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Case I: Round-robin on striation spacing 

evaluation (INCEFA SCALE)



Fatigue crack

• The process of accumulating fatigue damage can be separated into a series of stages that 

are each governed by different physical mechanisms. In a nominally uncracked specimen 

that is subjected to suitable cyclic loading, fatigue damage first develops as an accumulation 

of plastic strain in the microstructure, typically in areas surrounding geometric discontinuities 

such as at the surface of the specimen and around defects such as pores or inclusions. 

Eventually, this leads to the local separation of material and nucleation of a microstructurally 

short crack (MSC). 

• Once a crack has been established, if the loading is sufficient to overcome intrinsic 

microstructural barriers (e.g. grain boundaries) the crack will propagate as a 

microstructurally short crack, with growth rates being heavily influenced by the local 

microstructure and difficult to predict using standard engineering methods. As the crack 

grows, the relative influence of the microstructure becomes less important as the crack front 

samples a larger volume of the material. At this stage the crack can be described as being 

mechanically short (100-500 μm), with growth rates become more stable and able to be 

described with improved confidence using elastic plastic fracture mechanics techniques. 



Fatigue striation

• As the crack continues to grow, the relative size of the plastic zone at the tip of the crack 

becomes smaller compared to the overall component size and crack growth rates become 

readily predictable using standard linear elastic fracture mechanics techniques. At this point 

(1-2 mm) the crack can be considered to be propagating as a long crack and will continue to 

grow until some failure criterion such as plastic collapse or fracture leads to the failure of the 

component.

• During crack propagation stages, plastic deformation at 

the crack tip can lead to the formation of local features on 

the fracture surface called striations. Striations are 

typically characterised as linear features that are parallel 

to the propagating crack front with a spacing that is 

proportional to the rate of crack advance.



Fatigue striation

• A key enabler for the development of improved analytical methods and mechanistic 

understanding is the ability to separate out and understand crack propagation throughout 

each of the individual stages of fatigue. In the absence of in situ monitoring of crack growth 

during an endurance test (which is experimentally complicated to implement) striation data 

represents a valuable way of reconstructing the crack history following the conclusion of the 

experiment.

• Whilst striation counting is a commonly used technique in failure investigations, to the 

authors’ knowledge there are no standardised procedure s or universal guidelines for the 

measurement and evaluation of fatigue striations on endurance specimens exposed to a 

simulated PWR primary environment. In recognising the challenges associated with striation 

counting, it was decided that a standardised procedure should be developed to ensure 

common working practices.



Fatigue striation evaluation
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Case II: Microstructural analysis on effects of 

PWR water, surface treatment and strain 

amplitude on the fatigue behaviour of SS304L 

(INCEFA PLUS)



• Austenitic stainless steels are a 

material of choice for primary circuit 

pipelines of pressurized water reactors 

(PWR)

• Exposure to PWR primary 

environment leads to a decreased 

fatigue life than air 

• The effect of surface treatment on CF? 

• The effect of environment on fatigue 

crack tip microstructure?

Background & Motivation



• Solution annealed NG 304L 

-Longitudinal grain size: ASTM 3-4 

-Transverse grain size: ASTM 3

-Approx. 3% δ-ferrite in rolling direction

-Two surface finishes

-polished (laboratory finish) 2700 FEPA and fine axial polishing 

marks at a 45° angle to the loading/unloading direction

-ground (worst case plant finish) using an automated grinding 

bench for cylindrical fatigue test specimens, resulting in 

circumferential grinding marks along the entire gauge length 

and transition radius of the fatigue test specimen

Materials & Methods 



• Fatigue testing

-high temperature air

-simulated PWR primary site environment

-Nominal strain amplitude (R = −1): 0.3% and 0.6% (strain rate of 1 × 10−4 s-1)

• Post mortem characterizations 

-Fractography & fatigue striation spacing evaluation

-Microstructural investigations of cross-sections

-near surface microstructure

-crack tip microstructure

Materials & Methods 



Nf

• Eight representative specimens selected

• The fatigue life (Nf) criteria for failure was defined as the cycle at which the tensile 

peak stress of a cycle drops by 25 % from its steady state tensile peak stress

• Polished specimens tested in air or PWR water were referred to as AP and PP, while 

ground specimens tested in air or PWR water were referred to as AG and PG
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Nf

• Specimens tested in HTA exhibit longer fatigue lifetimes, compared to those exposed 

to a simulated PWR primary environment. 

• Negative impact of high strain amplitude and a ground surface finish, particularly at low 

εa, on fatigue lifetime were found
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Fatigue striations 

• Fatigue striations formed on polished specimens tested in (a) air and (b) PWR 

environment (AP 0.6 % and PP 0.6 %) at a = 500 μm



Striation spacing

• Striation spacing as a function for (a) crack depth and (b) effective strain intensity factor for short crack 

depths (≤ 3 mm, validity region of the stress intensity factor)

• The increased strain amplitude and the exposure to PWR environment result in a higher FCGR of 304L.

• No effect of surface finish on striation spacing, since surface finish mainly affects crack initiation and 

MSC formation.



Near-surface observations

• The polished surface finish resulted in an ultrafine-grained 

layer and thin deformation layer extending around 1 µm into 

the specimen. Nanometric, dense, transgranular cracks, 

which are parallel to the deformation induced twins, were 

observed at the sub-surface.

• Grinding operations resulted in an outer ultrafine-grain layer 

with a deformation layer extending 10–20 µm into the bulk 

and a set of deformation bands.

• The grinding process resulted in a higher average KAM 

value and higher surface roughness.



Near-surface observations
• In a polished specimen, the UFG layer formed below the 

specimen surface promotes faster oxidation in a PWR water, 

leads to passivation/crack arrest and increases the cracking 

initiation resistance, which hinders the initiation and short 

crack growth of EAF cracks.

• Grinding introduces a deformed layer with a steep 

microstructural gradient in the material and the localisation of 

plastic deformation and higher ratio of HAGB and more 

extensive slip bands beneath the surface. Cracking takes 

place preferentially in high-energy structural defects, like 

HAGBs and deformation bands with a high-density of 

dislocations. Dissolution along the slip bands can also 

promote micro-crack initiation through a crevice corrosion 

effect.



Crack tip investigations

• Deformation bands formed parallel to 

the intersecting GB during cycling.

• The nucleation of α'-martensite occurs 

perpendicular to the ε-martensite

bands.

• ε-martensite bands are forming 

deformation channels

• The cyclic plastic strain is localised in 

the volumes between the ladder-like 

α'-martensite islands

(PG 0.3 %)



Crack tip investigations

• Deformation band 

boundaries were 

characterised by a 

parallel set of nano twins.

• The hcp ε-M phase is 

observed inside the 

deformation band and α′-

M nucleation occurs at 

hcp ε-martensite band 

intersections 

(PG 0.3 %)



• The amount of secondary fatigue cracks on the surface of specimens tested in PWR 

environment is higher than that tested in HTA. A very limited amount of phase transformation 

in the vicinity of the fatigue crack tip was observed for specimens tested in HTA at εa of 0.3 

% or 0.6 %, i.e. a very small amount of martensite was observed (only in one of the ~40 

investigated crack tips), unlike frequently observed for specimens tested in a simulated PWR 

environment (martensite was observed in one third of ~35 investigated crack tips).

Crack tip investigations

(AP 0.3 %)



• The crack tip in the majority of HTA specimens is characterised by mixed planar dislocation 

structures with poorly-defined wavy boundaries at low strain amplitude (εa = 0.3 %), while 

more homogeneous dislocation cell/wall structures are formed at increased strain amplitude 

(εa = 0.6 %) The transition from mixed wavy/ planar dislocation structures to dislocation 

cells occurs as a result of the increasing plastic deformation and cyclic loading.

Crack tip investigations

AG 0.3 % and AG 0.6 %



• The fatigue life reduction by the exposure to a simulated PWR is in part caused by the formation of 

martensite phases in the vicinity of the fatigue crack tip, and thus the possible effect of hydrogen should be 

discussed.

• The fatigue cracking is enhanced by the deformation inconsistence between austenite and α’-martensite

during cyclic loading.

• In addition to being at the root of martensite transformation at the crack tip, the possible accumulation of 

hydrogen at the transformed martensite/austenite interfaces may lead to an increased FCGR in the 

material.

• Local strain-induced martensitic transformation in the vicinity of crack tips provides a potential hydrogen 

diffusion passage. Due to the high solubility and low hydrogen diffusivity in austenite matrix and the 

comparatively low hydrogen solubility and high diffusivity in α′-martensite, the hydrogen can accumulate at 

the phase boundary or interface between the austenite and α′-martensite.

• Consequently, the crack may continue to propagate along the α′-martensite/austenite interface, resulting 

from the weak interatomic bonding subject to exterior stress in the presence of hydrogen and the activation 

of hydrogen induced slip deformation. 

Interaction of martensite with hydrogen



αꞌ-martensite initiates at the intersections of ε-martensite. After the dissociation of molecular hydrogen due to the 

corrosion reaction, atomic hydrogen will be absorbed by and diffuse in the material, where it will accumulate at 

the phase interfaces, e.g. martensite/austenite boundaries, and other microstructural heterogeneities. The LCF 

crack can continue to propagate along the martensite/austenite interface.

Interaction of martensite with hydrogen



Additional discussion

• The PWR environment can influence both the MSCs initiation (up to about 250 µm) and mechanically small crack 

growth (beyond 250 µm). For an estimation of the effect of PWR environment on these two stages, the pair PP 0.3% 

(Nf = 6547 cycles and da/dN = 3.1 µm/cycle when !"#$%&& is 0.5×10-3 m0.5) and AP 0.3% (Nf = 25020 cycles and 

da/dN = 1.6 µm/cycle when !"#$%&& is 0.5×10-3 m0.5) was taken as an example. The mechanically small crack 

growth rate is only about a factor of 2 greater in PWR than in air. Thus, the environmental effect on MSCs needs to 

be >>2 as the experimental Fen for engineering crack initiation (approximately 3 mm) is roughly 4.



Summary
§Ground surface finish, high strain amplitude and the PWR environment lead to a decrease in fatigue lifetime, 

specifically with 

o the ground surface finish and simulated PWR environment enhancing fatigue crack initiation and

o the simulated PWR environment and increased strain amplitude resulting in an increased FCGR.

§Phase transformation was observed in the vicinity of the fatigue crack tip of specimens tested in a simulated PWR 

primary environment. 

o Phase transformation, from γ-austenite to α′-martensite occurred via the intermediate ε-martensite phase.

o Phase formation was rarely observed in specimens tested in HTA.

§The enhanced fatigue crack propagation rate in the hydrogen-containing simulated PWR primary environment is 

potentially due to the aggregated presence of α′- and ε-martensite in the vicinity of the crack tip and their susceptibility 

to hydrogen-assisted fatigue cracking. 

Refs:

• Z. Que, C. Huotilainen, T. Seppänen, J. Lydman, U. Ehrnstén, Effect of machining on near surface microstructure and the observation of 

martensite at the fatigue crack tip in PWR environment of 304L stainless steel, Journal of Nuclear Materials 558 (153399) (2022).



Case III: Influence of mean stress and LWR 

environment on fatigue life and dislocation 

microstructures of SS316L



TEM for dislocation structure



TEM for dislocation structure



TEM for dislocation structure
§The TEM observations of the dislocation structures at the end of life of the tests with stress amplitude of 190 MPa and 

zero mean stress revealed that the microstructures are in good agreement with previous studies made on 316 L in 

standard conditions (strain controlled tests at room temperature in air). The plastic strain amplitude of these tests is 

about 0.28% in the mid-life, which is low enough to produce planar structures in some grains. However, most of the 

grains exhibit imperfect veins, wall/channel and persistent slip bands, which are typical features of intermediate plastic 

strain amplitudes (between 0.1% and 0.5%) in strain-controlled tests and are usually correlated to the localization of 

plastic deformation and cyclic softening and stabilized response to the external load.

§The microstructure resulting from the tests with stress amplitude of 190 MPa and + 50 MPa mean stress showed a 

much higher dislocation density, distributed homogeneously within the grains and with no notable signs of recovery 

processes. Such a microstructure is characteristic by high amount of dislocation-dislocation interactions leading to 

increased flow stress as described well by Taylor equation for dislocation-forest hardening. These microstructural 

changes and corresponding differences in cyclic plastic response of material were tentatively attributed to the large 

plastic strain to set the mean stress during the first cycles.


