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Effect of Water Chemistry
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Effect of Water Chemistry
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Environmental Margins for SCC Crack Growth

The following environmental margins for SCC crack growth under static
load can be established for the LAS investigated:

* No SCC was observed for ECP < + 150 mV,. and for conductivity
< 0.25 uS/em (corresponding to < 65 ppb SO,*) as long as small scale
yielding conditions were prevailing in the specimen ligament.

¢ Sustained, fast SCC growth (> 1 cm/a) with respect to operational time
scale of a BWR cannot be excluded for ECP 2 100 mV,,. and
conductivity > 1.0 uS/cm (corresponding to > 350 ppb SO% or to
chemistry conditions exceeding EPRI action level iy andfor in

specimens with a high degree of plasticity in the remaining ligament,

« The given margins can be shifted to much lower values of both ECP and
concentration of specific anions if there is a positive strain rate
acting at the crack tip.
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Summary of Standard SCC Tests under Static Load
I il il
K| < KI,ASTM KI,ASTM S KI <2 KI.ASTM Kr 22 KI.ASTM
plane strain - . : o
linear elastic transition region (gross) ligament yielding
transferable to RPV ? not transferable to RPV
A8, " (1000 h) <30 um | 42, (1000 h) < tmm | Aa_ ™ (1000 hyz tmm
< SEM detection limit < periodicity of > periodicity of
microstructure microstructure
< 300 um/year < 1 cm/year 21 cmiyear
10 SCC SCC sustained SCC
limited in time > test period of 1000 h
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New Results of Tests under Constant Deformation (WOL DCB)
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EAC Crack Growth during Initial Dynamic and Subsequent Static Loading
initial loading ' constant load
dCOD, /dt = 3.7E-6 mm/s fir 943 h
107 ¢ 1 1700

- 3 1600 =
=2 ] =
E10°F + 1500
. E ] A
ko] i . [&]
& i SAS533BCL1,0.018 wt.% S, LT F1400 m‘ﬁ
z oL K = 73 MPa m'® 31000
5 10 E T=288°C,0,=8ppm, ECP =+ 170 mV,,, v
= ¥ % = 0.25 uS/em, 65 ppb SO * <] 1000 g |
g i — 800 §
S 10"°E— E 600 g
& - d400 3§
S L da/dt o 1/t ] o

L 4200 O

10-11 " X L 1 X 2 L 1o 1 L i, L 3 0
10 20 200 400 600 800 1000
Time t [h]
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Corrosion-Assisted Crack Advance in Constant Load Tests

10° o & PSHLSU288°C .

- A E
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High sulphur steel

SA 533 B CL1(0.018 wt, % S)
LT, a,=26.7mm

K. =34 MPam"™
<Aa,..>=1.09 mm

K" = 72 MPa-m™

Low sulphur steel

SA 508 Cl. 2 (0.004 wt. % S)
LT, a,=26.9 mm

<BbBgee> £ 20 um

K™% = 68 MPa-m'

no SICC

Effect of Sulphur Content on Crack Initiation and Growth
Pre-load Final test load
15.4
i [nitial loading in 22.45 h ~ ————s
83+ dCOD,/dt = 3 - 10° mm/s
15.2 F
T Crack initiation
— 151 }
G I .
A I Crack tip Crack growth
o 130 s blunting (SICC)
g i |1 1I 1
B I
b 1
8+
c I | T .
14.7 :E‘ f’M
14.6 —— ' Crack tip blunting
I no corrosion-assisted crack growth
14_5'.:::;::::;:;::}:::;{::::}::::.
5 10 15 20 25 30 35
Load [kN]
T=288°C,O,=8ppm, ECP =+ 150 MV, x = 0.25 uS/cm, 65 ppb SO
quasi-stagnant conditions (3 autoclave exchange per hour)
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Effect of Loading Rate on Crack Initiation

High Sulph steel

sl Aveminsel

et environment

K., from SRD-tests in
high temperature water

4 R LA AL
0F B e, Estimate of K,
20 ikttt e} Y
10° w0 10t 10° 10" 10° 10* 107
dCOD /dt  [mm/s]
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Effect of Test Duration and of Crack
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Length Evaluation Method

i
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i
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Holding time under constant load At {h]
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glenvironment/material condiiions
nstant lcad of 1 h, 100 h, 1084 h

with different hoiding periods At under co
* Crack arrest (< 6 E-12 m/s) in the long term test (1084 h) after ~ 400 h

3 individual tests under identical loadin

d
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Corrosion-assisted crack growth
tot sL
K, Region Initial Subsequent static A‘i‘aﬂ? 0(/) éy;_‘ A?asci Oé OAL ?a/?g’ga(a
MPa-m™ loadin loadin = p =
[ ] g g [m/s] m/s] (m/s]
K <30 SsY no no < 10" < 10™ < 10"
30 £ < ASTM EB47 strictly “ » -
K, Y yes |limited in time ~10'h| <10 <210 <10
<60 =SS -~ 10%h
60 < Y
K, transition region | ves limited in time < 10° <10 <3-10™
~10°h-=10%h
< 80
. _— sustained >3-10™ | >3.10" | >3.10"
> figa t yieldi : ;
K280 |ligament yielding| - yes > 10 h, > test period| < 107 <107 <10
Alloy | At dCOD, /dt dP/dt T K ok ECP 0,
(h] [mm/s] (kN/h] | [°C1 | [uSlem] | [ppb] | [mVv,,] (ppm]
AoFjO0to1000|2-107t08- 10" | 0.1t 160 | 288 |0.06 0 0.25| 1 to 75 -50t0 + 200 | 0.2t0 8
00 f'ia:}ai'qn\yg&fja,g\i'qg\ibésm;{é fi;igéj. |
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SCC Tests under Active External Loading

‘f_‘ Initial loading:

* Crack initiation and growth by SICC during initial loading within the test
environment (between 80 and100 % of the total crack advance).

e If crack initiation did not ocour during or directly after initial loading, no SCC was
observed so far under subsequent static load. Incubation periods > 1000 h cannot
be excluded.

* Both SICC initiation and growth during initial loading are dependent on the loading
rate:

Aa,,. = Aag (initial loading) + Aa,,, (static load)

Aa.. > Aa,

CAC

K, =f (COD) Minimum at 10° mm/s or saturation below 10° mm/s?
és:co =f (CéD) észcc =A- CéDn

12.06.9%C:sigene datgienivortragirskh klivieng
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SCC Tests under Active External Loading

Subsequent static load:

L d

* no stable, stationary corrosion-assisted crack growth Ao = T (1)

o if further crack growth (> detection limit) under constant load was detected, the
rate of crack advance continuously decayed during the test and often fell below
the DCPD detection limit during long-term tests (,crack arrest®).

T -4, Aag, JAt > AagJAt > 8y,

8. = f (initial loading rate, test period At, crack length measurement method,...)

Adg =< INt A, =t ¢ lowtemperature creep

o If crack arrest had occurred, crack growth could be re-initiated by a small load
increase or by a partial unloading/loading cycle.

— superimposed small dynamic or cyclic load changes
can have a distinct effect on crack growth
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Effect of Material Parameters

* No systematic investigations on the effect of microstructure

* Similar behaviour of low carbon and different low alloy steels
AT06 = A 333-6 ~ SA 508 CI.2 ~ SA 533 B ClL.1 ~ 20 MnMoNi 5 § ~ 22 Ni MoCr 3 7
ferritic-pearlitic = bainitic
as long as S-content and yteld strength is comparable

» Main material parameter affecting EAC susceptibility:

S-content, size, shape, orientation and spatial distribution of MnS-inclusions
anisotropy, segregation — specimen orientation/location in plate/forging

» Possible relevant effect of yield strength R, if<RP > 800 MPa

_ Hardness > 350 HV
—Hydrogen-assisted SCC — weld heat affected zones

* Possible effect of Dynamic Strain Ageing (DSA)

— interaction between free interstitials as C, N, (H) with dislocations — free C, N-content
variations of free N,C-content respectively DSA response
= f( heat treatment, welding technique, stee! making process, ....)

13.05.99/C:\aigane dateien\vortragihsk\nsk9s\natariall
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- Effect of Sulphur Content

* Stress Corrosion Cracking:

static ioading, small scale yielding, water chemistry ~ BWR/NWGC reactor water:
— almost no susceptibility to SCC under these conditions
therefore no distinct effect of S-content on crack initiation and growth

e Strain-induced Corrosion Cracking

slow dynamic loading (SRD, vLCF), initial loading and ligament yielding in CL tests:

- distinct effect of S-content on both crack initiation and on crack growth rate
(strongly dependent on loading rate)

- different appearance of fracture surface (strongly dependent on loading rate):
Shape of corrosion-assisted crack growth:
local, MnS (low sulphur steel) vs. uniform, even (high sulphur steel)
 Aa™ (low sulphur steel) < Aa™ (high sulphur steel)

<da> (low sulphur steel) << <Aa> (high sulphur steel)
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Shape of crack front

High sulphur (0.018 wt. %) steel
SA 533 B CI.1 (alloy D)

i

Low sulphur steel (0.004 wt. %)
20 MnMoNi 5 5 (alloy B)

p W[_?—ED“} PAUL SCHERRER INSTITUT

Summary |
* Passive loading (WOL DCB):

- No SCC was observed even under aggressive environmental conditions

- slow positive dynamic (plastic) strain rate is essential for crack initiation
» Active loading (SRD +/or CL with 1T-CT) + = BWR WC conditions:
- Kiee = 30 MPa-m'"

/ - crack arrest within 1000 h tests
- 30 MPa-m™ <K < 60 MPam™ <— - A3, /At <2 - 10™ m/s (600 pmya)

\

S - da,, /At < Low Sulphur Line®

- Fast SICC crack growth 10® m/s to 107 m/s (=&, =a,; Aa,, >> grain size) during
dynamic loading could not be maintained under subsequent static load and crack
arrest occurred if SSY conditions were prevailing in the remaining ligament.

- Ay JAt = f (initial loading rate, test duration, crack length determination method,...)
~ Up to 3 - 4 orders of magnitude in crack growth rate can be produced!
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Summary li

* Within certain limits, neither environmental nor material parameter have a distinct

effect on SCC crack growth under static load as long as SSY conditions are
prevailing.

* Within certain limits, both SICC initiation and growth are dependent on
- Buik-Sulfate concentration SO,*
- ECP
- Steel sulphur content
- Crack tip strain rate respectively loading rate f(,, F;, C(5DLL

- high ECP
_ - high Bulk-SO *concentration
1. a high sulphur anion activity in the crack tip electrolyte ¢ - high S-content of steel

- long pre-existing crack

I - quasi-stagnant conditions

- dynamic external loading

2. a slow positive dynamic (plastic) crack tip strain rate { - high netsection stress/
(gross) ligament yielding
have to be maintained simultaneously (- aggressive water chemistry)

for a high degree of cracking!

14.05.89/Chalgens datgign\vortragicgcg9disummarny2
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Corrosion-assisted crack growth
tot SL
K Region Initial | Subsequent static A’f:ae"; o(/)(?th ﬁasc? 0(; éb‘th Sa/?g’g’a(a
12 . . = = -
[MPa-m™] loading loading (m/s] [m/s] (m/s]
K <30 SsY no no <10™ < 1Q™ < 10™
30 < < ASTM E847 strictly
K, yes |limitedintime =10'h| <10™ <2.10™ < 10™
< 60 = SSY -~ 10%h
60 < o
K transition region | ves “m‘;ed i t'”};e <10* < 10" <3-10™"
' =10°h-=~10"h
< 80
: o sustained >3-10" | >3.10™ | >3.10"
K280 ligament yielding| yes | . h, > test period| <107 <107 <107
Alloy | At dCOD, /dt dP/dt T K SO* ECP 0,
(h] [mm/s] (kN/h] | [°C1 | [uS/em] | [ppb] | [MV] [ppm]
AloF}0to1000|2-107t08- 10} 0.1t0 160 | 288 |0.06 t0 0.25| 1t0 75 | -50 to + 200 | 0.2 to 8
pﬁ.qs.sng:g@a@_;.'aEgig'r)\v6:1_r-ag_\iclg\ic'g",_)g\ak'u§rz,us‘_ Cu
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Environmental Margins for SCC Crack Growth

11.05.99/C\eigane dalaienwenragiicgicgydgnmarging

The following environmental margins for SCC crack growth under static
load can be established for the LAS investigated:

* No SCC was observed for ECP < + 150 mV,,, and for conductivity
< 0.25 uS/em (corresponding to < 65 ppb SO,*) as long as small scale
yielding conditions were prevailing in the specimen ligament.

» Sustained, fast SCC growth (> 1 cm/a) with-respect to operational time
scale of a BWR cannot be excluded for ECP > 100 mV and
conductivity 2 1.0 uS/ecm (corresponding to = 350 ppb SO or to
chemistry conditions exceeding EPRI action level [ll) andfor in
specimens with a high degree of plasticity in the remaining ligament.

* The given margins can be shifted to much lower values ot both ECP and
concentration of specific anions if there is a positive strain rate
acting at the crack tip.

SHE

~ee(~=] =3 PAUL SCHERRER INSTITUT

Corrosion-assisted crack growth rate [m/s]

1E-7 ¢

Q, = 200 - 600 ppb, T =288 °C
0, =200 - 600 ppb, T = 240 °C
1E-8 0, = 8000 ppb, T =288 °C

0, = 8000 ppb, T = 240 °C
" low sulphur ling" : =
1€-9 s
MhS 2 ECP?T 7?87
I _

1E-10

» L] >3 o

1E-11

18-12 - : o8

Ll
[-1+]
o

1E-13 bttt ittt

10 20 30 40 50 60 70 80

100
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Conclusions

» The LAS investigated are not susceptible to SCC crack growth under static
loading and small scale yielding conditions as long as water chemistry is
maintained within current BWR/NWC operation practice to some extent.

» Sustained, fast SCC with respect to operational time scales cannot be exciuded in
specimens with a high degree of plasticity in the remaining ligament and/or at
elevated potentials in hot water of high conductivity (= 1.0 uS/cm as Na,SO, at
ECP 2 100 mV,,., > EPR! action level 3).

« [n comparison to the observed low susceptibility to SCC crack growth, crack
advances and growth rates due to SICC under conditions of siow, positive
dynamic (plastic) straining can be very high for critical combination of relevant
system parameters (ECP, SO*, S-content of stel, ...).

* The results of this study correspond well with the operating experience of LAS
pressure  boundary components. Relevant dynamic  straining (thermal
stratification, start-up/shut-down, etc.) and oxidising agents (usually oxygen itself)
were always involved in the few cases of service .cracking. They could be
attributed either to SICC or low cycle corrosion fatigue. :
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