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Introduction: How to characterize a fatigue
test specimen?



1 Macroscale Characterization of Gauge Section and Fracture Surface
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Figure 4 Exsmple result far stiching togather five images of the gauge section of 2 failad salid spacimen.
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Figure 3 Example identifications
Figure 1 Example macroscale documentation of the fracture (A-7) (8-7) of crack paths from macroscale
surfaces of a failed solid specimen. A and B are referring to Fisure2 Example macroscsie documentation of the gaUse mgpes of falled solid specimen

section of a failed solid specimen (both halves),

different halves. fracture surfaces,



2 SEM Fractography and Striation Spacing Evaluation

Figure 5 Example of choosing the most dominant  Figure 6 Example identification of two "main” crack  Figure 7 Example identification of a initiation site and
crack associated with the largest area on the intiation sites and paths, and the region of final a suitable crack path for striation counting on the
fracture surface of a falled solid specimen. fracture on the fracture surface of a solld specimen.  fracture surface of a falled solid specimen.

-

Final fracture

Origin
Figure 8 Example identification of a crack path from Figure 9 Example identification of the "main” crack path, from initiztion
initiation site to the region of final fracture on the site to the failure site on the fracture surface of a failed hollow

fracture surface of a failed solid specimen, specimen.
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2 SEM Fractography and Striation Spacing Evaluation
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Figure 10 Example reference image taken with a suitabie magnification so that  Figure 11 Example higher magnification Image of & Individual striation patch
at least three striation patches can be obseryed, that is suitable for striation counting
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Figure 13 Example of a messurement line parpendicular to stritions. The fine starts and ends at 3 through, and extends aver 10 striations.
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Figure 12 Example micrographs of location with evidence of two overlead cycles.



3 Cross-Sectional Characterization of Near-Surface Region and Crack Tips

«|Initiation site
«~Failure site
«-Crack path
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|
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Figure 14 Crosz-sactioning of a failed salid specimen. Figure 15 Example of cutting fines/cross-zectioning
of z failed =olid specimen.



3 Cross-Sectional Characterization of Near-Surface Region and Crack Tips

Figure 17 Example BSE images and EBSD IPF maps of near-surface region showing the layered microstructure.

Refs:
* A. Vainionpaa, J. Spadotto, Z. Que, B. Connally, A. Mclennan, S. Arrieta, J. Huret, T. Damiani, in: Proceedings of the ASME Pressure
Vessels & Piping Conference (PVP2023), PVP2023-105888, Atlanta, USA, 2023.



Case |: 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 um), 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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Striation Counting Protocol

The precedure descitbed below has bean developed within the
fiamework of the INCEFA-SCALE FProgramme for the
ewtluation ef smiation pacingi on fatipus endurance
spacimens tested in a stmulated PR anvironment and BT or
HT afr: This procedure can be applied after the identification
of a single main crack on the fracture surface. This procedure
should be applied with caufion to specimens with mulnple
crack pathways. The procedure described can be applisd 1o
bath hollow and solid LCF specimens,

For concizeness, this procedurs is prasented in an abbreviated
Sarm in this decument with only the main pointz highlighted.
Additional guidelines and detoifed mstructions have besn
omitted at thiz peint in time The precedure & undergoing
continuous  development  within  the INCEF{-SCALFE
Programme.

NOMENCLATURE'
FaoV Field of View

STRIATION CAPTURING PROCEDURE

The following describes the procedure for capiuring the
variation in siristion spacins along the fracture surface:

1. Orientate the specimen within the SEM so that crack

path is aligned with the ¥ (vertical) axiz of the:

MLCTOSCOpe.

2 Ceatre the Field of View (FoV) onfo the initiation site
and record the X and Y stage coordinates. This
represents the initiation site co-ordinstes from which
all subsequent crack depths will be measured.

3. Centre the FoV onto the final failare site and record
the X and Y stage coordinates. Thus will provide the
final erack depth when the tect was stopped.

4. Starting from the imitiation site, select a suitably ugh

magnification and move along the crack path in small

inerements until siriations can be clearly observed

The precize magmfication and movement step will be

dependent on the losding conditions and mav vary

for different specimens. The operator should nse their
best judgement and draw on previous experience for
selecting the magnifications and displacements.

Idennfy &8 FoV ond owenification where

sppreximately five (3) smaton patches can be

chserved. The aim i35 to obtain an average of several
stniation patches for & given crack depth to minimise
hias.

L

6. Iterate through the following steps unnl no less than
ten (10), but ideslly more, sites-across the crack path

have besn captured.
& PRecord X and Y stage coordinates ot cenire
of FoV.
k. Captare image(s) sccording to pnnciples
described i Section 4.

c.  Advance FoV by at lesst s distance that
prevents overlappins of adjacent FoV's.

7. For most FoVs it 1s expected that a single image will
be suitable for performing the sinaton counting
However, at smaller ceack depths it may be dufficult
to accurately resolve striations in the reference image:
due to obfuscation by the oxide and smaller spacings.
In these cases. additional higher magnification
imapes of wdividual siriaticn patches can be faken
but the caleulated depth from the origmal FoV shonld
be assumed for each image.

STRIATION COUNTING
The following describes how sinations shounld be counted
from the images captured on the SEM. It 15 recommended
that some sort of tmapge processing zoftware be used fo
perform this anafyais.

l. Measore the scale by setung the number of
pixels per micron this can be done by measuring
the scale bar
Identifyv a clearly defined patch of striations
A& measwement hme showld be drawn
perpendicular o the stnations. This line should
am to cover at least a summmm of fen (10
strintions. The line shonld start and end at the
same featmre, either in & trongh or st & striation
peak. An example of this 13 shown in Fig. 1 of
the mam publicstion.

4 Wher= it 15 not possible to resoive ten (10)
striations but striations are clearly wisible, 1t is
permizsible to measure a smaller number but this
chould be documented in the results file.

5. Label each hne clearly on the image with a letter
(e.g"a™, "bT, o).

6. A marked pp version of the tmage fenturing these
measurement lines should be recorded along
with the raw image.

L]

Average Striation Spacing (pmistriation)
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Refs:
 B. Howe, J. Mann, Z. Que, C. Huotilainen, F. Scenini, G. Burke,

Development of a Robust Procedure for the Evaluation of
Striation Spacings in Low Cycle Fatigue Specimens Tested in a
Simulated PWR Environment, in: Proceedings of the ASME
Pressure Vessels & Piping Conference (PVP2022), PVP2022
84027 Las Vegas, Nevada, USA, 2022.



Case lI: Microstructural analysis on effects of
PWR water, surface treatment and strain
amplitude on the fatigue behaviour of SS304L
(INCEFA PLUS)



Background & Motivation

 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?

Primary Circuit Secondary Circuit

Anti-vibration bars:

Steam dryers: Carbon steel  MSR: Turbine:
Ganiorsal L PO ses 439 ferritic steel + Rotor: low alloy steel
Clad: 308, §09 sS SG 1 wall: * Blades: 17-4PH, 403 SS
W - m"e:‘lf ud i + Blade attach: low alloy steel
elds: w alloy:steel * Diaphram, Cr steel
SS to SS: 308 SS
teel to SS: 308, 309 Generator:
CRDM housmg / * Retaining ring:
Alloy 600MA, 690TT i high strength,
| steami [ o high toughness
Closure studs: b . i e * Copper
Alloy steel l[llil rransformer conductors
Vessel: )

« Alloy steel

* Clad: 308, 309 SS ¥ H1 ;_ i | 42 = 3 __—— Condenser tubes:
[ — * Tior SS
Control rod: H tubes
« SSclad | Condenser tubesheet:
« B4C +SS poison | « Cathodic protection
Core structurals: Spoling or titanium clad
304 88 Condenser structural:

High strength: Water side: carbon steel
A 286,X 750
Fuel cladding”
Zy-4, advanced Zr

Fuel: UO,

C Water: Riyer or
Sea Water, Cooling Tower

Pr;r;: rjvlglglsng: Primary plenum clad:

308, 309 SS

Pump materials: Divider plate: Preheater tubing:
* Hi Str: A 286, 17-4 PH, X 750 Alloy 600 Low alloy steel 304 SS
. fx::pelle::;ymgs:l:assls SG tubing: Tube supports: Secondary feedwater piping:
stainless Alloys 600MA, 40588 Carbon steel
600TT, 690TT,
800 Welds:

Steel to SS: 82,182



Materials & Methods

* Solution annealed NG 304L
—Longitudinal grain size: ASTM 3-4
—Transverse grain size: ASTM 3
—Approx. 3% o-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

Fe C | Mn | Si S B Ni | Cr | Mo | Cu N
SS 304L | bal. | 0.029 | 1.86 | 0.37 | 0.004 | 0.029 | 10.0 | 18.00 | 0.04 | 0.02 | 0.056 |




* Fatigue testing
—high temperature air

—simulated PWR primary site environment
—Nominal strain amplitude (R = -1): 0.3% and 0.6% (strain rate of 1 x 1074 s1)

* Post mortem characterizations

Materials & Methods

—Fractography & fatigue striation spacing evaluation
—Microstructural investigations of cross-sections

—near surface microstructure

—crack tip microstructure

Air PWR
T °C 300+2 3002
Relative humidity % <30 -
P bar atmospheric | 150 (min)
[Li] as LIOH (ppm) - (2+0.2) ppm
[B] as B(OH)s (ppm) - 1000 + 100
0 (ppb) - <5
Ha (cckg) - 25-30
pHaooec - 6.95




N;

 Eight representative specimens selected

* The fatigue life (N;) 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

— 1.2 - HTA |
S PWR
Sample Ny R, R, = 1
name (cycles) (um) (um &
AP0.3 % 25020 0.04 0.76" g °°
AG 0.3 % 17768 2.18 25.96 = LR
z A NDN) Q° Q
AP 0.6 % 5450 0.04' 0.76' £ R O R
AG 0.6 % 5525 5.20 44.60 = e
PP 0.3 % 6547 0.041 0.76' ﬁ DL it e
PG 0.3 % 4897 1.46 13.65 E L& oL
PP 0.6 % 778 0.04i 0.76 €% A
PG 0.6 % 1112 1.74 19.28 z ° . -
! indicates nominal value 0o

102 10° 10* 10° 10°
Fatigue life (N,) [cycles]



N;

» 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
ga, on fatigue lifetime were found

1 - HTA |
S5 PWR
Sample Ny R, R, :m ]
name (cycles) (um) (um <
AP03 % 25020 0.04' 0.76 g %°
AG 0.3 % 17768 2.18 25.96 = Qe ghg
z A Q.9 Q° Q
AP 0.6 % 5450 0.04! 0.76' £ R O R
AG 0.6 % 5525 5.20 44.60 £0°r b e el
PP 0.3 % 6547 0.041 0.76" Z Ok sese
— Q707 Q"
PG 0.3 % 4897 1.46 13.65 T LR o
PP 0.6 % 778 0.04! 0.76' €% ’ “ﬁ%‘“‘f daheasuis
PG 0.6 % 1112 1.74 19.28 z : T E
! indicates nominal value
OO
10? 10° 10* 10° 108

Fatigue life (N,) [cycles]



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 ym




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.

@ —— (b) S
| Open symbols - polished o Open symbols/dashed lines - polished |
Closed symbols - ground () ® % [ Closed symbols/solid lines - ground
10 O_ & 5 B
o ® ‘ &
g o © o % A A 2 10p
2 o Adn b
(5] 3 ] o o]
© ] —_
Q
) ® g E I ofe AR [ seeee
c o . .
5 1L - A - B 0O AP03% - ¢
= 5 B AG0.3% ] S I S0 I,/ - Coff SRS, R
T ﬁ& A O PP0.3% | t 3
ﬁ . PG 0.3% g ® —PG 03%
(0] u A AP0.6% | 4 A AP 0.6%
A AG0.6% ke A AG 0.6%
p O PP0.6% | 5 O reee PP 0.6%
@® PGO0.6% & @ —PG0.6%
0_1 i . 3 i PR S T T | : i . 2 01 L 1 2 i L i PR
1 0.1 1

ax10* (um) AK, g% 10 (mP5)
c-eff



Near-surface observations

» The polished surface finish resulted in an ultrafine-grained
layer and thin deformation layer extending around 1 pm 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 um 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.




W

Crack tip investigations

» Deformation bands formed parallel to
the intersecting GB during cycling.

» The nucleation of a'-martensite occurs
perpendicular to the e-martensite

g4 bands.

Y - e-martensite bands are forming
deformation channels

» The cyclic plastic strain is localised in
the volumes between the ladder-like
a'-martensite islands

(PG 0.3 %)



Crack tip investigations

* Deformation band
boundaries were
characterised by a
parallel set of nano twins.

* The hcp €-M phase is
observed inside the
deformation band and a'-
M nucleation occurs at
hcp e-martensite band
intersections

(PG 0.3 %)



Crack tip investigations

» 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 €a 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).

(AP 0.3 %)



Crack tip investigations

» 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 (¢a = 0.3 %), while
more homogeneous dislocation cell/wall structures are formed at increased strain amplitude
(ea = 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.

AG 0.3 % and AG 0.6 %



Interaction of martensite with hydrogen

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 o’-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 a'-martensite, the hydrogen can accumulate at
the phase boundary or interface between the austenite and a'-martensite.

Consequently, the crack may continue to propagate along the a'-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

Grain boundary

304L austenite mafkrix

3¢ Crac|
¥ propagation™S

Fatigue crack tip

a'-martensite

a'-martensite initiates at the intersections of e-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.



Additional discussion

 The PWR environment can influence both the MSCs initiation (up to about 250 um) and mechanically small crack
growth (beyond 250 um). 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 um/cycle when AK,._, ;¢ is 0.5%10- m%) and AP 0.3% (Nf = 25020 cycles and
da/dN = 1.6 pm/cycle when AK,_.( is 0.5%10° m®°) 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 F, for engineering crack initiation (approximately 3 mm) is roughly 4.

(a) — : (b) 100 : . —
| Open symbols - polished o Open symbols/dashed lines - polished | a* ot
Closed symbols - ground O e % Closed symbolsisolid lines - ground e o /
[/ — . O e A ] IS T s
§ % Aa 5 S
= 0 A 2 1wop < A E
2 © o Adnm © S
- A
g o 3 e O o A ]
o = j
@ ® e % 5 co< AP 0.3%
g ap A § B - Bonrg = e AG 0.3%
E— [ £ C
2 ﬁ A u O PP 0.3% s 1| S Lo o 0 e PP 0.3%
) i X PG 0.3% § . ® ——PG0.3%
o AP 0.8% o AP 0.6%
A AG06% _§ /,/Oﬁ’ I A AG 0.6%
5 O PP0.6% k& o o Q sesee PP 0.6%
® PG0.6% & e : ® ——PG0.6%
01 " L i L i L M | i " " " 0'1 = e " i I L " " L
1 0.1 1
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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.

0 Phase transformation, from y-austenite to a'-martensite occurred via the intermediate €-martensite phase.
0 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 a'- and e-martensite in the vicinity of the crack tip and their susceptibility
to hydrogen-assisted fatigue cracking.

Refs:
* Z.Que, C. Huctilainen, T. Seppénen, 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 lll: Influence of mean stress and LWR
environment on fatigue life and dislocation
microstructures of SS316L



TEM for dislocation structure

Fig. 22. Sample loaded with stress amplitude 190 MPa and no mean stress. Cyclic plastic deformation is localized in the persistent slip bands having typical ladder-like dislocation
structure with alternating dislocation rich walls and dislocation poor channels (highlighted by black dashed lines). Edge dislocations forming dipole configuration in the walls have
Burgers vector %[ 101]. Gliding on the (111) plane, they form the slip system with the Schmid factor = 0.454. Grain was oriented close to [001] zone axis relative to loading direction
facilitating activation of three slip systems.



TEM for dislocation structure

Fig. 24. Characteristic microstructure observed in sample loaded with stress amplitude 190 MPa and 50 MPa tensile stress. High density of homogeneously dispersed dislocations is
observed. Dislocations from three slip systems with the highest Schmid factors were determined. Detail in black inset shows high density of dislocations with high amount of
dislocation-dislocation interactions.



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.



