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REPORT SUMMARY

The Materials Reliability Program (MRP) is investigating the effects of coolant chemistry on
primary water stress corrosion crack (PWSCC) growth rates of nickel-base alloys as a possible
strategy to mitigate material degradation in operating plants with components made out of Alloy
600 and its weld metals. This interim report documents the extent to which mitigation of primary
water SCC growth rates can currently be expected as a result of changing the amount of
hydrogen added to reactor coolant.

Background

The EPRI Primary Water Chemistry Guidelines describe the multi-faceted role of the reactor
coolant in PWRs. Unfortunately, the Ni-base alloys often originally used have been found to be
susceptible to PWSCC under nominal water chemistry conditions, i.e., conditions not involving
impurities. In recent years, it has also become apparent that the typical level of hydrogen—?25 to
35 cc/kg—added to prevent radiolysis might be unfavorable with regard to both the initiation and
propagation of cracks. Optimizing hydrogen levels is thus being actively pursued as a means of
mitigating component damage. Mitigating PWSCC by changes in water chemistry by such
means as optimizing dissolved hydrogen levels and/or adding Zn is attractive because the
potential benefit is systemic. All components are affected, and outage time is not needed for
mitigating components individually. Plants also want to alter water chemistry to improve fuel
utilization, avoid crud build-up on fuel, and reduce crud migration leading to high shutdown dose
rates; but these efforts usually involve changes in the boron (B) and lithium (Li) levels, thus
affecting the high-temperature pH (pH,) of the reactor coolant but not the rate of cracking.

Objectives

To show that the water chemistry changes under consideration involving amount of hydrogen in
reactor coolant can reduce crack growth rates (CGRs) in Alloy 600 materials. This objective is
important because incipient cracking below the nondestructive evaluation (NDE) detection level
may have already occurred in many Ni-base alloy components in view of the operating times
already reached in many commercial plants.

Approach

The project team analyzed the most recent worldwide data on the effects of hydrogen fugacity on
PWSCC and derived predictions for the expected factor of improvement from realistic changes
at various operating temperatures. Because previous investigations have sometimes been less
than satisfactory, mainly because of the extensive scatter observed in absolute CGRs even under
nominally identical test conditions, the project team used a novel testing program involving step
changes in water chemistry on-line and real-time observation of the response in crack
propagation behavior of instrumented, precracked Alloy 600 specimens exposed at constant
stress intensity in high-temperature autoclaves.



Results

There is a reasonable theoretical basis, supported in particular by extensive test data from the
naval reactors program, to recommend moving to higher H, levels in PWR primary water to
obtain some mitigation of PWSCC for nickel-base alloys used in thick-wall components. Such a
change is expected to always have a positive effect in slowing down crack growth, independent
of the material or operating temperature. Quantifying the predicted benefit of such a change for
any particular component is complex because it depends on the material, the temperature, the
starting H,, the new H, target, and other factors. Overall, the absolute benefit of H, optimization
will be greater at higher temperatures such as those that occur in the pressurizer and for higher-
strength alloys. For just over two years, the MRP has sponsored a test program that, while
limited in scope compared to the literature data, attempts to confirm the theoretical predictions of
CGR. The focus to date has been on increasing H, fugacity in steps up to a maximum value of 80
cc/kg. In almost all cases studied, there has been a short-term decrease in the measured CGR that
exceeds the expected response. Over longer periods of time, the CGRs sometimes rise again; and
there is some scatter in the observations from specimen-to-specimen and test-to-test.

EPRI Perspective

Because the influence of H, fugacity on PWSCC has been observed for both initiation and
growth in nickel-base alloys by many laboratories throughout the world in tests involving
hundreds of data points, there is ample basis for confidence that the effect is real. The data
presently available from the MRP test program support the beneficial effects of increasing H,,
but the use to date of Alloy 600 where the predicted benefits of the chosen step changes in H, are
lower than for weld metals and specimen-to-specimen variations make the interim results less
clear than desired. Testing will continue throughout 2007 and into 2008, focusing primarily on
Alloy 182; and a full analysis of the data will be available in the second half of 2008. A small
effort will be also be made to examine possible synergistic effects of adding Zn together with
increasing H,.
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1

INTRODUCTION

This report is designed to summarize the current MRP position regarding possible mitigation of
stress corrosion cracking (SCC) of nickel-base alloys in PWR primary water (PWSCC) by
optimizing the H, fugacity. Mitigating SCC by changes in water chemistry is attractive, because
benefits are potentially systemic — i.e., all wetted components are affected, and outage time is not
used by mitigating components individually. Two main chemistry mitigation approaches are
being considered by the MRP (either separately or together), namely optimizing H, fugacity and
adding Zn, but only optimized H, is considered here. Both increased and decreased H, fugacity
can theoretically provide benefits and may be feasible, but radiolysis — leading to increased
corrosion potential and thus elevated crack growth rates (CGRs) — is a serious concern at
sufficiently low H,. Changes in the B/Li chemistry (and associated high temperature pH) have
little effect on SCC growth [1, 2], consistent with the fact that in deaerated water, the corrosion
potential is controlled by the H,/H,O reaction (Figure 1-1), and the H,/H,O line is exactly parallel
to the metal-metal oxide phase boundaries.
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Figure 1-1
Pourbaix (potential — pH) Diagram for the High-Temperature Ni-H,0 System, Showing the Close
Proximity of the H,/ H,O Line (shown for 1 atm. H,) with the Ni/ NiO Line.

Note:

The H,/H,0 line controls the corrosion potential in de-aerated water and is parallel to the Ni/NiO (and Fe/Fe,O, and
Cr/Cr,0,) lines, so changes in pH do not change the proximity of the corrosion potential to the metal-oxide phase
boundaries. However, changes in H, can cause the corrosion potential to traverse the Ni/NiO phase boundary, and
this is much more likely to affect SCC response.

It is helpful to understand and put in context (Figure 1-2) the effects of potential associated with
changes in H, vs. O, (or other oxidants). The presence of oxidants in the bulk water causes the
corrosion potential of the free surface to be markedly elevated, often by 500 — 700 mV. Because
O, is consumed as it diffuses into the crack, there is a gradient in O, and therefore a gradient in
potential within the crack. This gradient concentrates anions into the crack (and decreases the
non-H" cation concentration). The resulting change in crack chemistry usually has a large effect
on crack growth rate.
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Figure 1-2
Crack Growth Rate of Ni Alloys in High-Temperature Water as a Function of Corrosion Potential

Note:
In deaerated water, Ni alloys exhibit a small peak in growth rate at the Ni/NiO phase boundary as a function of H,
(i.e., near -550 mV__ in pure water) [20].

By comparison, the presence of H, in the bulk water has a much smaller effect on corrosion
potential (§9.3 mV per 10X change in H, at 325°C). There is no consumption of H, within the
crack (there may be some creation of H, from corrosion reactions), so there is essentially no
potential gradient, and any effect of H, fugacity is associated only with a small shift in the
corrosion potential (both at the free surface and at the tip of an existing crack). For iron-base
alloys, such as stainless steels, these small changes do not significantly affect CGRs. With
nickel-base alloys, however, they can result in an important change in the composition and
stability of the passive films as a result of crossing the Ni/NiO phase boundary (Figure 1-1). The
magnitude of the expected changes in potential and crack growth rate associated with changes in
H, in pure water is shown schematically in Figure 1-2 by the small peak around the corrosion
potential (i.e., near =550 mV ). Agreement with the measured CGR data for Alloy 182 is not
exact, however, and is strongly influenced by loading and material factors (e.g., cold work and
yield strength).

Focusing on the effect of H, in deaerated water, Figure 1-3 presents a schematic of the CGR vs.
H,, and shows peaks for materials like Alloy 600 that exhibit a ~3X peak and for materials like
Alloy 82 weld metal that exhibit a ~8X peak (a more detailed description of the CGR peak is
provided in Section 2.3). The relationship between H, and corrosion potential (ECP) is shown on
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the top scale, although the specific potential will depend on the solution pH, (which shifts the
corrosion potential by 118.6 mV/pH at 325°C) and the scaling vs. H, depends to a limited extent
on temperature (59.3 mV per 10X change in H, at 325°C, and 55.9 mV at 290°C). Figure 1-3
emphasizes the limited change in CGR expected if the change in H, is limited, e.g., to 2X. While

the CGR peak might be 8X, a 2X increase in H, from the peak value would only decrease the
CGR by 1.34X.

Corrosion Potential, mVghe

-700 -750 -800 -850 -900
9 } " ; ;
Peak in Growth Rate = 8X_ \7 Change in CGR for
81 as Expected for Alloy 82/182 various step changes in H

¢ H,change 600 82/182
74 - 10 20: 1.24X 1.34X
. Schematic Plot of Effect of 20 40: 161X 2.17X
% 64 Hz on Crack Growth Rate 40 > 80: 1.38X 2.11X
x NiO Ni .

pe Phase. Stability 20— 80: 2.23X 458X
5 51 . 20 - 200: 2.42X 5.93X
s EorSZZ;C w\?ere sg)t(e;t_lalHi - 10 - 200: 2.99X 7.97X
> 4 y 99.50 mV per ! _In 2 50 mV Full Width

@ & 118.7 mV per unit T in pH Half Max Y

234

<

Peak in Growth Rate = 3X
as Expected for Alloy 600

0 1 10 100 1000
H, Fugacity, cc/kg

Figure 1-3
Previous MRP Schematic of Expected H, Effects on PWSCC Growth Rate at 325°C

Note:

All nickel-base alloys appear to show a peak in crack growth rate close to the H, fugacity associated with the Ni/NiO
phase boundary. The primary difference among them is thought to be the height of the peak, which varies from 2.5 —
3X for alloy 600 to 5 — 8 for alloy 182/82 weld metals and alloy X750 (and probably other higher yield strength Ni
alloys) [1, 2].

The location of the Ni/NiO phase boundary as a function of H, depends strongly on temperature
(Figure 1-4 and Figure 1-5). Based on available thermodynamic data, the location of the phase
boundary was once thought to occur at higher H, (upper curves in Figure 1-4) compared to the
more recent and detailed studies by Attanasio and Morton [3] (lowest curves in Figure 1-4).
Attanasio and Morton used contact electrical resistance (CER) measurements and direct
observation of the surface appearance of coupons to establish the location of the Ni/NiO phase
boundary. They also analyzed their extensive CGR data and formulated a model to describe the
CGR in the vicinity of the Ni/NiO phase boundary; this model has been modified here to make it
more flexible, as discussed in Section 2.3.
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Figure 1-4
Dependence of the Ni/NiO Phase Boundary on Temperature and Dissolved H,

Note:
The lower curve represents modern data and calculations [1, 2, 3, 11].
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Figure 1-5

Experimental Observations [3] of the Dependence of the Ni/NiO Phase Boundary on Temperature
and Dissolved H, using Coupons and the CER Technique.
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2

DETAILED EFFECTS OF H, FUGACITY ON SCC OF
NICKEL-BASE ALLOYS

While the mechanistic origin is unclear [4, 5], there are many, consistent data from a number of
laboratories showing that SCC initiation and growth rates (CGR) of nickel-base alloys exhibit a
peak near the Ni/NiO phase boundary [3, 6]. The effects of H, on initiation and growth are
considered separately in the next two sections, but — for thick-section materials — more weight
should be given to the CGR data, since it has to be assumed that incipient cracks (below the
NDE detection limits) have already initiated in many components in service and therefore
propagation usually represents the most pressing problem. Nonetheless, new crack initiation will
continue to occur with increased time of plant operation, and mitigating initiation is thus also
important to manage SCC over the long term.

2.1 Defining the Ni/NiO Phase Boundary

There are two primary issues in determining the Ni/NiO phase boundary for practical use in high
temperature water: the thermodynamics of the Ni/NiO phase boundary, expressed in terms of the
fugacity of H, (f,,,) at temperature, and the H, fugacity coefficient vs. temperature that provides a
way to convert to room temperature H, concentration, e.g., in cc/kg or ppm. A simplified
approach that directly expresses the Ni/NiO phase boundary in terms of room temperature H, is
provided as a more useful engineering tool (see Equation 2-2).

The Ni/NiO phase boundary and associated Ni-spinel phase boundaries were once estimated
(based on available thermodynamic data) as shown in Figure 1-4 (top two curves). Morton and
co-authors subsequently performed a variety of measurements that showed that these calculated
phase boundary locations were in error, and they published two somewhat different formulations
[3, 6]. Morton [7] has indicated that the more definitive one is as expressed in reference [3],
which also shows the underlying contact electrical resistance (CER) and coupon data (Figure 1-
5). The formulation for H, fugacity (f,,,) at temperature in that paper is:

In(f,,) =—4619.2 / T(K) + 5.2302 Eq. 2-1
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This is represented by lowest curve in Figure 1-4, which expresses the result in terms of room
temperature H, in cc H, per kg H,O (cc/kg). The room temperature H, level that corresponds to
the Ni/NiO phase boundary is of greater practical use to experimentalists and plant operators
than the high-temperature H, fugacity. Neither the CER/coupon data nor the H, fugacity
coefficient data are precise enough to merit fitting to anything more complex than a simple
power law (linear when plotting log(H,) vs. temperature). The fit chosen here is:

cc/kg H, at Ni/NiO Boundary = 10(0-0TTT*T(°C) - 2.59) Eq. 2-2

To convert between H, fugacity at temperature and H, concentration (cc/kg or ppm) at room
temperature requires knowledge of the H, fugacity coefficient. If water with a fixed
concentration of H, is heated, the H, fugacity varies, decreasing to ~20% of its room temperature
value at 289°C and to ~10% at 335°C. A key historical reference is the work by Fernandez-Prini
and coworkers [8] (Figure 2-1). Unpublished work by Moshier and Witt is referenced by
Attanasio and Morton [3], with these data listed in Table 2-4 of [3] as the “Henry’s Law
Coefficient” — note that the units are not directly fugacity coefficient, but rather atm/(cc/kg).
Since 1 atm of H, bubbled in 25°C water gives 1.58 ppm or 17.7 cc/kg, at 25°C the table value
would be 1/17.7 = 0.0565. Their value at 288°C 1s 0.0122 and the corresponding H, fugacity
coefficient is 0.0122 x 17.7 = 0.216.
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Figure 2-1
H, Fugacity Coefficient vs. Temperature, Showing That 1 Bar H, at 25°C Yields only 0.12 Bar H, at
325°C [8]
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If one compiles a list of H, fugacity coefficients vs. temperature from the Moshier and Witt data
(Table 2-1 and Figure 2-2), it shows good agreement with the Fernandez-Prini data at lower
temperatures, then deviates in a somewhat peculiar fashion with increasing temperature — i.e., it
appears as if there is a sudden offset between 300 — 315°C. It is possible to draw a straight line
that fits the Moshier and Witt data reasonably well, but this leaves open the question of why
there is a difference with the Fernandez-Prini data, and why the Moshier and Witt data are linear
vs. temperature and the Fernandez-Prini data are not. Possible issues include differences in
technique (Moshier and Witt used an at-temperature Ag-Pd membrane and pressure gage),
differences in system over-pressure (this is not enough to account for the discrepancy, but is not
negligible — Fernandez-Prini apparently used saturation pressure), and possibly different water
chemistry and pH (Attanasio and Morton, and presumably Moshier and Witt, used a pH additive
that gave a pH, = 7).

Fernandez-Prini vs. Moshier

0.25 A

0.2

Moshier

0.15 A

H, Fugacity Coefficient

Fernandez-Prini

0.1

005 ||||=||||=||||=||||=||||=||||=||||=||||=||||=||||=||||=|;

250 260 270 280 290 300 310 320 330 340 350 360 370

Temperature, C

Figure 2-2
H, Fugacity Coefficient vs. Temperature, Showing That 1 Bar H, at 25°C Yields only 0.12 Bar H, at
325°C [8]
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Table 2-1
The Ni/NiO Phase Boundary and H, Fugacity Coefficients vs. Temperature

Temperature, °C
250 | 270 | 290 | 310 | 325 | 340 360
Ni/NiO Boundary in cc H, / kg H,0' 1.5 2.6 4.2 7.1 10.4 15.3 25.5
H, Fugacity Coeff. Moshier & Witt Fit 030 | 0.26 | 0.22 | 0.18 | 0.15 0.13 0.087

H, Fugacity Coeff. Fernandez-Prini Fit 032 | 025 | 020 | 0.15 | 0.12 | 0.091 | 0.062
*T(°C) —2.59)

Parameter

'The Ni/NiO phase boundary can be calculated: 10(0'0l 1 cc/kg H,

Whatever the origin of the difference in H, fugacity coefficient, the actual observations by
Attanasio and Morton using CER and coupon data can be directly used (Equation 2-2 and Figure
1-5): a known H, gas concentration was equilibrated in room temperature water, then heated and
used for both CER measurements and coupon exposure observations. Thus, the relationship
shown in Figure 1-5 (and the lowest curve in Figure 1-4) and expressed in Equation 2-2 are
accurate within the limits of their data. The CGR peak in the vicinity of the Ni/NiO phase
boundary is described further in Section 2.3.

2.2 Expected Influence of H, Fugacity on PWSCC Initiation in Nickel-Base Alloys

Starting in 1996, EPRI attempted to correlate and model the diverse results reported over many
years on the effects of H, fugacity on PWSCC initiation in Alloy 600. These efforts culminated
in 2005 in the dependency shown in Figure 2-3. The relevant MRP-147 report [9] also contains a
comparison of the initiation model for H, dependency with CGR data obtained by Morton et al.
[6], which is discussed in more detail in the next section. As shown in Figure 2-4, the agreement
is very good and provides strong support for the concept that PWSCC behavior is determined by
the proximity of the corrosion potential to the Ni/NiO phase boundary. New laboratory data on
crack initiation for Alloy 600, released in 2005 [10] and shown in Figure 2-5, also confirm the
similarity in SCC behavior of nickel-base alloys for both crack initiation and crack growth as a
function of H, level. There appears to be little or no data on the H, effect for crack initiation in
other nickel-base alloys, but it is reasonable to speculate that the effect of varying H, might be
stronger on Alloy 182/82 weld metal, Alloy X-750, etc. as has been observed for crack growth.
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Figure 2-3
Conclusion from MRP-147 Regarding Dependency of PWSCC Initiation Behavior on H, Fugacity at
330°C (considered valid over a temperature range of +10°C) [9]
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Figure 2-4
Comparison of Initiation Model H, Term and Data at 330°C with Scaled Inverse Ratios of Crack
Growth Rate from Morton, et al [6] at 338°C on Alloy 600 [9]
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Figure 2-5
Recent Laboratory Data of Richey, et al [10] on SCC Initiation of Alloy 600 as a Function of H,
Concentration

2.3 Effect of H, Fugacity on PWSCC CGRs in Nickel-Base Alloys

The most extensive work in this area has been performed by Morton et al. at the Lockheed-
Martin KAPL laboratories within the naval reactor test program [3, 6—7, 11, 12]. Figures 2-6 —
2-11 show that this phenomenon spans all nickel-base alloys that have been studied, including
Alloy 600 (both base metal and HAZ), Alloy 182/82 weld metals, Alloy X-750, etc. It is
important to realize, however, that water chemistry effects are often a secondary factor in the
PWSCC growth rate of nickel-base alloys when compared with the influence of stress intensity
factor (K) or material condition (e.g., heat, heat treatment, and cold work). This is illustrated,
e.g., for Alloy 82 in Figure 2-12, taken from recently published work by Paraventi and Moshier
of the Bettis laboratories [13]. However, both temperature and H, have relative effects (ratio of
two growth rates) that appear to be weakly dependent on such factors as K or material condition
— that is, the effects of temperature and H, are always present and essentially unchanged
independent of other factors. Therefore, a factor-of-improvement (FOI) analysis should provide a
reasonable estimate of the expected benefit to be obtained from a change in H..
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Figure 2-6

Crack Growth Rate of Alloys X750 HTH in High-Temperature Water as a Function of H,
Concentration (17.7 cc/kg = 1.6 ppm = 1 atm H2 bubbled into pure water at 25°C) [6]
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Rather than H, (see Figure 2-6)

Note:

The peak growth rate occurs very close to the Ni/NiO phase boundary, with a characteristic height and width

associated with the material and condition [6].
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Figure 2-8
Crack Growth Rate of Alloys X750 AH in High-Temperature Water as a Function of Potential
Rather than H,

Note:
For this particular heat treatment (AH) the peak growth rate appears to occur at a moderate offset from the Ni/NiO
phase boundary, with a characteristic height and width associated with the material and condition [6].
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The peak growth rate occurs very close to the Ni/NiO phase boundary, with a characteristic height and width

associated with the material and condition [6].
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Figure 2-10

Crack Growth Rate of Alloy EN82H Weld Metal in High-Temperature Water as a Function of
Potential

Note:
The peak growth rate occurs close to the Ni/NiO phase boundary, although it may be 5—10 mV into the NiO
stability regime (i.e., at lower H, than the Ni/NiO transition) [3].
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Figure 2-11
Comparison of the Effect of Electrochemical Potential on the Crack Growth Rate of Alloy 600 Base
Material and on the Alloy 600 Heat Affected Zone [12]
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Figure 2-12

Comparison of SCC Rates Measured on Cold-Rolled Alloy 82 as a Function of Applied K at 25 and
50 cc H,/kg H,O at 338°C (a) and SCC Rates Normalized to 30 MPavm and Plotted Separately as a
Function of Weld Specimen Orientation (b)

Note:
The increase in growth rate at lower dissolved H, levels is greater in the T-S than in the T-L orientation [7].

Because the effect of H, on SCC has been observed for both initiation and growth of nickel-base
alloys, and by many laboratories throughout the world involving hundreds of data points, there is
ample basis for confidence that the effect is real. Additionally, the corrosion potential of nickel-
base alloys (and other high Cr materials) responds very thermodynamically to changes in H,
fugacity. Andresen et al. [1, 2] and Attanasio and Morton [3, 11] showed that above some low H,
level (which is « 1 cc/kg in pure water or B/Li solutions, but ~ 5 cc/kg in the buffered
environment (not B/Li) used in the KAPL tests), high alloy materials exhibit corrosion potentials
(ECP) very close to that observed on Pt (Figures 2-13 and 2-14). Indeed, in pure water,
thermodynamic ECP response is observed at least down to 10 ppb H, (~0.1 cc/kg H,). Thus,
these materials respond quickly and reproducibly to changes in H, level.
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Figure 2-13
Effect of H, Step Changes on SCC Growth Rate of Alloy 600 and on the Corrosion Potential of Pt
and Alloy 600

Note:
Because the peak height for the effect of H, on Alloy 600 is only 2.5—3X, for limited changes in H2 (e.g., the 2X

changes shown in Figure 2-13), only a limited — and sometimes transient — reduction in SCC growth rate is observed
[1,2].
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Figure 2-14
Corresponding Data to Figure 2-13 Obtained from a Duplicate Specimen in the Same Autoclave
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Attanasio and Morton et al. [3] modeled the CGR peak near the Ni1/NiO phase boundary,
expressing it in terms of a relative growth rate, where a value of 1 is the CGR at very low or high
H .

e

V,=Pexp| -0.5

[AECP +ECP,, T
Eq. 2-3

where: V, = velocity relative to the peak height (e.g., 1-8)
P = height of peak (e.g., 3-8X)
A = width of peak = 20.2 (Alloy 82 weld metal) or 35.6 (Alloy 600)
ECP,, = offset of CGR peak from Ni/NiO phase boundary (or AECP,)
AECP = H, value vs. peak H,

AECP = 29.58 T(C)+2732 - log _H, Eq. 2-4
298.2 H, (peak)

For example, the AECP for 80 cc/kg at 325°C 1s 29.58 * 598.2/298.2 * log (80/10.4) = 52.6 mV.

The parameters in Equation 2-3 are given by Attanasio and Morton [3] and shown in Table 2-2.
Because the nature of their formulation is that at large AECP (very low or high H,) the CGR (V,)
approaches 0 rather than 1, they restricted the range of applicability of the fit (Table 2-2). Figures
2-7, 2-8, and 2-9 show that the Attanasio and Morton formulation approaches 0 and thereby does
not accurately reflect the nature of the off-peak CGR data.

2-14



EPRI Proprietary Licensed Material

Table 2-2
Fitting / Modeling Parameters for Various Materials (copy of Table 6 from Reference 3)

" g SCCGRmax - TH
Test Material and Condition | ——— | AECP, A Range of Applicability’
SCCGR,_,,
EN82H, 338°C 8.09 10.5 20.2 | -52mV <AECP <31 mV
Alloy 600, 338°C 2.81 -10.2 | 356 | -41 mV <AECP <61 mV
Alloy X-750 HTH, 360°C 4.89 4.2 20.4 -41 mV < AECP < 32 mV
Alloy X-750 AH, 338°C 7.19 30.8 40.0 | - 110 mV < AECP <49 mV
Notes:
Column 2 is the CGR peak

Column 3 is the ECP offset (ECP_ or AECP,) from the Ni/NiO phase boundary
Column 4 is the width parameter; the full width at half max is ~2.375X * A
Column 5 is the range of applicability in the Attanasio and Morton formulation

We have chosen to reformulate their model in a fashion that retains their parameters (see the
descriptions following Equation 2-3) but causes the model to approach 1 at very low or high H,
while retaining the fit near the CGR peak:

2
AECP +ECP,,

V., =(P-1)exp| -0.5
2 +(0.46)"

+1 Eq. 2-5

Figure 2-15 compares the two formulations. Because Equation 2-5 provides a good fit to the
CGR data away from the peak (e.g., Figures 2-7, 2-8, and 2-9), there is a strong basis for its use
at any arbitrary H, level, although if calculations well away from the peak become important,
more CGR data should be generated in these regions to verify the response.

" The SCC CGR effect of dissolved H, seems to have an appreciable influence in a narrow range of ECP
near the Ni/NiO phase transition.
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Figure 2-15

Comparison of the Attanasio and Morton Model Formulation and a Modified Model

Note:

The original formulation drops to zero growth rate at extremes of H,, whereas by definition it should drop to 1.0.
The range of applicability of the original model is primarily limited by the point where it drops below 1.0. While
there is not always data at extremes of H,, it is reasonable to assume that the growth rate approaches 1.0 as the H, is
raised or lowered. The two models deviate very little in the range of applicability used by Attanasio and Morton [3].

There are also issues related to the offset in ECP/H, (ECP,) and width of the CGR peak.
Attanasio and Morton (Table 2-2) simply fitted the data to their model (Equation 2-3) and listed
the best-fit parameters. However, it seems fundamentally unlikely that Alloy 600 would exhibit a
—10.2 mV offset while Alloy 82 would exhibit a +10.5 mV offset and Alloy X-750 HTH a 4.2
mV offset, especially since a quick evaluation of the data in Figures 2-7, 2-9, and 2-10 shows that
there is little or no basis for concluding that all the CGR peaks do not actually occur at the
Ni/NiO phase boundary itself. Morton concurs with this conclusion [7]. Thus the working
approach in the analyses presented in this report is that no ECP offset exists for these materials.
Alloy X-750 AH (Figure 2-8) is less clear — with an indicated offset of 30.8 mV, it’s harder to
rationalize that a 0 mV offset applies, although it should be noted that there is only a single data
point on the low H, side of the CGR peak.

The width values in the Attanasio and Morton model (Table 2-2) have been retained, although if
one compares the data in Figures 2-7 and 2-9, a case can be made that the peak widths may not
actually be very different. Despite the remarkable efforts of Morton and colleagues, resolving
such uncertainties would require quite a bit more experimental work. While 10 mV variations in
offset or 20 mV variations in width may seem like small differences, they do in fact have
moderate effects on the model predictions for CGRs in PWR components.
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Some additional details of the effects of the offset and width parameters in the present model are
provided in Appendix A. In summary, the following adjustments have been made to the
published Attanasio and Morton model [3]:

1. The model has been reformulated (Equation 2-5) to approach a CGR of 1 (the baseline
growth rate at very low or very high H,) rather than 0, while retaining the Attanasio and
Morton parameters and shape over most of the peak.

2. The offset in ECP/H, (ECP,)is assumed to be 0 for most Ni alloys (no predictions for
Alloy X-750 AH are made in this report, so the issue of its offset is for now moot,
although we would be inclined to retain its offset).

3. The range of applicability in ECP/H, has been expanded to any value of H, because of the
reformulation of the model.

4. The range in H, wherein fully thermodynamic ECP response is assumed is also expanded,
to at least as low as 0.1 cc/kg H, in pure water or B/Li environments.

For reference, the effect of temperature activation on CGR is calculated as follows:

_9(i_ij
Vg=e RATL T2 Eq. 2-6

where: V, = the ratio of the CGRs at one temperature (T2) vs. another (T1)
Q = activation enthalpy, 130,000 J/mole
R = molar gas constant, 8.314 J/mole-K

T = temperature in K (°C + 273.2)

For example, relative to 290°C, the CGR at 343°C is exp(—130000/8.314 * (1/616.2 — 1/563.2)),
or 10.9X higher.

2.4 Prediction of the Effect of Changes in H, on PWSCC CGRs in Nickel-Base
Alloys

The CGR peak response in the vicinity of the Ni/NiO phase boundary as shown schematically in
Figure 1-3 implies a simpler situation than actually exists when evaluating PWSCC mitigation
for nickel-base alloys. Considering first the relationship between H, fugacity and the N1/NiO
phase boundary, the following primary factors must be recognized:

e The effect of temperature on the H, fugacity coefficient (Figure 2-1). This means that a given
solution will have a reduced H, fugacity as it is heated, even though the H, concentration
remains constant.

e The change in the thermodynamic properties of Ni and NiO vs. temperature.
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These factors lead to a power law relationship between H, fugacity and temperature in defining
the location of the Ni/NiO phase boundary (Equation 2-2 and Figures 1-4 and 1-5), with less H,
needed for Ni metal stability at lower temperatures.

There are additional considerations associated with the expected peak in SCC growth rate near
the Ni/NiO phase boundary, and the following further factors must also be recognized:

e Different alloys, heats and test conditions (e.g., temperature and stress intensity factor) yield
a different “baseline” crack growth rate. Higher stress intensity factors, higher temperature
and higher-strength materials (such as alloy 182 or 82 weld metals) lead to higher growth
rates. However, there is reasonable evidence to indicate that the FOI for a given change in H,
is not strongly dependent on material heat or stress intensity.

e All nickel-base alloys show a similar effect of temperature (activation enthalpy), with higher
growth rates at elevated temperature. Relative to 290°C, the crack growth rate is about 5X
higher at 325°C and 10X higher at 343°C (based on the recognized activation enthalpy of
130 kJ/mole). The effect of H,, including the height of the CGR peak, is not consequentially
affected by temperature over the range of (at least) 260 to 360°C.

e The height of the CGR peak vs. H, fugacity has a strong effect on the FOI that is expected for
a given change in H, level. The width of the peak may also vary somewhat from material to
material, but this generally has a somewhat smaller effect (see Section 2.3 and Appendix A).

e There is an indication that a small offset from the Ni/NiO phase boundary might exist in the
H, / corrosion potential value where the CGR peaks, but this is uncertain. The tabular and
graphed data in the main section of this report do not use an ECP offset, i.e., the CGR peak is
assumed to occur at the Ni/NiO phase boundary (see Section 2.3 and Appendix A).

When integrating these parameters across many materials and many temperatures, the
determination of an expected FOI associated with a specific change in H, is not trivial and will
be unique to each specific case. For example, if the reference condition is 35 cc/kg H,, reducing
H, to lower values will result in moving closer to the peak in crack growth rate at all relevant
temperatures. The peak growth rate occurs at ~16.5 cc/kg at 343°C, at ~10.4 cc/kg at 325°C and
~4.3 cc/kg at 290°C.

So, if a component weld or test specimen made, e.g., of alloy 182 is exposed to 343°C water with
35 cc/kg H,, the effect of changing H, on CGR should be approximately as shown in Figure 2-16
(Note that the CGR values in these figures are assumptions loosely derived from the MRP-115 /
MRP-55 databases for alloys 182 / 600, respectively and corrected appropriately for
temperature). If H, is decreased, there will be an initial increase in growth rate, then a decrease,
with the growth rate dropping below its initial value (at 35 cc/kg) only below 7.7 cc/kg H,. If H,
is increased, a monotonic decrease in growth rate is expected.
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Figure 2-16

Predicted Effect of H, on the Crack Growth Rate of Nickel-Base Alloys with an Assumed “8X Peak”
at 343°C

Note:

The red circle represents a hypothetical case where the current H, level is 35 cc/kg. Shifting to higher H, will
monotonically decrease the growth rate, whereas shifting to lower H, will initially increase the growth rate, then
(below ~16.5 cc/kg H,) decreases the growth rate. No benefit will occur until the H, level is below ~7.7 cc/kg H,.

The picture at lower temperatures is somewhat different because the peak growth rate occurs at a
lower H, fugacity — indeed, 35 cc/kg H, is well above the CGR peak (Figure 2-17). If H, is
decreased, the growth rate should increase markedly before the peak is encountered and the
growth rate begins to decrease. A net benefit in growth rate (relative to 35 cc/kg H,) is only
expected once the H, is below ~3.1 cc/kg H, at 325°C and below ~0.52 cc/kg H, at 290°C.
Conversely, the anticipated benefit of moving to higher H,, although always present, is reduced
at lower temperatures (compared to 343°C) because the initial H, fugacity is already well above
the CGR peak. Tables 2-3 and 2-4 shows the predicted benefit of various changes in the H,
operating point for two categories of materials and at four temperatures. Table 2-3 uses 35 cc/kg
H, as the baseline for most comparisons, while Table 2-4 uses 30 cc/kg H,. While many PWRs
currently operate at 35 cc/kg H,, 30 cc/kg H, represents a relevant condition for some PWRs.
Also, some 35 cc/kg H, plants used to operate at lower H,, and observed PWSCC reflects the
time (and higher growth rates) associated with their operation, e.g., at 30 cc/kg H,. Thus, 30
cc/kg H, 1s a useful baseline condition for many PWRs.
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monotonically decrease the growth rate, whereas shifting to lower H, will initially increase the growth rate, then

(below ~4.3 cc/kg H,) decrease the growth rate. No benefit occurs until the H, level is below ~0.52 cc/kg H,.

Table 2-3

Factors of Improvement for Various Materials, Temperatures, and Changes in Operating H,

Alloy 600 (3X Peak Height, A = 35.6, ECP_, = 0) Alloy 182/82 (8X Peak Height, A = 20.2, ECP = 0)
H, at Ni/NiO 290°C 310°C 325°C 343°C 290°C 310°C 325°C 343°C
43cc/kg | 7.1cc/kg | 10.4cc/kg | 16.5cc/kg | 4.3cc/kg | 7.1cc/lkg | 10.4cc/kg | 16.5 cc/kg
35 - 100 1.30 1.53 1.69 1.76 1.14 1.62 2.52 3.94
35580 1.27 1.44 1.55 1.56 1.14 1.59 2.36 3.22
35550 1.14 1.20 1.22 1.19 1.10 1.37 1.63 1.66
35510 0.54 0.58 0.68 0.91 0.24 0.23 0.33 0.76
3553 0.47 0.69 1.02 1.67 0.16 0.37 1.04 3.63
3551 0.72 1.21 1.74 241 0.54 1.37 2.55 4.84
50 — 100 1.14 1.27 1.39 1.47 1.03 1.18 1.54 2.37
50 — 80 1.11 1.20 1.27 1.31 1.03 1.16 1.45 1.93
Notes:

Left column represents a proposed change in H, operating condition (emphasis on a baseline of 35 cc/kg H,). The
peak in crack growth rate is considered to be at the Ni/NiO phase boundary in all cases (ECP,, = 0). The width of
the peak varies with material as per ref. [3]. Table entries below 1X indicate the change in H, is detrimental. Note
that a baseline of 35 cc/kg H, reflects the current operating point for many PWRs, but 30 cc/kg H, represents a

relevant condition for some PWRs. Also, some 35 cc/kg H, plants used to operate at lower H,, and observed

PWSCC reflects the time (and higher growth rates) associated with their operation, e.g., at 30 cc/kg H,. Thus, 30
cc/kg H, is a useful baseline condition for many PWRs.
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Table 2-4

Factors of Improvement for Various Materials, Temperatures, and Changes in Operating H,

EPRI Proprietary Licensed Material

Alloy 600 (3X Peak Height, A = 35.6, ECP_. = 0) Alloy 182/82 (8X Peak Height, A = 20.2, ECP_, = 0)
H, at Ni/NiO 290 °C 310°C 325 °C 343 °C 290 °C 310°C 325 °C 343°C
43cc/kg | 7.1cc/kg | 10.4cc/kg | 16.5¢cc/kg | 4.3cc/kg | 7.1cc/kg | 10.4cc/kg | 16.5 cc/kg
30 — 100 1.40 1.66 1.84 1.87 1.25 1.97 3.17 4.71
30 — 80 1.36 1.57 1.68 1.66 1.24 1.94 2.97 3.84
30 — 50 1.22 1.31 1.33 1.27 1.21 1.67 2.05 1.99
30> 10 0.58 0.63 0.74 0.97 0.27 0.27 0.41 0.91
303 0.50 0.75 1.10 1.77 0.17 0.44 1.31 4.34
301 0.77 1.31 1.88 2.56 0.59 1.67 3.20 5.79
50 — 100 1.14 1.27 1.39 1.47 1.03 1.18 1.54 2.37
50— 80 1.11 1.20 1.27 1.31 1.03 1.16 1.45 1.93
Notes:

Left column represents a proposed change in H, operating condition (emphasis on a baseline of 30 cc/kg H,). The
peak in crack growth rate is considered to be at the Ni/NiO phase boundary in all cases (ECP_ = 0). The width of

the peak varies with material as per ref. [3]. Table entries below 1X indicate the change in H, is detrimental

While an expected FOI can be calculated for each temperature (e.g., Figure 2-18), this is
somewhat misleading because there is also a large role of temperature activation on growth rate.
It will usually be more important to achieve a reasonably low growth rate at all temperatures than

to achieve a specific FOI. Figure 2-19 summarizes the expected effect of changes in H, fugacity
on CGR at 290, 325 and 343°C for a nickel-base alloy that has an 8X peak in CGR; this figure

provides the best basis for an overall comparison based on actual growth rate. It also shows that
shifting to lower H, is an option that can potentially be considered to mitigate PWSCC — despite
the fact that lowering H, down even as low as 1 cc/kg always produces a small increase in CGR
at 290°C, the absolute values for growth rate at that temperature are generally much lower than

at 325 and 343°C.
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Figure 2-18
Predicted Effect of H, on the Factor of Improvement in Crack Growth Rate of Nickel-Base Alloys
with an Assumed “8X Peak” at 343°C

Note:

The red circle represents a hypothetical case where the current H, level is 35 cc/kg. Shifting to higher H, will
monotonically decrease the growth rate, whereas shifting to lower H, will initially increase the growth rate, then
(below ~16.5 cc/kg H,) decrease the growth rate. No benefit will occur until the H, level is below ~7.7 cc/kg H,.
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Figure 2-19

Predicted Effect of H, on the CGR of Nickel-Base Alloys with an Assumed “8X Peak” at 290, 325 or
343°C

Note:
The red circle and line represents a hypothetical case where the current H, level is 35 cc/kg. Shifting to higher H,
will monotonically decrease the growth rate, whereas shifting to lower H, will initially increase the growth rate, and

no benefit will occur until the H, level is below about 0.52, 3.1 and 7.7 cc/kg H, for 290, 325 and 343°C,
respectively. While the peak height is 8X at all temperatures, the actual growth rate is much higher at 343°C.

Figure 2-20 presents the corresponding predictions for a nickel-base alloy that has a 3X peak in
CGR vs. H, (e.g., Alloy 600). The actual peak height for all nickel-base alloys is not precisely
known, but 2.5 — 3X1s a solid estimate for Alloy 600 base metal. It is reasonable to assume it
applies to other nickel alloy base metals, such as Alloy 690, but confirmation is needed. The
same caveat applies to the 8X peak for nickel-base weld metals (e.g., Alloy 82); this value is
assumed to apply also for Alloy 182 weld metal and other high strength nickel-base alloys (e.g.,
Alloy X-750 and Alloy 718), although peak heights are more commonly observed to be ~6X for
Alloy X-750. Note that the peak height typically depends strongly on both the peak CGR (often
defined only by one or two data points) as well as the baseline CGR at low and high H, (also
often inadequately defined).

Figure 2-20 illustrates that the very positive effect of lower temperatures of operation may
outweigh considerations of optimizing H, fugacity in terms of predicted CGRs for some Alloy
600 components.
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Figure 2-20

Predicted Effect of H, on the Crack Growth Rate of Nickel-Base Alloys with an Assumed “3X Peak”
at 290, 325 or 343°C

Note:
The red circle and line represents a hypothetical case where the current H, level is 35 cc/kg. Shifting to higher H,
will monotonically decrease the growth rate, whereas shifting to lower H, will initially increase the growth rate. No

benefit will occur until the H, level is below about 0.52, 3.1 and 7.7 cc/kg H, for 290, 325 and 343°C, respectively.
While the peak height is 3X at all temperatures, the actual growth rate is much higher at 343°C.

The predicted effect of H, on the SCC growth rate of Alloy 182 weld metal with an “8X peak™ as
a function of temperature is shown in Figure 2-21 for 25, 45 and 70 cc/kg H,. Note that the
observed CGRs vary with many factors, especially heat and stress intensity factor, but the effects
of H, apply independent of these factors (and also apply to Alloy 82 weld metal). A decrease the
growth rate occurs when shifting from 25 cc/kg H, to 45 or 70 cc/kg H,. The peak height is 8X at
all temperatures, but as temperature is changed there is an effect of the CGR activation energy
(130 kJ/mole) as well as the change in the location of the CGR peak vs. H, (16.5 cc/kg H, at
343°C, 10.4 cc/kg at 325°C and 4.3 cc/kg at 290°C). From these data, a predicted factor of
improvement for SCC growth rates of Alloy 82/182 weld metal can be calculated for changes in
H, from 25 to 45 cc/kg H, and from 25 to 70 cc/kg H, as a function of temperature (Figure 2-22).
The factor of improvement changes with temperature because of the change in the location of the
CGR peak vs. H,, with the largest benefits occurring where the slope of the CGR peak vs. H, is
highest.
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Figure 2-21

Predicted Effect of H, on the CGR of Alloy 182 Weld Metal with an Assumed “8X Peak” at 25, 45

and 70 cc/kg H, as a Function of Temperature

Note:

Shifting from 25 cc/kg H, to 45 or 70 cc/kg H, produces a decrease the growth rate. While the peak height is 8X at
all temperatures, as temperature is changed there is an effect of the CGR activation energy (130 kJ/mole) as well as
the change in the location of the CGR peak vs. H, (16.5 cc/kg H, at 343°C, 10.4 cc/kg at 325 © and 4.3 cc/kg at

290°C).
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350

Predicted Effect of Factor of Improvement on the CGR of Alloy 182 Weld Metal with an “8X Peak”
for Changes in H, from 25 to 45 cc/kg H, and 25 to 70 cc/kg H, as a Function of Temperature

Note:

The factor of improvement changes with temperature because of the change in the location of the CGR peak vs. H,

(16.5 cc/kg H, at 343 °C, 10.4 cc/kg at 325° and 4.3 cc/kg at 290°C).
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There are a variety of subtle complexities and potential additional issues that cannot be fully
addressed here, although some are mentioned in Appendix A.

2.5 MRP Test Data on Influence of H, Fugacity on PWSCC CGRs in Nickel-Base
Alloys

For just over two years, the MRP has sponsored a test program at GE-GRC that, while limited in
scope compared to the literature data discussed earlier, attempts to confirm the above predictions
of CGR by means of on-line monitoring for the effects of changes in H, fugacity on PWSCC.
Examples of the data being obtained for a moderately susceptible heat of Alloy 600 have already
been shown in Figures 2-13 and 2-14. The focus to date has been on increasing H, fugacity in
steps up to a maximum value of 80 cc/kg. In almost all cases studied, there has been a short-term
decrease in the measured CGR that greatly exceeds the expected response (see Figure 2-23).
Over longer periods of time, the CGRs sometimes rise again, and there is some scatter in the
observations from specimen-to-specimen and test-to-test. It is known that the short term
observation of a higher-than-expected reduction in growth rate when increasing H, can be
attributed to the creation of a current-shorting path in the wake of the crack because of the
formation of Ni-metal, and this again highlights the need for patience in measuring a steady-
state, baseline CGR before making a change. Figure 2-24 shows that a reduction in long-term
CGR equal to or greater than the predicted ratio for the step change in H, fugacity was obtained
in 9 out 16 cases and the average of these data from duplicate specimens is in good agreement
with the prediction.

Overall the data obtained to date provide a good confirmation of the expected benefit of
increasing H, fugacity for Alloy 600 CGRs. Attention is now shifting in 2007 to examining the
larger benefits expected for Alloy 182 weld metal. Furthermore, an attempt will be made to
investigate the potentially synergistic effects of optimizing H, and adding Zn to primary water.
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Figure 2-23
Comparison of Actual Short-Term Response of Duplicate CGR Specimens and Expected Effect for
Various Step Changes in H, Fugacity, from Current MRP Test Program at GE-GRC

Note:
The overall ratio of observed-to-predicted CGR response is 2.9X in these short-term data.
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Figure 2-24
Comparison of Actual Long-Term Response of Duplicate CGR Specimens and Expected Effect for
Various Step Changes in H, Fugacity, from Current MRP Test Program at GE-GRC

Note:
The overall ratio of observed-to-predicted CGR response is 1.1X in these long-term data, providing good
confirmation of the KAPL results.
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3

FURTHER MATERIAL-RELATED CONSIDERATIONS

The ongoing MRP test program focuses entirely on increasing H, fugacity to obtain lower CGRs.
As mentioned previously, growth rates are also predicted to decrease at much lower H, levels,
except for components operating at the lowest temperatures in the primary circuit. This
alternative approach to optimizing H, fugacity is being investigated in Japan [14] and the
emerging results from their program should be followed closely. Dropping much below 5 cc/kg
H, raises the risk of radiolysis. For example, data (Figure 3-1) obtained using the proton
irradiation at Harwell Variable Energy Cyclotron [15,16] indicates that only a limited increase in
corrosion potential from radiolysis occurs in pure water at 288°C containing 200 ppb H, (2.2
cc/kg H,). Therefore moving below the peak in crack growth rate of 4.3 cc/kg H, at 290°C seems
unwise until more definitive data are identified or generated. Recent data from the Halden test
reactor by Bennett et al. [17] in water containing only LiOH showed limited radiolysis at 1 cc/kg
H,. The increase in crack growth rate for stainless steels or nickel-base alloys that would result
from a significant elevation of corrosion potential is dramatically larger (Figure 3-2) than any
benefit from adjusting H, fugacity, so a very high level of confidence is needed that radiolysis
will not occur, not only under the nominal H, conditions, but also if there is any deviation from
the H, set point or local boiling. Because of the more concentrated PWR primary chemistry,
there is also concern for relatively small changes in corrosion potential. That is, it would be
wrong conclude that even a 100 or 200 mV change in potential would be safe (changing from —
500 mV_ to -300 mV, in pure water generally has a small effect on SCC).

There is an emerging recognition that fracture toughness and fracture tearing resistance can be
markedly affected by exposure to the operating environment. The term fracture toughness is
used to represent rapid fracture, while fracture tearing resistance is used for dynamic loading,
typically characterized in a J-R test. The environmental fracture concerns span operating
temperatures (e.g., 290 — 343°C) to lower temperatures (<150°C) associated with plant
shutdown. The fracture tearing resistance phenomenon is often referred to using the somewhat
misleading terminology “Low Temperature Crack Propagation” (LTCP), which should be
restricted to the observations by Grove and Petzold [18] of the rapid extension of a sharp, pre-
existing crack via a H, embrittlement mechanism at constant load or K (i.e., without the need for
dynamic straining). This whole area is currently under investigation by the MRP [19] and it is
not yet clear how relevant the effects measured in the laboratory are to operating plants.

Some effect of dissolved H, on LTCP and fracture behavior exists, but it is not always
consistently observed and the reduction in fracture tearing resistance can be severe, even at low
H, levels. While PWR primary water may have reduced H, levels during a normal shutdown,
there is still an elevated concentration of H in the metal, which may play a role in the fracture
process.
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Figure 3-1
Corrosion Potential vs. Fast Neutron Flux for Stainless Steel in 288°C Water Containing Various
Dissolved Gases and Concentrations

Note:

As the dissolved H, is increased from 0 to 200 ppb (2.2 cc/kg H,), the role of radiolysis decreases, as reflected in the
lack of an increase in corrosion potential. Experiments were performed using energetic protons at the Harwell
Variable Energy Cyclotron, and the equivalent fast neutron flux calculated [15,16].
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Figure 3-2
Crack Length vs. Time for Sensitized Type 304 Stainless Steel in 288°C Water Containing
1000 ppm B as H,BO, and 1 ppm Li as LiOH

Note:

As the dissolved O, is increased from 0 to 200 ppb, the crack growth rate increases by ~100X, to a value that is
much higher than is observed in pure water. From extensive data in 288°C water, such effects would also be
observed on non-sensitized stainless steel and nickel-base alloys [5,20].

Given that H readily permeates through materials exposed in ~300°C water, and the nominal 35
cc/kg H, currently used is already a significant H, level, it is not clear that shifting to 2 -3 X
higher H, to mitigate PWSCC would consequentially increase the potential for LTCP and
environmental effects on fracture to occur. Similarly, it is unlikely that such a change would
influence the fracture toughness of nickel-base alloys exposed at high temperature to primary
water. In both cases, however, it would be advisable to demonstrate the absence of negative
effects in these areas conclusively as part of any qualification program.
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4

CONCLUSIONS

There is a reasonable theoretical basis, supported in particular by extensive test data from the
naval reactor program, to recommend moving to higher H, levels in PWR primary water to
obtain partial mitigation of PWSCC for nickel-base alloys used in thick-wall components.
Figures 2-19 and 2-20 show that such a change is expected always to have a positive effect in
slowing down crack growth, independent of the material or operating temperature. Quantifying
the predicted benefit of such a change for any particular component is complex because it
depends on the material, the temperature, the starting H,, the new H, target, and other factors.
Overall, the absolute benefit of H, optimization will be greater at higher temperatures (e.g., in the
pressurizer) because of the higher growth rate, and for higher-strength alloys (e.g. weld metals or
alloy X750 vs. Alloy 600) because the CGR peak height is larger for these materials.

The MRP has in progress a modest test program intended to demonstrate the above effects. As
discussed in Section 2-5, the results presently available support the beneficial effects of
increasing H,, but the use to date of Alloy 600 (where the predicted benefits of the chosen step
changes in H, are relatively low) and specimen-to-specimen variations make the result less clear
than desired. Testing will continue throughout 2007 and into 2008, focusing primarily on Alloy
182, and a full analysis of the data will be available in the first half of 2008. A small effort will
be included to examine possible synergistic effects of adding Zn together with increasing H.,.
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A

DETAILED FACTORS IN THE CALCULATION OF H,
EFFECTS ON SCC CGR

This appendix is included to clarify some of the details of the modeling and calculation of H,
effects on SCC growth rates, particularly the role of the parameters that account for the possible
effects of an offset from the Ni/NiO phase boundary and the height and width of the peak. Table
2-2 (which is a copy of Table 6 in reference [3]) represents the statistical best fit to their
available data, but as is apparent from Figures 2-7, 2-8, and 2-9, it is unclear that any offset from
the Ni/NiO phase boundary is justified (see discussion in Section 2-3).

The effect of a +10.5 mV (for Alloy 82 weld metal) or —10.2 mV (for Alloy 600) offset from the
Ni/NiO phase boundary is not small — each represents about a 1.5X change in H,, so that between
them, there is a 2.25X difference. It appears that the +30.8 mV offset for Alloy X750 AH might
be justified (Figure 2-8), but more data are needed at low H..

The width of the CGR peak also appears to vary, but the limited height of the CGR peak for
Alloy 600 adds some uncertainty in the confidence associated with the width estimates. It is
certainly possible that Alloy 600 possesses the same width as Alloy 82 and Alloy X750 HTH.
Even the width of Alloy X750 AH is controlled strongly by the two round points, the high point
at about +27 mV and the single point on the high H, side of the peak at —=55 mV. Indeed, even the
peak heights have uncertainly related not only to the highest (peak) crack growth rates that are
observed (it is not uncommon for SCC growth rates to differ by 2X in nominally identical tests),
but also to the baseline growth rates, which must be obtained at very low and/or very high H,
levels. Such extremes of H, are not always easy to achieve, because the peak CGR occurs at
moderately high H, at 360°C (~ 25 cc/kg), and a good background point requires at least 10X
lower or higher H,, e.g., >250 cc/kg.

Presenting all of the possible variations and repercussions of using individual fitting parameters
vs. using more common fitting parameters (i.e., assuming all materials have a CGR peak at the
Ni/NiO phase boundary, and vary only in peak height) would require many more tables and
graphs. The figures in the main part of the report do use individual fitting parameters, although it
is not clear to the authors, nor Morton [7], that all of these are justified. The following examples
provide a context for understanding the repercussions of individual vs. common fitting
parameters:

1. Figures A-1 and A-2 and Tables A-1 and A-2 show a comparison of the CGR and FOI at
343°C for Alloy 82 (8X peak) for an offset ECP_, =0 vs. +10.5 mV. The ECP_ = +10.5
mYV biases all of the calculations by ~ 1.5X in H.,.

2. Figures A-3 and A-4 show a comparison of CGR and FOI at 343°C for Alloy 82 (8X

peak) for a width parameter A = 20.2 (used in the main report for Alloy 82) vs. A =35.6
(used in the main report for Alloy 600).
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3. Figure A-5 shows a comparison of the CGR at 343°C for various ECP offsets, using an
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8X peak and the same width parameter A = 20.2 as used for Alloy 82 for comparison with

Figures A-1 — A-4. ECP_, are plotted for —10.2 mV(from Alloy 600 data) vs. 0 (Ni/NiO
phase boundary) vs. = +30.8 mV (from Alloy X750 AH data). The ECP_ = +30.8 mV

biases these calculations by ~ 3.2X in H, from the N1/NiO phase boundary.

;:::Erg c1)f Improvement for Various Materials, Temperatures, and Changes in Operating H, with
ECP Offset
Alloy 600 (3X Peak Ht, A = 35.6, ECP_, =-10.2) Alloy 182/82 (8X Peak Ht, A = 20.2, ECP_, = +10.5)
H, at Ni/NiO 290°C 310°C 325°C 343°C 290°C 310°C 325°C 343°C
43cc/kg | 7.1cc/kg | 10.4cc/kg | 16.5cc/kg | 4.3cc/kg | 7.1cc/kg | 10.4 cc/kg | 16.5 cc/kg
35 —> 100 1.50 1.69 1.74 1.62 1.03 1.15 1.51 2.63
35 >80 1.42 1.54 1.55 1.42 1.02 1.15 1.49 2.46
35> 50 1.19 1.21 1.19 1.12 1.02 1.11 1.33 1.67
35> 10 0.58 0.70 0.88 1.20 0.39 0.23 0.21 0.35
3553 0.64 1.04 1.54 2.28 0.13 0.17 0.34 1.27
35>1 1.10 1.77 2.32 2.83 0.27 0.66 1.30 2.71
50 — 100 1.26 1.39 1.46 1.44 1.00 1.03 1.14 1.58
50 —» 80 1.19 1.27 1.30 1.27 1.00 1.03 1.13 1.48
Notes:

Left column represents a proposed change in H, operating condition (emphasis on 35 cc/kg H, baseline). The peak in
crack growth rate is offset (ECP,) from the Ni/NiO phase boundary as per ref. [3]. The width of the peak varies with

material as per ref. [3]. Table entries below 1X indicate the change in H, is detrimental. Note that a baseline of 35
cc/kg H, reflects the current operating point for many PWRs, but 30 cc/kg H, represents a relevant condition for

some PWRs. Also, some 35 cc/kg H, plants used to operate at lower H,, and observed PWSCC reflects the time (and
higher growth rates) associated with their operation, e.g., at 30 cc/kg H,. Thus, 30 cc/kg H, is a useful baseline
condition for many PWRs.
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;:::irg-gf Improvement for Various Materials, Temperatures, and Changes in Operating H, with
ECP Offset
Alloy 600 (3X Peak Ht, A = 35.6, ECP_ = —-10.2) Alloy 182/82 (8X Peak Ht, A = 20.2, ECP_ = +10.5)
H, at Ni/NiO 290 °C 310°C 325 °C 343 °C 290 °C 310°C 325 °C 343 °C
4.3 cc/kg | 7.1 cc/kg 10.4cc/kg | 16.5¢cc/kg | 43cc/kg | 7.1cc/kg | 10.4cc/kg | 16.5 cc/kg
30 — 100 1.63 1.83 1.85 1.66 1.05 1.27 1.82 3.33
30— 80 1.54 1.67 1.65 1.46 1.05 1.27 1.80 3.11
30 - 50 1.29 1.31 1.27 1.15 1.04 1.23 1.60 2.10
30> 10 0.63 0.76 0.93 1.24 0.40 0.25 0.26 0.44
303 0.70 1.13 1.64 2.34 0.13 0.19 0.41 1.60
30>1 1.19 1.91 2.47 291 0.27 0.73 1.56 342
50 —» 100 1.26 1.39 1.46 1.44 1.00 1.03 1.14 1.58
50 —» 80 1.19 1.27 1.30 1.27 1.00 1.03 1.13 1.48
Notes:

Left column represents a proposed change in H, operating condition (emphasis on 30 cc/kg H, baseline). The peak in
crack growth rate is offset (ECP,) from the Ni/NiO phase boundary as per ref. [3]. The width of the peak varies with
material as per ref. [3]. Table entries below 1X indicate the change in H, is detrimental.
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Figure A-1
Comparison of the Crack Growth Rate vs. H, at 343°C for Alloy 82 (8X Peak) for an Offset ECP_ =0
vs. 10.5 mV.

The latter biases all of the calculations by ~1.5X in H..
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Figure A-2
Comparison of the Factor of Improvement vs. H, at 343°C for Alloy 82 (8X Peak) for an Offset
ECP, =0vs. 10.5 mV.

Note: The latter biases all of the calculations by ~1.5X in H,. Note that the peak height remains the same, but the
curve for ECP_, = 10.5 mV drops well below a FOI of 1.0, and its maximum FOI is only about 2.7X vs. 4.8X for the
ECP,, =0 curve.
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Figure A-3

Comparison of the Crack Growth Rate vs. H, at 343°C for Alloy 82 (8X Peak) for a Peak Width
Parameter A = 20.2 (used in main report for Alloy 82) vs. A = 35.6 (used in main report for Alloy
600)
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Figure A-4

Comparison of the Factor of Improvement vs. H, at 343°C for Alloy 82 (8X Peak) for a Peak Width
Parameter A = 20.2 (used in main report for Alloy 82) vs. A = 35.6 (used in main report for Alloy
600)

Note: A broader peak for Alloy 82 is not proposed; it is shown only as an example of the effect of the peak width. At
343°C, the broader peak translates to less mitigation at achievable H, levels, but at lower temperatures, a greater
mitigation opportunity would exist.
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Figure A-5

Comparison of the CGR at 343°C for Various ECP Offsets, using an 8X Peak and the Same Width
Parameter A = 20.2 (for comparison with Figures A-2 — A-5)

Note: Offset ECP_¢ = - 10.2 (from Alloy 600 data) vs. 0 (Ni/NiO phase boundary) vs. = +30.8 (from Alloy X750 AH
data). The ECP_ = +30.8 biases these calculations by ~3.2X in H..
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