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One of the main failure mechanisms of pressurized
water reactors (PWR) is primary water stress corro-
sion cracking (PWSCC), which occurs in alloy 600
(75Ni-15Cr-9Fe) and weld metals such as alloy 182
(70Ni-14Cr-9Fe), and alloy 82 (73Ni-19Cr-2Fe). Cor-
rosion cracking is due, for example, in reactor nozzles
welded dissimilarly with alloys 182/82 between ASTM
A-508 G3 steel and AISI316L stainless steel. Corro-
sion cracks can cause problems reducing nuclear in-
stallations safety and reliability. Hydrogen dissolved
into primary water to prevent radiolysis, also may en-
hance PWSCC growth. This article begins from a
study by Lima et al. (2011) based on experimental
data from the CDTN-Brazilian Nuclear Technology
Development Center, and related to a slow strain rate
test (SSRT). This was prepared and used for testing
welds in the laboratory, similar to the dissimilar weld
in pressurizer relief nozzles operating at the Brazilian
Angra Unit 1 nuclear power plant. It was simulated
for tests, primary water at 325°C and 12.5 MPa con-
taining four levels of dissolved hydrogen. Our objec-
tive in this article is to clarify, and discuss adequate
modeling based on the SSRT experimental results, and
to compare them with those from another database
and modeling, of the PWSCC growth rate based on
levels of dissolved hydrogen.

Keywords: dissolved hydrogen effects, modeling, nickel
alloys, pressurized water reactors, stress corrosion crack-
ing

1. Introduction

Primary Water Stress Corrosion Cracking (PWSCC) is
a complex mode of degradation that occurs in the pres-
surized water reactor (PWR)’s thick-walled components
composed of nickel alloy — such as alloy 600 and its weld
metals (alloy 182 and alloy 82). It has been identified
as an important mode of degradation affecting plant op-
eration safety and reliability. Constant efforts have been
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done to develop and identify technologies to mitigate this
damage mechanism. Those developed thus far include hy-
drogen optimization and zinc injection, during PWR plant
operations. Zinc injection delays PWSCC initiation due
to its incorporation in spinel oxide film, to enhance film
stability [1].

Hydrogen injection in primary water is applied to pre-
vent radiolysis, that is the dissociation of molecules by
ionizing radiation. Hydrogen optimization, which con-
sists of different hydrogen injection levels in primary
water has been demonstrated to strongly mitigate the
PWSCC growth rate, mainly in alloys 182 and 82 weld
metals. Most available data do not show a conclusive ef-
fect of PWSCC initiation time on these, mainly due to
high scattering. Also, the hydrogen increased above nor-
mal operating levels, did not enhance PWSCC initiation
time [2].

This article departs from the study by Lima et al. [3],
which investigates the influence of dissolved hydrogen on
the susceptibility to PWSCC of alloy 182, used as a weld
metal in a dissimilar weld between ASTM A-508 G3 steel
and AISI 316L stainless steel, similar to welds in the pres-
surizer nozzle of the Angra Unit 1 nuclear power plant.
In this article we used simulated PWR primary coolant
water chemistry at 325°C and 12.5 MPa of pressure with
four different levels of dissolved hydrogen: 2, 10, 25, and
50 cm? Hj/kg H,O at standard temperature and pressure
(STP). A slow strain rate test (SSRT) was used to eval-
uate alloy 182 PWSCC susceptibility. Open circuit po-
tential was measured at different hydrogen concentrations
to evaluate their effect on electrochemical corrosion of the
material. Main study results indicated that alloy 182 is lit-
tle susceptible to PWSCC at 50 cm® H; (STP)/kg H>O at
325°C, and showed a positive effect in maintaining hydro-
gen concentration at a high level in PWR primary coolant
water.

Our objective in this article is to study, compare and
discuss adequate modeling based on the experimental re-
sults of Lima et al. [3], as these related to the PWSCC
growth rate based on dissolved hydrogen levels. From
Section 7 of EPRI-MRP 263 NP, a numerical model
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has been used to describe the effect of hydrogen on the
PWSCC growth rate, which takes the form of a Gaussian
distribution centered on the Ni/NiO transition. This model
is represented by a function of the difference in electro-
chemical potential (AECP) between the Ni/NiO transition
and the test condition. Typical fitted parameters are peak
width (¢) and peak to baseline ratio (P) [2].

2. Original Study Description

The original study by Lima et al. [3], comprised the
following:

a) Dissimilar material welded from Angra reactor unit 1
reproduction in the CDTN mechanical workshop,
based on ASME Boiler and Pressure Vessel Code —
Section IX, Welding and Brazing Qualification, and
AWS specifications for welding electrodes.

b) Chemical, mechanical, and structural characterization
of welds and related materials, based on ASTM E4,
and ASTM ES8;

¢) Evaluation of alloy 182 corrosion potential at high
temperatures;

d) Acquisition and characterization of oxide passive film
formed in alloy 182 in a primary water environment
at high temperature;

e) SSRT with alloy 182 specimens at different levels of
dissolved hydrogen in the test environment, based on
ASTM G 49, and ASTM G 129 [3].

The PWSCC brittle fracture surface and its depth were
quantified departing from scanning electron microscope
(SEM) micro-fractographies of tested specimens (approx-
imately cylindrical as showed in Figures 13 to 16, refer-
ence [3]: images were processed using Quantikov equip-
ment, and the crack growth rate (CGR) was evaluated
based on a method developed by Totsuka et al. [4,5]
quoted by Lima et al. [3]: it consists basically of eval-
uating the crack surface and its depth around the speci-
men’s cross bar, and of calculating the CGR as the crack
depth multiplied by the IGSCC surface area divided by
the product between of the total surface area and time to
failure.

3. Important Results of the Original Study

The main results of the study by Lima et al. [3], on
the modeling data based on EPRI-MRP 263 NP [2], are
shown in Tables 1 and 2, reproduced from [3];

E,r in Table 1 represents corrosion potential.
AECPy;/nio 1s the electrochemical potential (ECP) differ-
ence from that of the Ni/NiO transition. This is a very im-
portant parameter because changes in the hydrogen con-
centration in primary water force that the corrosion poten-
tial reaches the Ni/NiO transition, and consequently have
a strong influence in the stress corrosion cracking behav-
ior.
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Table 1. Values of E, and AECPy;/nio of alloy 182 in
PWR primary water at 325°C [3].

. Ecor AECPyinio
Test Environment (MVsu) (Vi)
2 cm® Hp(STP)/kg H,O 717 -18
10 em® Hy(STPY/kg H,0 -735 0
25 cm® Hy(STP)/kg H,O -756 21
50 cm® Hy(STP)kg H,O 776 41

Table 2. CGR of alloy 182 in PWR primary water at 325°C [3].

Dissolved Hydrogen Dee;();srtrgrack Ajgsce (%)
2 em?® Ha(STPYkg H,O 0.84 14
10 cm® Ho(STPY/kg H,O 1.30 33
25 em® Hy(STP)/kg H,0 1.04 20
50 cm® Hy(STP)/kg H,0 0.573 6
Dissolved Hydrogen fai;rul :;etftc()h) CGR (mnv/s)
2 em® Ha(STPYkg H,O 324 13 x 1077
10 cm® Hy(STPY/kg Hy0 216 50 x 1077
25 cm® Hy(STP)kg H>0 278 2.1 x 1077
50 cm® H,(STP)kg HyO 384 29 %1078

Ajgsce in Table 2 is the brittle fracture surface area
ratio with the total fracture surface area. Note that the in-
tergranular stress corrosion cracking (IGSCC) is the pre-
dominant type of PWSCC in this case.

When dissolved hydrogen grows from 2 to 50 cm?
H>(STP)/kg H,O, the CGR increases and the time to fail-
ure decreases to a maximum value at 10 cm® H>(STP)/kg
H,O — this maximum peak is caused by reaching the
Ni/NiO potential — then decreases to a very low value at
50 cm?® H,(STP)/kg H,0.

4. Basis of Modeling

Section 6 of EPRI-MRP 263 NP [2] treats the mitiga-
tion of PWSCC initiation through elevated hydrogen con-
tent and Section 7 treats the mitigation of PWSCC prop-
agation through elevated hydrogen content. The conclu-
sion in Section 6 is based only on the case of alloy 600,
that is based on available data, no hydrogen effect existed
on PWSCC initiation in this nickel alloy: the case of al-
loy 182 was not considered. Section 7 deals with the hy-
drogen effect on alloys 600 and 182 — alloy 182 being of
interest here. The hydrogen effect model describes the ef-
fect of hydrogen on PWSCC propagation in the form of
a Gaussian distribution centered on the Ni/NiO transition.
This model is a function of the difference in ECP between
the Ni/NiO transition and the test condition (Eq. (1)). Typ-
ical fitted parameters are the peak width (¢) and the peak
to baseline ratio of the maximum to minimum expected
CGR (P). The maximum CGR in this case is near the
Ni/NiO transition, 5.0 x 10~/ mm/s corresponding to the
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10 cm® Hy(STP)/kg H,O hydrogen dissolved point in Ta-
ble 2. The minimum CGR is 2.9 x 10~% mm/s that cor-
responds to the 50 cm® Hy(STP)/kg H,O hydrogen dis-
solved point in Table 2. The concentration of hydrogen
corresponding to the potential at the Ni/NiO transition is
temperature dependent (Egs. (2) and (3)).

CGR = CGRpax %

1 P-1 AECPy;/yio \*
F+ 2 exp (—0.5 (f) (D)

AECPyi/nio =

Tref + 273.15) ( [H2] )
2958 —— | log| ———— 2
( 298.15 & [H2]ni/nio @

1000 =259 = (3)

[H2]wijnio =
where: CGR is the crack growth rate, CGRp,x the max-
imum CGR at the Ni/NiO transition, P the ratio of the
maximum to minimum expected CGR, c¢ the peak width,
AECPy;/nio the ECP difference from the Ni/NiO transi-
tion, Ty, y the reference temperature (in Celsius) in the test
condition, [H>] is the hydrogen concentration on the envi-
ronment, and [Hz]y;/nio the [Hz] in the Ni/NiO transition.

In Table 7-2 of EPRI-MRP 263 NP are presented model
parameters for alloy 182 data sets from various authors,
as well as its average and standard deviation values. In
Figures 7-7 to 7-10 of EPRI-MRP 263 NP (pages 7-10
to 7-11) are presented graphics CGR versus AECPy; /y;0
departing from raw data for alloy 182 from researchers
Andresen (quoted references [58] and [61] from refer-
ence [2]) and Toloczko (quoted in reference [64] from ref-
erence [2]).

5. Modeling Result

Values in Eqgs. (1) to (3) are replaced using the data
from Tables 1 and 2 as follows:

- Baseline Ratio P = 5.0 x 1077/2.9 x 1078 = 17.241.
a) Values from the Tables 1 and 2 in Eq. (1) yields:

1) To dissolved hydrogen DH = 10 cm® H,(STP)/kg
H,O0, Eq. (1) yields:

CGR = CGRmax [1/17.241 4 (17.241 — 1)/17.241
x exp(—0.5(0)%)]
CGR = CGRpax = 5.0 x 107" mmy/s.
2) To dissolved hydrogen DH = 25 cm?® Hy (STP)/kg
H>O, Eq. (1) yields:
CGR = CGRmax[1/17.241 4 (17.241 —1)/17.241

x exp(—0.5(21/¢)?)]
3) Resulting the peak width.

- ¢=15.2t0 CGRyax = 5.0 x 10—7 mm/s = 1.7 mil/day,
and to CGRmin = 2.9 x 1078 mmy/s.
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Table 3. Comparison of CDTN data [3] to Andresen’s
data [2] to alloy 182.
Andresen  Deviation
CDTN T =325°C %
Peak Width ¢ (mV) 15.2 12.1 +25.6
Height of CGRx (mils/day) 1.7 0.371 +358.2
Baseline Ratio P 17.2 10.5 +63.8
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Fig. 1. Typical experimental results for alloy 182 SSR tested
at 325°C in primary water with strain rate 3.10~7 s~ [3].
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Fig. 2. Eq. (1) model fitted to raw alloy 182 data from An-
dresen in red [2] compared to the CDTN data in blue [3].

Note here that the possibility exists that different ¢ val-
ues could be drawn from CDTN test data at different H,
levels: if DH = 2 cm3 H, (STP)/kg H,O was used, the
¢ value yields 10.3. This indicates as expected, a non-
deterministic relationship based on Eq. (1), and better
modeling should be obtained with least squares data re-
gression determining the (P,¢) normal curve as applied
in [2]. The approach to modeling that we used here is
immediate but somewhat rough, and we used it only in a
quick engineering application.

Table 3 Compares CDTN results to Andresen’s raw
data, from Tables 7-1 and 7-2 [2].

The Eq. (1) model fits alloy 182 raw data from An-
dresen in red — Fig. 7-7 page 7-10 from reference [2] com-
pared to modeling of CDTN data in blue [3], as shown in
Fig. 2.
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Note that the blue curve in Fig. 2, is the modeled curve
of results presented in Fig. 1, referring to data obtained at
the CDTN.

Note also that the profile of the plotted blue curve in
Fig. 2 differs from the curve in Fig. 1, because the blue
curve is a statistical regression for data in Table 2 plotted
in Fig. 1.

6. Comparison of Data and Modeling

For other important model databases, such as from
EPRI-MRP-115 [6], USNRC [7], stress intensity factor
(K) evaluation is necessary to proceed to comparison. The
SSRT of the CDTN was not performed with controlled
stress intensity factor (K) variation, but it is possible to
estimate an approximate K-value for this test. To estimate
this K-value from Eq. (4) which represents K in mode 1
to a fully circumferential crack in a bar [8], we consider
a simplification related to the actual SSRT results, be-
cause the axial crack depth after SSRT is not completely
constant: note that the specimens are cylindrical round
bars approximately fully circumferential crack in a bar, as
shown in Figures 13 to 17 from reference [3].

Ki=(YoWma . . - . ... @

where: ¢ = stress, a = crack depth, Y = factor repre-
senting the total contribution of primary and secondary
stresses.

Values considered for being used in Eq. (4) were: 6 =
440 MPa, a = 1.04 x 10~% m — both values correspond-
ing to the case where the hydrogen concentration is equal
to 25 cm’Ho/kg H>O — see Fig. 12 from Lima et al.[3],
showing stress versus strain curves obtained on SSRT at
the CDTN: the stress value used is the average stress of
the SSRT applied to the specimen at 325°C; the value
for Y ~ 1, considering contribution of primary stress far
greater than the contribution of secondary stress. The es-
timated K-value is then 25.15 MPa,/m.

EPRI-MRP-115 and USNRC databases {crack growth
rate, stress intensity jare compared in reference [9]: EPRI
disposition curves show good accordance with Brazilian
CDTN data point estimation at 25 cm*H,/kg H,O and
25°C, equal to {2.1 x 1077 mm/s; 25 MPa,/m}. The
EPRI model could be used in principle to evaluate CDTN
tests: more of these tests are required to confirm EPRI
disposition curves. For the USNRC model results of the
CDTN experimental CGR-value compared to the corre-
sponding modeling value based on the USNRC, is about
9.5% higher. For details see reference [9].

Further example of how is done these comparisons
(such as in reference [9]): we choose another model to
compare with Brazilian CDTN tests. This is the EdF
(Eletricité de France) model based on Eq. (5) [6].

CGR=22x10""%K 9% [m/s] . . . . (5)

where: CGR is the crack growth rate in m/s; and K the
stress intensity factor in MPa./m.
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Replacing K equal to the estimated K-value of
25.15 MPay/m corresponding to the value estimated for
Brazilian CDTN tests, results in CGR = 2.9 x 10~ mm/s.
The evaluation for the CDTN case was CGR = 2.1 X
1077 mm/s. However, so for the considered actual point
of CDTN data, the EdF model is 38.1% less conserva-
tive. But is only an estimate: so, more points should
be obtained by using fracture mechanics specimens at the
CDTN, to construct a true model curve.

7. Discussion

In discussing the previous sections, we would first like
to comment that the tests used for modeling were not ob-
tained under the same conditions as for EPRI-MRP 263
NP [2]. In this it was been used samples of fracture
mechanics, rather than the cylindrical specimens used in
CDTN tests, where there is no control of the stress inten-
sity factor K. This is a fact that could harm experimen-
tal results — such as scattering — because P and K values
are not complete independent, as required by the model-
ing theoretically expressed in Eq. (1). The modeling done
here should also be improved using ¢ and P regression of
the normal curve using the least squares method, as sug-
gested by a peer reviewer, and done in EPRI-MRP 263
NP [2].

Notwithstanding these issues, the possible cause of de-
viations in the EPRI-MRP 263 NP hydrogen model [2]
result (Section 5), may be the different testing method-
ologies involved. Although Andresen references are not
available in reference [2], Andresen usually uses constant
load tests and “reverse U-bend (RUB)” tests, rather than
the SSRT.

The SSRT is basically an accelerated test in which
CGR values may exceed constant load tests CGR-values.
The deviations of CGR-values obtained in the CDTN are
therefore upwards related to Andresen’s results and con-
sequently the P-value (baseline ratio) is greater than the
P-value obtained for Andresen raw testing data. Mod-
eling is nevertheless qualitatively valid for testing based
on SSRT in the CDTN, although apparently there are no
SSRT data sets for comparison in EPRI-MRP-263 NP [2].

Another explanation for why the P-value is greater in
SSRT than the same in constant load tests is given by
authors such as Rios, and Magnin [10], who propose a
corrosion-enhanced plasticity model in which a strong in-
teraction exists between corrosion and local crack tip plas-
tic conditions. If plasticity in the constant load test is
enhanced in SSRT, then hydrogen could enhance corro-
sion, accelerating the CGR. Notwithstanding this possi-
bility, these CGR differences should be more investigated,
through more comparisons between Andresen’s tests, and
SSRT.

Based on these issues, our recommendation to EPRI is
to add a comparative data set done in SSRT at MRP-263
NP to check comparisons of P-values.

In the case of CDTN tests it would be very interest-
ing to do constant loads tests and tests using the frac-
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ture mechanics specimens, both to be compared quantita-
tively with MRP-263 NP, and to completely model of the
stress corrosion cracking propagation rate with the hydro-
gen influence, which could be done using Eq. (1) in EPRI-
MRP-263 NP [2]. This equation is a product of effects of
materials, stress intensity, temperature, and hydrogen, as
showed below.

-0 /1 1
CGR = afweld (K—K[h)ﬁ eXp I:T <7 — fef'>:| X
1 P-1 AECPyynio \ *
— 05 ————
3 + 2 exp < < -

(6)

where: CGR is the crack growth rate, a a material con-
stant, fwela the weld factor, K the stress intensity factor,
K the stress intensity threshold, 8 an exponent, Q acti-
vation energy, R the universal gas constant, T' the absolute
temperature, Tr.r the absolute reference temperature, P the
ratio of the maximum to minimum expected CGR, ¢ peak
width, AECPy;/yio the ECP difference from the Ni/NiO
transition.

Other modeling could be tried, such as that using a
propagation model as detailed in MRP-307 [11]. In this
MRP, the model proposed is also based on Eq. (1). The
Fracture Research Institute (FRI-Japan) model can also
be used, which includes the effects of material stress and
strain characteristics and CGR on the crack tip strain
rate [12]. The MRP-307 contains data sets with a sub-
stantial range in dissolved hydrogen, and also enables the
hydrogen variation/AECP models for weld metals to be
compared. In EPRI-MRP-115 [13], there is a data col-
lection of tests from several laboratories from around the
world that has been used to develop CGR curves for the
weld metals selected for use with the atloy 600 base ma-
terial (alloys 82, 182, and 132) — but in this case the hy-
drogen variation effect is not provided. More adequate
tests base on the stress intensity variation are necessary to
input adequate data in these models.

Concerning other important modeled databases, such
as from EPRI-MRP-115 [6], USNRC [7], and EdF [6],
that consider crack propagation rate versus stress inten-
sity variation (reference [6]), it is possible to estimate K-
values for SSRT results, as done in Section 6: in Brazilian
CDTN tests a K-value was estimated to be compared as a
single point with modeled curves in references [6] and [7].
This K-value estimative has been shown to be reason-
able, with some deviations according mainly to USNRC
(less conservative) or EdF (more conservative). To con-
firm these deviations, however a complete curve should
be constructed with Brazilian CDTN tests using fracture
mechanics specimens.

8. Conclusions and Remarks

It had been shown that is it possible to apply a dissolved
hydrogen model exposed on EPRI-MRP-263 NP to an ex-
perimental data set for alloy 182 with hydrogen variation
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in a primary water environment, realized at CDTN-Brazil.
Qualitatively this data set is based on the EPRI docu-
ment. More work is needed to compare SSRT data sets
adequately, and more experimental data with stress inten-
sity variation should be done in complete stress corrosion
modeling as proposed in EPRI documents. The modeling
we have shown here should be improved through an ade-
quate regression of the normal curve through a proper ad-
Jjustment of ¢ and P values using the least squares method.
It is also possible to estimate a pair of CGR and K-values
for Brazilian tests, and to compare it to models consid-
ering K variation. In this case also, more tests should
be done to construct Brazilian test disposition curves,
which should then be compared adequately to these ex-
isting models. Research should now be put in progress
based on EPRI recommendations, and other global data
comparisons. The final future consideration is to propose
a simulation program for SCC in such plant components,
based for example on reference [15].
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