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Irradiation-assisted stress corrosion cracking
• Stress Corrosion Cracking (SCC) is a wide-spread issue for 

Light Water Reactors 
 Generic Aging Lessons Learned report (GALL, NUREG-1801, 

Rev. 1): ~ 40% items identified in the “Reactor Vessel, 
Internals, and Reactor Coolant System” involve SCC.

• Irradiation damage can elevate SCC susceptibility 
 SCC activated or accelerated by irradiation
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Complexity of IASCC stems from the 
interdependence of variables 

Variables affecting IASCC
• Loading – K, dK/dt, dK/da …
• Environment – T, ECP, DO, flow 

rate, conductivity, pH …
• Microstructure – composition, GB 

characters, SFE, precipitation, 
heat treatment, YS …  

• Irradiation – dose, Tirr,, n or γ flux …

SCC Neutron 
irradiation

Intense   
radiation 

field
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4



Irradiated Materials Laboratory

Test Facility and Specimens
• Highly radioactive neutron-

irradiated specimens – dose rates up 
to 20 R/hr at 30 cm. 

• Tested with in-hot-cell servo-
hydraulic systems equipped with 
recirculation loops for simulating 
BWR and PWR environments

• Materials were various of 
austenitic stainless steels in SA 
and CW conditions.

• SSRT samples were irradiated 
at BOR-60 up to ~40-50 dpa. 

• CT samples were irradiated at 
Halden up to 3 dpa.

• Both irradiations were at LWR-
relevant temperatures.
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Slow Strain Rate Tensile tests
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• Strain rate: 7.4 x 10-7 s-1

• Test Conditions: 
• BWR water

 Temperature: ≈ 290°C DO:  8 ppm
 Pressure: 1400 psig Conductivity: <0.1 µS/cm 
 pH: 6.5 - 7  ECP:  200 mV (ss)
 Flow rate: 10-20 ml /min

• PWR water
 Temperature: ≈ 315°C DO ~ 10 ppb
 Pressure: 1800 psig Conductivity: 20 µS/cm 
 pH: 6.6  ECP:  - 650 mV
 Flow rate: 10-20 ml /min 
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Crack Growth Rate tests
 Apply cyclic or static load while monitoring the crack 

propagation online with potential drop method.
 Pre-crack in test environments, and transition to a SCC test 

when environmental enhancement is observed.  

 Constant-K (by load shedding) with and w/o periodic partial 
unloading (PPU)

CGRenv = CGRair + CGRcf + CGRscc 

• Fatigue precrack at R=0.2-0.3 at 1 Hz, 
Kmax=10-15 MPa m1/2

• Gradually increase load ratio up to 0.7
• Use slow/fast sawtooth waveform, 

and gradually increase rise time up to 
1000s. C
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Crack Growth Rate (CGR) tests
C

ra
ck

 A
dv

an
ce

IG

TG

8.00

8.10

8.20

8.30

8.40

8.50

4

8

12

16

20

24

28

320 400 480 560 640 720 800 880 960

C
ra

ck
 L

en
gt

h 
(m

m
)

K 
(M

Pa
 m

0.
5 )

Time (h)

CGRI-JR-51, Spec. SW-01
SA 304L SS, ~7 dpa
PWR water, 320oC

1a, 
PPU, 2 hr

1b, 
PPU, 1 hr

1c, 
Const.
load

2a, 
PPU, 2 hr

2b, 
PPU, 1 hr

2c, 
Const.
load

Crack 
length

K

(a)

6.15

6.20

6.25

6.30

6.35

6.40

6.45

6.50

6.55

5

10

15

20

25

30

100 150 200 250

C
ra

ck
 L

en
gt

h 
(m

m
)

K m
ax

 (M
Pa

 m
0.

5 )

Time (h)

Type 304L SA HAZ, as-welded (Spec. GG6TA)
Dose: 2.1 dpa
289°C, NWC

Kmax

Crack Length

CGR=7.8 x 10-10 m/s
R=0.67

Rise time=168 s 

CGR=6.08 x 10-10 m/s
R=0.67

Rise time=559 s 

CGR=1.4 x 10-09 m/s
R=0.57,

Rise time = 7 s 

CGR=6.3 x 10-10 m/s
R=0.57

Rise time =37 s 

(a)



Slow Strain Rate Tensile Results
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* Note the Halden samples were larger than the BOR-60 samples, making their results not directly comparable.

• Yield strength increases, and total elongation decreases with dose.  The 
saturation is between 3 and 10 dpa. 

• Cold-worked samples have higher strengths. 



Slow Strain Rate Tensile Results
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• In BWR NWC, extensive IG cracking can be observed, especially in samples with elevated 
oxygen and sulfur contents.

• In PWR, IG cracking is largely absent – attributing to the low corrosion potential of PWR 
environment. 

• Low corrosion potential does not provide a complete immunity to SCC.

BWR NWC, 5 dpa PWR, 10 dpa PWR, 47 dpa (SS347)



Crack Growth Rate Test Results
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• Cyclic CGRs in NWC were much higher than that obtained in HWC, suggesting an effect of 
the low corrosion potential. 

• A similar effect of HWC can also be seen in the SCC CGR results.
• However, the effect of HWC is uncertain for high Ks and relatively high doses. 
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Very high CGRs in highly irradiated 
materials
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• Use a SCC starter crack
• Test in environment with a slow displacement rate (~0.43 

µm/s)
• Monitor the crack length using potential drop method
• Use a blunting line of J/4σf in the J-R analysis

Fracture Toughness J-Resistance curve test
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Specimens with high CGRs also show 
embrittlement.
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The cracking mechanisms in SCC crack growth and J-R curve tests could be 
related and have a same mechanistic origin.



Summary
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• SSRT tests showed a strong effect of low DO on IASCC
 Extensive IG cracking during SSRT tests in BWR NWC, and much less brittle 

fracture morphology in PWR water -- a beneficial effect of low-DO environment in 
suppressing IASCC. 

 Low-DO did not eliminate IASCC completely, and some IG cracking were indeed 
observed in highly irradiated samples tested in PWR water.  

• Similar effect of low-DO environment in CGR tests 
 Under cyclic loading, the extent of environmental enhancement was lower in BWR 

HWC or PWR than in BWR NWC.  
 Under constant load, SCC CGRs were much lower in BWR HWC and PWR water 

than in BWR NWC.
 The beneficial effect of low DO environment diminished at high Ks  and high doses  

-- indicating a connection between irradiation embrittlement and IASCC 
susceptibility.
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