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Alloy 82/182 weld metals had been extensively used in joining the components of the PWR primary system.
Unfortunately, there have been a number of incidents of cracking caused by PWSCC in Alloy 82/182 welds
during the operation of PWR worldwide. To mitigate PWSCC, optimization of water-chemistry conditions,
especially dissolved hydrogen (DH) and Zn contents, is considered as the most promising and effective
remedial method. In this study, the PWSCC behaviours of Alloy 182 weld were investigated in simulated
PWR environments with various DH content. Both in-situ and ex-situ oxide characterizations as well as
PWSCC initiation tests were performed. The results showed that PWSCC crack initiation time was shortest
in PWR water (DH: 30cc/kg). Also, high stress reduced crack initiation time. Oxide layer showed multi-layered
structures consisted of the outer needle-like Ni-rich oxide layer, Fe-rich crystalline oxide, and inner Cr-rich
inner oxide layers, which was not altered by the level of applied stress. To analyse the multi-layer structure
of oxides, EIS measurement were fitted into an equivalent circuit model. Further analyses including TEM

and EDS are underway to verify appropriateness of the equivalent circuit model.
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1. Introduction

Alloy 82/182 weld metals had been extensively used
in joining the components in the primary system of the
pressurized water reactor (PWR), resulting in many dis-
similar metal weld (MDW) joints. Unfortunately, there
have been a number of incidents of cracking caused by
primary water stress corrosion cracking (PWSCC) in
Alloy 82/182 DMW in PWR worldwide. Previous stud-
ies indicated that the susceptibility of PWSCC is closely
related to the oxide characteristics which are dependent
on water-chemistry conditions, such as dissolved hydro-
gen (DH) and Zn contents. Thus, to mitigate PWSCC,
optimization of water-chemistry conditions is considered
as the most promising and effective remedial method.
In this regard, oxides characterization has been one of
the key areas of active research in many countries. Many
investigations have been performed using ex-situ analy-
sis methods'®. Only limited studies were performed uti-
lizing in-situ analysis methods such as Raman spectro-
scopy, contact electric resistance (CER), and electro-
chemical impedance spectroscopy (EIS)”. To provide
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a clear linkage between oxidation characteristics on the
surface of Alloy 82/182 and PWSCC crack initiation,
well designed tests and subsequent analyses matrix were
designed. In this paper, some of the results of PWSCC
crack initiation test using Alloy 182 specimen and oxide
analysis on the specimens exposed to various DH con-
dition are described. Especially, to understand the effects
of tensile loading on the oxide characteristics, we tried
to characterize the oxides formed on the tensile loaded
specimen using in-situ EIS analysis. Still, extensive tests
and analyses are going-on. Preliminary results are de-
scribed in this paper.

2. Experimental procedure

2.1 Test Material and Specimens

The specimens used in this study were manufactured
from a weld deposit of Alloy 182 on a 316L plate with
the dimension of T-direction (Transverse) 300mm, L-di-
rection (Longitudinal) 500mm, and S-direction (Thickness)
55mm, as shown in Fig. 1. The chemical composition
of the test material was analysed by the inductively cou-
pled plasma (ICP) method and the results are listed in
Table 1. Tensile properties were also measured and con-
sidered to meet the requirements of ASME SFA-5.11'.
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Table 1. Chemical composition of test material

C Si Mn P S Fe Cu Ni Ti Cr Mo Nb+Ta
Alloy 182
(ASME 0.03 0.34 7.35 0.009 | 0.001 2.81 0.01 73.0 0.02 14.2 0.63 1.57
SFA-.11)

Alloy 182 (Weld deposit)

Thickness ~ 25mm

L direction
[-500mm)

316L S8

U-bend specimen M-11

8 direction
[Alioy 182 ~ 25mm]
(3161 §5~ 30mm]

Fig. 1. Schematic drawing of specimen samplings from Alloy 182
weld deposited on type 316L plate.

Fig. 2. Tensile-loaded and zirconia coated specimen for EIS test.

For crack initiation test, U-bend specimens were fab-
ricated in T-L orientation, in which the loading direction
is perpendicular to the dendrite orientation, as shown in
Fig. 1. Then, a plate was bent 3 % in one direction,
flattened, and then finally bent to 11.3 % and 19.2 %
in the reverse direction. To provide constant stress on
the apex of the specimen, the specimen was pushed by
the spring. For oxide characterization, coupon-type
specimens with 10 mm diameter were used. For in-situ
EIS analysis tensile-loaded and zirconia coated speci-
mens as shown in Fig. 2 were used.

2.2 Test Conditions and Methods

The specimens for oxide analysis were ground using
emery papers down to 4000 grit, and U-bend specimens
were grounded and polished by 1-um diamond paste. All
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Table 2. Test environment and conditions

Test Environment PWR Primary Environment

Temp. & Press. 325 °C, 15.5 MPa

pH pH 6.3 at RT

DO <5 ppb
Water

Chemjstry DH

5730/ 50 cc/kg

~ 22 uS/cm

Conductivity (1,200 ppm H;BO; + 2.2 ppm LiOH)

of the specimens were ultrasonically cleaned using etha-
nol and pure water before installing them into autoclaves
for the experiments. To simulate a PWR environment,
the once-through type water circulation loop was used.
The schematic diagram of the test set-up is shown in
Fig. 3. Specimens were exposed to the simulated PWR
water containing 1,200 ppm of boric acid and 2.2 ppm
of lithium hydroxide for up to 1,000 hours. To inves-
tigate the effects of dissolved hydrogen (DH) contents
on the PWSCC and oxidation, Scc/kg (low DH), 30cc/kg
(close to current operation level), and 50cc/kg (high DH)
conditions were used. The details of the test conditions
are summarized in Table 2.

The oxide characteristics were ex-situ analysed using
SEM, TEM, XRD, and x-ray photoelectron spectroscopy
(XPS). In addition, EIS tests were performed to evaluate
in-situ oxide characteristics by measurement of im-
pedance properties. Tensile-loaded and zirconia coated
specimens of Alloy 182 was installed in the autoclave
as shown in Fig. 4. The AUEN (Gold Electrode-Non
PTFE) reference electrode and the Pt counter electrode
were used. The impedance measurements were per-
formed using a Gamry® potentiostat system (Reference
3000) at the open circuit potential using a frequency
range from 100 kHz to 1 mHz (10 points per decade)
with perturbation amplitude of 10 mV RMS.
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Fig. 3. Schematic diégram of test system.
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3. Resutls and Discussion

3.1 DH effect on PWSCC initiation property

Table 3 shows the current test results of PWSCC ini-
tiation test using reverse U-bend specimens which are
exposed to simulated PWR environment with various
DH content 5, 30, 50 cc/kg up to 1,000 hours. Note that
tests under Low DH and High DH condition are on-
going. No cracks were found in the specimen of Alloy
182, but after 500 hours of exposure, until 100 hours
exposure, some of the specimens showed cracks on the
surface in 30 cc/kg of DH condition, which corresponds
to typical PWR primary water environments. Eventually,
cracks are initiated on the all of specimens exposed to

Table 3. Results of PWSCC initiation test with various DH level

Environment Low DH water (5 cc/kg) PWR water (30 cc/kg) High DH water (50 cc/kg)
Deflection level High Low High Low Single - bent" High Low
5 Cracked specimen ratio
Exposure Time (hrs) (# of cracked specimen / # of exposed specimen)

24 hrs 0/4 0/4 0/4 0/4 0/4 0/4- 0/4
100 hrs 0/4 0/4 0/4 0/4 0/4 0/4 0/4
500 hrs 44 0/4 3/4 1/4 0/4 1/4 0/4
1000 hrs - - 4/4 4/4 - - -
1500 hrs - - - - 2/3 - -

* High deflection ~ 19.2 %, Low deflection ~ 11.3 % (calculated by the equation on ASTM G30'?)

™ Single-bent ~ 12 % (only in one direction)
*** Some of cracks were initiated at weld defect
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High
deflection

SCC initiated cracks with different deflection
in PWR water (DH: 30 cc/kg).

Fig. 5. Photos of P

30 cc/kg of DH level after 1,000 h. Also shown in the
table is that as the level of deflection (level of stress)
increased, the susceptibility to PWSCC increased. The

0. S. GOKUL, AND C. JANG

results of pre-test using thinner specimens (with 12 %
bending) are also included in the table. In the pre-test,
single-bent specimen were exposed to PWR water up
to 1,500 hours. The results confirmed that the stress level
of reverse bending is much higher than the single-bent
specimens. Fig. 5 shows examples of cracks observed
on the apex of specimens in 30 cc/kg of DH level, show-
ing the crack length is about hundreds um regardless
of deflection level. In high DH condition, a relatively
smaller crack is observed in one specimen with high de-
flection level.

3.2 Ex-situ oxide analysis

Morphology and structure of the surface oxide were
analysed by SEM and XRD. Previously, Combrade et.al
reported that the composition of the external oxide layers
for Alloy 600 and 690 strongly depended on the nature
and surface condition of the base metal as well as the
saturation of Fe and Ni cations in the aqueous environ-
ment”. In this study, needle-like oxide and crystallites

1000 ~
325°C PWR Water
(30cc/kg) 500hr

# Substrate

W NiCro,
£ NiFe O,

800

600 -

Intensity, N
Intensity, N

400 4

1000 4

| 325°C PWR Water
(30cc/kg) 1000hr
# Substrate

W NCr,0,
& NiFe O,

Diffraction angle, 2-theta

Fig. 6. SEM
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Diffraction angle, 2-theta

images and XRD analysis on oxide surface of Alloy 182 in PWR water (DH : 30 cc/kg).
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Stressed Unstressed

oo, 3 U
NiFe,0, —> Needle like Ni-rich oxide (NiO) layer ~250nm ~150nm
NiCr,0, — - | External- Crystalline Fe-rich oxide (NiFe,0,) ~150nm ~200nm
cr0, —>EETETITES
Cr-rich oxide (NiCr,0,) layer ~200nm ~150nm
Alloy 182
Y Cr-rich inner oxide 20 ~40nm 20 ~40nm

Fig. 7. Estimation for thickness of each oxide layer from SEM Analysis (DH: 30 cc/kg).
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Fig. 8. EIS analysis for Alloy 182 in PWR water (DH : 50 cc/kg, no zinc, 24, 50, 100, 150 hours).
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(size ~ 1 pm) were observed in PWR water (DH: 30
cc/kg) and the size increased with the increase of ex-
posure time, as shown in Fig. 6. The oxide structures
were further investigated by quantitative point analyses
(TEM/EDS), and the results indicated that needle-like
oxide layer (thickness ~ 500 nm) is Ni-rich oxide (NiO)
and external crystallites are Cr-free oxide (NiFe,O,).
From the XRD analysis on the surface, NiFe,O, as well
as NiCr,O,4 peaks were observed and their intensities in-
creased with the increase of exposure time.

In addition, internal Cr-rich oxide (NiCr,O4) layer
(thickness ~ 300 nm) was observed under needle-like
and crystallites oxide layer. It is reported that the Cr-rich
inner layer comprises two “sub-layers” 2. In this study,
it was found that the metal side of the sub-layer is Cr,Os
(or (Cr,Fe),0s) oxide through XPS, and TEM-EDS
analyses. Meanwhile, on the solution side, the sub-layer
is much thicker and consisted of Cr rich spinel type
oxides. Our observation results are consistent with the
reported results'*'?. The additional results at different
DH levels would provide a better understanding of the
role of DH on the oxidation behaviours of Alloy 182.
Meanwhile, the thickness of Ni-rich and Cr-rich oxide
layer of the stressed specimen is slightly thicker than
that of the unstressed specimen as shown in Fig. 7.
However, the overall oxide structures were the same re-
gardless of the applied stress.

3.3 In-situ oxide analysis using EIS

The in-situ EIS analysis was performed on the Alloy
182 exposed to high DH condition (50 cc/kg) up to 150
hours and the results are shown in Fig. 8. In Nyquist
plot, generally, semicircle is composed of resistance and
capacitance in parallel. Specifically, large semicircles in
Nyquist plot standing for charge transfer phenomena
consisted of a charge transfer resistance, R, in parallel
to an electric double layer capacitance, Cy. It means that
electron transfer reaction passes through interface be-
tween electrode and electrolyte. As shown in the figure,
increase in impedance was observed with the increase
of exposure time on Nyquist plot and Bode-impedance
plot, which implied an increase of surface film thickness.
Also, the shapes of semicircles in Nyquist plot are some-
what depressed, probably due to the existence of defects
and non-homogeneous part in the oxide film. Meanwhile,
as an attempt to analyse the multi-layer structure of ox-
ides, EIS data were fitted into an equivalent circuit
model. For example, from the fitting data of exposure time
150hr, there is the possibility that two or three oxide layers
exist on the metal surface approximately. Combrade et.al
reported that the oxide structures divided into Cr-rich
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inner layer, Cr free external oxide layer”. To check the
estimation from EIS analysis, cross section investigation us-
ing TEM-EDS will be performed. Also further qualitatively
analysis is needed for detailed oxide characterization.
Currently, EIS analyses for the specimen exposed to dif-
ferent DH levels are underway and the effects of differ-
ent DH levels will be analysed.

4. Summary

In this study, the PWSCC behaviours of Alloy 182
weld were investigated in simulated PWR environments
with various DH content. Both in-situ and ex-situ oxide
characterizations as well as PWSCC initiation tests were
performed. For ex-situ analysis, SEM/EDS, TEM, and
XRD techniques were used. For in-situ analysis, oxide
characteristics were analysed by EIS (Electrochemical
Impedance Spectroscopy) test. Based on the tests and
analyses, the following results were derived:

- Of the 3 DH levels, PWSCC crack initiation time was
shortest in PWR water (DH: 30 cc/kg). Also, high stress
reduced crack initiation time.

Oxide layer showed multi-layered structures consisted
of the outer needle-like Ni-rich oxide layer, Fe-rich
crystalline oxide, and inner Cr-rich inner oxide layers,
which was not altered by the level of applied stress
To analyse the multi-layer structure of oxides, EIS
measurement were fitted into an equivalent circuit
model. Further analyses including TEM and EDS are
underway to verify appropriateness of the equivalent
circuit model.
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