and different phenomena (e.g., as indicated by the term “Primary Water SCC,” or
PWSCC in PWRs), there is a evidence showing that there are many common
dependencies and a well-behaved “response surface” as a function of changing
temperature, oxidant level, H; level, and water purity [2-7]. Appendix B.6 [8] provides a
detailed description of SCC observed in various nickel alloys in PWR primary and
secondary (steam generator) components. In PWR applications, when Alloy 600
components are replaced, it is usually by Alloy 690 and its compatible weld metals,
Alloys 152 and 52. These have proven to be more resistant to PWSCC in severe
laboratory tests and, to date, after 16 years in service. Alloy 800 steam generator tubes
are also quite resistant to SCC, although their tolerance to poor secondary chemistry is
probably lower. This Appendix focuses on the operating experience and known
dependencies of nickel alloys in BWR environments.

Nickel Alloys Components in BWRs

Nickel-base weld materials are used throughout the BWR [9], and are more prevalent
than wrought nickel alloy components (Table B.5.2). Alioys 182 and 82 are used to join
the low alloy steel pressure vessel and pressure vessel nozzles to wrought nickel alloys
and austenitic stainless steel components. Alloy 182 is typically used as a coated stick
electrode designed for manual welding, whereas Alloy 82 is typically used in wire form
for automated TIG or MIG welding. Figure B.5.2 provides a schematic of the key
components and their locations in GE BWRs, and Figures B.5.3 — B.5.8 show the
configurations of various locations where Alloy 182 and 82 welds exist.

There are several different nozzle-to-safe-end welds where Alloy 182 weld metal has

been used for the nozzle butter and/or the weld joint. These include the recirculation

inlet and outlet nozzles, the core spray nozzles, the jet pump instrumentation nozzles,
and the feedwater nozzles; the actual configuration depends on the specific vessel
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fabricator. Figure B.5.3 shows the typical details of Alloy 182 and 82 weld build-up used
in many BWRs. Alloy 182 was often used to butter the safe end, after which the vessel
was heat treated (tempered) to restore its properties. Following this post-weld heat
treatment (PWHT), the subsequent weld to the safe end was typically made with an
Alloy 82 root pass, and then the weld was completed with Alloy 182. The dendritic
structure shown in Figure B.5.1 develops during weld solidification of both Alloys 182
and 82 welds, with the dendrites growing toward the top of the weld. Even when the
entire weld was nominally made of Alloy 82, weld repair records at some plants showed
that Alloy 82 weld repair was performed by manual welding using Alloy 182 because of
the repair geometry or limited access. Weld repairs in general are suspected of being
the origin of preferred crack initiation and faster crack growth. Many weld repairs are
poorly documented. The start and end point of welds (especially when performed by
manual stick electrode) are also areas of concern. .

Type 308/L stainless steel weld cladding is deposited over most of the exposed pressure
vessel surface. Essentially all internal attachments to the pressure vessel are made
using Alloy 182 pads that are welded directly onto the pressure vessel after the stainiess
steel cladding and before the post-weld heat treatment. Stainless steel weld metal has
proved to be more resistant to SCC than Alloy 182 weld metal. The Alloy 182
attachments include the steam dryer hold down brackets, core spray brackets and
shroud support structures. The latter was typically constructed of wrought Alloy 600,
with Alloy 182 welds used for its construction and attachment to the vessel. This
represents the largest circumference of nickel base weld. The structure in many cases
is supported by legs that are welded to the bottom head of the RPV. Alloy 182/82 welds
were used for many of the penetrations through the bottom of the pressure vessel — the
most numerous being the control rod drive (CRD) housings. Finally, in most BWRs,
water is pumped through the core using jet pumps, which require circular openings in the
Alloy 600 support ledge, and are attached using Alloy 182/82 welds.

In the standard BWR environment (normal water chemistry, or NWC), the water
chemistry is oxidizing and Alloy 182 is susceptible to SCC. Alloy 182 cracking was first
discovered during replacement of weld sensitized stainless steel recirculation piping.
Since then, there have been continuing instances of cracking in Alloy 182. This
document discusses the field cracking characteristics of Alloy 182, SCC dependencies,
mitigation techniques, and improved materials.

History of SCC in BWR Nickel Alloy Components

All of the nickel alloy components and welds listed in Table B.5.2 and Table B.5.3 have
experienced SCC at one time or another in BWRs. There has also been extensive
cracking of creviced Alloy 600, primarily in the form of shroud head bolts, safe ends, and
ledge and access hole covers. For nickel alloys and stainless steels, a high initial
incidence of cracking occurred, primarily due to poor water chemistry during the early
operation of most BWRs. While dramatic improvements were made in water purity,
once cracks nucleated, growth was readily sustained even in good quality water. For
example, Figure B.5.9 shows the correlation between BWR water purity and incidence of
cracking in Alloy 600 shroud head bolts. In addition to the important effect of average
water purity, both prediction and plant data show that very high conductivity early in life
produced a different population of (more severe) cracking than is reflected by the plant
average conductivity. '
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The overall experience with wrought nickel alloys in BWRs has been better than with
welded austenitic stainless steels, where IGSCC has been widely observed in the heat
affected zone of types 304 and 316 stainless steel (but rarely in type 308/L weld metal).
This is especially true for weld sensitized stainless steel, but unsensitized stainless steel
has also cracked extensively, primarily due to the combination of weld residual stresses
and weld shrinkage strains. Residual strains peak at the weld fusion line and are
generally equivalent to 15 — 20% room temperature tensile strain [10, 11].

There has been very good experience with Alloy 600 in the welded, uncreviced
condition, particularly in the bottom-head region; extensive SCC of Alloy 600 has
occurred in the creviced condition. Alloy 182 weld metal has not performed nearly as.
well. Initial concerns for the SCC performance of Alloy 182 were raised in laboratory test
data from the US [12] and subsequently confirmed internationally, e.g. [13]). This led to
the recommendation to inspect weld metal butters during replacement of recirculation
piping that was necessitated by IGSCC of weld sensitized, large diameter Type 304
stainless steel pipes. The first inspection, performed at a BWR/3 in the 1984 timeframe,
revealed cracking in several welds. Inspections were performed in the recirculation inlet
and outlet safe ends during the piping replacement [14]. Cracking was detected using
dye penetrant exams in 3 of 10 inlet nozzles and 1 of 2 outlet nozzles. The cracking was
axial in all nozzle butters, with a maximum depth of about 70% of wall thickness. Boat
“samples were removed from one weld that attached the stainless steel safe end to the
outlet nozzle. Metallography verified that the cracking was confined to the Alloy 182
weld and did not extend into the low alloy steel. It also established that cracking was
“interdendritic” (actually along intergranular dendrite boundaries), and did not penetrate
into the Alloy 82 root pass (corroborating the higher SCC resistance of Alloy 82 weld
metal shown in laboratory data). Many axial segments initiated in the Alloy 182, with
several circumferential segments that followed the fusion line.

Subsequently, cracking was detected in other BWRs. The number of nozzle-to-safe end
welds affected varied from plant to plant, with one plant having six cracked nozzles. The
frequency of cracking has now decreased but leakage has occurred in some smaller
diameter pipes. Some cases were associated with weld repair locations and improper
classification of inspection findings as weld geometry or internal weld defects. The
cracked nozzles included recirculation inlet and outlet, core spray and feedwater
nozzles. The cracking has remained primarily axial in nature, although there are some
instances of circumferential cracking. Many of these cracked welds have been overlay
repaired with a structural build-up of SCC resistant material to restore structural margin /
integrity. :

Knowledge of cracking in BWR core internal structures was very limited until the late
1990s, primarily because only a limited number of inspections were performed. The first
components to be evaluated were the access hole covers, which were welded during
plant construction after access was no longer needed to the lower plenum region.

These welds were particularly susceptible because crevices existed where the cover
recessed into the ledge. While cracking occurred in the creviced wrought Alloy 600 in
many plants, it also initiated and/or propagated in the Alloy 182 weld metal. This
heightened the concern for SCC of Alloy 182 in other locations.

The first instances of SCC in un-creviced attachment welds were found in hold-down

brackets on the reactor vessel head that restrained the dryer assembly. These locations
were readily inspected, and subsequent metallurgical evaluations confirmed the extent
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and morphology of cracking. The extent of cracking could not be accurately detected
visually; only PT examination or proper UT interrogation could accurately characterize
the extent of the tight weld cracks. While the cracked areas could be removed or
repaired, their proximity to the RPV material heightened the need for periodic inspection
of Alloy 182 welds in the reactor. Improved inspection approaches were developed by
the EPRI BWR Vessel and Internals Project (BWRVIP) between 1995 and 1998.

Subsequently, extensive SCC was discovered in Alloy 182 welds in the shroud support
structure of a BWR-2 during a core shroud replacement in 1999. Visual inspections and
liquid penetrant examinations were performed on the shroud support structure, revealing
cracks in the attachment welds joining the conical support structure to the reactor vessel
wall (Figure B.5.8). This cracking was found in the weld build-up pad on the vessel wall
(designated the H9 weld), as well as in other Alloy 182 welds and adjacent Alloy 600 in
the lower conical section. The cracking of greatest interest was that found on the inside
weld (the lower bottom side) of the H9 weld, where nearly 300 individual cracks were
found in 34 locations. These cracks were largely axial in nature (~90%); however, none
of the cracks entered the RPV low alloy steel. Since cracking was associated solely with
the underside of the actual core support structure, it was not detected during routine
visual in-service inspection from the top surface. This led to inspections at other BWRs,
and similar cracking was detected in another BWR/2 at the same H9 weld [15]. While
the inspection technique was focused on circumferentially oriented cracking because the
UT system was deployed from inside the vessel, the cracking appeared to be primarily
axial.

Understanding Alloy 182 Behavior in BWRs

Normal water chemistry (NWC) has existed over most of the life of the BWR fleet. NWC
is oxidizing because radiolysis forms H,O, and O, and oxidizing conditions accelerate
SCC initiation and propagation. The oxidizing conditions are properly characterized by
their effect on the corrosion potential, which is a kinetic balance between reduction
-reactions (e.g., O, and H,0;) and oxidation reactions (e.g., H, and metal oxidation).
Given the large benefit of reduced corrosion potential, most BWRs have modified their
operating environment by adding hydrogen, termed hydrogen water chemistry (HWC).
In the last decade, most BWRs have also performed noble metal chemical addition
(NobleChem™), which mitigates the oxidizing characteristics of the coolant environment
by creating a catalytic surface, and reduces the amount of hydrogen addition required
[16,17]. Provided there is sufficient H; (i.e., twice the molar concentration of O,), all of
the O, that arrives at the surface is reacted to form water and the corrosion potential
drops to very low values. :

IGSCC in nickel alloys in BWR environments is best described by the slip dissolution /
oxidation mechanism, which also applies to austenitic stainless steels. This mechanism
accounts for the simultaneous requirement for stress, susceptible material.and oxidizing
environment [2-7], and quantifies their effects in terms of the crack tip system that exists
" as a crack advances. Over the last two decades the BWR community has performed
extensive research to quantify the crack growth behavior of Alloy 182 and other nickel
alloys as a function of corrosion potential, water purity, stress intensity factor, etc.

For example, Figure B.5.10 shows the strong dependence of growth rate on ECP in

288 °C water [7]. Figure B.5.11 shows the growth rate response vs. corrosion potential
for a wider variety of Ni alloys, including Alloy X750, cold worked Alloy 600 and stainless
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steel. It should be noted that weld shrinkage strains are typically equivalent to 15 — 20%
room temperature strain in the heat affected zone. Figures B.5.12 and B.5.13 show the
typical magnitude and timing of the change in crack growth rate as the water chemistry
conditions are changed. An inter-relationship exists among most parameters that affect
SCC; thus, for example, the effect of water purity varies with corrosion potential, and the
effect of stress intensity factor (K) varies with water and material chemistry. Figure
B.5.14 shows a low K dependence consistent with the mechanisms-based prediction for
the aggressive water chemistry. In addition to extensive laboratory crack growth rate
studies, there have been extensive crack initiation tests, compenent tests, in-reactor
assessments of field cracking, and modelling of SCC growth rate response.

Based on these data, and data from many other investigators, e.g. [18], both NWC and
HWC disposition rates for crack growth of Alloy 182 were developed [19]. The data
clearly show a lower crack growth rate in HWC compared to NWC. However,
measurable crack growth can occur at low corrosion potential, as shown by laboratory
data on nickel alloys and stainless steels, and supported by fundamental insights into
SCC. Figures B.5.10 — B.5.13 are examples of the crack growth response at low
corrosion potential; with typical rates in Alloy 182 weld metal of ~ 5 x 107 mm/s, with
higher rates up to ~ 5 x 10-8mm/s for higher strength or cold worked alloys. Note
“however that these rates are still an order of magnitude lower than those expected when
compared with comparable material conditions and “normal water chemistry.” The
laboratory data and fundamental understanding accounts for the cracking found in BWR
operating plants and supports the benefit of HWC in mitigating crack growth.

Comparison with PWR Environments

Many of the factors used to distinguish SCC response in BWRs vs. PWRs have proven
to be artificial [2,4,6,25]. The positive experience of thermally treated Alloy 600 in PWRs
was considered to contradict the deleterious role of grain boundary carbides and Cr
depletion in BWRs. However, grain boundary carbides are in fact beneficial in both
environments, although when accompanied by Cr depletion, SCC susceptibility
increased in oxidizing environments. This is clearly attributable to the slower
repassivation rates at lower Cr concentrations in the pH-shifted chemistries that form
when oxidants are present.

BWRs that employ NobleChem™ to catalytically achieve low corrosion potentials
operate under conditions that are broadly similar to the PWRs primary environment.
There are three primary differences: solution pH, H, fugacity, and temperature.

In deaerated (e.g., PWR water), variations in solution pH in the near-neutral regime have
little effect on SCC [20], although it has some effect on the corrosion potential (112 mV /
pH unit at 288 °C) because the corrosion potential under deaerated conditions is
controlled by the H,O/H, reaction. Both pH and conductivity are higher in the PWRs as
a result of H3BO; and LiOH additions, and there has been a trend upwards in pH
operating point in most PWRs from about pHjzsc = 6.9 to 7.3 or 7.4. At 290 °C, the
pHagoc is now typically 6.8 to 7.2 in PWRs (pHagyc represents 1100 ppm B and 2 ppm L,
which gives a pHazsc = 7.25 and a pHasoc = 7.58) vs. 5.65 in BWRs, and the conductivity
is 166 uS/cm vs. 5 uS/cm. However, laboratory data show that the higher conductivity is
not bad per se in deaerated water, nor is the shift in pH in this near-neutral range [20].
The shift in corrosion potential is unimportant because there is no difference in potential
relative to metal — metal oxide phase transitions (esp. important is the Ni/NiO
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~ equilibrium). Also, in the absence of oxidants, there is no potential gradient in the crack
and therefore no aggressive crack chemistry develops.

Secondly, the difference in H, fugacity is about 60X, from 40 to 60 ppb H, in BWRs to
about 3000 ppb in PWRs. This produces only a small change in corrosion potential of
about 100 mV, which can nevertheless be important to SCC of Ni alloys. Iis role is
related to a shift in the stability of Ni vs. NiO, which is affected by both H, and
temperature (Figure B.5.15). No potential gradient forms in the crack because H; is not
consumed (unlike oxidants), so no aggressive crack chemistry forms whether the H,
level is high or low. .

The third difference is temperature. The temperature of most structural components is
274 °C in a BWR (the feedwater reduces the recirculating core outlet water from 288 °C
to 274 °C); thus, this is the temperature in the recirculation and clean-up piping, the
annulus between the shroud and the pressure vessel, and the lower plenum region. In a
PWR, the core inlet temperature is about 286 °C, the core outlet temperature is typically
323 °C (ranging from ~316 to.323 °C), nearly 50 °C hotter than most structural
components in a BWR. For nickel alloys, this difference (323 vs. 274 °C) leads to a. .
significant increase in crack growth rate of about 14X [7,21]; compared to the 345 °C

. PWR pressurizer, the difference is about 40X.

Improved BWR Nickel-base Weld Metals

Research has shown that SCC susceptibility is affected by the chromium level, including
Cr depletion at the columnar dendrite boundaries of nickel base weld metals. The
material parameters that affect chromium depletion include the nominal chromium level,
the carbon level, and the concentration of “stabilizing” elements (Nb and Ti) that form
non-detrimental carbides in preference to chromium carbide. These factors have been
used by the BWR industry to rank materials and guide selection of optimized alloys for
new reactors and structural weld overlays. An N-bar parameter has been used to
assess susceptibility for Alloy 182 [22], with values below 12 indicating moderate
susceptibility: :

N-bar = 0.13*(Nb+Ti)/2*C (in weight percent)

A more recent measure is the Stress Corrosion Resistance Index (SCRI), which includes
- chromium level in the assessment [23]. A value below 30 represents significant
susceptibility:

SCRI = Cr + (Nb+Ta)*5 + Ti*10 - 116.5*C (in weight percent)

Higher crack growth rates have also been measured in tests performed to evaluate the
effects on SCC susceptibility of other alloying impurities, such as phosphorus, sulphur
and silicon, but this may be due to synergistic effects with Cr-depleted boundaries.
These elements, especially elevated silicon and lower manganese, adversely affect
weldability by leading to a. higher potential for hot cracking that could aid initiation and
accelerate crack advance.

The PWR industry has shifted to Alloys 52 and 152 weld metal, and Alloy 600 has been

replaced with Alloy 690. The BWR industry continues to view Alloy 82 as an optimum
choice when fabrication concerns are included in the decision process. This alloy has
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been used in Advanced BWRs for 10 years and its selection and good performance
reflect the value of automatic welding processes [24] and the ability to perform Alloy 82
welds without re-work. The industry targets specific compositions to achieve high
resistance to SCC, with initial carbon levels commonly of 0.01% or less. While the
chromium levels are not as high as in Alloy 52, there is 20 years of good component
performance in BWRs. Avoiding the use of Alloy 182 — and the associated elements of
manual welding, weld repairs, and reduced Cr — has significantly reduced SCC of nickel

weld metals.
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Table B.5.1 Compositions of Nickel Base Alloys Used in BWRs

Alloy 600 Alloy 182 |Alloy 82  |Alloy X750
Nickel Bal. Bal. | Bal. Bal.
Chromium 14-17 13-17 18-22 15-17
[ron 6-10 <10.0 <3.00 8-9
tanium <1.0 <0.75  [2.53.0
Aluminum 0.7-1.0
puiobium plus 1025 2030 0.81
Carbon <0.05 <0.10 <0.10 0.05-0.08
Manganese  [€1.0 5.0-9.5 2.5-3.5 0.1 |
Sulfur <0.015 <0.015 <0.015 | <0.03
Phosphorus <0.030 <0.030 <0.03
Silicon <0.5 <1.0 <0.50 0.1-0.2
Copper <0.5 <0.50 <0.50 <0.50 .
Cobalt <0.10 <0.12 <0.10 <0.10

Table B.5.2 BWR Components That Use Nicke‘I Base Alloys

BWR Components Nickel Base Alloy Grades Used
BWR Shroud Head Bolts Alloy 600

Press. Vessel Attachment Pads | Alloy 182

Control Rod Penetrations Alloy 600

Control Rod Penetration Welds | Alloy 182

Core Shroud Support Welds Alloy 182
Pressure Vessel Nozzles Alloys 182 and 82
Safe Ends ' Alloy 600

Weld Metal Deposits Alloys 82 and 182
Jet Pump Beams Alloy X750

Fuel Rod Spacers Alloy X750
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Table B.5.3

Alloy 82/182 Field Cracking in One Set of BWRs

Material Component |Part BWR Type |First Synch|Find Date |Cause
Alloy 182 Feedwater End Bracket|2 Sep-69 Oct-2000 IGSCC
Sparger
Alloy 82/182|In Core Monitor |Penetration May-84 Aug-97 Most likely original
' fabrication weld
defects (one
possible exception
on 08-41).
Alloy 182 |RPV Head Bracket Non-GE Jan-81 Jan-95 IGSCC
BWR
Alloy 182. |RPV Head Bracket Non-GE Jun-80 Jan-95 IGSCC
BWR
Alloy 182  |Shroud Leg 3 Mar-71 Dec-99 Probable IGSCC
Support

Alloy 182 Field Cracking in a Second Set of BWRs

Year of Location of
Plant | System Detection | Indication
E-1 Recirc 1990 Main Loop
E-2 Recirc 1985 Flange
E-2 Core Spray 1999 Brackets
E-3 Recirc 1996 Pipe weld
E-4 Recirc 1997 Pipe weld
E-4 Core Spray 1999 Brackets
E-5 Core Spray | 1999 Brackets
E-6 Feedwater 1985 Nozzle
E-6 RPV 1986 Head spring beams
E-6 RPV 1986 Flange
E-6 Feedwater 1997 Nozzle
E-6 RHR 1997 ‘Safe end
E-7 RPV 1985 Head spring beams
E-7 RPV 1990 Flange
E-7 Feedwater 1995 Nozzle
E-8 RPV 1994 Head spring beams
E-8 Core Cooling | 1991 Nozzle
E-8 RPV 1995 Head spring beams
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Figure B.5.1. Scanning electron micrographs showing the intergranular fracture
morphology of Alloy 600, Alloy 182 weld metal and Alloy X750 when tested in high
temperature water. (© NACE International 2002)
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Figure B.5.2. Schematic of typical BWR reactor pressure vessel,
nozzles and attachments.
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RPV SHELL COURSE
LOW ALLOY STEEL
SA-533GrB CL 1

SS OVERLAY

NOZZLE TO VESSEL
SAW-LOW ALLOY WELD WIRE

INCONEL BUTTER

ERINICrFe-3 (182)(E) SAFE END TO NOZZLE

ERNICr-3 (82) OR
ENICrFe-3 (182)

SA-508 CL 2

Figure B.5.3. Typical BWR recirculation outlet nozzle, nozzle butter, weld and safe end.

A) Stainless Steel Safe End
B) Alloy 182 Weld Butter
C) Alloy 182 or Alloy 82 Weld Metal
B) Alloy 182 Weld Butter
D) Low Alloy Steel Nozzle
E) E) Low Alloy Steel
F) Stainless Steel Cladding

Figure B.5.4. Enlargement of safe end to nozzle weld region in BWRs using
Alloy 182/82 weld metals.
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RPV WALL CLADDING - ER 308L/309L

INLAY - ALLOY 182

/BRACKET -304 SS

WELD - ALLOY 182

Figure B.5.5. Typical BWR core spray bracket attachment weld configuration. Alloy
182/82 are used.
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(ALLOY 82/182)
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—\/ (ALLOY 82/182)
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(ALLOY 82/182)
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(ALLOY 82/182)
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(LOW ALLOY
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Figure B.5.6. Typical BWR shroud support structure of the leg design. Alloy 182 is
used. Also shown are the H9 and H12 welds that join the component to the RPV.




CONNECTION TO
CONTROL ROD
GUIDE TUBE

ASSEMBLY WELD -

CRDH TUBE NO. 1

RPV Weld: Alloy 182

STUB TUBE
RPV CLADDING
E308/E309/E309L
ASSEMBLY WELD (ONLY IN SOME PLANTS)
CRDH TUBE NO. 1
ASSEMBLY WELD -
O O
(] o
O o AL JA
O O
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8 CAP SCREWS
VIEW A-A & WASHERS
ELEVATION VIEW

Figure B.5.7. Typical CRD stub tube and CRD housing configurations. Alloy 182 used
in stub tube to RPV weld.
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T T
ENiCrFe-3 | rY
A ]

SA-336 F8
(SHROUD SUPPORT RING)

5B-168 (CONE ASSEMBLY)

H9 Weld

\— ENiCrFe-3 (182) OR
ERNICr-3 (82)

\\ ER 308 OR ER 309L

(a)
H9 Indications
Plotted to Scale
(34 Places)
(b)

Figure B.5.8. (a) Cross-section of BWR/2 H9 weld. (b) Schematic of the azimuthal
orientation and length of the H8 and H9 indications (around vessel circumference) as
determined by UT inspection.
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Figure B.5.9. Observation and prediction of the incidence of SCC in Alloy 600 shroud
head bolts as a function of average plant conductivity. An unusual population of three
bolts showed a much high incidence of SCC because these plants had bad water
chemistry early in their life. (© NACE International 2002)
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Figure B.5.10. Crack growth rate vs. corrosion potential for Alloy 600 and Alloy 182 weld
metal. (Left) The growth rates in high purity water at high corrosion potential fall within
the observations for sensitized stainless steel (open symbols), and the effect of low
potential or additions of 6 x 107 N SO, or Cl are consistent with the SCC behavior of
sensitized stainless steel. (Right) The effect of corrosion potential and stress intensity
factor on the growth rate of Alloy 182 weld metal in near-theoretical purity 288 °C water.
(© NACE International 2002)
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Figure B.5.11. SCC growth rate vs. corrosion potential for stainless steels in various
conditions, 20% cold worked Alloy 600, and precipitation hardened Alloy X750 tested in
288 °C high purity water containing 2000 ppb O, and 95 — 3000 ppb H; [25]. (© 2003 by
The American Nuclear Society, La Grange Park, lllinois)
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Figure B.5.12. Crack length vs. time for 0.5TCT specimens of Alloy X750 in the HTH
condition and Alloy 718 tested in 288 °C water [25]. (© NACE International 2004)
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Figure B.5.13. Crack length vs. time for CT specimens of unsensitized Alloy 600 cold
worked at 25 °C to 20% RA and Alloy 182 weld metal tested in 288 °C water [7].
(© NACE International 2002)
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predictions based on sensitized stainless steel [2-5], which are represented by the lines
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B.6 “SCC of Alloys 600, 690, 182, 82, 152 and 52 in PWR Primary Water,”
by Peter M. Scott

Introduction

Nickel base alloys are attractive for PWR primary circuit components because of the
close similarity of their coefficients of thermal expansion to that of the low alloy steels
used to fabricate the reactor pressure vessel, pressurizer and steam generator shells, as
well as their low general corrosion and corrosion product release rates in PWR primary

_ and secondary water. A list of PWR components where Alloys 600 and 690 and their

~ compatible weld metals are used in PWRs is given in Table B.6. 1 Typical compositions
are shown in Table B.6.2.

Table B.6.1 PWR Components Fabricated from Nickel Base Alloys

PWR Components Nickel Base Alloy Grades Used
Steam generator tubes Alloys 600 MA & TT, 690TT (& 800)
Steam generator divider plates | Alloys 600 & 690

Upper head penetrations Alloys 600 & 690

Lower head penetrations Alloy 600

Core supports Alloy 600

Pressurizer nozzles Alloys 600 & 690

Safe ends " | Alloy 600

Weld metal deposits Alloys 82, 182, 52 & 152

The susceptibility of Alloy 600 to Intergranular Stress Corrosion Cracking (IGSCC) in
high temperature water was first revealed in laboratory testing in 1957 and then in
operational service in PWR primary water from the early 1970s. IGSCC following
exposure to the primary side environment is today commonly referred to in the industry -
as Primary Water Stress Corrosion Cracking (PWSCC).[1,2] Initially, highly cold worked
components were affected such as tight U-bends in steam generator tubes and rolled or
explosively expanded, cold-worked transitions in diameter of the tubes within the tube
sheet[3]. This then became a major cause of steam generator tube cracking in the
1980s, and later, premature steam generator retirement and replacement. PWSCC of
pressurizer nozzles and control rod drive mechanism (CRDM) nozzles in the upper
heads of PWR reactor pressure vessels followed in the late 1980s and has continued for
over a decade [4,5]. CRDM nozzle cracking appeared first in French PWRs in 1991 but
was not widely observed elsewhere until the last five years or so.

Apparently interdendritic, but in fact intergranular, stress corrosion cracking (along
dendrite “packet” boundaries) of the weld metals Alloys 182 and 82, the former having a
composition similar to Alloy 600 (Table B.6.2), has also been observed in recent years in
major primary circuit welds of several plants, often after very long periods in service
ranging between 17 and 27 years [4,5].

A more detailed description of PWSCC observed in each type of nickel alloy PWR
component and the phenomenology of PWSCC in various nickel base alloys is
summarized below. A brief description of the methodologies developed to predict and
‘mitigate cracking until, as is often the case, replacement becomes unavoidable, is also
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given. When Alloy 600 components are replaced, it is usually by Alloy 690 and its
compatible weld metals, Alloys 152 and 52, which have so far proved resistant to
PWSCC both in Iaboratory tests and, to date, after up to 16 years in service. Alloy 800
steam generator tubes have also proved resistant to PWSCC without any known
cracking in primary water service.

Table B.6.2 Some Composition Specifications for Nickel Base Alloys Used in
PWRs '

Alloy 600 |Alloy 182 |Alloy 82  |Alloy 690 |Alloy 152 |Alloy 52

Nickel >72.0 _ |Bal. Bal, >58.0 Bal. Bal.
Chromium  [14-17 13-17 18-22 28-31 28-31.5 [28-31.5
Iron 6-10 <10.0 <3.00 7-11 8-12 8-12
ritanium <1.0 <0.75 - [£0.50 <1.0

~ |Aluminum . ‘ <1.10
Niobium plus 1.0-2.5 [2.0-3.0 ~ PM.2-22  [k0.10
Tantalum :
Molybdenum - 50.50 <0.05
Carbon <0.05 <010  K0.10 <0.04 0,045 [0.040
Manganese  [<1.0 5095 B535 050 <50  K1.0
Sulfur <0.015  [<0.015  [0.015  [<0.015  |<0.008  [0.008
Phosphorus 504.030 <0.030 <0.020 <0.020
Silicon | <0.5 <1.0 <0.50  [<0.50 <0.65 <0.50
Copper <05 <0.50  <0.50 <0.5 <0.50 <0.30
Cobalt <0.10 _ [<0.12 <0.10 <0.10 <0.020  0.020

Alloy 600 steam generator tubes

Most PWR steam generators are of the ‘recirculating’ type although some are ‘once-
through’ where all the secondary water entering the steam generator is transformed into
steam. Most in-service PWSCC has occurred in recirculating steam generators. An
important difference between the two from the point of view of PWSCC is that the once-
through steam generators were subjected to a pre-service stress relief of the whole
steam generator at a temperature of about 610 °C (1130 °F). In addition to provoking
grain boundary carbide precipitation in Alloy 600, some grain boundary chromium
depletion (sensitization) also occurred. The lower strength and grain boundary carbide
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precipitation in once-through steam generators tubes has proved to be advantageous for
resistance to PWSCC on the primary side, despite the sensitization, although even these
steam generators are now being steadily replaced after typically 20 to 25 years service
[6]. In one case, however, an accidental ingress of thiosulfate into the once-through
steam generators led (predictably) to extensive intergranular attack (IGA) of the
sensitized tubes.

PWSCC of Alloy 600 steam generator tubing in the mill annealed (MA) condition became
a major degradation mechanism from the 1970s onwards for recirculating steam
generators [7]. In 1971, the first confirmed primary side cracking of mill annealed Alloy
600 tubes of recirculating steam generators occurred when leakage at U-bends was
experienced in the Obrigheim steam generators after only 2 years of operation [2].
Cracking occurred both in the tight U-bends, mainly on the inner two rows at the apex
and at the tangent points as well as in the tube sheet at the transition expansion or roll
expansion regions of the tubes. The latter has been responsible for premature steam
generator replacement at a number of plants. :

The first roll transitions experiencing PWSCC were located on the hot leg side where the
temperature is typically around 320 °C (610 °F) and is 30 to 40 °C (55 to 70 °F) hotter
than the cold leg inlet at 280 °C (535 °F). Thus, it was clear that temperature had a
significant influence on PWSCC, indicating a strongly thermally activated process. The
apparent activation energy from fitting the temperature dependence to the Arrhenius
equation is rather high (~ 180 kJ/mole) so that a typical temperature difference of 30 °C
(55 °F) between hot and cold legs could easily account for a factor of four to five
increase in the time to the onset of detectable cracking. Thus, reduction of hot leg
temperature has been one possible mitigating action that has been used. Hot leg
temperature reductions from 4 to even 10 °C have been applied.

The magnitude of the tensile stresses, particularly residual stress from fabrication, has
also had a major impact on the time for detectable PWSCC to develop; only the most
highly strained regions of steam generator tubing (that is, row-one and two U-bends,
initially, and subsequently larger radius tubes, roll transition regions, expanded regions,
and dented areas) have exhibited PWSCC. Consequently, several stress mitigation
techniques have been evolved such as local stress relief of first and second row U-
bends by resistance or induction heating, and shot peening or rotopeening to induce
compressive stresses on'the internal surface of roll transitions [8,9]. While peening helps
to limit initiation of new cracks, it cannot prevent the growth of existing cracks whose
depth is greater than that of the induced compressive layer, typically 100 to 200 um.
Thus, peening has been most effective when most tubes have either no cracks or only
very small ones, i.e. when practiced before service or very early in life [9,10].

Material susceptibility, in combination with the factors mentioned above, is also a major
factor affecting the occurrence of PWSCC in service. Most PWSCC has occurred in mill
annealed tubing. However, it is important to emphasize that there is not a single product
called "mill-annealed” Alloy 600 tubing since each tubing manufacturer has employed
different production processes. Whereas some mill-annealed tubing has not experienced
any PWSCC over extended periods of operation, in other cases it has occurred after
only 1 to 2 years of service, particularly at roll transitions. This variability of PWSCC
susceptibility is even seen between heats from the same manufacturer in the same
steam generator [11]. The variation in susceptibility to PWSCC of the heats of Alioy 600
typically fits approximately a lognormal distribution so that a rather small fraction of Alloy

B-81



600 heats may be responsible for a disproportionately high number of tubes affected by
primary side PWSCC. The reasons for such variability are only partly understood.

This microstructural aspect of susceptibility to PWSCC has been observed to be strongly
affected by the final mill-annealing temperature, which determines whether carbide
precipitation occurs predominantly on grain boundaries or intragranularly. The most
susceptible microstructures are those produced by low mill-annealing temperatures,
typically around 980 °C (1800 °F ) that develop fine grain sizes (ASTM 9 to 11), copious
quantities of intragranular carbides, and, usually, few if any intergranular carbides
[12,13]. Higher mill annealing temperatures in the range of 1040 to 1070 °C (1900 to
1960 °F) avoid undue grain growth and leave enough dissolved carbon so that
intergranular carbide precipitation occurs more readily during cooling.

A further development to exploit the apparent advantages of grain boundary carbides for
PWSCC resistance was to thermally treat the tubing for ~15 h at 705 °C (1300 °F) after
mill annealing. This both increases the density of intergranular carbides in the grain
boundary and provides enough time so that most of the carbon in solution is consumed,
and the chromium can diffuse to eliminate its depletion profile and thus avoid
sensitization [13]. The beneficial influence of grain boundary chromium carbides on
primary side PWSCC resistance has been extensively evaluated in laboratory studies
and suggests an improvement in life of thermally treated tubing of between 2 and 5
times relative to the mill annealed condition. In fact, primary side PWSCC resistance is
improved with or without grain boundary chromium depletion, as also deduced from the
generally much better operating experience of Alloy 600 tubing of once-through steam
generators [6,12,13]. However, even thermally treated Alloy 600 tubing has cracked in
service, although much less frequently than mill annealed Alloy 600. This has usually
been attributed to a failure of the thermal treatment to produce the desired intergranular
carbide microstructure either due to insufficient carbon or factors such as tube
straightening prior to thermal treatment, which has favored carbide precipitation on
dislocations instead of grain boundaries.

Steam generator tubes with PWSCC detectable by non-destructive testing have usually
been preventively plugged either to avoid leakage or before the crack length reaches
some pre-defined conservative fraction of the critical size for ductile rupture. Where
depth-based repair criteria are followed, tubes may also have been preventatively
plugged since cracks could not be reliably depth sized. Sleeving has sometimes been
deployed as a repair method in operating PWRs to avoid plugging and maintain the
affected tubes in service. The sleeves bridge the damaged area and are attached to
sound material beyond the damage. The ends of the sleeves may be expanded
hydraulically or explosively and are in most cases-sealed by rolling, welding, or brazing

[3l.

Modern (usually replacement) steam generators have been fabricated using Alloy 690
tubes thermally treated for 5 hours at 715 °C. As well as being highly resistant in severe
laboratory tests to PWSCC in PWR primary water compared to either mill annealed or
thermally treated Alloy 600, the lead steam generators with thermally treated Alloy 690
tube bundles have, to date, about 16 years of service with no known tube cracking .
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Thick section Alloy 600 components

Thick section, forged, Alloy 600 components started to crack in the mid 1980’s starting
with the hottest components, pressurizer nozzles [11,14]. in France, for example, all
pressurizer nozzles were replaced with stainless steel. In 1991, the first cracking of Alloy
600 upper head Control Rod Drive Mechanism (CRDM) nozzles occurred at the Bugey 3
plant in France. At first, it was thought that this could be a special case because of the
combination of a stress concentration due to a counter bore in the nozzles just below the
level of the J-groove seal weld with the upper head, as well as a relatively high operating
temperature that was believed to be closer to that of the hot leg in this first generation
French plant. However, the problem spread during the 1990s to CRDM nozzles in other
plants with no counter bore, nor with a tapered lower section to the CRDM nozzle, and in
upper heads where the temperature was the same as the inlet cold leg temperature
[15,16].

Three common features of the cracking of upper head CRDM nozzles were the
presence of a significant cold worked layer due to machining or grinding on the internal
bore, some distortion or ovalization induced by the fabrication of the J-groove seal
welds, and a tendency to occur much more frequently in the outer set-up circles where
the angles between the vertical CRDM nozzle and the domed upper head were greatest.
The combination of these three features plus the fact that the upper head is stress
relieved before the CRDM nozzles are welded in place pointed to high residual stresses
being responsible for these premature cracking occurrences .

Although the generic problem of Alloy 600 CRDM nozzle cracking first appeared in
France, only sporadic instances of similar cracking were observed in other countries until
the beginning of the 21° century, since when numerous other incidents have been
reported. In some cases, where cracking was allowed to develop to the point of leaking
primary water into the crevice between the CRDM nozzle and the upper head,
circumferential cracks initiated on the outer surface of the CRDM nozzle at the root of
the J-groove seal weld [17]. This latter observation had also been made in" 1991 at
Bugey 3 but only to a minor extent. No further leaks of primary water due to CRDM
nozzle cracking have occurred in France because of an inspection regime adopted to
avoid them and a decision taken to replace all upper heads using thermally treated Alioy
690 CRDM nozzles [15,16]. The same strategy has often been adopted elsewhere as -
more economic than the cost of repairs and repeat inspections. The dangers of allowing
primary water leaks to continue over several years so that extensive boric acid deposits-
accumulated was amply demonstrated by the discovery of very severe corrosion
(wastage) of the low alloy steel of the upper head at the Davis Besse plant in 2002
[5,17].

Nickel base weld metals

The history of PWSCC in Alloy 600 and similar nickel base alloys has continued in
recent years with the discovery of cracked Alloy 182 welds in several PWRs around the
world [17,18]. This has occurred on the primary water side of the J-groove welds that
seal the CRDM nozzles in the upper head and also in a few cases in the safe end welds
of the reactor pressure vessel or pressurizer. One case has also occurred in the J-weld
of a lower head instrumentation penetration [19]. Cracking seems to be significantly
exacerbated by the presence of weld defects and of weld repairs made during
fabrication, usually to eliminate indications due to hot cracking, or slag inclusions, thus
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again implicating high residual stress in the cracking observed to date. The cracking has
often been described as interdendritic but recent work shows that it is in fact
intergranular [20]. Incubation periods before detectable cracking seem to be very long,
up to twenty years.

It should be noted that all the nickel base weld metal cracking observed to date has
concerned welds that have not experienced the stress relief given to adjacent low alloy
steel pressure vessel components [18]. Although the stress relief temperature is clearly
not optimized for nickel base alloys (or stainless steels), it has been shown on mockups
that the surface residual stress of the welds is very significantly reduced and doubtiess
imparts greater resistance to PWSCC in PWR primary water.

Life prediction

In spite of the improvements available for new plants or for replacement components
equipped with Alloy 690 and welded with Alloys 52 or 152, many Alloy 600 components,
either mill annealed, thermally treated or forged remain in service. While most show no
sign of cracking in service, it is important to assess component life and endeavor to
predict when replacement may become necessary. Prediction methodologies were first
developed for steam generator tubes and later extended to pressurizers and upper head
CRDM penetrations. Both deterministic and probabilistic methods have been developed
[21,22]. v , :

Modeling of Alloy 600 component life is often based on the assumption that the time to
detectable cracking varies as the inverse fourth power of the stress (including residual
stress) above a threshold stress of ~250 MPa with a temperature dependency

. approximated by the Arrhenius equation. Despite the scatter observed in determinations
of apparent activation energy, there is a reasonable consensus that a value of 180
kJ/mole (44 kcal/mole) is adequate for component life estimations. Some approaches to
modeling also attempt to include material variability in susceptibility to PWSCC
[22,23,24,25]. However, in the case of classification of the susceptibility of CRDM nozzle
cracking in US PWRs this aspect has not been taken into account '”l. Nevertheless, as
can be seen in Figure B.6.1, the plants most at risk from PWSCC of Alloy 600 CRDM
nozzles have been correctly identified. '
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Figure B.6.1 Equivalent damage years for the upper head CRDM nozzles of
US PWRs in September 2002 [17]

Application of the Weibull distribution to quantify the dispersion in stress corrosion data
is well established and has generally been successfully applied to PWSCC in Alloy 600
steam generator tubes and upper head penetrations [21,22]. The dispersion in times to
observe detectable cracks arises from the inherent variability in susceptibility of
materials to stress corrosion cracking and, in the case of plant components, to
uncertainty in the stress and temperature. The Weibull distribution can be fitted to the
early observations of PWSCC as a function of operating time and provides an effective
tool for predicting the future development of cracking so that informed inspection and
repair plans can be formulated [21]. An alternative Monte Carlo simulation approach to
improving the stochastic prediction of PWSCC has also been developed in the context of
upper head penetration cracking taking into account the inherent dispersion in the input
parameters of stress, temperature, activation energy and material susceptibility
[22,23,24,25].

Another parameter that can have a dramatic influence on component susceptibility to
cracking in service is the quality of the surface finish due to machining, grinding etc.
Based on careful characterizations of the thicknesses of cold worked layers and residual
stresses left by different machining techniques, a quantitative framework for assessing
their impact on component resistance to PWSCC has been developed [14,23,24,25].

Once a stress corrosion crack has been detected by non-destructive examination in a
PWR primary circuit component, an essential step in the justification of structural
integrity and further operation without repair or replacement of the affected component is
an assessment of crack growth during the next few operating cycles. Practical
approaches to assessing crack growth by PWSCC in Alloy 600 components have relied
on empirical measurements of crack growth rates as a function of crack tip stress
intensity, K,, as follows [26,27]:
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% =C(K, -9) (k, in MPax/m)

The values of the coefficients C and n vary for given practical circumstances, but there is
a reasonable consensus that the apparent activation energy to be used for adjusting the
- coefficient C for temperature is ~130 kJ/mole, which is somewhat lower than the value
quoted above for overall life prediction, where time to crack initiation usually dominates.

Other variables that are known to influence the rate of crack growth in Alloy 600 are cold
work, hydrogen overpressure and possibly pH or lithium hydroxide concentration. Cold
work can easily affect the value of the coefficient C by as much as an order of
magnitude. Hydrogen overpressure effects are also potentially significant [28]. However,
the effect has not been explicitly included in crack growth assessment equations to date,
probably because the hydrogen concentration in PWR primary water is controlled within
a relatively narrow range. Concerning the possible influence of pH or lithium
concentration in PWR primary water on crack growth kinetics, the effect is, at most,

" small within the range of pH or lithium concentrations permitted by the PWR primary
water specification [11,22]. More recent work suggests that the effect of lithium within
this range is virtually non-existent 2.

Summary of laboratory investigations

As early as 1957, laboratory studies of cracking of high-nickel alloys in high-purity water
at 350 °C (660 °F) were reported ["* although at that time the importance of the
corrosion potential as fixed by the hydrogen partial pressure was not understood. During
the following years, numerous laboratory tests were performed in different environments
to duplicate and explain these observations. Nevertheless, despite considerable
experimental efforts, no consensus exists as to the nature of the cracking mechanism
[29] and, as noted above, both remedial measures and life modeling have relied on
empirical, phenomenological correlations. The essential phenomenological features of _
primary water PWSCC of Alloy 600 have, nevertheless, been very well characterized, as
follows: '

e a profound influence of hydrogen partial pressure (or corrosion potential) and
observation of maximum susceptibility centered on corrosion potentials near
the Ni/NiO stability equilibrium;

e an apparently continuous mechanism of cracking between 300°C sub-
cooled water and 400°C superheated steam;

e a high and variable apparent activation energy typicaily 180 kJ/mole for
initiation but with a scatter band of 80 to 220 kJ/mole;

e a strong influence of carbon content and microstructure, particularly a
favorable influence of grain boundary carbides and an undesirable effect of
cold work; '

e a high stress exponent of ~ 4 for lifetime to cracking occurrence .

It can be noted that despite differing opinions about the mechanism of PWSCC of Alloy
600, most recent models incorporate the idea that solid state grain boundary diffusion is
rate controlling [30]. Such models provide physically based support for the empirical
value of the activation energy, which is typical of solid-state grain boundary diffusion in
nickel. Physical support for the fourth power dependency on applied stress comes

5
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mainly from studies of grain boundary sliding (itself dependent on grain boundary

- diffusion) observed during primary creep in Alloy 600 at temperatures between 325 and
360°C [23,31]. Grain boundary sliding rates are also observed to depend on grain
boundary carbide coverage, greater coverage being associated with slower grain
boundary sliding rates and higher resistance to PWSCC. However, although grain
boundary carbide morphology is a major reason for heat-to-heat variability in
susceptibility to PWSCC of Alloy 600 in PWR primary water, it is clear that other
metallurgical parameters, albeit poorly characterized or unidentified, must be involved.

Research into PWSCC, particularly of thick-walled components made of Alloy 600 and
its weld metals, is ongoing throughout the world and significant progress, both in
practical assessment of service life and mitigation measures, as well as in more
fundamental understanding, is anticipated within the next few years.

Alloy 690 has been extensively tested in the laboratory in order to quantify its resistance
to PWSCC and to estimate the advantage gained relative to Alioy 600 (32). The
improvement factor for thermally treated Alloy 690 relative to mill annealed Alloy 600 has
been determined to be greater than 26, and greater than 13 relative to thermally treated
Alloy 600. These factors have been judged to be sufficient to conclude that cracking is
unlikely in 60+ years. The corresponding weld metals, Alloys 152 and 52, have also
been tested although to a lesser extent than the base material but nevertheless appear
to have similar resistance to Alloy 690.

Some knowledge gaps have been identified apart from an insufficient data base for Alloy
152 and 52 weld metals mentioned above (32). One important gap concerns possible
effects of product form and subtle changes of composition and mechanical processing
effects on PWSCC resistance since it has proved possible to produce structures that can
crack under extremely severe test conditions. A potential concern for susceptibility of
weld heat affected zones has also been identified by analogy with known data for Alloy
600 and this could also be extended to the mixing zones with stainless and low alloy
steels in bimetallic welds. Little information is available on corrosion fatigue properties of
Alloy 690 although these are expected to be similar to those of Alloy 600. Possible low
temperature crack propagation during transient conditions encountered during plant
cooldown has also been identified as requiring some study.
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B.7 “Corrosion of Steam Generator Tubes,”
by Roger W. Staehle

Introduction

The objective of this background paper is to describe the corrosion of tubing materials used in
PWR steam generators of LWRs. This tubing includes Alloys 600MA, 600TT, 690TT and 800.
The corrosion behavior of these materials has been discussed comprehensively by Staehle and
Gorman." This present report emphasizes mainly the initiation stage of SCC since SG tubes
are relatively thin compared to thicker sections in pipes and various instrument and control rod
housings. Some information on SCC propagation is included. As used in this paper, the term
failure means degradation and/or cracking to varying degrees (depending on the context);
sometimes such degradation would require tube plugging or repair and other times, failure
relates to crack initiation.

This discussion considers the development and application of Alloy 600MA, Alloy 600TT, Alloy
690TT and Alloy 800, together with the modes of corrosion they sustain and some of the
principal dependencies of these modes of corrosion.

The terminology of MA (mill-annealed) and TT (thermal treatment) is used in this discussion.
MA for Alloy 600 is heat treated at about 1000°C and for Alloy 690 at about 1070°C. TT for
Alloy 600 is heat treated at 700°C for 15 hours and for Alloy 690 at 716°C for 10 hours. A slight
variation for MA is given by LTMA (low temperature mill-annealed) and HTMA (high temperature
mill-annealed). LTMA is heat treated at 985°C and HTMA at 1010°C.

The earliest tubing used in steam generators was the Type 304 stainless steel in the
Shippingport plant® and noted in Scharfstein et al.** However, even with the horizontal steam

. generators used in this application, chlorides and caustic were concentrated at the tube
supports and tubesheets thereby producing SCC. In 1962 the Navy program decided to use
Alloy 600MA in steam generators, and the subsequent evolution of the use of alloys in LWRs is
shown in Figure B.7.1. The Russian designed VVERs followed a different path, continuing to
use horizontal austenitic stainless steel tubes terminating at vertical cylindrical collectors. On
the whole, these have been reliable in service. -

The alloys used for steam generator tubing are nominally single phase with a face centered
cubic structure, usually called an “austenitic structure,” as shown in the ternary diagram of -
Figure B.7.2.> Chemical compositions of the alloys for SG tubing and for tube supports are
given in Table B.7.1.

The choice of the high nickel alloys for replacing the stainless steels for SG tubing was based
essentially on the work of Copson and Cheng,® who had studied the effect of nickel on the SCC
of Fe-Cr-Ni alloys in boiling MgCl, solutions as shown in Figure B.7.3a. This work showed that
the alloys with nickel concentration exceeding about 40w/o would resist SCC in the
concentrated MgCl, solutions. By implication, and assuming that the boiling MgCl, solutions
represented characteristically aggressive solutions generated from seawater or estuarine water
ingress at leaking condensers, these results suggested that the high nicke! alloys would resist a
broad range of stress corrosion cracking. Figure B.7.3b from Berge and Donati’ shows results
from SCC testing of Alloy 600MA in a boric acid solution containing chloride at 100°C; and in
contrast, found extensive transgranular SCC in Alloy 600.
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Table B.7.1 Composition of Alloys Used in Tubing and Tube Supports (maximum w/o, except
where noted)

Alloy 600 | Alloy 690 | Alloy | Carbont qype Type
Elem Ty;[)e ”Iy[.[)e EPRI EPRI 800 ASTM 405 Ty?e 410
[ 304!A1 | 316!A (Guidelines| Guidelines| Nuclear A2gs | ASME | 409 Al [ ASME
[B] (9] GradelD! Gr CiAl SA4791A] SA479IAl
C 0.08 0.08 (0.025-0.05|0.015-0.025 0.03 0.28 0.15 0.08 0.15
Mn 2.00 2.00 | 1.00 max. 0.50 0.4-1.0 0.90 1.00 1.00 1.00
0.045 0.045 0.015 0.015 0.020 0.035 | 0.040 0.045 0.040
S 0.03 0.03 |0.010 max.]| 0.003 0.015 0.035 | 0.030 0.045 0.030
Si 1.00 1.00 | 0.50 max. 0.50 0.3-0.7 - 0.50 1.00 1.00
Cr 18-20 16-18 | 15.0-17.0| 28.5-31.0 20-23 - 11.5-13.0|10.5-11.75(11.5-13.5
Ni | 8.0-10.5| 10-14 >72 Bal. (>58) 32-35 - - 0.50 -
Mo - 2.0-3.0 - 0.2 ‘- - - - -
Fe Bal. Bal. 6.0-10.0 [ 9.0-11.0 Bal. - Bal. Bal. Bal.
Cu - - 0.50 max. 0.10 0.75 - - - -
Co - - 0.015 ave. 0.014 0.10 - - - -
Al - - - 0.40 0.15-0.45 - - - -
Ti - - - 0.40 0.60 - - 6xC-0.75 -
N=0.050 | Ti/Cz12
Other - - - B =0.005 [Ti/(C+N)=8 - - - -
Nb=0.1 N20.03

[A] From ASM Handbook. 8
[B] From EPRI®

[C] From Gorman.'®

[D] From Stellwag et al."”
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of Alloy 600MA exposed at 100°C in a solution containing 50 g/l boron as boric acid

and 2 g/l CI'. pH of solution is 2.0 to 2.3. U-bend specimen examined after 800h.

From Berge and Donati’ © 1981 American Nuclear Society.

At about the same time as Copson and Cheng had published the work in Figure B.7.3a, Coriou
at al. published their work on the SCC of high nickel alloys which were exposed to 100°C pure
water.'? This 1959 paper, together with subsequent ones, showed conclusively that Alloy 600
would sustain SCC in pure deaerated water. Coriou et al." then published a schematic view _
shown in Figure B.7.4 indicating that the SCC in pure deaerated water was most aggressive in
high nickel alloys while the SCC in chloride solutions was most aggressive in low nickel alloys
following Figure B.7.3 from Copson and Cheng. This figure indicated that an optimum material
would be in the mid-range of nickel concentration. This observation was the basis for choosing
Alloy 800 for some SG tubing as well as indicating that the Alloy 690 composition, to be

developed later, would be attractive.

In summary, the chronology of corrosion of tubing in PWR steam generators has been
dominated by extensive SCC on both the inside and outside of the Alloy 600 tubes. The
application of improved alloys has responded to this corrosion first with Alloy 600TT and then

with Alloy 690TT as shown in Figure B.7.5. Today, Alloy 690TT is increasingly used for
replacement steam generators because of its improved corrosion resistance; although it should

be noted, as shown in Section 4.0, that Alloy 690TT is not immune to SCC. In addition, Alloy
800 has given excellent service, as predicted by Coriou et al. in Figure B.7.4, in operating SGs
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Fig. B.7.4 Schematic view of SCC intensity vs. Ni concentration for Fe-Cr-Ni alloys in high
temperature water for pure deaerated water and chloride-containing water.
Important commercial alloys noted. From Coriou et al.'®* © NACE International
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Fig. B.7.5 Number of U.S. steam generators with various alloy tubing as of May 2000. First
plant to use the alloy and start dates noted. Private communication from P. Scott,
Framatome and Al Mcliree, EPRI. Note that Alloy 800 continues to exhibit excellent
performance in international applications.
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Fig. B.7.6 Schematic view of principal location of SCC damage. SCC from the primary side
is mostly stress-related and from the secondary side is mostly chemistry related.

Corrosion of Alloy 600 steam generator tubes has occurred both on the inside surface (IDSCC)
as well as the outside surface (ODSCC) as shown in Figure B.7.6. On the inside primary
surfaces, SCC has occurred mainly at locations of relatively high stresses and high
temperatures. These high stresses occur at the tubesheet where the tubes are expanded and
at the U-bends, especially the inner U-bends where the radii of curvature are the smallest. SCC
on the primary side also occurred during the slow straining associated with “denting.” On the
outside surfaces, SCC has occurred mainly on surfaces inside heat transfer crevices both at the
top of the tubesheet and at tube supports. This corrosion has occurred again mainly at the
hottest locations along the tubes; although the stresses at these locations, except at the top of
the tubesheet, were nominal being associated with pressure forces and residual stresses due to
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fabrication of the tubes. SCC on the outside surfaces has also occurred in free span locations
often associated with scratches.

Much of the corrosion that has occurred in the Alloy 600 tubing of SGs has resulted from
erroneous assumptions:

+ Assumption that Copson and Cheng’s data, Figure B.7.3, were correct as were
the implications for adequate performance in other environments.

» Assumption that the Coriou et al. data were not applicable and erroneous.

» Assumption that water chemistry that worked in fossii systems would work on
the secondary side of PWR SGs.

+ Assumption that significant fouling and hence corrosive concentrations would
not occur in drilled hole heat transfer crevices.

» Assumption that residual stresses in expanded regions and in straight tubes
were not sufficient to produce SCC.

Figure B.7.7 shows the chronology for the replacement of SGs. These replacements resulted
from corrosion degradation. ' '
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Fig. B.7.7 Fraction of replaced or shutdown steam generators vs. calendar years for Alloy
600MA plants in the world. From Dow, Jr." Used by Permission of EPRI.

Failures involving multiple modes of corrosion and multiple locations occurred with the
combination of Alloy 600MA as it was exposed on both primary and secondary sides. The
multiple mode-location cases of degradation with Alloy 600MA and with drilled holes on the
secondary side, are summarized in Figure B.7.8. Here, there are 25 mode-location cases of
degradation associated with the use of Alloy 600MA..
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Fig. B.7.8 Array of modes of degradation at various locations (mode-location cases) that have
occurred in recirculating steam generators using Alloy 600MA at drilled hole tube
supports. From Staehle and Gorman." © NACE International 2003/2004.

As these failures, which are shown in Figure B.7.8, evolved, extensive corrosion studies were
undertaken both in the laboratory and of failed tubes. These experiments included studies of
SCC on the primary side, where there were no crevices, and the secondary side, where there
were extensive heat transfer crevices. SCC was identified in regions that were not so surprising
based on the past history of SCC in steels and stainless steels. Figure B.7.9 shows the
locations of the occurrence of SCC in the framework of the electrochemical variables of pH and
potential. The occurrence of such SCC in the acidic, alkaline, low potential and high potential
regions corresponds generally with regions where protective films are transiently unstable when
broken. The bases for the diagram shown in Figure B.7.9a are described by Staehle and
Gorman." In addition to the diagram in Figure B.7.9a that shows the “primary” submodes of
SCC, Figure B.7. 9b shows the general locations of other submodes of SCC. Again, this
diagram has been extensively described by Staehle and co-workers. Also, a similar diagram
has been published by Combrade et al.’>"®"” The term, “submode,” refers to the corrosion
mode of SCC, but differentiates occurrences of unique dependencies on the primary variable of
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pH, potential, species, alloy composition, alloy structure, temperature, and stress (e.g. each
submode consists of a different set of dependencies).

@)

R 1 (b)
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DS = doped stcam
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§* = reduced sulfur T0ssCC?
Og = Organic

0
PH 390:c PHye0ec
Fig. B.7.9 (a) Major submodes of SCC plotted with respect to coordinates of potential and pH
for significant SCC occurrences at 300°C. Extent of the submodes based on
experience from laboratories and reasonable interpolations and extrapolations.
Submodes applicable to Alloy 800MA in the range of 300 to 350°C. (b) Minor
submodes of SCC for Alloy 600MA plotted with respect mainly to the NiO/Ni half cell
equilibrium at 300°C. From Staehle and Gorman." © NACE International
2003/2004.

The mode diagram of Figure B.7.9 has been verified also by szstematic experimental and
review work of Ohsaki et al."® and by Tsujikawa and Yashima'® as shown in Figure B.7.10; and
they have extended the framework to Alloys 600TT and 690TT. These alloys are discussed in
Sections 3.0 and 4.0, respectively. It should be noted that in some cases the regions of SCC in
Figure B.7.10 are not complete, as shown by Staehle and Gorman."

This early evolution of SCC associated with Alloy 600 has been eventually mitigated as shown
in Figures B.7.11 and 12 where the various mitigations in alloy, water chemistry, and design are
summarized: Alloy 600MA was replaced by Alloys 600TT and 690TT; the water became more
pure and certain inimical species, such as copper, were eliminated; the drilled hole tube support
was eliminated in favor of the line contacts; and residual fabrication stresses were lowered.
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Fig. B.7.10 IGA/SCC tests results in the range of 180 to 320°C range as a function of electrode
potential and pH taken at 300°C for (a) Alloy 600MA, (b) Alloy 600TT, (c) Alloy
690TT. From Ohsaki et al."® (d) Comparison of IGA susceptibility among Alloy -
600MA, Alloy 600TT, and Alloy 690TT in the range of 280 to 320°C as a function of
electrode potential and pH taken at 300°C. From Tsujikawa and Yashima.'®
Permission granted by Canadian Nuclear Society.

Alloy 600MA - Introduction

Alloy 600MA was the alloy used widely for tubing in SGs of PWRs from 1962 through the mid-
1980s in France, Japan, Spain, Sweden and the US. The corrosion that occurred with the use
of Alloy 600MA resulted in the replacement of the steam generators as shown in Figure B.7.7.
Replaced SGs have primarily been tubed with Alloys 600TT or 690TT with the latter being
preferred as indicated in Figure B.7.5. Alloys 600TT and 690TT as well as Alloy 800 have given
excellent service as discussed below.
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Fig. B.7.11  Schematic view of changes in maintenance, materials, designs, and water in
order to minimize the corrosion of the tubing. From Staehle and Gorman.! ©
NACE International 2003/2004.

During the Alloy 600MA period, corrosion was dominated by two general patterns, mainly of
SCC. One was SCC from the ID of the tubes, which was exposed to high purity primary water
containing the standard chemical additions of hydrogen, boric acid and lithium hydroxide. The
other was SCC and some corrosion from the OD, which was associated mainly with impurity
chemicals that were concentrated in the superheated crevices of tube supports and at the top of
tubesheets. Figure B.7.6 shows these essential locations, which are discussed below.

The overall chronology of modes of corrosion of Alloy 600 has been described in two different
figures as shown in Figure B.7.13. These figures both show the same trends. An early mode of
failure was general corrosion associated with phosphate water chemistry in those plants that
adopted this secondary water treatment. Following this, IGSCC occurred, which was mainly
due to concentrations of alkaline impurities. Next was denting involving the corrosion products
from corroding carbon steel tube supports pressing on the tubes to constrict the diameter. Next
was an increase in IGSCC on the primary side followed by more IGSCC on the secondary side.
These patterns involve mainly the occurrence of corrosion in Alloy 600MA.

Essentially, the evolution of corrosion concerning Alloy 600MA involved mitigating one mode
only to find the intensification of another; such was the sensitivity of this alloy to corrosion.
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Fig. B.7.12 Comparison of Models D3 and F from Westinghouse design plants where changes
are intended to minimize corrosion of the tubing. From Staehle and Gorman." ©
NACE International 2003/2004.

SCC of Alloy 600MA on the ID

SCC on the ID (primary) surfaces of SG tubes is mainly associated with Alloy 600MA, and such
SCC has contributed substantially to the failure and widespread replacement of steam
generators shown in Figure B.7.7. This section summarizes the main dependencies of SCC on
the ID of Alloy 600MA tubes.

Since the SCC on the inside of Alloy 600MA tubes has been associated with the primary side or
inside of the tubes, it was initially called “PWSCC” or “Primary Water SCC.” This is also
interpreted by some as “Pure Water SCC.” Both terms however are misleading as they imply
that this SCC can occur only on the primary side. A better terminology is “Low Potential SCC
(LPSCC),” since this SCC is principally characterized by its occurrence at low electrochemical
potentials, as shown in Figure B.7.9, just as some SCC occurs exclusively in the alkaline region
and is called AkSCC. Incidentally, as a supporting note here, efforts to reproduce the early
work of Coriou failed to identify this SCC, most likely due to the lack of sufficient deaeration of
the tests.
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Principal characteristics of LPSCC in Alloy 600MA are the following according to the seven
primary variables that affect aqueous corrosion:

1.pH

LPSCC is generally mdependent of pH over a range from about pH 3 to pH 9 as summarized by
Staehle and Gorman.’

2. Potential

A central feature of LPSCC has been its confinement to low potentials in the general range of
the H,O/H2 and NiO/Ni equilibria. There seems to be a tendency for LPSCC to be maximum,
both in initiation and propagation, at the NiO/Ni equilibrium, as shown in Figure B.7.14."%%"%2 |n
each figure the location of the NiO/Ni equilibrium potential is noted; this is an invariant and
thermodynamically defined line, not depending on concentration of species in solution. Figure
14a is based on testing of initially smooth specimens; and Figure 14b is based on initially
precracked specimens. Thus, the former relates to conditions of initiation and the latter relates
to propagation.

3. Species

~ LPSCC has been investigated with respect to concentrations of boric acid and lithium hydroxide
as summarized by Staehle and Gorman." Effects of these species are not significant. However,
there has been little investigation of effects of chloride, sulfate, or other species over significant
ranges of concentration; this lack of breadth impedes connecting LPSCC to domains of
chemistry that might be important to the secondary side.

4. Alloy composition

Another defining characteristic of LPSCC is its dependence upon alloy composition. With
respect to the concentration of chromium, the data from two different investigations in Figure
B.7.15%2%* show that increasing chromium decreases sensitivity to LPSCC. It is noteworthy that
Fe-Ni alloys sustain rapid LPSCC and that LPSCC is negligible above 20% Cr, which is relevant
to the compositions of Alloy 690 with a Cr content around 30% and Alloy 800.

5. Alloy structure

LPSCC is generally influenced by the distribution of carbides. As carbides accumulate at gram
boundaries, LPSCC is minimized. Figure B.7.16 shows this effect from work by Norring et al.?®
and Cattant et al.?*® A further important result was published by Blanchet et al:** where they
showed that sensitization greatly reduced the sensitivity to LPSCC as shown in Table B.7.2.
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@

S0 360°C % ﬁ
Pure water 73 (68
M)
1000 |~
5001
(73 and 83)
Py o0=24Y.S. at 360°C
. e LPSCC
100 |~
L] / hd & No Cracking
50|¢ (%7) () Nickel Concentration
1@
T | | I ]
0 5 10 15 20

Chromium, W/,

(b)
7500 -1 g g &
® IGSCC
0 No SCC
6000 + 8 |
£
4500 -+ -
E 8
é.:
S
E 3000} ' g 8 -
o XACr-10%Fe-bal. Ni
Deacrated water at 360°C
10v% presirained reverse
1500 1 g ,— ¢ U-bend specimens
S00ppmB*+1ppmLi*
— +30ccH,/kg - H,0
o= . . ’

0 5 20 30

Chromium, %/,
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6. Temperature

The temperature dependence of LPSCC has been extensively studied, and this work is
reviewed by Staehle and Gorman.” The most reliable values of the activation energy for
initiation seems to be about 40-55 Kcal/mol and for propagation about 30-35 Kcal/mol.

Figure B.7.17 shows some typical data for initiation and propagation from the work of Webb?’
(Figure B.7.17a) and the review by Cassagne et al.?® (Figure B.7.17b).

7. Stress

The dependence of LPSCC on stress for Alloy 600MA has also been extensively investigated.
Figure B.7.18 shows results from studies of the effects of stress on initiation and propagation,
respectively, from Bandy and van Rooyen®® and Scott.3* In general, for initiation from smooth
specimens the stress required is in the range of the annealed yield stress, with a stress

exponent of about 4 as shown in Figure B.7.18a. For propagation, the correlation by Scott has
been the most widely used and is shown in Figure B.7.18b.
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Fig. B.7.16 (a) Time-for-initiation vs. extent of grain boundary carbides. From Norring et al.?®
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Table B.7.2%2 © NACE International 1977
Effect of Heat Treatment and Fabrication on Failure at 350°C in Demineralized and
Deoxygenated Water. From Blanchet et al.

AlloyA . AlloyB Cr 1;\%:%?77%,
Metallurgical Alloy 600, C =0.063 %Y/, Alloy 600, C =0.040 V¥/o C =0.002 W/,
Condition As- As- . As- As- - As- .
Received |Quenched Sensitized Received|Quenched Sensitized Received Sensitized
Determination
(I | the
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1500 hours 6/6 0/3 0/3 0/3 0/2 02 - 717 3/5
2250 hours - 0/3 0/3 1/3 0/2 072 - 5/5
3000 hours - 0/3 03 213 012 012 - -
4500 hours - 13 0/3 2/3 0/2 0/2 - -
8250 hours - B X 0/3 3/3 02 0/2 - -
10000 hours - 213 0/3 - 1mn 0/2 - -
Temperature, °C o
Temperature, °C
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Fig. B.7.17 (a) SCC initiation time vs. 1000/T for Alloy 600 using U-bend specimens in pure
water. From Webb.?” Reprinted with permission from TMS. (b) Crack growth rate
vs. 1000/T for Alloy 600MA from six authors using CERT and WOL type
specimens.’ From Cassagne et al.®® Courtesy of the European Federation of

- Corrosion.
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SCC of Alloy 600MA on the OD

1. Geometry, phases, and chemistry

SCC on the OD of SG tubes occurs mainly at locations where impurity chemicals can
concentrate due to the local superheat, mainly at tube supports and at the configurational and
sludge crevices at the top of tubesheets, as shown in Figure B.7.19. Figure B.7.20*° shows a
schematic view of the complexity and chemistry of these regions of concentration as well the
chemicals that typically concentrate and lead to SCC. With time, chemicals accumulate in the
heat transfer crevices to produce solids and saturated solutions owing to the superheat.
Further, as local transport is stifled by the formation of solids, a steam phase develops. The
main intimation here is the complexity of chemical, electrochemical, and physical conditions.
Such an array provides many different conditions that can produce corrosion and stress
corrosion cracking.

SCC on the OD generally occurs where the superheat is the greatest, and this is mainly on the
inlet or hot leg side with the number of affected tubes shown in Figure B.7.21a% according to
distance from the inlet of the hot side. An indication of the magnitude of concentrations of
chemicals in these crevices is given in Figure B.7.21b.%

(a) ‘ L Alloy 600MA ' .
325°C
IO: L) LRLIRLLARI 1 LA T P II: 10'9 - D °9C"".\'lé\'l —+

E Alloy 60OMA 3 - o T ]
- Pure water 1 3 O 30EDF ]
" 365°C ] [ A 25Westinghouse ]
" Slope=-4 T B o ]
[ cw._ A A : i

1.0

Fraction of YS, RT
T T T IIrT
L1 1yt
3
S
T
{ IIIIII!

v
L

Crack Propagation Rate, e M st

da “12,0 o016
- =356e] .

at 0 4(K-9)

1 1 :

$
10 20 30 40 0 60
ml/2

Ol L ] 1 lllllt L 1 lllllll 1 I RN
1 10 100 1000
Failure, days :

g
=

Stress Intensity, K;, MPa

 Fig. B.7.18 (a) Fraction of RT yield stress vs. time-to-failure for Alloy 600MA at 365°C in pure
water. Stress exponent about -4. Yield point stresses in the range of 323 to 386
MPa. From Bandy and van Rooyen.® (b) Crack propagation rate vs. stress
intensity for Alloy 600MA at 325°C. From Scott.** © NACE International 1996.
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Fig. B.7.19 Geometries that produce heat transfer crevices involving tubing in steam
generators: (a) top of the tubesheet crevice; (b) sludge at the top of the tubesheet;
(c) tube support. From Staehle and Gorman.” © NACE International 2003/2004.

2. Surface chemistry--ODSCC is chemistry driven

Some indication of the complexity of the chemistries on the surfaces of tubes is shown in Figure
B.7.22, taken from the work of Cattant et al.,* where the residual chemistry on the surface of a
tube at a tube support region has been analyzed both inside the crevice and outside on the
freespan adjacent to the crevice. Figure B.7.23% shows the ratio of species inside the crevice
to outside on the freespan, indicating that the concentrations, species, and enrichments vary.

3. The bulk chemistry

While the chemistries inside the heat transfer crevices provide a variety of possibly corrosive
environments, the bulk environment provides important bounding chemistries affecting
corrosion:

a. Low hydrogen--The hydrogen concentration on the secondary side is in the range of 1
ppb due to the boiling action removing gases. This low concentration of hydrogen,
following the Nernst equation, leads to raising the open circuit potential on the order of
200-250 mV above that on the primary side where there is not boiling and hydrogen is
deliberately added at about 3 ppm. A 200-250 mV increase could be sufficient to take
the secondary side out of the range of LPSCC.

b. Hydrazine (affects potential)--N,H, is added to the secondary side in concentrations of
about 5-100 ppb in order to reduce the oxygen concentration in the recirculating water to
<5 ppb. Itis also believed by some that additions of N,H, lower the tendency for
corrosion to occur in heat transfer crevices. It may also lower the corrosion potential due
to the relatively low equilibrium potential for the N2/N,H, equilibrium. The overall
combined effect of low hydrogen and the N,H,4 on potential is not clear.
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Fig. B.7.20 Schematic view of heat transfer crevice at a tube support. (a) Geometry. (b)
Chemicals that accumulate and transform (c) Types of gradients inside the heat
transfer crevice. From Staehle.*
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Fig. B.7.21 (a) Number of indications at successive tube support locations for three plants using
Alloy 600MA after about 12 to 15 years service. From Takamatsu et al.** © NACE
International 1996. (b) Estimated concentration of species in a simulated SG
crevice vs. concentration in the bulk water. Various concentration factors shown.
From Takamatsu et al.*’” © 1992 American Nuclear Society.

¢. Hydrazine (a reductant)-- N,H, produces a second effect as it combines with sulfate
impurities reducing them to lower valence and ultimately to sulfides. Sulfides are well
known to accelerate the entry of hydrogen and to reduce passivity.3%4%*’

Thus, there are two important environmental influences that affect the occurrence of corrosion
on the secondary side. One is the concentration of chemistry inside heat transfer crevices and
the other involves the combined effects of low hydrogen and high hydrazine as they interact with
the bulk and the crevice chemicals.

4. Steam phase

Figure B.7.20 suggests that, in addition to the complexity of chemistry, there is also a steam
phase in heat transfer crevices. Such local steam conditions and the associated two phase
interface1have been shown to accelerate SCC in Alloy 600 as reviewed by Staehle and
Gorman.

5. Acidic and alkaline chemistries

Aside from the LPSCC on the primary side as discussed in Section 2.2 and the possibility of its
occurring on the secondary side, both acidic and alkaline environments have been investigated
as being possibly related to the SCC that has occurred in the secondary side. The overall view
of AcSCC and AkSCC for Alloy 600MA is shown in Figure B.7.9a as well as in Figure B.7.10a.

Figures B.7.24a* and 24b* show the effect of electrochemical potential on SCC in alkaline
environments specifically for Alloys 600MA, 600TT and 690TT. Here, it is clear that the three
alloys sustain AkSCC in the same range of potential with Alloys 600TT and 690TT being more
resistant. Staehle and Gorman’ discuss AKSCC and its dependencies extensively.
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Fig. B.7.22 (a) Schematic view of the OD of a tube near a TSP showing adjacent regions from
inside the TSP and outside on the free surface. The condenser was brass and the
water chemistry was morpholine AVT. (b) Schematic view of OD tube surface from
TSP 2 showing adjacent regions inside the TSP and outside on the free surface.
The condenser was titanium and the water conditioningawas NH; AVT. The tube
was examined after 79,900 hours. From Cattant et al.™ Courtesy of EDF &
Framatome-ANP.
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Fig. B.7.23 Ratio of concentrations of elemental species in deposits from occluded heat transfer
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order of ratio. Data from 340 pulled tubes. From Cattant et al.”® Courtesy of EDF &
Framatome-ANP.
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Fig. B.7.24 Dependence of AkSCC on applied potential above the deaerated open circuit
potential. (a) Percent of fracture area as IGSCC for Alloy 600MA and Alloy 690TT
at 300°C as a function of potential in a 10% NaOH solution. From Suzuki.** © 1992
American Nuclear Society. (b) Maximum crack depth vs. potential for Alloy 600
exposed in 10% NaOH at 315°C for mill-annealed and various thermal treatments.
From Pessall.** Reprinted with permission from Elsevier.
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Figures B.7.25 and 26 provide insights into AcSCC for Alloys 600MA, 600TT and 690TT and
conform also to the patterns noted in Figures B.7.9 and 10. Figure B.7.25* shows that the
propensity towards AcSCC, when exposed to sulfate anions, decreases with increasing pH, and
as expected, continues into the slightly alkaline region for both Alloys 600MA and 600TT.

Figure B.7.26* shows the effect of potential on the AcSCC of Alloys 600MA and 690TT also
exposed to sulfate anions. Here, the potentials are achieved by adding cupric oxide and by
changing the hydrogen concentration. Note in Figure B.7.26c¢, simply adding copper does not
produce significant SCC relative to the CuO. This Figure shows that Alloy 690TT sustains
AcSCC but not at normal open circuit potentials; whereas, Alloy 600MA sustains AcSCC
regardless of the potentials, although there is an acceleration at pH 4+ at higher potentials.
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- 080, 0.001 M - S . i
- 2005M i : €502 0.05M |
#5070 050, 0.6M
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PH32eec _ PH3200¢

Fig. B.7.25 SCC accelerating factor vs. pH with different concentrations of SO,* and with
: different stresses for (a) Alloy 600MA and (b) Alloy 600TT. Accelerating factor
taken from rate of crack initiation at 0.001M (pHaszo-c = 5) being the reference. >YS
refers to “two legs touching” condition of the branches of the C-ring; below this
stress, specimens were stressed at 0.8 YS and 1.0 YS. From deBouvier et al.**
Reprinted with permission from TMS.

6. Lead chemistries, PbSCC

~ PbSCC has had varying importance over time. It was first identified as important in the 1965
paper of Copson and Dean*® and was suggested then as the reason for the SCC observed by
Coriou. In this first paper, SCC due to Pb was said to be characteristically TGSCC; since most
of the subsequent field observations of SCC exhibited IGSCC, Pb was not considered
important, and ODSCC was mainly attributed to AkSCC and to AcSCC.
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However, due to the review of Sarver*® of old work of Copson, it became clear that PbSCC of
Alloy 600MA was predominantly IGSCC; whereas, PbSCC of Alloy 600TT, SR (stress relieved),
and SN (sensitized) was predominantly TGSCC. This evolutlon is described by Staehle.”” Also
important are the results from Bruemmer and Thomas,*® who have shown that as much as 7w/o
of Pb occurs in the tips of some SCC taken from SGs. Further, Pb has been observed to
concentrate on heat transfer surfaces in many examinations of pulled tubes even where no
accidental intrusions of Pb have occurred.

While the proof is not substantial, it is a reasonable speculation that much of the IGSCC on the
secondary side, especially after the early concerns about AkKSCC and AkIGC, could have been
due to Pb.

.40
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Fig. B.7.26 (a) Cracking rates for Alloys 600MA and 690TT in acidic solutions without copper
oxides with and without 5% H, added to argon cover gas in capsules at 320°C. (b)
Cracking rates for Alloys 600MA and 690TT in acidic solutions with copper oxides
with and without 5% H, added to argon cover gas in capsules at 320°C. (c)
Cracking rates obtained for Alloy 690TT with solution #3 at 320°C. (d)
Compositions of environments. From Pierson and Laire.*® Courtesy of Laborelec.

The occurrences of PbSCC over the range of pH are shown in Figures B.7.27, 28, and 29.
Figure 27°"*2 shows the four alloys in an alkaline solution with and without the presence of Pb.
The Pb substantially accelerates the propensity for SCC especially for AIons 800 and 690TT.

At lower pH, which is characteristic of AVT environments, Wright and Mirzai*® have summarized
the results from various authors as a function of Pb concentration as shown in Figure B.7.28.
SCC occurs in Alloy 600MA as a function of Pb readily at 1 ppm. However, PbSCC does not
seem to occur in Alloy 690TT in this AVT environment. At lower pH in chloride, PbSCC occurs
in both Alloys 600MA and 690TT; however, the rate of SCC in Alloy 690TT is lower. At this
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lower pH of 4.5 and at 300 ppm Pb, as PbCl,, the Alloy 690 sustains SCC and corrodes
generally.

7. Low valence sulfur chemistries

Low valences of sulfur-containing anions are important because they can greatly accelerate
SCC, at least as shown in the limited work performed to date in alkaline solutions, and because
these ions can be produced by the reduction of suifate ions with hydrazine. Further, from
studies at lower temperatures, the lower valence sulfur ions greatly accelerate general
corrosion. In particular, the low valence sulfur species accelerate the AkKSCC of Alloy 690.

400 NN DL A AL L L L e L e s
A”O)' 6OOMA A”O)’ 600TT Allov 800 wio lead
350 1 ~ & 3
300 + +
Alloy 600MA wio lead
£ 2504 Alloy 690TT wio lead
=
r 200 4
g_ Alloy 800
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iOO i s Alloy 600MA
. ® Alioy 6001T
504 IO‘%; ltJaOH + 1% PbO @ Alloy 69011
350°C A Alloy 800
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10 100 1.000 : 10.000
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Fig. B.7.27 Stress vs. time-to-failure of Alloys 600MA and 600TT (two tubes), 690TT (four
tubes), and 800 (two tubes) in 10% NaOH + 1% PbO at 350° C. From Vaillant et
al.>' Courtesy of the European Federation of Corrosion. and Rocher et al.*2
Courtesy of EDF & CEA.

Table B.7.3 compares concentrated alkaline solutions with various additions of CuQO, PbO,
82032., and NaSO4+FeSO4. .
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Fig. B.7.28 Crack depth vs. time data for Alloy 600MA in AVT water at 320°C with various
concentrations of PbO. From Wright and Mirzai.>® Reprinted with permission from
TMS. With data from [A] Wright;>* Reprinted with permission from BNES. [B]
Castano-Marin et al;** [C] and Takamatsu et al.*®* © 1997 American Nuclear

Society.
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Fig. B.7.29 Depth vs. time for PbSCC at pHs4e-c 4.5 in which various stresses were applied for
2500 hour exposure in water where O, < 5 ppb and Pb was added as PbCl,. From
Sakai et al.*® ©® 1992 American Nuclear Society. (a) Alloy 600MA at 1.45 x 10:3
MI/L of PbCl,. (b) Alloy 690TT at 1.45 x 10 M/L of PbCl,. Maximum SCC depth
plus average depth of GC.
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Table B.7.3 Results from Visual Examination of Specimens Exposed* to Alkaline Solutions at

350°C with Added Species (cracked samples/tested samples). From Briceno and

Castano.”” Used by Permission of EPRI.

10% | 10% NaOH | 10% NaOH | 50% NaOH 0.75% M 0.75% M
Material | O‘i-l + + + Na,S0, + Na,SO, +
- | Na 0.IMCuO | 0.1MPbO | 5% Nay$,0; | 0.25% MFeSO, | 0.25% M FeSO,
Alloy 800 ‘ 0/4
bt dy 3/3 3/3 4/4 4/4 414 314y
Alloy 800SP 11/15
1373 15/15 15/15 15/15 15/15 15/15 (15/15)*
Alloy 690TT |
wisleT | /15 0/15 15/15 14/14 0/15 1115
Alloy 690TT :
08 0/15 015 15/15 15/15 0/15 0/15
Alloy 600MA 09 09 ~ 6/9
1450 9 1 oy (3/9)%* 29 (8/9)** "

* 500 hours exposure; C-ring specimens; 2% strain.
** Visual examination after bending the samples.

Table B.7.4 Results of Cathodic Polarlzatlon Scans in 50% NaOH with 5% Additions at 316°C.

Courtesy of P. King.?® Private communication.

Alloy 600 Alloy 690
5%
Addition Worst Case [Observations| Worst Case |Observations
- No General No Slight g.b.
NayCO3 | gifference* attack difference* | intrusions
“Heavy
Na,S TT ring general | MA C-ring | TGSCC
attack i
N Heavy
NaHS | ..o 0 general | MA C-ring | TGSCC
ifference attack
N Heavy
Nay$03 | gice 0 general [ MA C-ring| TGSCC
Slight )
No . Slight g.b.
Na804 | gifference ga(‘—trtfgil MA C-ring int%usigns

* No difference indicates no substantial difference between ring or C-ring
specimens for mill-annealed and thermally-treated condition.

MA - Heat treatment not defined
TT - Mill annealed plus 704°C /16 hrs
TGSCC - Transgranular stress corrosion cracks
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Table B.7.4 compares the behavior of Alloys 600MA and 690MA with a cathodic dynamic
polarization, which was applied during testing in solutions where low valence sulfur, carbonate,
and sulfate were added separately. Here, Alloy 690MA sustained the most intense SCC; in the
low valence sulfur, little SCC for Alloy 690MA was observed with either carbonate or sulfate
additions to the alkaline base solution. In these experiments, no SCC was observed in Alloy
600, but extensive GC was observed in the presence of low valence sulfur.

| There is little other relevant work on lower valence sulfur except for studies at room temperature
as discussed by Staehle and Gorman.'

Alloy 600TT

Alloy 600TT was developed based on the work of Blanchet et al.** who showed that
sensitization would substantially reduce LPSCC. Their resuits are shown in Table B.7.2. These
data were the basis for the development of the TT treatment.

| In general Alloy 600TT is somewhat more resistant to SCC than Alloy 600MA and has provided
good service performance. Typical data from testing Alloy 600TT in various environments are
as follows: . ‘

1. Primary water as LPSCC

Figure B.7.30 shows results from about 6.5 years of testing in an operating plant from the work
of Cattant et al.”® Here, the extent of LPSCC penetration as measured by eddy current seems
at least five times more pervasive for Alloy 600MA than for Alloy 600TT.

45 + + 4 ‘
404 w Alloy 600TT tubes o
| o Alloy 600MA tubes o
S 35
g 304 °
25+
= 8
T 204 o o
-
g 154
§
104
S T = -
e .. = .
0 — N + ->-— $ ' ?ﬁ
41,000 43,000 45,000 47,000 49,000 51,000
Operating Time, hrs.

Fig. B.7.30 Percent of tubes cracked in primary water vs. operating time for Alloy 600TT and
MA tubes. LPSCC located at sludge pile level. Results from eddy current testing.
From Cattant et al.*® © 1992 American Nuclear Society.
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In addition to this work directly from operating plants, Figure B.7.31 from the work of Jacko®®
shows that Alloy 600TT is improved relative to Alloy 600MA in about the same proportlons as
the results in Figure B 7.30. Here, Alloy 690 exhibits no LPSCC.

2. Alkaline as AKSCC

In alkaline solutions the propensity for AKSCC in Alloy 600TT is less than Alloy 600MA as
shown in Figures B.7.10b and 10d. Figure B.7.32" shows that the plateau

crack velocity of Alloy 600TT is a 5-10 times less than for Alioy 600MA in 4 and 100 g/l NaOH
solutions.

3. Acidic as AcSCC

Depending on the data, Alloy 600TT exhibits improvements compared to Alloy 600MA. Figure&
B.7.33%" shows significant improvements over a range of acidic pH in sulfate solutions.

4. Lead

The work of Miglin and Sarver,?® which covered a broad range of pH with Pb additions, showed
that Alloy 600TT was generally, but not substantially, improved over Alloy 600MA.

0 2000 4000 6000 8000 10, 000 12, OOO 14, 000

101 l”OOppm Bas ”';BO'; +2 Oppm Lias LlOll 600MA 1100
H, gas was included at 3.8ppm (240 KPa
"= 8T “over pressure) 475
g 6 ] 300°C
3] Beginning of fuel cycle 150
E a+ primary water
o 25
) 2+ 600TT
< o0 690TT, 690MA 40
= ' + u + + 4 + N
Z 101 200ppm B as H;BO; + 0.5ppm Li as LIOH - 1100 ©
¥ st H; gas was included at 3.8ppm (240 KPa over pressure)
-; 360°C GOOMA +75
€ 6+
—g End of fuel eycle 150
+ rimary water
g 4 p ry 6
O 2}t 00TT $25
0 690'['[' 690MA 10

0 2000 4000 6000 8000 10, 000 12, 000 14, 000
Exposure Time, hours
Fig. B.7.31 Cumulative number of Alloy 600 and 690 specimens exposed for 13,000 hours in

chemistries tsyplcal of the (a) beginning of life and (b) end of life for a fuel cycle.
From Jacko.™ Used by Permission of EPRI
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Fig. B.7.32 da/dt vs. K for Alloys 600 (a) and 690 (b) expdsed to various concentrations of
NaOH at 350°C with a WOL type specimen. HT corresponds to 700°C for 16 h.

From Berge and Donati.’”

© 1981 American Nuclear Society.
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Fig. B.7.33 Maximum crack depth vs. room temperature pH for Alloy 600MA, Alloy 600TT, and
Alloy 690TT exposed in acidic sulfate solutions at 332°C for 5000 hours as C-rings
stressed to 150% of the yield strength. From Smith et al.5" © 1986 American
Nuclear Society.

Figure B.7.27 shows that Alloy 600TT is improved relative to Alloy 600MA possibly by a factor of

five in time-to-failure, but there are no significant differences in the stress threshold.
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In AVT environments, as shown in Figure B.7.34,° Alloy 600TT is improved, compared to Alloy
600MA, and does not support SCC at such low concentrations of Pb. However, Alloy 600TT is
not significantly better at higher concentrations.

(a)

(b)

600 T O AVT+Pb 100ppm ) . Alloy 600MA 600 T O AVT+Pb 100ppm) Alloy 600TT
A AVT+Pb 10ppm | as PbO AAVT+Pb 10ppm {as PbO

5001 CJAVT+Pb Ippm [ 100% RTYS 5001+ OAVT+Pbippm | 100%RTYS
5 OAVT+PbO.Ippm J £ O AVT+Pb 0. ippm |
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Fig. B.7.34 Crack depth vs. time for various concentrations of Pb at two stresses and for Alloys
600MA and 600TT in deaerated AVT water containing 0.26 ppm NH3+0 1ppm NzH,.
From Takamatsu et al.** © 1997 American Nuclear Society.

5. Sulfur

There appear to be no data for the'SCC of Alloy 600TT in solutions which contain low valence
sulfur.

Alloy 690 TT

As it became clear that Alloy 600 would undergo degradation and cracking during the service
life of steam generators, work had begun, at least by 1970, to develop an improved alloy as
reported by Copson et al.?? and Flint and Weldon.%® This work involved evaluating alloys in
three environments: highly oxygenated environments with double U-bend crevices, lead
environments, and alkaline environments. Sensitized and non-sensitized alloys were studied,
and a relatively large range of iron and chromium additions to a nickel base were evaluated.

Alloy 690TT is now becoming the standard material for use in SG tubing, where it has so far
provided excellent service performance, as well as for welding and for thick sections where
substantial corrosion resistance, together with compatibility of the thermal expansion coefficient
with adjacent low alloy steel components, is required, as shown in Figure B.7.5.

From these early tests, the highly oxygenated solutions were not particularly useful from the
point of view of PWR applications, except perhaps for the unknown conditions inside crevices.
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However, the testing in the Pb-containing solutions proved to be of great interest in later years
as shown in Figure B.7.35.%°

Figure B.7.35 shows the combined effects of iron and nickel both on the SCC and scaling of
alloys exposed to high temperature water containing Pb. Both figures show the locations of the
Alloy 690 composition. These results showed that Alloy 690 composition is close to a scaling
condition (severe general corrosion) and to SCC in Pb environments. Regardless, the Alloy 690
composition seemed to be an optimum as shown in Figure B.7.35, and the testing in the Pb-
containing solutions foresaw, unintentionally, the importance of Pb on the secondary side. 'In
the following years development of these high chromium alloys continued and intensified in the
late 1970s and early 1980s.

1. Primary water as LPSCC

The improvement of Alloy 690TT over Alloy 600MA, as well as over Alloy 600TT, is shown in
Figure B.7.31 where laboratory testing was carried out for about 13,000 hours at 360°C.
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Fig. B.7.35 (a) Maximum depth of SCC of Ni-Cr-Fe alloys after 8 weeks in deaerated water plus
Pb at 316°C. (b) Weight gain of Ni-Cr-Fe alloys after 4 weeks in deaerated water
plus Pb. From Sarver et al.*® Used by Permission of EPRI.

2. Alkaline as AkSCC

Figure B.7.32 for crack growth r;ate vs. stress intensity shows that the plateau velocity for Alloy
690 is a factor of 10-100 less than for Alloy 600MA depending on the concentration of NaOH.
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The overall mapping of SCC for the three alloys of 600MA, 600TT, and 690TT in Figure B.7.10
shows that Alloy 690TT is improved and the threshold of pH for the onset of AkSCC is higher.

3. Acidic as AcSCC

Figure B.7.26 shows that Alloy 690TT at open circuit in sulfate solutions does not sustain
AcSCC. This is similar to the pattern for Figure B.7.10. However, with Figure B.7.26 it appears’
that Alloy 690TT does sustain significant AcSCC, but at potentials that may exceed the normal
open circuit range depending on what potentials are actually present in crevices and that results
from the very low hydrogen on the secondary side.

4. Lead as PbSCC

The extensive work of Miglin and Sarver, which is discussed by Staehle and Gorman' and by
Staehle,*® shows that Alloy 690 is improved, in terms of resistance to PbSCC, over both Alloy
600MA and Alloy 600TT until pH 9.9 is reached, at which point the SCC of Alloy 690TT is
significant, especially in steam (implying easy vapor phase transport of Pb). Figure B.7.27
reflects this greatly increased sensitivity of Alloy 690 in alkaline solutions.

While Figure B.7.26 shows that sulfates seem to inhibit PbSCC of Alloy 690TT in acidic
solutions, Figure B.7.29b shows the Pb as PbCl, promotes PbSCC, although at a rate about 1/5
that for Alloy 600MA.

5. Sulfur as S*SCC

Tables B.7.3 and 4 show that the presence of low valence sulfur either as a -2 (sulfide) or +2
(thiosulfate) increases the susceptibility to S¥"SCC for Alloy 690TT relative to Alloy 600MA.

Alloy 800

‘Figure B.7.4 from Coriou et al."” based on the general trends of his observations, suggests that
the composition of Alloy 800 as shown in Figure B.7.2 and Table B.7.1 would resist SCC in both
pure water and chloride-containing water, although Copson and Cheng’s work in Figure B.7.3
suggests that Alloy 800 is within the domain of chloride SCC. Such SCC of commercial grade
Alloy 800 in chloride solutions was also observed by Staehle et al.** for commercially available
materials at the time.

Mainly based on the work of Coriou plus internal work, Siemens chose a controlled version of
Alloy 800 for their steam generators, and this alloy has exhibited excellent in-service
performance. '

1. Primary water as L PSCC

The dependence of LPSCC on nickel concentration was reported by Coriou et al.® They
showed that the nickel concentration of Alloy 800 was below the Ni concentration that would
permit LPSCC. Later Nagano et al.?® showed that Alloy 800 was equivalent to Alloy 690 as
shown in Figure B.7.36. , ‘

Since the first observation of Coriou in his schematic assessment in Figure B.7.4, Alloy 800 has
remained resistant to LPSCC. '
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2. Alkaline as AKSCC

Alloy 800 does not generally perform well in alkaline solut|ons Figure B.7.37 from Nagano et
al.*” and Figure B.7.38 from Wilson et al.?® is consistent with this trend. In Figure B.7.37, at

20% Cr and Ni near the composition of Alloy 800, significant AkKSCC occurs. Further in Figure

B.7.38, the stress threshold for AKSCC is not much different from Alloy 600MA in the alkaline

solution.

The fact that Alloy 800 has given such good performance in operating plants suggests that
alkalinity has not been significant in the crevices.

3. Acidic as AcSCC

Alloy 800 is more resistant to AcSCC than Alloys 600MA and 600TT as shown in Figure
B.7.39.4
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Flg B.7.36 Prestraining % vs. test time for Alloys 600, 690, and 800 exposed at 360°C in
deaerated water. From Nagano et al.®® Courtesy of Sumitomo Metals.
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Fig. B.7.37 Crack depth vs. Ni concentration for Ni-Cr-Fe alloys + 0.02%C exposed in a
deaerated 10% NaOH solution at 325°C for 200 hours as single U-bends.
~ Specimens mill annealed. From Nagano et al.®” Used by Permission of EPRI.
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Fig. B.7.38 Stress vs. time for Alloy 800 in 10% NaOH at 288 and 316°C, and for Alloy 600MA
in 10% NaOH at 316°C. From Wilson et al.®® © 1975 ANS.
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Fig. B.7.39 SCC accelerating factor vs. pH for three alloys in 0.6M sulfate environments at
320°C. Accelerating factor taken from the rate of crack initiation at 0.001M (pHaizp-c
- =5) being the reference. 150% YS refers to the “two legs touching” condition of the
branches of the C-ring; below this stress, specimens were stressed at 0.8 YS and
1.0 YS. From deBouvier et al.** Reprinted with permission from TMS.

4.l ead

Alloy 800 seems to be the least resistant of the Alloys 600MA, 600TT, 690TT and 800 in
alkaline solutions containing Pb as shown in Figure B.7.27. Despite the relative trends, more
recent electrochemical studies by Y. Lu of AECL have shown the standard SG Alloy 800 is
generally resistant to PbSCC in alkaline solutions.®

5. Sulfur

Table B.7.3 shows that Alloy 800 is similarly prone to SCC in s"scc (alkaline base) as Alloy
690 in alkaline solutions. There appear to be no other data for other ranges of pH for any of the
alloys. ,

Conclusions

1. The early choice of Alloy 600MA for tubing in PWR steam generators together with drilled
hole tube supports, less pure secondary water chemistry, and relatively high residual
stresses produced extensive failures of tubing leading to the eventual replacement of many
steam generators tubed with Alloy 600MA. This choice of Alloy 600MA was based on a set
of assumptions and laboratory testing that turned out not to be vaI|d under the operating
conditions of tubes in steam generators. .
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2. A set of mitigations has reduced, for the present, the rate of SCC on the primary and
secondary sides of SG tubes associated with Alloy 600MA. These mitigations have included:

» Using better alloys including Alloy 600TT, Alloy 690TT, and Alloy 800.

» Using line contact tube supports and changing the materials of the tube supports to
stainless steel.

» Improving the secondary water chemistry.
. “Reducing residual stresseé.
e Improved methods of inspection.
3. The potential for secondary-side'degradatioh and cracking still exists:
* Pb and S impurities. |
» Acidic crevices, especially with chloride.
» Longer time and significant accumulation of impurities in line contact tube supports.
* Denting and increased stresses at the top of the tubesheet.

* Possible large releases of sequestered lead resulting from subtle changes in water
chemistry, perhaps due to a still further increase in purity of the boiler water.

* Nucleation of SCC at locations of dings, dents, and scratches.
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