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Materials used in PWR plants
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Why is LTCP important?
Safe and economic NPP operation requires knowledge about
possible degradation modes
Degradation modes are e.g. stress corrosion cracking, thermal
ageing, mechanical and environmentally assisted fatigue,
radiation embrittlement of the pressure vessel, etc.
Non-destructive inspection is used to monitor the integrity of
components
Structural integrity assessment rules exist for many degradation
modes
Low temperature crack propagation was recognized as one
potential degradation mode, first in X-750 and later in Ni-based
weld metals
It is important to know which materials are prone to LTCP, in
which conditions LTCP may occur, and what the possible
consequences could be
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Introduction
LTCP (Low Temperature Crack Propagation)
may occur in pre-cracked nickel-based
materials when following conditions are met:
hydrogenated water
low temperature
slow loading rate
high stress

A typical feature of LTCP is a transition in the
cracking mechanism from ductile dimple
fracture to intergranular (IG) / interdendritic
(ID) cracking
LTCP related studies are consistently
showing that increasing hydrogen content in
water decreases the fracture resistance of
nickel-based materials

Ductile
dimple
fracture

Intergranular
fracture
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LTCP risk in PWRs
LTCP risk is a function of PWR
shutdown procedures as it requires a
certain amount of stress, hydrogen
addition and low temperature
simultaneously. The hydrogen and
temperature conditions for LTCP to
occur can be present in some PWR
shutdowns (example chart)
Crack growth rates in LTCP
susceptible materials may be very
fast in low temperature
hydrogenated water
No LTCP incidents have been
reported in open literature thus far

Shutdown examples from some American
and French plants:

Reference: Demma, A. et al. Low Temperature Crack Propagation
Evaluation in Pressurized Water Reactor Service. In: Proceedings of the 12th
International Symposium on Environmental Degradation of Materials in
Nuclear Power Systems – Water Reactors. 2005. USA: TMS, 2005.
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Aim of the study
The aim of this study was
to investigate the LTCP phenomenon
in Alloy 182, 152, 82 and 52 weld
metals
to study the effect of pre-exposure to
high-temperature (300 °C) water prior
to loading of the specimens at 55 °C
to examine the microstructural
phenomena related to hydrogeninduced low-temperature fracture
to evaluate the relations between
results from J-R tests, hydrogen
thermal desorption measurements
and fractography
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Materials and specimens
Test materials:
All-weld metal test blocks (Alloys 182, 82, 152
and 52)
Dissimilar metal weld (DMW) mock-ups
(Alloys 182, 152 and 52)
SE(B) type pre-cracked specimens were used
10 x 10 x 55 mm, 10% side grooves
All-weld metal specimens, L-S orientation
DMW specimens, T-S orientation

All-weld metal test blocks

NGW mock-up (Alloy 52)
KAIST mock-up (Alloy 152)
Aalto mock-up (Alloy 182)
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J-R test description
Pneumatic servo-controlled loading in an
autoclave
DC-PD measurement of crack growth,
corrected after the test
Environments:
Room temperature air
Hydrogenated low temperature (55 °C) water
in an autoclave
Hydrogen contents of 5, 30 and 100 cm3 H2/kg
H2O were applied
Boric acid (H3BO3) 200 ppm and lithium
hydroxide (LiOH) 2.1 ppm

The effect of high (operation) temperature
water was investigated by performing tests at
55 °C after 24 hours or
30 days pre-exposure at 300 °C
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Overview of the J-R test results
Clear and systematic reduction of
fracture resistance due to hydrogen
Alloy 182 exhibits the lowest
average JQ values in
hydrogenated water (30 cm 3 H2/kg
H2O and 100 cm 3 H2/kg H2O)
Addition of 30 cm 3 H2/kg H2O
hydrogen lowers the fracture
resistance of Alloys 152 and 82,
although not dramatically
Alloy 52 does not show a
measurable reduction of fracture
resistance when tested with 30
cm3 H2/kg H2O hydrogen
100 cm 3 H2/kg H2O hydrogen has
a clear effect in some Alloy 52
specimens
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The effect of pre-exposure (300 °C) on the
fracture resistance
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The J-R –test results obtained
for Alloys 182 and 152 after preexposure in 300 °C (24 h or 30
days) hydrogenated water are
consistently higher than those
obtained in the same test
environment without preexposure.
Alloy 52 does not show
measurable susceptibility to
LTCP with hydrogen content 30
cm3 H2/kg H2O, neither with nor
without pre-exposure to high
temperature water.
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The effect of PWHT on the fracture resistance of
Alloys 182 and 52
The J-R –test results obtained for Alloys
182 and 52 after PWHT are somewhat
similar to the results obtained for AW
specimens
Alloy 182 shows slightly lower JQ but
higher J1mm and tearing resistance
T0.5mm values after PWHT

AW
specimens
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Activation energy for hydrogen desorption
Thermal desorption spectra for DMW Alloy 182 samples in as-welded condition
and for DMW Alloy 52 samples in PWHT + 30 cc pre-exposure -condition
Activation energy determined applying a model by Lee & Lee (1984):
)

)

Different activation energies for hydrogen desorption for DMW Alloys 182 and
52 indicate that the hydrogen trapping is caused by different carbides
Alloy 182

Alloy 52
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Microscopy
Studied materials: Alloy 182 and Alloy 52
Applied techniques: SEM (including 3D), TEM, EDS
(and EBSD)
Mating fracture surfaces were investigated and
compared
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Alloy 182 fractography
The fracture surfaces consisted of alternating areas of transgranular and
intergranular cracking
A few different types of precipitates were observed on the IG/ID surface
The larger precipitates, appearing light were found to contain niobium. Smaller
precipitates contain chromium, titanium, aluminum or silicon

The grain boundary is decorated by very small (< 100 nm) carbides

J-R test

TG

IG/ID

Pre-crack
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Intergranular fracture surface morphology of
Opposing sides of the mating fracture surfaces
Alloy 52 specimens
Intergranular fracture
surfaces manifest a surface
layer that contains a large
amount of M23C6 carbides.
The fracture surface layer
was studied by using 3D
SEM
The carbide-rich surface
layer thickness (~100-300
nm) correlates well with the
carbide size

22/04/2015
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TEM examination of Alloys 182 and 52 (DMW)
Ti-rich

Grain boundary carbides were
predominately Cr-rich carbides
(M23C6)
In Alloy 52, the observed Cr-rich
carbides were mostly tetrahedronshaped. In addition, very small (~50
nm) Ti-rich carbides were
observed.
In Alloy 182, the Cr-rich carbides
were sometimes tetrahedronshaped, sometimes irregularshaped. Also, some Nb-rich
carbides were observed.
The Cr-rich carbides were smaller
in Alloy 182 (~30-70 nm) than in
Alloy 52 (~100-300 nm).

Cr-rich

Alloy 52

Alloy 182
Cr-rich
Nb-rich
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Conclusions (I)
Hydrogen decreases the fracture resistance of Alloys 182, 152
and 52 significantly in low-temperature water with high hydrogen
contents (100 cm3 H2/kg H2O). Alloy 182 is the most susceptible
material to LTCP, and it exhibits a significant reduction of fracture
resistance already with a hydrogen content of 30 cm3 H2/kg H2O.
The high temperature pre-exposure decreases the amount of
trapped hydrogen in Alloys 182 and 152 and thus slightly
increases the fracture resistance when compared to the results
obtained for as-welded samples.
Alloy 182 exhibits one type of a dominating trap whereas in Alloy
52 there are at least two types of traps for hydrogen. Based on
fractography and TEM the traps in Alloy 182 are probably Nb-rich
MC-carbides and in Alloy 52 Ti-rich MC-carbides and Cr-rich M23C6
carbides.
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Conclusions (II)
Alloy 52 exhibits a fine carbide-rich fracture surface
structure. Crack propagation deviates between two parallel
planes close to the grain boundary. The distance between the
two planes correlates well with the grain boundary carbide size.
Post-weld heat treatment slightly increases the J1mm values
and tearing modulus of DMW Alloy 182 tested in
hydrogenated low temperature water but does not have a clear
effect on JQ.
LTCP risk can be minimized by avoiding a situation where the
material is under stress, the amount of hydrogen is high and the
temperature is low. It must also be considered that the different
nickel-based weld metals exhibit a different LTCP behaviour.
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