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Intergranular cracking in sensitised austenitic stainless steels was first observed in 
BWR's in the 70´s and led to significant losses in energy production 

Stress corrosion cracking susceptibility were not included in the design basis for old 
NPP´s

Early pipe material, Type 304, had high carbon content and welding was made with 
high heat input, which together with long term operation caused sensitisation and 
numerous incidences of IGSCC in oxidising environment 

The cracks were typically located at a distance of about 3…7 mm from the fusion 
line, where the combination of sensitisation and residual stress is most favourable

Intergranular Stress Corrosion Cracking, IGSCC
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IGSCC in sensitised Type 304 stainless steel

Hakala et al., Nuclear Engineering and Design, 119 (1990)

Extensive investigations were performed in the late '80s, also at VTT on Type 304 pipe 
sections removed from TVO NPP, using EPR, OM, SEM, TEM

Cracking occurs due to the combination of sensitisation, weld residual strain as indicated 
by the high dislocation density (resulting in residual stresses) and the oxidising BWR NWC 
environment
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Collected Swedish field experience
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Collected US field experience
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Early observations on the role of cold work in IGSCC
Creviced bent beam tests on "alternative alloys", 
i.e. Type 316L and 316NG

Alternative Alloys for BWR Pipe Application, NP2671-LD, 1982

"The results indicate the desirability of keeping macroscopic cold 
work at or below 5 percent limit even for alternative alloys"
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70's: Sensitized 304, 
BWR

Field experience, material type

Ti-stabilized 
SS, RBMK
(and BWR)

90's: Non-sensitized 
316NG, BWR and…

2006 →
Type 304 in a 
PWR, at a dead 
end location
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Field experience, cold work

Type 304 pipe bend, manufactured by 
cold bending using a mandrel, 
resulting in 18% strain in the pipe wall
Transgranular crack initiation 
restricted in the heavily cold worked 
mandrel scratch
Intergranular crack growth in non-
sensitised material

IGSCC in non-sensitised Type 316 
material in core shrouds with ground 
surfaces



916/03/2011

Collected field experience, influence of cold work

Deformation enhances IGSCC 
susceptibility for both sensitised 
and non-sensitised SS and is the 
most significant single parameter 
identified
For use of RI-ISI susceptible 
locations in the plants are not 
easily classified
A mechanistic understanding is 
needed to enable plant life 
management (for new and existing 
plants) and mitigation 

Ref. Karen Gott, 2001

Cold work
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Localisation of deformation, a key issue

Localisation of plastic deformation and the interaction between oxidation 
and strain localisation is considered to play a key role in initiation and crack 
growth, both in BWR and PWR
Localisation of deformation can be affected by several phenomena, e.g.

Dynamic strain ageing
Environmentally assisted creep
Dynamic recovery
Dynamic relaxation

Cold work, i.e., deformation below the recrystallisation temperature, affects 
the processes mentioned above, and is affected by, e.g.

Degree of deformation
Deformation temperature
Strain path
Alloy composition, etc.

Deformation is not homogeneous at the micro-level
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Crack initiation

Crack initiation has numerous precursor stages and is a multi-parameter phenomenon

Investigating initiation is challenging, as we look for very small cracks also in materials 
which are not very susceptible and many precursor phenomena are very slow processes
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DEFSPEED project investigations on strain localisation

Strain localisation was investigated in a nuclear power plant weld using 
EBSD technique and hardness measurements
The residual stresses in this weld were measured using the Contour 
method
Super slow strain rate test technique was developed and evaluated
Super slow strain rate tests using a strain rate of 1 · 10-8 s-1 were 
employed as a tool to investigate strain localisation in sensitised and 
cold deformed Type 304 stainless steel in BWR NWC environment and 
in non-sensitised and cold deformed Type 316L in BWR NWC
The specimens were characterised using SEM, EBSD, FIB and TEM
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Type 304 NPP pipe weld
The pipe section is from a 275 x 22 pipe made of 
Type 304 stainless steel
The pipe had been commercially welded according to 
nuclear specification using TIG, but the pipe was 
never installed
The chemical composition: 0.048%C, 0.037 %N, 18.4 
%Cr, 11.1%Ni, 0.030 %P, 0.011 %S
The microstructure of the pipe material is fully 
austenitic and the weld metal contains delta-ferrite
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The results show: 
• Highest tensile stresses in 
the middle of the weld 
• High tensile stresses in the 
HAZ at the pipe inner surface
• Higher stresses in the HAZ 
on one side of the weld 
compared to the other
• Mainly compressive stresses 
on the outer surface of the 
pipe

Residual stress measurement using the Contour-method
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Weld root area

2 mm

• High degree of plastic 
strain measured close to 
the fusion line
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Plastic strains across the weld

The plastic strains in the weld metal are highest in the areas of weld bead 
boundaries

There is a good correlation between micro-hardness and residual strains
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IGSCC observed in SSSRT in sensitised and non-sensitised SS

Sensitised Type 304
Indication of a shear component in 

initiation
The slower the strain rate, the higher 

was the % of IGSCC

Non-Sensitised, cold deformed and SSSR 
tested Type 316L

Accentuated deformation by the strain 
gauge has affected intergranular initiation

Crack initiation was observed in 
specimens deformed >15% 
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Oxide rupture, leading to IGSCC?

Oxide rupture is considered to 
be a prerequisite for crack 
initiation

Cracks in the oxide layer can 
be seen from the surface, but not 
knowledge weather the cracks 
penetrate into the base material, 
i.e., cause crack initiation

Focussed ion beam technique, 
FIB, was utilised to investigate 
this

Not all cracks continue into the 
base material

1 µm
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• Non-uniform distribution of plastic strain along the specimen surface indicating 
local strain gradients
• Higher strain in area with smaller grain size
• An even grain size requirement would be beneficial, but such a demand is 
seldom put in material procurement documents

=500 µm; BC; Step=1 µm; Grid1212x882 =500 µm; LocalM; Step=1 µm; Grid1212x882

500µm

Strain localisation in sensitised AISI 304, 10-8 s-1, EBSD
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Strain localisation in non-sensitised Type 316L, EBSD

=5 µm; LocalM5; Step=0,08 µm; Grid303x220

• Residual strains localise at grain boundaries and at the surface
• Also delta-ferrite affect the residual strains

=100 µm; LocalM5D; Step=0.2 µm; Grid1245x934

5 µm 100 µm
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Strain localisation on grain level, TEM

Straining at slow strain rate results in 
strain localisation in shear bands, 
which impinge on grain boundaries and 
cause a bloom of strain

This is in correlation with EBSD 
results showing preferential strain 
localisation at grain boundaries 
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Summary
Both sensitised and non-sensitised, cold deformed stainless steel can suffer from 
IGSCC in NWC BWR environment (known both from field and laboratory)
Corrosion – material interaction will play a key role for crack initiation. Many 
phenomena are diffusion rate controlled, i.e., very slow processes, which explains the 
long initiation times in the field

SSSRT seems to be a sensitive technique to measure susceptibility
Crack initiation was observed in non-sensitised Type 316L deformed >15%
Local differences in degree of deformation (e.g. strain gauge) affect initiation

It is unknown if the absolute level of deformation of the relative difference is more 
important (e.g. is uniform rough machining worse or better than a scratch on a 
polished surface)

Stainless steels, both base materials and welds, are inhomogeneous on a 
microstructural level, and this affects crack initiation

Welds have high residual strains, i.e. a driving force for crack growth, although 
cracking in weld are rarely observed in the field
The manufacturing requirements of today do not specify microstructural 
homogeneity level, but would be beneficial

Mitigating crack initiation by good material procurement, manufacturing, installation and 
plant operation is successful plant life management strategy

Pål Efsing, Vattenfall “Do it right from the beginning”
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VTT creates business from 
technology


	Deformation localisation and EAC in inhomogeneous microstructures of austenitic stainless steels
	IGSCC in sensitised Type 304 stainless steel
	Collected Swedish field experience
	Collected US field experience
	Early observations on the role of cold work in IGSCC
	Field experience, material type
	Field experience, cold work
	Collected field experience, influence of cold work
	Localisation of deformation, a key issue
	Crack initiation
	DEFSPEED project investigations on strain localisation
	Type 304 NPP pipe weld
	IGSCC observed in SSSRT in sensitised and non-sensitised SS
	Oxide rupture, leading to IGSCC?
	Strain localisation in non-sensitised Type 316L, EBSD
	Strain localisation on grain level, TEM
	Summary

