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The effects of machining surface preparations on the stress corrosion cracking (SCC) susceptibility in boiling
water reactor environment were evaluated for Alloy 182 weld metal. Constant extension rate tensile test, con-
stant load test and electrochemical tests (passivation, current-voltage curves and electrochemical impedance
spectroscopy) showed that the surface treatments strongly influence the resistance to SCC initiation. The
machining-induced deformation and surface oxide layer from the surface treatments affect the re-passivation

behaviour and SCC initiation susceptibility. The SCC susceptibility of the studied surface treatments was
found following the sequence of shot peened > industrial surface milled > polished > advanced manufactured

surface.

1. Introduction

Alloy 182 is commonly used as the weld filler metal between nickel-
base alloys, low-alloy steels and austenitic stainless steels in nuclear
power plants (NPPs) [1]. However, many cases where Alloy 182 suffered
from primary water stress corrosion cracking (SCC) or
environmentally-assisted cracking in the high-temperature light water
reactor environments have been reported [2-7]. This issue has become
one of the most critical safety concerns, which threatens the structural
integrity and safe long-term operation of NPPs [8]. Surface machining
inevitably results in heavily cold-worked surfaces, which could signifi-
cantly influence the mechanical properties (yield stress and residual
stress), microstructures (oxide layer, deformation and dislocation den-
sity) and enhance the SCC initiation of nickel-based alloys in the
high-temperature water environments [5,9].

In NPPs, the components surfaces are rarely fine polished and are
occasionally even coarsely ground, leading to a surface deformed layer
that can significantly affect the crack initiation behaviour. Therefore,
the effect of the surface finishing on the SCC initiation must be inves-
tigated carefully for finding the best practices for the nuclear industry
[10]. The majority of work that were carried out in this field have been
mainly focused on the measurement of SCC crack initiation time, crack
growth rate and crack density resulting from the various surface treat-
ments [11]. However, the preliminary conclusions were not consistent
and have a huge discrepancy [12]. Scott et al. reported that the
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electro-polished surface shown a lower SCC susceptibility than the
mechanical-polished surface in pressurised water reactor (PWR) pri-
mary water since the sub-surface deformed layer can be removed by the
electro-polishing treatment [3]. Similarly, Han et al. found that the
electro-polishing can promote the formation of protective surface oxide
scale, lead to the Cr enrichment at the grain boundary (GB) and enhance
the SCC resistance of Alloy 182 in the primary PWR water environment
[13]. In contradictory, Zhai reported that the electro-polished surface
exhibited lower SCC resistance compared to the mechanically polished
condition in PWR primary water [14] because the high-energy defects in
the machining deformed surface layer can promote the diffusion of Cr
towards the oxide layer, resulting in a compact oxide scale and thus
enhance the SCC resistance in high-temperature water environment.
Mendonca found that the protective oxide layer on ground surface is
more homogenous than the polished surface [15]. The applied strain
levels, the triaxial stress state, apparent contradiction and the detailed
surface preparation process can be part of the reasons for the contra-
dictory results of surface condition effect on SCC initiation. Surface
treatments of light water reactor primary circuit components is
considered as a potential way to mitigate SCC. However, to date there is
insufficient (mechanical and electrochemical) data on the influence of
surface finishing or treatment upon the SCC behaviour (particularly for
early stages) for Alloy 182 and it is still not conclusive which surface
treatment is efficient for reducing the SCC initiation susceptibility of
Alloy 182 under light water reactor conditions [16].
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Various SCC mechanisms, e.g. the cavity formation mechanism, the
hydrogen-assisted SCC theory, the film rupture/slip dissolution mech-
anism, aging-related crystalline ordering and also the preferential
intergranular (IG) selective oxidation mechanism [15,17-23] have been
proposed for explaining the SCC behaviour in nickel-based alloys and
stainless steels of the 300 series. However, SCC initiation mechanisms
for Alloy 182 with different surface treatments in boiling water reactor
(BWR) environments are still unclear. The influences of the
machining-induced deformation, surface oxide layer microstructure,
surface roughness and hardness from the surface treatments on the
electrochemical passivation behaviour and SCC initiation susceptibility
for the Alloy 182 are remained to be fully understood.

In this study, the effects of different surface treatments on the SCC
initiation in Alloy 182 were investigated by the constant extension rate
tensile test (CERT), constant load test and electrochemical tests (re-
passivation, current-voltage (CV) curves and electrochemical imped-
ance spectroscopy (EIS)). The mechanisms of SCC initiation for the
surface layer of Alloy 182 associated with different surface treatments in
BWR environment were discussed.

2. Experimental
2.1. Material, roughness and hardness measurements

The investigated Alloy 182 was deposited at an Alloy 82-cladded low
alloy steel plate. After deposition, post-weld heat treatment of 600 °C/
15 min was performed. Optical emission spectrometry was used to
analyse the chemical composition of the studied Alloy 182: 66.1% Ni,
14.6% Cr, 9.4% Fe, 6.31% Mn, 1.97% Nb, 0.59% Si, 0.25% Ti, 0.13% Mo
and 0.032% C.

Four different surface treatments on Alloy 182 were investigated in
this work. The reference surface (RS) was polished with a SiC P2000 grit
paper. The Surface Advanced Machining (SAM) finish is a cryogenic face
milling process. The Surface Treatment Industrial (STI) condition was
flat milled. The Shot Peening (SP) finish was performed with ceramic
balls over a ground surface, which is pre-treated with a SiC P80 grit
paper. The details of these surface treatments can be found in [16].

The specimen surface roughness measurement was performed with
2D profilometry Mitutoyo Formtracer SV-C 3100 device and the
measured roughness was verified with Form TalySurf Series 2 from
TaylowHobson PNEUMO. The microhardness measurements of HV5 and
HVO.1 on the specimen surface was performed with Durascan 80. The
nanoindentation at the cross section (cut and machined along the
loading axis) was carried out with Anton Paar, UNHT with Berkovich
indenter and a maximal indentation depth of 80 nm (for allowing a small
indentation spacing close to the surfaces).

2.2. Constant extension rate tensile test and constant load test

The studied and treated surfaces are in LT orientation and the ex-
pected orientation of SCC crack growth is in through thickness direction,
S. Flat tapered specimens with 3 mm thickness, 10 mm maximum width
and 6 mm minimum width along a gauge length of 20 mm were used for
the CERT test and constant load test. It is worth noting that the flat
tapered specimens have been developed and implemented to perform
the screening of the EAC performance and feeding the modelling of the
Alloy 182 with various surface treatments by our partners in EU projects
(MICRIN+ and MEACTOS) [16,24,25]. For each specimen, one surface
was with RS finish and the opposite face was with one of STI, SAM or SP
finishes. The tests in high-temperature water were conducted with
recirculating autoclaves. The crack initiation was monitored by the
reversed direct current potential drop (DCPD) method.

CERT tests were performed with three specimens (RS/STI, RS/SAM
and RS/SP) with a nominal strain rate of 1 x 107 st (calculated from
the average of the whole gauge length) in simulated BWR oxidising
normal water chemistry (NWC) environment at 288 °C with 2 ppm
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oxygen (~ +100 mVgyg), a conductivity (inlet) of 0.05 puS/cm and a
PH2ss -¢c of 5.7 [16]. The displacement-load curves of CERT tests were
shown in Fig. 1. The ranking of the maximal load of the CERT tests are
RS/SAM > RS/STI > RS/SP. The apparent SCC stress threshold was
calculated by dividing the maximum load from the load-displacement
curve by the critical cross-section area (determined from the thickness
and the specimen width where the last SCC crack was found). A feature
of using flat tapered samples is that the strain and the strain rate can
vary over the gauge length. The amount of SCC cracks decreased over
the gauge length from the smallest gauge section towards the largest
section. This critical cross-section location with the last SCC crack is
related to the critical stress under which no SCC will occur. The same
CERT test with flat tapered specimens and evaluation procedure for
assessing the SCC susceptibility have been applied in literatures [24,25].
The Ramberg-Osgood approximation [26] of the constitutive law fitting
the stress-strain curve at 288 °C was applied for estimating the distri-
bution of strain rate and strain along the gauge. When the specimen start
to rupture, at the gauge where the last SCC crack was found, a strain rate
of ~ 2 x 10°® 5™ and a strain of 2% were estimated. The nominal strain
rate is used in the article to simplify the discussion.

Constant load tests were performed to verify the results of CERT
tests. For accelerating the SCC cracking, constant load tests in BWR NWC
environment were performed with two specimens (RS/STI and RS/SAM)
at testing temperature of 360 °C. Although temperature influences the
stress relaxation, modulus and the crack growth rates of nickel-based
alloys in primary water environments, no major changes in SCC initia-
tion mechanism were foreseen with the increase of temperature from
288 to 360 °C. This is revealed by that the thermal activation energies
for SCC initiation were insensitive to the change of temperatures in this
range [27-29]. Based on the CERT results, stress level for the minimum
cross-section was set to 407 MPa. It was expected that at the increased
temperature, crack would initiate quick and could be detected by the
DCPD method. However, no cracking was detected with DCPD within
the first ~ 1000 h exposure. After an intermediate scanning electron
microscopy (SEM) inspection, the specimens were put back to autoclave.
The stress level was then increased incrementally. A reasonably long
period (~ 1000 h) for crack initiation before new higher stress level was
applied. Stepwise increasing of the stress level was done using a strain
rateof 1 x 1077 s7%. As no cracking was detected by the DCPD method at
any point of the exposures, the specimens were taken out for final SEM
inspection after ~ 3200 h total exposure time at 407-440 MPa stress
levels. It is worth noting that there was no flat tapered RS/SP specimen
available for the constant load test but electrochemical tests were
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Fig. 1. Displacement-Load curves of the CERT tests with flat tapered specimens
with RS/SAM, RS/STI and RS/SP surfaces tested in simulated BWR NWC
environment at 288 °C. The ranking of the maximal load of the tests: RS/SAM >
RS/STI > RS/SP.
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performed for SP and RS surfaces instead.

2.3. Electrochemical tests at T = 288 °C

Normal BWR water has a very low conductivity, and thus electro-
chemical measurements (which depend on current flowing in the elec-
trolyte/water) are virtually impossible. To overcome this, the
conductivity needs to be increased with addition of e.g. sulphate (as
NaySO4). The high temperature passivation tests were performed in an
AISI 316 L stainless steel autoclave that is attached to a recirculating
loop.

High temperature passivation tests on RS and SP surfaces were per-
formed at T = 288 °C. The measurements were performed in a repre-
sentative BWR crevice solution, i.e., 100 ppm SO42’ (added as NasSO4),
simulating the crevice/crack tip chemistry at an already initiated crack
tip (of 1-3 mm depth) [30]. Oxygen was removed by Ny-bubbling (since
in the crevice/crack tip there is no oxygen). A measurement wire was
welded onto the side of the specimens. The SP sample was covered with
several layers of PTFE tape except for the shot peened surface. The
re-passivation rate was measured with Ivium CompactStat potentiostat
by first polarising the sample to —0.65 Vsyg for a minimum of 600 s and
then stepwise increasing the potential to the desired re-passivation po-
tential (+0.15 or +0.25 Vsyg), at which the current was followed for
7.5 s with a measurement interval of 1 ms. The re-passivation potentials
chosen, +0.15 and +0.25 Vgyg, were selected based on the open circuit
potential measured during the CERT tests, and reside in the stability area
of NiO*Fey0s, as shown in Fig. 2. As seen in Fig. 2, the base potential of
—0.65 Vg (at which the specimen potential was residing before the
re-passivation) is about 0.05 V below the hydrogen line. At this poten-
tial, NiO is expected to reduce to Ni, with no hydrogen generation due to
water reduction.

In addition to the re-passivation tests, the RS and SP surfaces were
characterised using standard CV curves (with sweep rate of 1 mV/s) and
EIS at —0.47 Vgug (Eoc) and +0.15 Vgyg.

2.4. Materials characterisation

The specimens were sectioned parallel to the loading direction with a
mechanical blade saw, then mounted in a conductive resin, before being
mechanically ground and polished with a 0.25 um diamond paste. The
final surface preparation was with a non-crystallising amorphous
colloidal silica suspension (0.04 um). The specimens were characterised
using SEM and plasma focused ion beam (PFIB). A Zeiss Crossbeam 540

Eh (Volts) Ni - Cr - Fe - H20 - System at 288.00 C
03
L ]
0.2
NiO*Fe .0
o1 Ni €203
0.0
-0.1
-0.2
Ni(+2a)
-0.3
04 NiO*Cr203
-0.5
Nio
-0.6
H20 Limits

-0.7

4.0 4.4 4.8 52 5.6 6.0 6.4 68 7.2

C:\HSC6EpHNiCrFe28.iep pH

Fig. 2. Pourbaix-diagram for Alloy 182 (Ni-Cr-Fe-H,0O system) at T = 288 °C
and molar concentration of the metals in water at 10® M. The blue rectangle
depicts the starting potential for re-passivation measurements and the red spots
the potentials to which the potential was stepped and at which the re-
passivation current density was monitored as a function of time.
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equipped with a solid-state four-quadrant backscatter detector (BSD)
and an EDAX Hikari Plus electron backscatter diffraction (EBSD) de-
tector was used. The near-surface microstructure was investigated using
SEM secondary electron (SE) and backscatter electron (BSE) imaging
techniques. BSE imaging was conducted at an accelerating voltage of
20 keV with a working distance (WD) of 4-7 mm. EBSD mapping was
conducted at an accelerating voltage of 15 keV and WD of 12-15 mm
with 70° tilting and a probe current of 1.5 nA. EBSD inversed pole figure
(IPF) images were analysed by TSL OIM Analysis 8 software. Inclusion
analysis was performed with SEM-Energy Dispersive X-Ray (EDX). For
reducing the interaction volume of the incident electrons with the ma-
terial and generate EDX data mainly from the inclusion itself, EDX with
an accelerating voltage of 5-10 keV and a probe current of 1.5 nA was
applied.

3. Results
3.1. Baseline characterisations

The SEM images of the specimen surfaces with the four finishes are
shown in Fig. 3. RS surface is free of clearly oriented manufacturing
marks (the polishing was performed parallel to the loading axis). SAM
surface has site-specific machining marks, which result from the face
milling process and depend on the mill tool-specimen respective posi-
tion. STI surface has parallel machining marks with a ~ 60° angle from
the loading axis. SP surface has a typical peening feature with pits
induced by the ceramic balls. Some defect cracks or flaws are present on
the SP surface.

The summary of surface roughness and microhardness measurement
is presented in Table 1. In good accordance with the observation of the
surface conditions in Fig. 3, the surface roughness follows the sequence
of SP > SAM > STI > RS. SAM has a high surface roughness deviation
due to the fact that the face milling site-specific machining marks
heavily depend on the tool location. The SP surface has a high variation
in HV5 measurements due to its high surface roughness. With a smaller
load and indentation depth, HVO0.1 is more sensitive in sensing the
hardness difference between surface treatments than HV5 for RS, STI
and SAM surfaces. However, no reliable HVO0.1 results could be obtained
from SP surface due to the large amount of surface pits induced by the
ceramic balls. The surface microhardness follows the sequence of SP >
SAM > STI > RS, showing good correlation with that of the surface
roughness. The surface roughness and the surface microhardness indi-
cate the deformation level from the surface machining processes.

Fig. 4 shows the representative near-surface microstructures of oxide
layer after testing in BWR NWC high-temperature water at 288 °C as
function of the surface finishes. An inhomogeneous oxide layer of ~
200 nm was observed for RS surface. The STI surface showed a homo-
geneous ~ 350 nm thick oxide layer. The SAM surface had ~ 600 nm
uniform and compact oxide layer. SP surface had a cracked oxide layer
of ~ 500 nm and its thickness varied from different locations. Fig. 4 also
reveals the influence of the different machining processes on the
deformation layer. A very limited deformation with a ~ 400 nm thick
ultrafine-grained (UFG) and deformed layers beneath the oxide layer of
the RS surface finish was found. STI machined specimen showed a 2-
layer deformation. Specifically, the first layer was the ~ 3-4 ym UFG
layer and the second layer had the presence of deformation bands that
extended ~ 10-15 pm into the matrix. For the SAM surface, ~ 5 um UFG
layer and ~ 15 pm complex deformed structure were observed. The SP
surface shown a 2-layer machining-induced deformation structure, with
highly variable UFG layer extending ~ 3-5pum and an underneath
deformation layer with a depth of ~ 60 um. Some deformation bands
were observed more than 100 um from the SP surface finish. The sum-
mary of near-surface microstructure from different surface treatments is
presented in Table 1.

Fig. 5(a) shows the cross-sectional nanohardness as a function of
distance to the machined surface. The nanohardness decreases from
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Loading axis

Fig. 3. Specimen surface with the various treatments. (a) RS; (b) SAM; (c) STI and (d) SP surface.

surface to the bulk of the Alloy 182 material of ~ 4-4.5 GPa over
5-15 ym with RS, STI and SAM surfaces whereas the nanohardness is
still around ~ 6 GPa over ~ 50 um with SP surface. The nanohardness at
1 um from the surface is in the sequence of SP > SAM > STI > RS. The
nanohardness and indentation load (with constant max indentation
depth of 80 nm) at 10 um from the surface (Fig. 5(b)) are in the sequence
of SP > SAM > STI > RS, which confirms the cross-sectional charac-
terisation results of the machining deformation and correlates well with
the HVO.1 surface microhardness ranking. It is worth noting that a
slightly deeper machining deformation seems to be revealed by the
cross-sectional nanohardness measurement (Fig. 5(a)) than the SEM-BSE
characterisation (Fig. 4), particularly for RS surface. It was probably due
to the high sensitiveness to the edge flatness of the specimen by using a
maximal indentation depth of 80 nm in nanoindentation, since very

similar thickness of UFG and deformed layers beneath the RS finish as in
the SEM-BSE characterisation was reported from our previous TEM/TKD
analysis [16].

3.2. Constant extension rate tensile test and constant load test

CERT tests were used to examine and compare the SCC susceptibility
as function of surface preparations in a reasonable time frame. Table 1
shows the apparent SCC initiation threshold stress as a function of sur-
face treatments. The apparent SCC initiation threshold stress was found
to follow the sequence (from highest to lowest) of SAM > RS > STI > SP,
which indicates a lowest SCC resistance of SP. This corresponds well to
the ranking of maximal load for the CERT tests in Fig. 1.

Fig. 6 shows the SEM-BSE images of crack tips from specimens with
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Table 1

Summary of roughness, surface microhardness, microstructure and apparent SCC threshold stress from the machined surfaces.

Apparent SCC threshold stress

Microstructure

Microhardness
(Perpendicular to loading (on surface)

axis)

Machined surface Roughness

(at 288 °C with a nominal strain rate of 1 x 107 s in BWR NWCQC)

(cross-sectional)

Inner oxide Manufacturing deformation layer Maximum load Crit. width, thickness and area The estimated local strain rate (s™') Threshold stress

HV0.1

Avg. R, (um) Avg. Rz (um) HV5

(MPa)

2
(mm, mm, mm~)

™)

layer

461 + 14

~21x10°8

266 + 13 422 + 15 Uniform UFG layer of ~ 5 um 11,760 8.28, 3.08, 25.50

23+1.1

0.4+0.2

SAM

~ 600 nm Deformed layer of > 15 pm

247 +7 361 +14 ~ 350 nm UFG layer of ~ 3-4 ym

378 +13

~15x 1078

9.42, 3.15, 29.67

11,200

0.25+0.03 1.4+0.3

STI

Deformed layer of > 10-15 um

UFG layer of ~ 3-5 ym

363 £ 17

~15x1078

9.43, 3.07, 28.95

10,500

Cracked

189+3.6 408+ 48 -

2.4+0.3

SP

~ 500 nm Deformed layer of > 100 ym

~200nm > 400 nm

~ 410 + 9 (average of the 3 specimens)

~1.8x10°8

228+ 6 272+6

0.05 £+ 0.003 0.4 + 0.05

RS
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different surface treatments. With RS surface, an IG SCC with cracking
along the GB was observed. For SAM, STI and SP surfaces, transgranular
(TG) SCC cracks with slip bands ahead of the crack tips were observed.

Representative IG SCC cracks (with depth of ~ 6 um) were analysed
from RS surface, as shown in Fig. 7(a, b). The formation of voids was
observed along the GB in Fig. 7(c). The crack propagated by linking to
voids resulted from the deformed and fractured inclusions. In Fig. 7(d),
EDX revealed that the fractured inclusion particle was mainly consisted
of Nb-rich carbides and Si-rich oxides. Fig. 7(e, f) exhibits IG selective
oxidation by the oxidation along the GB ahead of the SCC crack tip.

SE image, SEM-BSE and EDX maps revealing TG SCC crack with STI
surface were shown in Fig. 8(a, b). Oxidation and dissolution along the
slip bands ahead of the crack tip was observed. Discontinuous TG crack
growth with crack arrest and blunting were also found. 3D reconstruc-
tion of SCC crack from STI surface by slice and view (slice of
200-300 nm) using PFIB is shown in Fig. 8(c, d). The SEM images of the
crack were filtered, aligned and 3D reconstructed. Rotary images of
reconstructed 3D TG SCC crack reveals the complex crack morphology
and structure. The SCC crack opening is ~ 1-5 um. The main crack
growth plane appears to be perpendicular to the loading axis. The SCC
crack propagates in the depth and width direction of 20 and 15 pm,
respectively. As the crack progresses into the material, it becomes less
planar, stretching itself accommodating to the stress distribution.

For verification of the surface finish effects on the SCC susceptibility,
constant load test at different stress levels were performed (Fig. 9). A few
SCC cracks were found on the STI surface after the first 1000 h exposure
at 407 MPa. More SCC cracks were observed on the STI surface after the
second exposure ending with the 440 MPa stress level. The SCC cracks
identified on the STI surface were found to be parallel to the machining
marks by the flat milling process. No SCC cracking was found on the RS
surface after the first 1000 h exposure at the stress level of 407 MPa.
However, SCC cracks were observed on the RS surface after the second
exposure ending with the stress level of 440 MPa. The same SCC
behaviour on the RS surfaces was observed for both specimens. No SCC
cracking was found on the SAM surface even after the second exposure
ending with the 440 MPa stress level. With the constant load test in BWR
NWC water at 360 °C, the observed SCC resistance (from highest to
lowest) ranks as: SAM > RS > STI, which is in good accordance with the
CERT test results.

3.3. Electrochemical behaviour

3.3.1. Voltammograms (CV) and electrochemical impedance spectroscopy
(EIS)

It is worth noting that the results presented in this section are based
on the nominal surface areas of the specimens. The ratio between the
nominal and real surface area, which takes into account the surface
morphology, may be slightly different for the two surface conditions
studied (RS and SP) since the surface roughness of the specimens in these
two conditions is slightly different. However, the small difference in the
surface area has a very limited influence on the comparison of the
electrochemical behaviours of RS and SP surfaces.

A comparison of the current density - potential curves for RS and SP
surface conditions is shown in Fig. 10. The SP surface shows a much
higher current density at the anodic potential range compared to RS
surface, indicating an electrochemically more active surface. The EIS
spectra at corrosion potential (E,c = —0.47 Vgyg) and at E = +0.15 Vgyg
shown in Fig. 11 indicate that the SP surface has a clearly higher
corrosion rate, evidenced by the impedance magnitude at the low fre-
quency end of the spectra being clearly lower for the SP surface than RS
surface.

3.3.2. Re-passivation

The current density — time curves of the RS and SP surfaces shown in
Fig. 12 for two potentials (the specimen potential was stepped from
—0.65 Vgyg to +0.15 or +0.25 Vgyg) show that the re-passivation is
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Fig. 4. SEM-SE images of oxide layer and SEM-BSE images of machining-induced deformation microstructure from cross-sections of specimens with different surface
treatments. (a) RS; (b) SAM; (c¢) STI and (d) SP surface. Tested in BWR NWC water at 288 °C.

more efficient for the RS surface. The current density peaks are several
times higher for the SP surface than for the RS surface, and the current
density level at the end of the 7.5 s measurement period is much higher
for the SP than for the RS surface. The high-temperature electrochemical
re-passivation, CV curves and EIS tests show the same conclusion that SP
surface is more susceptible to corrosion in high-temperature water.

4. Discussions

In this study, CERT, constant load test and electrochemical mea-
surements were applied for investigating the SCC initiation suscepti-
bility of Alloy 182 with surface treatments of RS, SAM, STI and SP.
Though it is known that the accelerated CERT test with dynamic plastic
loading is not the best approach for determining the SCC initiation
threshold stress in a nuclear component relevant condition [24], CERT
tests are suitable for screening and can provide the general comparison
of SCC initiation susceptibility within a reasonable time frame [18]. The
results of CERT tests were verified by the constant load tests. The

electrochemical tests including re-passivation, CV and EIS tests allow a
comprehensive understanding of the electrochemical processes and be-
haviours of the RS and SP surfaces. To sum up, the SCC susceptibility of
surface treatments were investigated via the static electrochemical
polarisation/passivation/impedance measurements without loading (by
high-temperature electrochemical tests), the constant load tests and the
dynamic loading tests (by CERT tests) in this study.

4.1. Effect of surface microstructure on SCC initiation

The surface roughness (also the surface conditions including
machining marks and flaws) and hardness, surface oxide layer micro-
structure and machining-induced deformation of the surface treatments
have significant effects on the SCC initiation susceptibility, as revealed
by the characterisations and tests.

Surface state: As shown in Fig. 9(b), the SCC cracks observed on the
STI surface were found parallel to the machining marks resulting from
flat milling process. The STI surface had a higher surface roughness
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Fig. 5. (a) Average cross-sectional nanohardness as a function of distance from each surface finish; (b) Representative cross-sectional nanoindentation depth-load

curves with distance of 10 ym from each surface.

Fig. 6. SEM-BSE images of crack tips from cross-sections of specimens with different surface treatments. (a) RS; (b) SAM; (c) STI and (d) SP surface.

compared to the RS surface finish, and the grinding marks could become
preferential SCC crack initiation sites due to notch and hardening ef-
fects, particularly when the surface grinding marks coincide with the
GBs of the UFG or deformed layer [31]. The SP process with ceramic
balls resulted in large amount of surface defects/pits (Fig. 3(d)) and
deteriorated the SCC resistance.

Oxide film and deformation layer: The growth behaviour and
microstructure of surface oxide layer is mainly controlled by the
oxidation process and has no direct relation to the residual strain profile
underneath the surface layer [32]. The surface oxide layer exhibits a

higher Young’s modulus and a lower ductility compared to the substrate
matrix [33]. The surface oxide layer also act as the isolation layer be-
tween the material matrix and the high-temperature water environment,
which slows down the diffusion process and dissolution and thus influ-
ence the cracking initiation [34]. The SCC initiation process has a direct
relationship to the inward oxidation penetrating the oxide layer to the
matrix GBs in the form of preferential IG corrosion (RS surface) or along
slip bands as slip dissolution-oxidation (SAM, STI and SP surfaces).
Consequently, the compact and homogeneous SAM oxide layer can
better retard the preferential oxidation and thus has less preferential
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Fig. 7. (a, ¢, e, ) SE image, (b) EBSD IPF and (d, f) SEM-EDX maps showing ruptured inclusions and IG SCC crack with RS surface.

nucleation sites for local cracking than the SP surface with cracked oxide
film. A potential reason for the thicker and more uniform oxide layer in
the SAM surface than the other surface finishes can be associated with
the higher element diffusivity in the UFG nano-crystalline layer
compared to a coarse-grained region based on the lower activation en-
ergy required for diffusion in the deformed grains and the much higher
fraction of GBs in volume. The cracked oxide film of the SP surface may
result from the surface defects or the severe machining induced defor-
mation. The oxide film of the SP surface exhibits a high porosity and can
be less protective in resisting the SCC initiation [10].

Another critical factor that significantly influences the SCC initiation
is the elemental diffusivities (e.g. Cr and O) in the deformed micro-
structure [35]. The machining-induced UFG layer and deformation
bands with accumulated dislocations in the near-surface area can pro-
mote the stress-assisted diffusion and oxidation [36]. The dislocation
density in the deformed layer (the UFG layer and at the deformation
bands) is much higher compared with the intact matrix. Dissolution
along the slip bands can also promote micro-crack initiation through a
crevice corrosion effect. Saravanan suggested that a threshold value for
the local dislocation density is required to generate the stress required
for an oxidised GB to fail (for SCC initiation) [37]. The SCC initiation
susceptibility is strongly dependent on both GB chemistry and misori-
entation. Cracking takes place preferentially at high-energy structures
like high-angle GBs (HAGB) with highly-disordered boundary and
deformation bands with high density of dislocations [38]. Random
HAGB:s result in fast Cr diffusion and GB migration and thus show low
SCC resistance [39].

SCC mechanisms: For RS surface, SCC crack grown along GBs after
preferential IG oxidation (Fig. 7(e, f)). IG crack propagation occurred

when the initiated SCC cracks grown to the matrix GBs under external
stress. Void formation was observed along the GB in Fig. 7(c). These
voids may have a central role providing an easy pathway towards the
next cracked inclusion further along the GB since Nb-rich carbides and
Si-rich oxides (Fig. 7(d)) are the preferential sites for void formation and
growth. A direct correlation between cavity density and crack growth
was observed [40,41]. The strain localisation at the inclusions (partic-
ularly the IG inclusions) may also induce the preferentially propagation
of SCC. In addition to the similar effects on void generation and strain
localisation, it is worth to note that there might be a different role of
carbides and oxides on SCC initiation. GB carbide may in addition
promote crack blunting by being the dislocation source and the material
could passivate faster in the presence of GB carbide [42]. The domi-
nating SCC initiation and propagation mechanism for the RS surface in
this study is an IG selective oxidation mechanism, which is further
assisted by the voids and fractured inclusions along the GB.

For SAM, STI and SP surfaces, the SCC initiation mechanism is a slip
dissolution-oxidation mechanism. After the rupture of protective
passivation films by the slip bands ahead of the crack tip, the fresh
nickel-based alloy is exposed to the high-temperature water environ-
ment and the oxides is formed and repassivation occurs again. The
repeating of this process under the external stress will lead to a
discontinuous crack growth with crack arrest events.

The SCC behaviour of the SP specimen is in good accordance with the
previous study [16], which suggested that SP may not be efficient in
mitigating SCC in NPP primary high-temperature environments, con-
tradictory to the finding that other surface peening methods such as
laser peening and water jet techniques can be effective [43]. This study
showed the data from surface roughness, surface and cross-sectional
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Fig. 8. (a) SE image and (b) SEM-BSE and EDX maps showing TG SCC crack with STI surface; (c) Slice and view and (d) 3D reconstruction of TG SCC crack from

specimen with STI surface.

hardness and the cross-sectional microstructural evidences, which
clearly indicate the severity of damage due to the SP process.

4.2. Electrochemical behaviour

The SCC of Alloy 182 involves an incubation stage by electro-
chemical process, followed by a slow propagation period with SCC crack
length smaller than a critical size and a rapid cracking stage resulting
into fracture in the end [44,45]. Mechanical treatments on surface can
enhance electro-chemical activity of the surface, which significantly
influence the SCC susceptibility [46]. The investigation of electro-
chemical behaviour/response from RS and SP surfaces can thus assist in
the understanding of the initiation susceptibility.

In the range of re-passivation rate where SCC may occur, the charge
spent in forming a new surface film, Qy, is related to the crack growth
rate (CGR) through Eq. (1) [20]. Each re-passivation event leads to a
decay in current density with time. Qs can be estimated with the area
under the current density - time curve (hatched area).

_ M Qr dey
_ZpF Er dt

CGR (€Y

where M = atomic weight of the dissolving metal, z = number of elec-
trons transferred in the oxidation reaction, p = density of the metal, F =
Faraday’s constant, &f = fracture strain of the surface film and de.,/dt =
crack tip strain rate. The charge density, Qy, can be calculated as

0, = bl ) T b @

where I, is the passive current density at the potential in question, I, the

time dependent current after the film breaks and A the surface area of
the specimen. The passivation during the initial stage follows the place-
exchange model, where log (Iy) is linearly proportional to Qg(t)
] t

log(I,) = log(k) +ﬁV7QfT() 3

After the short initial stage, the passivation proceeds by the high field
ion conduction model, where log (I is linearly proportional to 1/Qq(t)

cBV

log(1,) = logA +@ 4

in which &/, K, # and c are constants, A and B the constants for the
activation energy of ion migration in the film and V the applied poten-
tial. Since the high-field ion conduction stage of the re-passivation event
determines the protectiveness and the stability of the resulting film, the
parameter cBV, determined from the re-passivation current measured as
a function of time, can be used as a parameter to study materials sus-
ceptibility to SCC.

The charge density Qq«t) in Egs. (3) and (4) above can be calculated
by integrating the current density-time curves shown in Fig. 12. The cBV
parameter can then be extracted as the slope of the current density vs. Qf
®7T curve, Fig. 13. The higher the cBV-value, the slower the re-
passivation rate [47]. A high re-passivation rate results in a low sus-
ceptibility to SCC due to the low amount of dissolution, whereas a low
re-passivation rate typically results in SCC due to high amount of
dissolution. The cBV parameters of duplex stainless steel measured by
Bernard et al. [47] were below 10 in the potential range where no SCC
was found and between 10 and 25 in the potential range where SCC was
found, thus quite comparable to those calculated in this study. This tends
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Fig. 9. Constant load test with specimens of (a) RS/SAM and (b) RS/STI surfaces in BWR NWC water at 360 °C.
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Fig. 10. Comparison of voltammograms (1 mV/s) for RS and SP surfaces.

to indicate that the SP surface is more susceptible to SCC while the RS
surface is not, in line with the CERT results in the present work.

4.3. Shot peened surface

Normally peening is identified as an effective method for mitigating
SCC initiation [42,46,48,49] since peening can introduce the

10

compressive residual stress state. However, in this work the specimens
with the SP surface finish presented the highest SCC susceptibility
among all the studied surface finishes. Some might claim that the CERT
test is aggressive with dynamic straining and will result in the complete
relaxation of residual stress [50] induced by the SP process. When the
compressive residual stress is relaxed, surface defects induced by
peening and the plastically deformed layer enhance SCC initiation and
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Fig. 12. Comparison of re-passivation behaviour of RS and SP surfaces. The specimen potential was stepped from —0.65 Vggg to +0.15 or +0.25 Vgyg.

result in the low SCC resistance of the SP surface. The authors are aware
of the potential drawbacks of applying CERT technique to evaluate the
SP effect on SCC.

However, interestingly, the high temperature re-passivation tests
(corroborated by the CV and EIS data) confirmed the observation that RS
surface shows a clearly lower current density and better re-passivation
than the SP surface even though the re-passivation specimens were
not subject to loading at all and thus the compressive residual stress in
SP surface would not be relaxed. The electrochemical tests emphasise
the important role of surface microstructure in addition to the residual
stress profile on SCC for the SP surface. Boursier reported that one side
SP specimen had a reduced SCC initiation time [51], which is in good
accordance with the results shown in this work. A general suggestion on
applying the peening techniques for mitigating the SCC initiation of
nuclear components is that the peened surface will need to be carefully
monitored to avoid potential flaws or defects.

5. Conclusions

The effect of four different surface treatments on the SCC initiation
susceptibility in Alloy 182 was investigated in simulated BWR NWC
high-temperature water environment using CERT, constant load and
electrochemical tests.

e The surface roughness, microhardness and cross-sectional nano-
hardness follows as (from highest to lowest) SP > SAM > STI > RS.

e The CERT technique permits a qualitative comparison of the surface

treatments. The apparent SCC initiation threshold stress followed the

sequence of SAM > RS > STI > SP.

The constant load test in BWR NWC environment at 360 °C rank the

SCC resistance as: SAM > RS > STIL

The dominant mechanism of SCC cracking of Alloy 182 with RS

surface in BWR NWC is IG selective oxidation mechanism, assisted by

the void formation along the GB.
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Fig. 13. Current density vs. (charge density)™ for SP and RS surfaces at E = +-0.15 and +0.25 Vggg. Data up to 100 ms was used for the cBV-analysis (extending the
time towards 400 ms resulted in an increase of the cBV-parameter, but did not change the conclusions).

e The mechanism of SCC cracking of Alloy 182 with SAM, STI and SP
surfaces in BWR NWC is slip dissolution-oxidation mechanism.

e The high temperature re-passivation tests at 288 °C indicate a better
passivation behaviour for the RS surface than SP surface. The CV and
EIS data show that the SP surface has a clearly higher corrosion rate
than RS surface.

e The results from CERT, constant load and electrochemical tests and
the cross-sectional characterisations are well correlated.

e Peening induced surface defects/cracks, cracked/porous oxide layer
and the residual stress relaxation (during dynamic loading) can
explain the deteriorated SCC resistance of the SP surface finish.
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