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The reactor accident of Fukushima in 2011
led to a worldwide review of design princi-
ples and safety requirements of nuclear
power plants, also taking the entire infra-
structure required for a power plant’s op-

Metallic components in nuclear engineering are exposed to extensive
loads such as pressurization and temperature changes which can affect
the properties of the material significantly depending on the load spec-
trum applied. In view of developing a procedure to evaluate the residual
service life of metallic components in nuclear power plants aged during
service, metastable austenitic steel AISI 347 (German designation:
X6CrNiNb18-10) has been considered as an example. To this purpose,
total strain-controlled fatigue tests were carried out under different en-
vironmental conditions and monitored by continuously measuring ther-
mometric, resistometric, electromagnetic and electrochemical parame-
ters. These parameters provide an information gain in terms of material
characterization when compared to conventional strain measurements.
Based on these parameters, the short time evaluation procedure Strain-
Life has been developed, which allows the determination of local S-N
curves with a significantly reduced effort as compared with traditional
procedures. This method has been implemented into the structural sim-
ulation program PROST for the integrity assessment of the components
while considering local fatigue properties. This very effective method al-
lows for the determination of local fatigue properties including the
strain-specific local scatter of the metallic microstructure properties of
the material which has not been possible by traditional means.

eration into account. This particularly con-
cerned a consideration of accident scenar-
ios occurring beyond a plant’s design. The
politically initiated so-called ‘Energie-
wende’ in Germany as a result of events in
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Fukushima is striving for a transformation
from nuclear to renewable energy genera-
tion, and the review of safety standards has
led to a large number of changes in the op-
eration of nuclear power plants. This re-
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quires increased attention with regard to
the technical safeguarding of the operation
of German nuclear power plants during
their residual operational life. According to
a report published in March 2013 by the
Nuclear Technology Competence Alliance
[1], there is an increased need for testing
and evaluation regarding the safety and in-
tegrity of structures and components,
which is primarily associated with meth-
ods related to the characterization of the
materials and non-destructive testing
(NDT) [2], as well as structure-mechanics
analysis [3, 4].

The aim of the collaborative research
project entitled ‘Microstructure-based de-
termination of the maximum service life
for corrosion fatigue loaded materials and
components of the nuclear technology’
(MibaLeb) is to develop a procedure for the
evaluation of the residual service life of nu-
clear power plant metallic components that
have aged during operation. This project
has been motivated by the fact that local
material properties of such components
can change significantly after prolonged
operation and applies in particular when
corrosive effects are added to the effects of
mechanical and thermal stress.

| Material

Initial state. The material under investiga-
tion is niobium stabilized austenitic stain-
less steel AISI 347 which was delivered as
round bars with a diameter of 30 mm and a
length of 5,000 mm. The chemical compo-

sition according to the manufacturer’s re-
port is shown in Table 1.

Results of microstructural investigations
on those bars showed that the material had
significant inhomogeneity along the cross
section in the initial state. This is presented
in Figure 1a, where an image taken with a
light microscope is displayed. The cross
section of a bar was etched with V2A etch-
ant, and a square-shaped zone was recog-
nized macroscopically. Outside this area
towards the sample edge, a strongly de-
formed and fine-grained austenitic struc-
ture is present, while inside, within the
above-mentioned squared zone, a strongly
inhomogeneous multiphase structure can
be recognized. Moreover, electron back
scatter diffraction (EBSD) measurements
were used. From the analysis of the crystal-
lographic information also shown in Fig-
ure 1b, mechanical twins and martensitic
regions were observed in the coarser
grained austenite structure at the center of
the cross-section. The microstructure con-
tains deformation induced o-martensite,
formed during the manufacturing process
of the bars. Twinning induced plasticity
(TWIP) and transformation induced plastic-
ity (TRIP) mechanisms present in the mi-
crostructure indicate low forming tempera-
tures in the middle of the sample and a
forming process through superficial heat
input at the outer edge of the sample, re-
spectively. The analysis of the magnetic
permeability in terms of the ferromagnetic
portion by means of a feritscope confirmed
these metallographic results. The portion

C Cr Ni Mn Si

Nb P Co S Fe

0.025 18.147 10.064 0.577

0.401

0.402 0.024 | 0.019 0.0011 | bal.

Table 1: Chemical composition of AISI 347 (X6CrNiNb18-10) stainless steel according to
manufacturer’s report (wt.-%)

of ferromagnetic phase increases from the
edge of the sample to the center of the
cross-section, where it achieves its maxi-
mum of 0.8% by volume which is attrib-
uted to the o-martensite ferromagnetic
phase present at the center; e-martensite
could not be detected within these investi-
gations.

The hardness curve along the cross-sec-
tion presented in Figure 1c¢ shows that the
Vickers hardness is approximately 150
HV10 at the center of the cross-section and
increases to approximately 170 HV10 to-
wards the outer edge, which can be ex-
plained by the finer grain structure at the
outer edge.

Artificial aging. The steel AISI 347
(X6CrNiNb18-10) exhibits a complex me-
chanical material behavior which is
strongly dependent on the load level, defor-
mation rate and service temperature [5].
For a detailed qualification of the non-de-
structive measuring methods developed
and applied within the scope of the
MibaLeb collaborative project, samples in
the initial state, as well as samples in a de-
fined aging condition were investigated.
With respect to artificial aging, samples in
the initial state were exposed to mechani-
cal and thermal loads relevant in service.
For applications in nuclear engineering,
relevant loads are in the low cycle fatigue
(LCF) range [6] superimposed by tempera-
tures between T =150 °C and 325 °C [7].
For this reason, the artificial aging of the
samples was performed applying cyclic
loading in air at a temperature of
T = 240 °C, representing the average value
of the above-mentioned temperature range,
a total strain amplitude of €, = 3 x 103 and
a strain rate of ¢, = 4 x 103s1.

In view of determining the number of cy-
cles to be used for the aging process, a da-
tabase representing the initial condition of
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Figure 1: Metallographic investigations of the cross-section of a sample, a) light microscopic image, b) EBSD phase distribution at the center of the cross-
section: car grating (austenite), crisscross grating (martensite), c) Vickers hardness along the cross-section of the sample of AISI 347 (X6CrNiNb18-10)
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the material was generated, pre-treating
four specimens under the above mentioned
mechanical and thermal parameters and
subjecting them to cyclic loading up to a
defined failure criterion which in this case
was a drop of 25 % in the stress amplitude.
The lifetimes determined in terms of S-N
data were evaluated by using statistical
methods, whereby the number of cycles to
failure for different survival probabilities
(Ps) was calculated. This resulted in a num-
ber of cycles of 31,450 (N,5,) for the evalu-
ated tests at Ps = 95 %. The aging condition
was defined as 0.5 % N,5, (Ps=95%),
which resulted in 15,725 cycles for the me-
chanical pre-damage within the aging pro-
cedure. This ensures that the mechanical
and thermal loads already cause the mate-
rial to change from its original state to a
significantly damaged state, without any
macroscopically detectable damage charac-
teristics. The probability, as well as the
function of distribution, is shown in Fig-
ure 2. In addition to this, it also shows a
comparison of tests of the same material
but in another microstructural condition
due to heat treatment, which is indicated
as ‘MPA database’.

| Experimental setup

Constant amplitude tests (CAT) and strain
increase tests (SIT) were performed within
the framework of the MibaLeb project. All
tests were carried out with alternating total
strains at a strain ratio of R = -1 and a con-
stant total strain rate of €, =4 x103s71,
which was applied by means of a triangular
strain-time function. The specification of
the constant total strain rate results in dif-
ferent test frequencies f depending on the
total strain amplitudes €,,, which must be

a,t

considered in both the SITs and the CATs.
The investigations were carried out un-
der various environmental conditions, re-
quiring three different testing setups, as
shown in Figure 3. An instrumented speci-
men for experiments conducted at room
temperature (RT) in air is shown in Fig-
ure 3a. The test setup includes an exten-
someter for controlling €,, during the ex-
periment with a gauge length of 89 mm at-
tached to the specimen shafts. Due to the
need to implement additional measure-
ment techniques as well as media cham-
bers, it was not possible to use a conven-
tional extensometer setup within the gauge
length of the specimen for measurement
and control. With respect to technical reali-
zation, the 89 mm extensometer was cali-
brated in preliminary tests by using an ex-
tensometer of 8 mm applied to the gauge
length of the specimen, whereby a so-called
correlated total strain amplitude €, ., was
determined, which is an integral strain
over the elastic-plastic deformed gauge
length as well as the elastically deformed
shafts. This procedure is particularly im-
portant in tests under medium conditions

FATIGUE TESTING

but also allows additional measurement
technology to be placed onto the speci-
men’s minimum cross-section when test-
ing in air.

The various measurement techniques
applied in tests at RT and in air include a
feritscope [8], which is used to determine
the ferromagnetic phase fractions due to
deformation-induced martensite formation,
as well as a self-developed magnetic field
sensor consisting of a Hall sensor encapsu-
lated via epoxy resin under vacuum inside
a PTFE housing, arranged in the probe in
such a way that it can detect the change in
the tangential magnetic field on the surface
of the specimen and in the surface near
area. For magnetization, a constant direct
current of I = 10 A was applied to the spec-
imen. This sensor is used to detect changes
in the magnetic field resulting from the
martensitic phase transformation as well
as microstructural changes due to disloca-
tion reactions as well as crack formation
and propagation at different scales.

As a further additional measurement
variable, the change in electrical resistance
[9] was recorded during the tests by meas-
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Figure 3: Test setups for fatigue tests, a) in air, b) in distilled water, ¢) under reactor pressure vessel boiling water conditions in the autoclave
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uring the change in voltage in the gauge
length of the specimen related to the micro-
structure from which the change in electri-
cal resistance AR can be calculated. The
electrical resistance depends on the spe-
cific electrical resistance p* which is a
function of deformation induced micro-
structural changes.

The change in temperature AT of the
specimen during the test was also meas-
ured [10]. For this purpose, three thermo-
couples were attached along the specimen.
T, was located in the middle of the gauge
length represented by the specimen’s
10 mm minimum diameter and T, and T,
were located on the shafts of the specimen
having a diameter of 20 mm each. Due to
the varied diameters, plastic deformations
occur locally in the middle of the specimen
representing the minimum cross-section.
Subtracting the mean value of T, and T,
from T,, a difference in temperature AT can
be calculated, which seems to result from
the plastic deformation corrected for exter-
nal influences (e.g. convection, thermal
fluctuations) at the center of the gauge
length. It may, therefore, be directly linked
to the plastic strain amplitude &, . For
other experiments at RT, an infrared cam-
era with a spectral range of 7.5-13.0 pm, an
optical resolution of 382 x 288 pixels and a
thermal sensitivity of 40 mK was also used
for temperature measurements, whereby
the areas of measurement were defined in
accordance with the procedure described
above for the thermocouples, and the tem-
perature information was processed
equally.

Figure 3b shows an instrumented speci-
men for an experiment under medium con-
ditions in distilled water. Preliminary tests
on comparable metastable austenitic steels
have shown no significant influence of the

distilled water on the fatigue properties
[11]. For these tests, the open circuit poten-
tial E,cp was measured, which provides ad-
ditional information regarding the damage
mechanisms occurring on the specimens’
surface. During the measurement, the
specimen itself serves as the working elec-
trode. The reference electrode is a silver
chloride electrode, and the counter elec-
trode is made from graphite. Furthermore,
electrical resistance measurements, as
well as the self-developed magnetic field
sensor, were applied.

For fatigue tests under reactor pressure
vessel boiling water conditions (BWR), the
tests were performed at 70 bar and 240 °C.
High-temperature water with a conductiv-
ity of ~ 0.055 uS x cm™ was provided via a
water treatment plant. Impurities by chlo-
ride ions were kept below 2 ug x kg! and
sulfate ions were generally well below
5 ng x kg1, which corresponds to the qual-
ity of the reactor water in BWR plants in
normal operation according to VGB guide-
lines [12]. The oxygen content in the inlet
was set to 400 pug x kg (0.4 ppm), which
corresponds to the upper limit for BWR
plants and is used in international investi-
gations, mostly in laboratory tests to simu-
late BWR conditions.

The specially designed autoclave was
adapted for the use of non-destructive
measurement techniques, as shown in Fig-
ure 3c. High precision ceramic sleeves en-
sure the complete electrical insulation of
the sample from the entire system. Thus,
electrical resistance measurements can
also be realized. Additionally, the electric
circuit potential was measured using an
external Ag/AgCl-electrode connected to a
Teflon-coated asbestos filament which
serves as an ion conductor. Thus, in the vi-
cinity of the phase boundary metal-electro-

lyte (specimen-high temperature water),
an equilibrium electric circuit potential
can be measured. Basically, this electric
circuit potential can be considered as a
measure of the corrosion protection effect
of the oxide layer and specifically describes
the damage to the material induced by cor-
rosion fatigue.

| Testresults

Tests at room temperature. Figure 4a
shows the results of a SIT in air at RT for
AISI 347 in the initial condition with the
course of the correlated total strain ampli-
tude €, .,, the stress amplitude G,, the
change in temperature AT and the change
in the tangential magnetic field AM,,,,. In
all SITs performed, the g, started from
€ teorstart = 0-9 X 1073 and after a step
length of At = 1,800 s, €, ., Was increased
by Ag, ., =0.5x10"% until specimen’s
failure. The measured variables recorded
by the various sensors mentioned above,
provide extensive information with regard
to the g, ,~M-relationship, which will be
discussed in more detail later in the con-
text of the S-N curve evaluation.

The increase of independent o, pro-
gresses stepwise up to a strain level
of €. =25x10"3 whereas from
€ cor = 3-0 X 1073 onwards, o, continually
increases along each strain level. The in-
crease in stress becomes more significant
when moving to the next strain levels and
slows down again from the strain level of
€y 1cor = 9-0 X 1073 onwards. This character-
istic cyclic hardening behavior of the AISI
347 at RT is due to the gradual deforma-
tion-induced martensitic phase transfor-
mation. Right near specimen failure, a sig-
nificant drop in stiffness can be observed,
which is the reason for a decrease in o,.

a) - b) — N
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Figure 4: a) Strain increase test, b) Constant amplitude tests in air for specimens in the initial state of AISI 347 (X6CrNiNb18-10)
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Furthermore, AT displays a behavior simi-
lar to o, for the first 4 steps of the SIT.
From ¢, ., =2.5x 1073 onwards, the AT
signal slightly decreases within the steps
which can be related to the cyclic harden-
ing mechanisms during cyclic loading.

AM,,, shows a continuous increase up to
€tcor = 3:9 X 103 where at g, =3.5x 103
a discontinuity in the slope is recognized. At
€,1cor = 3-2 X 1073, the slope decreases, which
can be explained by the deformation induced
martensitic phase transformation. From
€y tcor = 0:0 X 10-% onwards, a further change
in AM,,,, is observed which is probably due
to macro-crack propagation occurring at
this stage.

In order to use the StrainLife short time
evaluation procedure (STEP), described in
a subsequent section, two additional CATs
(see Figure 4b) are required whose total
strain amplitudes are selected based on the
results of the SIT shown in Figure 4a. The
development of the plastic strain amplitude
€, obtained from those CATs performed at
strain amplitudes of €, =2.5x10-3 and
7.0 x 10-3, respectively, and the curves for
the o, and AM,,,, measurements taken
during those tests are shown in Figure 4b.
6, and g, ; show a stronger increase (o,) at
5-10% of the constant amplitude fatigue
life and decrease (eayp), respectively, which
can be related to the cyclic hardening be-
havior of the material. AM,,,, rises continu-
ously for both CATs at the beginning, fol-
lowed by a saturation stage at ~ 40 % of the
lifetime, which can again be related to the
deformation-induced martensite formation.
Further AM,,,~value evolution is charac-
terized by a continuous increase of those
values until specimen failure.

Tests under medium influence. To com-
pare the initial state with the defined aging
state described before, SITs were carried
out under distilled water medium condi-

a)

—_
(=]

with the controlled value ¢, ,,, the stress
amplitude ©,, the open-circuit potential
Eqcp and the change in the tangential mag-
netic field AM,,,, until specimen failure at
€arcor = 9:5 X 1073, respectively. Until the
strain level of €, = 3.5 x 103 is reached,
G, also increases stepwise, whereas from
€, tcor = 4:0 X 1073 onwards, the o, increase,
depending on the stepwise increase of the
total strain amplitude, is superimposed by
an additional relative increase within each
step. Just before specimen failure at
€y tcor = 9-9 X 1073, there is a significant drop
in stiffness which is associated with a drop of
6,. Egcp shows an almost constant behavior
until €, ., =3.5% 103 The course of Eycp
slightly decreases from €, .., = 4.0 x 103 on-
wards, also followed by an additional rela-
tive decrease within each loading step
starting from ¢ =8.5x 103 onwards.

a,t,cor

AM,,,,, stepwise decreases with increasing
€1 With an increasing gradient from
€ tcor = 2.0 X 1073 onwards. In the range
4.0x103<¢g <7.0 x 1073, there is a rel-

a,t,cor
ative increase within the steps caused by
the martensitic phase transformation.
Specimen failure is indicated in the step
with €, ,, = 9.5 x 10-3 by a strong decrease
in the AM,,,, signal.

Figure 5b shows the SIT for the aged
AISI 347. Due to the same testing proce-
dure, the slopes of the aged and the unaged
condition can be directly compared to each
other. Specimen’s failure occurs at the
€ tcor = 7-0 X 1073 strain level which is five
strain levels below the unaged condition
(see Figure 5a). 6, and AM,,,,, display qual-
itatively similar slopes when compared
with the initial condition, with a first rela-
tive increase in 6, and a decrease in AM,,,,
within the step of &, ,, = 4.0 x 103, respec-
tively. In contrast to that, E,, shows a
clearly distinguishable behavior. When
compared to the unaged condition, Ep of

tions. Figure 5a shows results of a SIT with the aged specimen is stable until
an AISI 347 specimen in the initial state, €ytcor = 2.9 x 1073 followed by a decrease
— — b) . = 1000
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with larger relative decreases within the
steps. For g, ., = 4.5 x 1073 and the follow-
ing three stages, By is almost constant
within the confines of each step and de-
creases  almost  continuously  from
€, 1cor = 6-0 X 10-3, where the fracture pro-
cess then takes place.

In both SITs, the absolute increase of o,
in the first three stages is related to a
purely elastic behavior, which can be bro-
ken down to a linear stress-strain relation-
ship. From ¢, =4.0 x 10-3 onwards, for
the initial state and g, ., =4.5% 10" on-
wards, for the aged state, the increase in ¢,
is again dominated by the cyclic hardening
process which is mostly related to the in-
crease in dislocation density through the
specimen’s elongation during cyclic load-
ing. Right before failure, 6, decreases in
both cases, which is an indication for mac-
rocrack initiation and propagation.

The course of E,p provides additional
information regarding the damage pro-
gress on the specimen’s surface. Its con-
stant course at the beginning of the test
indicates that the specimens are electro-
chemically stabilized and that there are no
active surfaces in the transition zone be-
tween the medium and the material. The
following gradual descent proceeds with
the change of €, or 6, and is based on
the fact that as a result of slipping plane
activities and the associated intrusions and
extrusions, new active surfaces are ex-
posed leading to a lowering in each stage of
the Eqqplevel. If the hardening rate de-
creases (visible in 6,), E¢p simultaneously
starts to decrease stepwise. This is due to
stable crack growth with continually newly
exposed active surfaces until final unstable
crack growth leads to a stronger drop of the
values. In comparison, the constant range
at the beginning of the test is shorter for
the aged specimen, which can be attributed
to the pre-damaging of the aging process.
The partly distinctive relative changes in

2.4 =150
E
= —
L 38 © =
1.2 % 90 % E
é % 3  Figure 5: Strain increase
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the step transition are related to the fact
that microcracks and associated material
separation are already present in the mate-
rial at this time, leading to anodic metal
dissolutions. After macro crack initiation
at €, ., = 9.5 x 1073, Ep decreases contin-
uously, which is due to stable crack growth
followed by unstable crack growth in the
last stage [13].

Tests under reactor pressure vessel
boiling water conditions. Figure 6a shows
the results of a SIT under BWR conditions
at 240 °C and 70 bar for AISI 347 in the ini-
tial condition where the development of the
total strain amplitude ¢€,,.,, the plastic
strain amplitude €pr the stress amplitude
o, and the absolute change in electric cir-
cuit potential AE., over the lifetime are
shown, respectively. The parameters in this
SIT are the same as described before for the
test at RT. The strain level leading to the
specimen’s failure was g, ., =8.5x 1073,
which is slightly lower than for the test in
distilled water (see Figure 5a).

o, initially increases stepwise up to a
strain level of €, ., = 1.0 x 1073, whereas
from € =15x103tog 3.0x103

a,t,cor atcor

levels is superimposed by a continuous de-
crease in 6, within each step, related to the
cyclic softening behavior of the material
investigated. This behavior was not ob-
served in tests at RT since at T =240°C
there is no phase transformation from met-
astable austenite to martensite. From
€ 1cor = 3-5 % 1073 onwards, the slope of 6,
remains constant within each step. Ap-
proaching specimen failure, a significant
drop in stiffness can be observed, which is
seen as a decrease in 6,. On the other hand,
AE, displays stabilized behavior until
€, tcor = 3:0 X 1073, Tt has been shown in
[14], that the oxide layer can already be
damaged at total strain amplitudes of
1.8 x 103. However, in this SIT, due to the
reduced length of each step, this effect is

first visible at €, = 3.0 x 10-3. Between

€ tcor = 3-5% 1073 and 5.0 x 10-3 there is a
slight increase in the absolute AE, value
due to new active surfaces. From

€, 1cor = 9-5 X 1073 onwards the increase in
the value of AE., is more pronounced. In
order to be used for the StrainLife STEP
and a resulting S-N curve, two total strain
controlled CATs (see Figure 6b) were per-

respectively. Figure 6b shows the courses
of o, AE¢p and g, , respectively. For the
CAT with g, ., =5.5 %1073, ¢, is charac-
terized by a slight but continuous cyclic
hardening followed by a decrease in stiff-
ness just before specimen failure, whereas
for the CAT with €, ., =3.0 x 1073, ¢, in-
creases within the first 40 cycles until a
local hardening maximum is reached,
which is followed again by a slight de-
crease, being more pronounced during the
last cycles before specimen failure. The
AE, values remain stable until 10 to 15%
of the fatigue life, where first intrusions
and extrusions start. It continues increas-
ing for both CATs as new exposed active
surfaces appear on the specimen until the
fracture is finally achieved.

S-N curve calculation
and modeling

StrainLife. StrainLife is a newly developed
STEP for the evaluation of S-N curves and
is considered here for adaptation and vali-
dation in nuclear engineering applications.

the individual o, increase for these strain formed at €, ., = 3.0 x 103 and 5.5 x 1073, The value of STEPs can be seen in the fact
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Figure 6: Results for AISI 347 (X6CrNiNb18-10) in the initial state under BWR condition, a) strain increase test, b) constant amplitude tests
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Figure 7: a) Morrow curve for the SIT and the values of the stress amplitude at N,/2 of the two CATs, b) cyclic deformation curves based on the stress
amplitude for the two CATs with marked stress amplitude values at N,/2, c) relationship of ratio Q vs. total strain amplitude for AISI 347 (X6CrNiNb18-10)
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that usually only one SIT and two total
strain-controlled CATs are required for the
evaluation of a complete total strain S-N
curve. This is also the case in StrainLife,
thus offering a significant advantage when
compared to the conventional way of deter-
mining an equivalent S-N curve. The input
variables for the StrainLife method are the
measurands 6, &,,, AT, Eqcp, AM,,,, and
AEp, respectively and their progressions
over fatigue life as shown in various ex-
periments presented above. The procedure
is described below using the data pre-
sented in Figure 4 for 6,¢, . -value pairs,
but can be transferred to the other measur-
ands as well with respect to the compara-
ble quality of the calculated results [11].
For the calculation based on StrainLife, €, ,
is plotted vs. o, in a Morrow [15] curve (see
Figure 7a) in which a predominantly elas-
tic (el) and predominantly plastic (pl) re-
gion can be identified and mathematically
described independently of each other with
Equations (1) and (2).

’

o, =K, (e,,) (1)

, i’
c,=K, -(sayt) 2)

with K" and K, cyclic hardening coeffi-
cients and n,’" and ny,": cyclic hardening
exponents for the elastic and plastic re-
gion, respectively.

However, if the corresponding stabilized
stress values at a defined reference point
within the lifespan of the specimen (e.g. ¢,
for 0.5 x Ny) for the two CATs (see Figure 7b)
are plotted in the same graph as the SIT (see
Figure 7a), a small difference between the
CAT and SIT values can be observed, which
in this case is apparent in the predominantly
plastic region. This is due to the fact that in
each of the loading levels damage is gener-
ated in the SIT and the data pairs are ex-

3
10 StrainLife

calculation
AlS| 347
medium: air

mostly plastic
o, =380¢, %

o

»
.

_<* mostly elastic
- - 0.84
e 6, = 163 Eat

®
-® - Original values from SIT

€ CATs
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Stress amplitude o, (MPa)
o

1 1
a)  Cor. total strain amplitude &, ,, (107)

tracted at different junctures in their lifes-
pan. Hence, different portions of damage, as
well as degrees of cyclic hardening, are at-
tributed to the individual tests. To correct
this, a ratio Q between the stress amplitude
of the CAT and the SIT is calculated accord-
ing to Equation (3).

o, (sim)

3)

Using the calculated Q values for both
strain levels, a fitting curve for the further
extrapolation of the data can be calculated,
where an exponential fit has been chosen,
as shown in Figure 7c. By using this rela-
tionship, the stress-strain behavior of the
SIT is transferred to the stress-strain be-
havior for the strain-controlled CATs (see
Figure 8a).

Using Equations (1) and (2) and the dis-
tinction between the elastic range and the
corrected plastic range, the fatigue strength
exponent b (el) and fatigue ductility expo-
nent ¢ (pl) can be calculated using Equa-
tions (4) and (5), respectively.

_ne]
b=— (4)
5n  +1
el
-1
c=—7 (5
5n =~ +1
pl

The total strain amplitude €,, contains an
elastic portion g, and a plastic portion €, ,
(Equation (6)), which can be mathemati-
cally described by the Basquin (Equation
(7)) [16] and Manson-Coffin equations
(Equation (8)) [17] as functions of the num-
ber of cycles to failure.

8a,t = 8a,e + 8a,p (6)
~102 — .
A StrainLife calculation
= AISI 347
8 medium: air
810"+
=
&
£
m S,
£ 19 calculated ¢, N lifie-..

W e calculated &, -N line B
T —— calculated total strain SN line ™
2 0,11 CATSs (experimental)

102 10% 10 108

b) Number of cycles to failure N;

Figure 8: a) Calculated Morrow curve with identified predominantly elastic and predominantly plastic

regions, b) Comparison of the total strain
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For total strain controlled SIT and CATs, the
controlled value is €, ,, the plastic strain am-
plitude ¢, , is calculated for each cycle from
the stress-strain hysteresis loop as its half-
width and the elastic strain amplitude g,  is
subsequently calculated using Equation (6).

By using the strain values of the CATs
(e.8. g, or g, at 0.5x N;) from Figure 4b,
the coefficients B and C can be calculated for

Epeor = 25 %103 and g, ., = 7.0 x 103, re-
spectively.
b €
e, =B:(2N,) > B=—2 (7)
' (2N,)
¢ €,
e, =C-(2Nf) SC=—22 )
P (ZNf )L

If Equations (4) and (5) are used within

Equations (7) and (8), Equation (9) is ob-

tained, whereby not only the total strain S-N

curve but also the portions of the Basquin

(elastic) and Manson-Coffin (plastic) equa-

tions shown in Figure 8b can be determined.
-y .

e e S e

Figure 8b shows the evaluated total strain
S-N curve according to the StrainLife method
compared to 14 CATs, which were performed
in accordance with a step-down procedure. In
current investigations, the database is being
comprehensively expanded for the purpose of
validating the StrainLife method.

Since two CATs are used for the evalua-
tion in addition to the SIT, two total strain
S-N curves are obtained, as shown in Fig-

ure 9 foracalculationwithe, = 2.5 x 1073

StrainLife curves for different calculations
1) 8100 = 2.5 % 10 g, =39.1 x NP2
2) Egpeo = 70%10% g, =32.7 x N2
3) Average of 1) and 2): ¢, = 35.9 x N;%2¥

Conventional total strain S-N curve
&5, = 35.1 x N2

StrainLife calculation
AlS| 347
Medium: air

Calculated total strain
. S-Mline for g5, ., = 2.5%107
-

-y
L=
L

Average of calculated
total strain S-N line

Calculated total strain
S-N line for g, , ., = 7x10°

¢ CATs (experimental)

Total strain amplitude ¢, (10’3]

1 . v .
102 10° 104 10°
Number of cycles to failure N,

Figure 9: Comparison of the total strain S-N
curve determined through StrainLife for differ-
ent total strain amplitudes with conventional de-
termined total strain S-N data for the initial
state of AISI 347 (X6CrNiNb18-10)
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and &, ., = 7.0 x 1073, respectively. In or-
der to minimize the deviation from a con-
ventionally determined S-N curve, these
curves are averaged. The more CATs per-
formed and included in the StrainLife cal-
culation, the higher the assurance that the
result is in accordance with conventionally
determined S-N curves.
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The same procedure described above can
be used to evaluate S-N curves using other
input parameters [18]. In Figure 10, the re-
sults of the StrainLife calculation are pre-
sented for the tests performed under
BWR conditions (cf. Figure 6) by using the
AEpg, ., values. It can be seen that Strain-
Life as a STEP has significant potential for

b)
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Figure 10: a) Calculated Morrow curve for the electric circuit potential, b) Comparison of the StrainLife
evaluated total strain S-N curve with conventionally determined independent S-N data for the initial
state of AISI 347 (X6CrNiNb18-10) tested under BWR
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Figure 11: StrainLife editor within PROST software
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Figure 12: Fractographic investigations and elastic-plastic finite element evaluation for AISI 347

(X6CrNiND18-10)

evaluating appropriate S-N curves even un-
der BWR conditions and requiring only a
fraction of experimental effort and cost.

Implementation of StrainLife into
PROST. The simulation program PROST [4]
is a tool for the integrity assessment of
pressurized components under operational
or accidental loading conditions. It is suit-
able for the evaluation of cracks, for the
determination of leak and break probabili-
ties in pipelines and vessels and for the
quantification of the various influencing
variables related to component behavior.
The code evaluates the behavior of an in-
tact component, the transition to crack for-
mation, crack initiation, and crack growth
to leakage and fracture. The influence of
recurring inspections and pressure tests as
well as leak monitoring systems can also
be considered in such simulations. Option-
ally, deterministic or probabilistic calcula-
tions are possible. While fracture mechan-
ics parameters and crack growth laws cor-
responding to the material and damage
mechanisms are assumed for the evalua-
tion of crack growth, determination of the
crack formation is based on S-N curves fol-
lowed by assumptions on the initial crack
size.

Through the StrainLife method, it is pos-
sible to process the NDT measurements
along SITs and CATs and to get those con-
verted to variables in the sense of a service
or fatigue life evaluation. With respect to
automation and a user-friendly application,
StrainLife and other already established
STEPs for the evaluation of S-N curves such
as PHYBAL [19] have been developed as
calculation routines and editors equipped
with a graphical user interface imple-
mented into PROST as parts of this struc-
tural-mechanical code. The workflow for
the StrainLife implementation is shown in
Figure 11.

The StrainLife editor takes the results of
the SITs and CATs as input values. In the
next step, the parameters for the evalua-
tion routine are entered, for example, the
definition of the predominantly elastic and
predominantly plastic ranges of the mate-
rial response, the determination of the co-
efficients B and C (Equations (7) and (8))
and a display of the intermediate result as
plain text in the output window. The result-
ing total strain S-N curve, the curves based
on the Morrow equation and the M-N; cor-
relations of the CATs can be displayed in
PROST, applied in assessment simulations
and exported for use in other tools.

Crack size simulation. In order to de-
rive information regarding crack size from
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the load drop, a finite element half model
for fatigue tests with unnotched specimens
of AISI 347 was designed. Secant cracks
(as shown in Figure 12) of varied depths
were assumed. Here the azimuthal position
of the extensometer used for mechanical
strain measurements relative to the crack
is important. If the extensometer is
mounted on the side where crack forma-
tion occurs (C), the crack size for a given
load drop is smaller than when the exten-
someter is mounted at the opposite liga-
ment side (L).

To determine the correlation between
load drop and crack size, elastic-plastic fi-
nite element calculations were performed
with consideration of the different sensor
positions. This results in a value range of
crack depths for different load drops. In the
case of a 25% load drop, possible crack
depths between 3 and 5 mm are obtained.
First test results of specimens broken apart
after reaching the defined load drops con-
firm certain crack geometry assumptions.

| Conclusions

This article shows that non-destructive and
electrochemical measurement methods
can be used to derive parameters which
can be used for an improved evaluation of
the fatigue damage behavior of aging aus-
tenitic metallic materials used in nuclear
engineering such as metastable AISI 347
(X6CrNiNb18-10). Temperature, electric
resistance, tangential magnetic field or a
change in electric circuit potential are
among those non-destructive testing (NDT)
based parameters which show adequate if
not better performance compared with
plastic strain amplitude which is one of the
state-of-the-art parameters and measure-
ment techniques. Parameters derived from
those NDT techniques can possibly be
more easily accessed when compared to
plastic strain measurement, and they may
possibly be more sensitive when looking at
specific cases where this article only pro-
vides a limited example and can still not
claim to demonstrate the full potential of
this approach.

It has been shown that in the case of dis-
tilled water and boiling water reactor me-
dium conditions, NDT measures still hold
and that the NDT parameters can even be
derived appropriately under such environ-
mental conditions. Since the NDT based
parameters derived can be used to deter-
mine S-N curves by means of short time
evaluation procedures (STEP), where only
a fraction of effort is required to generate

61(2019) 11

an S-N curve when compared to state-of-
the-art, a completely new field of generat-
ing S-N data has been opened. In light of
the fact that the components in nuclear
engineering are often exposed to strain
controlled loading, at least in those loca-
tions where fatigue damage becomes criti-
cal, the StrainLife method has been specifi-
cally developed as a STEP and explained
here. It would be advantageous for such a
method to become an integral part of struc-
ture mechanical analysis codes in nuclear
engineering areas where PROST which has
been briefly described is applied. Imple-
menting such methods in tools for integrity
assessment does not only ease the provi-
sion and application of S-N data within the
code but can also help to guide the inspec-
tion processes of components in the future
so that the code may be able to predict
which parameter would be measured best
at which location and how accumulated
damage may be assessed best at a macro-
scopically still uncracked stage. Proof for
such an idea will be considered as a next
step within the MibaLeb project phase II.
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