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1 Cracking Issues in PWR Primary Water
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Cracking issues in PWR primary water
Frequent cracking damage occurs in the RPVH penetration nozzles and SG tubes.
PWSCC was found to be the main failure mechanism.
Alloys 600 and Alloy 182 are very susceptible to PWSCC.
Alloy 600: Ni-16Cr-7Fe (wt%), Alloy 690: Ni-30Cr-9Fe (wt%)
Alloys 690 and 152 are much higher resistant to PWSCC than Alloys 600 and 182.

The surface oxidation behavior of Alloy 690 can be quite different from that of
Alloy 600 because of the different Cr concentration.




Cracking Properties of Ni-base alloys in PWR primary water
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e The cracks in Alloys 600 and 182

propagate along the grain boundaries.
However, cracks in Alloys 690 and 152 do not necessarily propagate along

grain boundaries. It depends mainly on the materials used and the
experimental conditions applied.




1 Proposed PWSCC Mechanisms

slip dissolution/film rupture
hydrogen enhanced localized plasticity

corrosion-enhanced plasticity

hydrogen embrittlement

internal and IO oxidation

percolation
creep rupture
bubble formation
ordering

materials
susceptibility

tensile

susceptibility to SCC (metallurgical effects) . o . \
degree of cold WOI‘k,Cer|d strength (dislocation density, grain size), chemical composition,
inter-/intra-granular Cr carbides, sensitization, surface state, etc

tensile stress . . . ' .
operating stress, residual stresses due to expanding or straightening, welding, etc

corrosive environment . .
water chemistry, pH, DO and DH concentrations, operating temperature, etc

Experimental evidence seems to suggest that one single and simple mechanism
cannot explain the occurrence of SCC in its entire spectrum.




2 Objectives of This Study

0.0

It is well known that,
 Alloys 690 and 152 are much higher resistant to PWSCC than Alloys

600 and 182.

« Cracking of Alloys 600 and 182 is always intergranular, however
cracks in Alloys 690 and 152 show an mixed mode of intergranular

and transgranular cracking.

0

» Cracking is known to be closely correlated with the surface
oxidation phenomena.

% The aim of this study is (1) to investigate the cracking resistance
and cracking behavior by CGR test, and then (2) to understand how

the surface oxidation and metallurgical factors affect the cracking
properties of Ni-base alloys in PWR primary water.

4




3 Preparation of CT Specimens for CGR Test

Chemical compositions of test alloys (wt%).

Cr C Fe Ni Mn Si Ti Al S P
Alloy 600 16.06 0.055 666 7544 0.68 0.03 0.21 0.19 0.001 0.014
Alloy 690 2866 0014 939 60.60 0.29 044 021 0.20 0.0001 0.004
Alloy 182 16.22 0.05 291 70,65 742 0.05 0.04 045 0.001 0.010
Alloy 152 30.10 0.03 1470 4830 4.03 0.57 0.10 0.05 0.007 0.029
Locations and directions of CT specimen pick-up Mo =2
ollo
| 525 . L« 80 l ljf
T = ‘ Aoy 152 s rﬁé‘t%l
. 5\L_ _z

« The CT specimens were taken such that the cracking planes were parallel to the
growth direction of the primary dendrites for weld metals, parallel to the radial
direction of the round bar for base metals.




3 CGR and Surface Oxidation Tests
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surface oxidation test

o PWSCC test was conducted in a simulated primary water condition

pure water with 1200 ppm B + 2 ppm Li, 325 °C, 30 cm3/kg H,
test duration for surface oxidation: ~ 5 months

« The plate specimens for surface oxidation test were finally polished using
0.3 pm alumina powders before PWSCC test.




4 CGRs of Ni-base Welds in PWR Primary Water

1E-4
1| @ A182,30cm’/kgH,0,325deg C |
1E.5 1| ® A600,30cm'/kg H,0, 325 deg C
i| W AIS2,10em7kg H,0,325deg C | o Alloy 690 HAZ, 10 cm?/H,0, 325 °C
1 disposition curve for Alloy 182 W Alloy 690 BM, 10 cm?/H,0, 325 °C ]
- - — disposition curve for Alloy 600 ' 2
n .
é -/ —————— D B
g 1E-7T5— S Coasm——
N’ N PP
e - ®
O
o) 1E-8 3 ° °
r Y ooemo n L
1E-9 =
1 E-] O L) T L] T L] T L) |II L] L} L} T T T L] T xl L] L} L] L] T T T T ? L] L T T T T
20 25 30 35 40 45 50 55 60

K (MPam'?)

5 1E-4

§ 1E-5

1E-6

{ 1E-7
{ 1E-8

4 lE-9

T 1 ]E']O

CGRs of Alloy 182 were roughly 2 orders higher than those of Alloy 152.

CGRs of Alloy 152 were very low in the normal operating conditions of
plants. However, they appear not to be immune to PWSCC.

Cracking of Alloy 690 did not occur in the simulated normal operating

conditions of a PWR.




4 Cracking Morphologies of Ni-base Welds
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« The cracks in AIons 6OO and 182 propagated anng the grain boundarles indicating
that the grain boundaries are the preferential paths for cracking in these aIons

« Alloy 690 did not crack in the simulated normal operating conditions.

« The cracks of Alloy 152 advanced in a mixed (TG + IG cracking) mode. A secondary
crack was branched off from the propagating TG crack, becoming an active IG crack.




4 Fracture Morphologies of Ni-base Welds

L 1G crabking, |

The cracking mode of Alloy 600 is clearly IG cracking.

The grain shapes of the Alloy 182 weld metal are clearly visible, providing
evidence of IGSCC.

Most of the PWSCC region of Alloy 152 showed TG cracking; however, some
areas were fractured by IG cracking. These results clearly demonstrate that
the cracks in the Alloy 152 weld metal propagate in a mixed mode.
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in-situ nano-indentation testing of Alloy 600
and 690 after oxidation test

: P1-87 Picolndenter

Push-to-Pull mount

Maximum force : 10 mN
Maximum displacement : 5 pm

Push to Pull device

| L Alloy 690 .
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4 in-situ nano-indentation testing of Alloy 600
and 690 after oxidation test

Fracture test of the grain boundaries below the internal oxidation layers of
Alloys 600 and 690

device gap : 15 um, Thickness : 2 um, Sample width : 2 um, Loading rate : 5 nm/s

Alloy 600 / G.B. at surface Alloy 690 / G.B. at surface Alloy 690 / G.B. inside
= e i *“’”{M § ET
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3000

in-situ nano-indentation testing of Alloy 600
and 690 after oxidation test

BY Test results — L-d curve
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Influence of metallurgical factors on internal/IG oxidation and
the resultant resistance to crack initiation of Ni-base alloys

temperature
water chemistry
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IG cracking can be triggered when the depth of IG oxidation exceeds a critical value that
depends on the applied stress and the strength of the oxidized grain boundary.

influence on

# factor SCC remarks
1 Cr conc high Cr wt%: Alloy 600 (16Cr-75Ni) prefers IG oxidation to internal oxidation, and vice versa for
: eneficial Alloy 690 (30Cr-60Ni) with no IG oxidation because of the innermost Cr,0; layer.
hydrogen depends on It is well known that Alloy 600 and 182 (16Cr) have the highest PWSCC susceptibility
2
conc. hydrogen conc.

at the Ni/NiO equilibrium phase boundary (10 cc H, at 325 °C)

3 |IG Cr carbides

depends on the
degree of cold
working

IG Cr carbides act as another Cr source for the formation of the innermost Cr,0, Ia¥er,
and suppress internal and IG oxidation further. However, the){ can be a source o
voids and micro-cracks in severely cold-worked Alloy 690.

4 | cold working

detrimental

Severe cold working can lead Alloy 690 to an IG cracking by the introduction of high
grain boundary strains.

5 surface
deformation

depends on the
degree of
deformation

Mechamical poilshing increased the PWSCC resistance by promoting the formation of
a protective oxide layer. Many SCC cracks also initiated along the recrystallized grain
boundaries in the deformation layer:

6 | GB migration

detrimental

GB migration in Alloys 600 and 690 is thought to be an important factor in the early
stages of IGSCC incubation.

SRR

, Korea Atomic Energy
/KAERI Research Institute




4 Influence of IG oxidation on IGSCC of Alloy 600

=)

1000

Not i K. Fujii et al, INSS, 15" EDM 2011

® Fractur
IOdho dpth

The fracture strength of an
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H. Dugdale et al, Acta Materialia, 61 (2013) 4707-4713

A crack propagated along a grain boundary, and then along
the interface between the IG carbide and the matrix, when
the specimen was oxidized.

L. Fournier et al, AREVA, 15th EDM, 2011

The proportion of intergranularly cracked
grain boundaries were increased by IG
oxidation before tensile tests.

Oxygen diffusion into a grain boundary, and the resultant IG oxidation
significantly weakens the grain boundary strength. As a result, the cracks in

Alloy 600 can propagate easily along the grain boundaries by IG oxidation.
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Internal and IG oxidation phenomena around a crack tip of
Alloy 600 exposed to simulated PWR primary water
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Influence of Cr conc. on internal and IG oxidation of
Ni-base alloys
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 Internal and IG oxidation phenomena in Alloys 600 and 182 are nearly identical,
possibly because of the similar Cr concentrations.

The internal oxidation layers (possibly, continuous Cr-rich oxide) are very thin, and Cr
oxides formed (IG oxidation occurred) with Ni depletion in the oxidized grain boundary.

Internal and IG oxidation phenomena in Alloys 690 and 152 were nearly identical,
possibly because of the similar Cr concentrations.

The internal oxidation layers were much thicker than those of Alloys 182 and 600.

IG oxidation did not occur, in contrast to Alloys 600 and 182. And there is a band-
shaped continuous Cr-rich oxide layer below the thick internal oxidation layer.

The grain boundary below the internal oxide layer was severely Cr depleted and Ni
enriched, in contrast to Alloys 600 and 182.
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Influence of Cr conc. on internal and IG oxidation of
Alloy 690
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« Therefore, the internal oxidation layer of Alloy 690 consists Of | __aoyeso mssak etal. 17 com oy
. . PWR primary water
the upper Niy Fe,Cr,O, and the band-shaped continuous s
innermost Cr,O5 layers.
mlgra(adur{v"téf

e The band-shaped innermost Cr,O; layer suppresses internal and
IG oxidation by preventing the inward diffusion of oxygen. Alloy 630, Oseta
Korea Atomic Energy

(
SIXEI| 2 H 1S (5-4AERI Research Institute

mixed Cr,

f , Proc. 16% EDM, 2013
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The Suppression of IG Oxidation and Its Implication with
regard to PWSCC Resistance of Alloy 690

w/o IG Cr carbides

-

“\3 ‘{Tm \ ¥
e oxides o . e
o TN i

= ”(}R Vs N ‘\\ Ni,, ,Fe,Cr,0, ‘ su:'ce o s
i B 4 CFZO3 Cr203 ~ (10 ook 40 T T T T T T T T 40
layer layer 4 - o
= ol g . = Q ] 45 internal oxidation layer 35
grain grain . P ». % : F i < ® -recei
bty boundary . ) i b 1 C‘tzo’; - il E average Cr con. of the as-received alloy
i Siadhe ) A L 230 — s e 30
: iy b . o
cardee§\ r depléteﬂ GB }‘ﬁ“i o - PR range of min. Cr con. -
" B b . [ S Ae— at GBs before oxidation test
~ The innermost Cr,0; layer . 3 204 "Ni(l,x)FexCr 0, Cr,0; 20
¢ - | block difiusion ™ 5 1} A
s The innermost Cr,0, layer forms riocss OXygeR CHgUSIgn : 0= 2
y through'the GB diffusion of Cr.xul into a grain boundary, | £ sfld—> . 15
grain i resulting in the suppression | CH = L
boundary boundary ; ; | w2 | of internal and IG oxidation. T e 16
. ot 100 nm 0 5 10 15 20 25 30 35 40 45

The innermost Cr,O5 layer suppresses internal and IG
oxidation in Alloys 152 and 690.

IG fractures readily occur even with a small amount of
applied stress when the grain boundaries are oxidized
because of its intrinsic weakness.

Therefore, the absence of IG oxidation in Alloys 152
and 690 provides the reason why they have higher
resistance to PWSCC compared to those of Alloys 182
and 600 from the standpoint of IG oxidation.

As a result, the different IG oxidation phenomena
appear to lead to the different cracking resistance
capabilities and cracking behaviors in Ni-base alloys.
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Influence of Cr concentration on internal/IG oxidation and the
resultant resistance to crack initiation of AR Alloys 600 and 690

IG oxidation and IG cracking of Alloys 600 and 182 (325 °C, 30 cm3 H,/kg H,0)
- from the analysis of PWSCC crack tips and IG oxidation layers -
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GG en of Cr oxides by stress into the water  in the primary water

into the g.b. 5, the oxidized g.b. Ni enrichment on

10 the Odelzed g b Splnels
S > > .
\l/ \l/ i,Fe crack wall ?::::
HEXE MG i - ;;bz
S *0 > > l unaffected matrix

Suppression of IG oxidation of Alloys 600 and 182 (325 °C, 30 cm3 H,/kg H,0)
- from the analysis of internal and IG oxidation layers -
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Several methods for PWSCC initiation of Alloy 690

(advantages and drawbacks of some techniques for crack initiation)

 There has been no evidence of PWSCC of Alloy 690 in steam
generators since its introduction.

» Given the past experience with the long incubation time to crack
initiation in Alloy 600, there is also concern that SCC could eventually
occur in Alloy 690.

« However, the difficulties associated with generating cracks in Alloy
690 have been an impediment to the study of the mechanisms of

SCC initiation.
. . - Crack
technique  specimens straining advantage drawback initiation remarks
constant Stress relaxation Crack initiation occurs only
strain UC-_br?r?d, static in?alséyrr;[gnt occurs with time  very hard ~ when the samples undergo
(deflection) 9 P at high temp. extensive plastic deformation
tensile, blunt Crack initiation is - . L
coptant Toiched &1 static [P Totcasyfor = veryhara  Extensive periad of tme i
(BNT) resistant materials
constant accelerated
extension (tapered) d . test for On!ytthtiICI.ERI. t,fSt cank
rate tensile tensile ynamic  resistant easy consistently Initiate cracks
(CERT) materials on the resistant materials

» The IG oxidation weakens the grain boundary strength and allows REUZeIFAEY 69
a crack to propagate upon application of stress.

v

 After repeated cycles (dynamic straining) of oxide fracture / ' s . @
followed by repair, the grain boundary becomes further depleted § - e crawngf“
in Cr and migrates further from its original position. X - { 39

« At some point, the grain boundary is no longer able to supply EEEEEREER =N, ¢
enough Cr to form a protective surface film, exposing the grain & Q s e @ 2% .
boundary to the environment, resulting in IG and subsequent crack & _dynamic Straifing 4 °
nucleation by fracture along the oxidized boundary. sori . 3. asa 2058 Moss €ASSMS” |

[2] Moss et al., Stress corrosion crack initiation in Alloy 690 in high temperature water, Current Opinion in Solid State and Materials Science, 22 (2018) 16-25"
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Influence of hydrogen concentration on internal and IG
oxidation of Ni-base alloys

DH conc.
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Influence of hydrogen concentration on internal and IG
oxidation of Alloy 600

AB-06-5cc, Alloy 600
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» The Cr concentrations at the interface (1) and interior (2) of the internal oxidation layer/matrix, and
interface (3) and interior (4) of the oxidized grain boundary/matrix are quite different, which means
that the types of oxides are different, and therefore oxide layer consists of a dual layer.

* Ni enrichment was found when the hydrogen conc. was 30 cm3? H,/kg H,O (metallic state of Ni),

however, Ni oxide formed when the hydrogen conc. was 5 cm3 H,/kg H,O (oxidizing state of Ni).
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Influence of IG Cr carbides on internal/IG oxidation and the
resultant resistance to crack initiation of Ni-base alloys
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i - IG Cr carbides can be a source of

voids and micro-cracks in the
severely cold-worked Alloy 690,
which " is detrimental to IGSCC
resistance by promoting IG oxidation.

(Panter 2006 JNM) oxygen
trap and impeding the
penetration of oxygen

beneficial degree of cold working detrimental \
~ 30 % 3
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Influence of IG Cr carbides on internal and IG
oxidation of Ni-base alloys

we—superficial”
oxidation
M of Cr carbide

8\

Ni enrichment
between the
Cr carbide and
the oxizied zone

300 nm

AB-03-30c
superficial
oxidation
of Cr carbide
300 nm i

« oxygen which diffuses into a grain boundary of Alloy 600 caused superficial oxidation
or the entire transformation of the IG carbide into Cr oxide, leaving a Ni-enriched zone
between the IG carbide and the transformed Cr oxide layer.

w/o IG Cr carbides - car‘b‘laés

\
1

\\ ,I
% 7 e( 1
r oxide

layer y" = layer
€=IG Cr carbides
X
. : grain boundary grain boundary
grain grain .
@) boundary [ Cr boundary d @) Cr Ni

« IG Cr carbides suppress inte;nl. and 1G oxidation further, because they can act as
another Cr source for the formation of the innermost Cr,O; layer in the early stage of

the internal oxidation process. NS :
XS EH 1S (5/;(AERI Korea Atomic Energy

Research Institute

. g

L TSNCr oxide
layer
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Influence of cold working on internal and IG oxidation
of AIon 690

a 1D 25% CW Alloy 690TT-IG cracking b‘D 25% CW Alloy 690TT-TG cracklng SCTO049=ANL alloy, 152! vz o

Carbide at grain Crackqprofile N = i 40% CW GA Alloy 690
boundary ; \ ’ P - - =il - 2
: air precrack TG crack extel;sion

= 1mm

T A

CT049 - ANL alloy 152'v2 b

gl ‘ 1o crathing constant load

e N 2015 Kim Corrosion

2ekv X188 108mm 8135 KARERI

== Crack direction ;

grain boundary.

: ‘TG crac|
2200 M, Toloczko et al., 16t EDM,]

12018 Moss COS\SMS
20% CW SA Alloy 690

X200 10@Mm @135 KAERT

Localized N 3

E oxidatlon/' constan

500inm 2013 Bruemmer Corrosic

2eky %206 10@%m 9135 KAERI

« IG/TG cracklng issue : There are many conflicting results on the cracklnGg behavior of the cold
worked Alloy 690. The cold worked Alloy 690 shows IG cracking, and TG cracking as well.

IG cracking of Alloy 690

* Moss’ discussion: After repeated cycles of oxide fracture and repair during dynamic straining, the
grain boundary becomes Cr-depleted and migrates from its original position, finally resulting in
grain boundary oxidation and subsequent crack nucleation by fracture along the oxidized boundary.

Bruemmer's discussion: The results indicate that localized grain boundary strains and stresses by
cold working promote IGSCC susceptibility and not the cracked carbides and voids. _ A _
-?.;JII-EAIHEE%'T'— ((Z < Korea Atomic Energy

AERI  Research Institute
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4 Influence of cold working on internal and IG oxidation
of Alloy 690

In a standpoint of internal and IG oxidation

» As-received (heat-treated, not cold worked) Alloy 690 did not show IG oxidation, however,
oxygen penetrated deeply into the matrix through defects such as dislocations from the
oxidation layer/matrix interface. Dislocations act as an enhanced diffusion path for oxygen.

» Dislocations locally accumulated around a grain boundary by grain boundary strains and
stress in a severely cold worked Alloy 690 can induce oxygen diffusion along the grain
boundary by preventing from the formation of continuous protective Cr,O5; innermost layer,
resulting in the IG oxidation. The induced IG oxidation can promote IGSCC in the cold
worked Alloy 690.

* Most of the twin boundaries were transformed into transformed twin boundaries (TTBs)
by cold rolling, which belong to random high angle boundaries (RHABS).

« TTBs become susceptible to SCC due to the promoted outward diffusion of Cr and can
enhance the connectivity of susceptible grain boundaries.

e A Alloy 690 SA + 20% CW Alloy 690 [T NI RS A

i

=
1

uncracked TTB

} T Y] ‘ . . Crde Ieiion =5
i A ¢ | ~ 7 . U . oxide — R\[ enrle:hmentm—
y ! . : Bk Y

[1-10)

Connectivity is

Atomic percentage (%)

@ 80 120 160 200

Korea Atomic Energy

XS EH 1S (I“/KAERI Research Institute
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Influence of surface deformation on internal/IG oxidation and
the resultant resistance to crack initiation of Alloy 600

F. Scenini et al, Corrosion, 64(11) (2008) 824-835 Z. Shen et al., Corros. Sci. 152 (2019) 82-92

(b)
800 grit ground before SCC

External loading image quality map

Microcracks

A
A
A
=t

corresponding to Ni/NiO transition

19 kPa H, partial pressure - below the 28 kPa
350 kPa H, Partial Pressure (ENVN:o =-74 m<l)

Mecanically polished surfaces are revealed to be more S
resistant to SCC than electrochemically polished surfaces Mechanical polishing introduced a thin recrystallization

due to the short circuit diffusion of Cr to the surface, layer on the specimen surface, which lead to the crack
which promotes external protective rather than internal initiation along highly deformed recrystallization grain
oxidation. boundaries.
beneficial (increase of dislocation density) detrimental (recrystallization)
)
aIxeR oy T PR
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Influence of surface deformation on internal and IG
oxidation of Alloy 600

_ AS-P-30cc-1000hr *

mechanically polished

300 nm

o SN | AS-G-30cc-1000hr

. AS-G-306c-1000hr
T PR P By, e

mehanically ground
1 pm

» The internal oxidation layers were similar and IG oxidation was found in the
mechanically polished (P) and chemically polished (CP) specimens.

« However, IG oxidation was not found in the mechanically ground (G) specimens
with a thick and complicated deformed internal oxidation layer. A

—
Korea Atomic Energy
XS EH 1S ( /KAERI" Research Institute
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Influence of diffusion induced grain boundary migration (DIGM)
on internal and IG oxidation of Alloy 690

N,
N,
1gm ™

« DIGM commonly occurred in Allog 690 irrespective of the concentration of dissolved
hyo[r%gen, and the swept region by DIGM was characterized by Cr depletion and Ni
enrichment.

* The internal oxidation layers of the swept region were much thinner than those of the
surroundings, and there were Ni nodules on the swept surfaces.

T. Moss, G.S. Was, Stress corrosion crack initiation in Alloy 690 in high temperature water, Current
Opinion in Solid State and Materials Science, 22 (2018) 16-25

o - 4 /| The crack initiation process during dynamic strainingh is

o e . composed of three stages; an oxidation stage in which a

protective film of Cr,O; is formed on the surface over the

grain boundaries, an incubation stage in which successive
cycles of oxide film rupture and repair depletes the grain
e ;\, boundary of Cr, and a nucleation stage in which the Cr

Ropue | gap 0 Repait depleted grain boundary is no longer able to support
S, formation of a protective Cr oxide layer, exposing the grain
boundary to the water environment and subsequent

(a) (b) (©)

Strain Strain Sy

(©)

ERT— > S —=—  formation and rupture of oxides down the grain boundary.
e Only the dynamlcaII¥ strained (not constant load) samples
e | can go through the tull stages of crack initiation.
Cr,0; layer
(g (h) . (1)
)
x| B A STann e Atowic ey
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5 Conclusions

1. Alloys 600 and 182 showed IG cracking with high CGRs in normal
testing conditions simulating PWR primary water. However, Alloys 690
and 152 showed the different tendencies.

2. The grain boundaries of Alloys 600 and 182 were oxidized due to the
oxygen diffusion into the specimen. However, IG oxidation of Alloys
690 and 152 was suppressed by a continuous protective band-shaped
Cr,O; layer.

3. The differences in cracking property and susceptibility between Alloys
600 and 182, and Alloys 690 and 152 can be attributed to the
different IG oxidation behavior of the alloys. The main reason for
these differences is thought to be the different chemical compositions,
especially the different Cr contents in these two alloy groups.

4. The metallurgical factors (Cr content, hydrogen concentration, IG Cr
carbides, grain boundary migration, cold working and surface
deformation) significantly affect the internal and IG oxidation, and the
resultant SCC properties of Ni-base alloys.
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