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Separation of surface, subsurface
and volume fatigue damage
effects in AISI 348 steel for power
plant applications
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A wide range of industries including energy, chemistry, pharmacy, textiles, food and drink, pulp and paper, etc. is using stainless steels. Metastable austenitic steels such as used in power plants and chemical industry are subjected to cyclic mechanical and thermal loading in air as
well as under the influence of corrosive media. This paper provides an
overview on different nondestructive and electrochemical measurement
techniques, which allow differentiating fatigue damage effects in total
strain controlled multiple and constant amplitude tests with respect to
damage appearance on surface, in subsurface area as well as in volume
of specimens or components microstructure. In addition to conventional
mechanical stress-strain hysteresis curves, electrical resistance, magnetic and open circuit potential measurements have been applied to
characterize the cyclic deformation behavior of the metastable austenitic steel AISI 348 (X10CrNiNb18-9) in laboratory air and in distilled
water. Based on these results obtained, the paper provides an outlook on
the possibility for an efficient (remaining) fatigue life evaluation approach, which is adapted to the needs of the application areas.

Stainless steels are iron-based alloys containing at least 10.5 wt.-% Cr. Austenitic
steels achieve their stainless characteristics
by the formation of an invisible and adherent chromium-rich oxide surface layer [1, 2],
which forms and heals itself in the presence
of oxygen. Other elements added to improve
particular characteristics include, e. g.,
nickel, molybdenum, niobium, titanium,
tantalum, copper, aluminium and nitrogen.
Carbon is usually present in amounts ranging from less than 0.03 wt.-% (“L” grades) to
over 1.0 wt.-% in certain martensitic grades.
The austenitic fcc phase is stabilized by increasing the content of Ni above 6 wt.-%.
Austenitic grades amount up to 70 % of all
stainless steel production, among them, the
most common steels that contain 6 to 8 wt.-%
Ni are austenitic at room temperature but
may transform to martensite due to plastic

deformation. Stabilization of austenite prevents strengthening by thermal transformation to martensite, but provides excellent
ductility and fracture toughness. Austenitic
stainless steels are extremely formable and
weldable for low carbon contents and can be
successfully used in the range from cryogenic to usual furnace temperatures. Nickel
is effective in promoting re-passivation (especially in reducing environments) and improves resistance to general corrosion (in
particular in mineral acids).
The resistance to general corrosion of
stainless steels is usually significantly superior to carbon or low-alloy steels. Most
corrosion-resistant grades can even withstand boiling seawater. Corrosion protection of stainless steels [3-5] bases upon the
formation of chromium oxide passive film,
even though full understanding of the na-
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ture of the oxide complex is lacking. The
oxide film should be continuous, nonporous, insoluble and self-healing if broken.
When conditions are favorable for maintaining passivity, in particular, when the
steel is boldly exposed to oxygen and the
surface is maintained free of deposits by a
flowing bulk environment, the stainless
steels exhibit extremely low corrosion
rates. However, localized forms of corrosion, like crevice corrosion, pitting attack,
intergranular attack in weld heat-affected
zones and in particular stress corrosion
cracking can cause unexpected and sometimes serious failures while most of the
structure remains unaffected.
The objective of nondestructive testing
(NDT) is to characterize materials and detect damage so that quality measures are
met and damage is prevented with respect
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to human life, infrastructure and environment. NDT methods are based on physical
processes as a result of the interaction between different forms of energy specified
as static, quasi-static or dynamic wave
fields and the microstructure of the material and/or its change as such. The interactions between energy and, e. g., microstructure are based on mechanisms such as reflection, diffraction, scattering, absorption,
resonance and relaxation. Depending on
the test setup, methods with maximum effects of interaction have to be used at a
very high useful signal level [6].
The evaluation of fatigue as well as crack
initiation and propagation behavior in
terms of microstructural change and damage is of major interest from a research
point of view. Traditionally, material response to cyclic mechanical loading is
characterized by the plastic strain amplitude derived from mechanical stress-strain
hysteresis measurements [6]. However,
complementary NDT-based measurement
techniques can be used for a detailed characterization of the fatigue behavior of
structural metallic materials for different
applications. Those resulting physical

quantities are directly influenced by deformation-induced changes in the material
microstructure and offer the possibility to
obtain more precise information regarding
the actual fatigue state. For example,
changes in dislocation structure such as
dislocation density as well as wall or cell
formation can already occur after 5 % of
lifetime [7]. With ongoing fatigue processes, leading to the formation of microcracks, macro-cracks will occur and grow,
eventually leading to failure. It is of great
importance that microstructural changes
at the beginning of the operational life of a
structure can be made detectable. Moreover, microstructural changes as well as increased fatigue development and damage
can be detected by methods based on thermography [8-9], electrical resistance [7],
magnetics [10-11], ultrasound [12], acoustic emission [13] as well as measurement
of the open circuit potential [14].

Experimental setup
Total strain-controlled strain increase tests
(SIT) and constant amplitude tests (CAT)
were carried out under laboratory air con-

Figure 1: Relationship
between total strain
amplitude (controlled
variable), test frequency
and number of cycles
per step in strain
increase tests (SIT)

a)

b)

Figure 2: Test set up for fatigue tests, a) under laboratory air conditions,
b) under media conditions (distilled water)

ditions as well as under media conditions
(distilled water) with a constant total
strain amplitude rate of ε·at = 1 × 10-3 s-1.
In SIT, the total strain amplitude εa,t was
increased from εa,t,start = 0.2 × 10-3 stepwise by Δεa,t = 0.2 × 10-3 after Δt = 30 min
(0.18 × 104 s) until specimen failure. Consequently, the number of cycles per step
decreases with increasing εa,t. In Figure 1,
the relationship between εa,t, resulting test
frequencies f and number of cycles per step
ΔN in SIT are displayed for clarification.
CATs were performed with the same relationship between εa,t and f until fracture or
reaching maximum number of cycles
Nmax = 105. All fatigue tests were conducted
using a servohydraulic testing system (Instron 8801) with a maximum load of
Fmax = 100 kN under sinusoidal strain-time
function and a strain ratio of R = -1.
To characterize the fatigue behavior in
detail, beyond the conventional measurands of plastic strain amplitude εa,p and
stress amplitude σa being derived from mechanical stress-strain hysteresis measurements, the change in electrical resistance
ΔR and the plasticity-induced ferromagnetic portion ζ were additionally measured
in tests in air. The quantitative change of
these measurands has been directly related
to deformation-induced microstructural
changes in the bulk material and is considered to represent the actual fatigue state.
The experimental setup for fatigue tests
under laboratory air conditions is shown in
Figure 2a. Strains were measured using an
Instron extensometer with an initial gauge
length of 10 mm. To determine the phase
transformation from paramagnetic austenite to ferromagnetic martensite, a Fischer
ferritscope was used. This measurement
setup allows the detection of ferromagnetic
contents from 0.1 % to 80 % near to the specimen surface, which can be correlated with
the deformation-induced martensite formation. For electrical resistance measurements, a DC power supply was fixed at both
specimen shafts and ΔR was measured with
two wires applied to the transition of the
gauge length and the shafts. Apart from the
specimen geometry, the change in electrical
resistance ΔR strongly depends on the resistivity ρ* which is directly related to structural parameters at the microscale.
For fatigue tests in distilled water, a selfdeveloped miniaturized in situ electrochemical cell with a standard three electrode system, which is also used in potentiodynamic
polarization measurements, was applied to
the specimen shafts to measure changes in
the open circuit potential (EOCP) due to de-
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formation and cycledependent microstructural changes. Distilled water – especially
with short test durations – has no corrosive
influence and consequently no influence on
the fatigue behavior of AISI 348. However,
the application of electrochemical measurement methods is very well suited to detect
microstructural changes on the surface. In
the three electrode system, a silver chloride
electrode (Ag/AgCl) was used as a reference
electrode, a graphite electrode as counter
electrode and the AISI 348 specimens were
used as the working electrode [14]. The experimental setup for fatigue tests in fluid
media is given in Figure 2b. Within these
tests, the specimen gauge length is located
in the corrosion cell. As a result, it is not
possible to control and measure the strain
values directly in the gauge length. Therefore, the same extensometer as used in the
tests under air conditions with an extended
initial gauge length of 48 mm was applied to
the specimen shafts outside the corrosion
cell and the strain values were determined
on the basis of a previously recorded calibration relationship. This takes into account
that the shafts provide a larger cross section
compared to the gauge length (minimum
cross section area), with consequently lower
stresses leading to different strain characteristics. By performing in this manner, the
calibrated total strain amplitude εa,t value
can be indirectly used as a set point and is
comparable to conventional strain measurements within the gauge length of the minimum cross section area of the specimen.

Material and
specimen geometry
The metastable austenitic steel AISI 348
(X10CrNiNb18-9) was delivered in form of

Figure 3: Experimental
features for the test
material AISI 348,
a) chemical composition,
b) microstructure in the
initial condition,
c) mechanical properties,
d) specimen geometry
for fatigue tests

round bars with a diameter of 16 mm in solution annealed condition (1.4546.9) and fulfils
quality class A (AMS-STD-2154 Rev.A 201210). The chemical composition is in accordance to DIN 65038 (see Figure 3a). The
microstructure shows a pure austenitic
phase as can be seen in the micrograph
(see Figure 3b). The mechanical properties
are above the minimum requirements set
in standards EN 2002-001-06, EN ISO
148/1-10 as well as EN ISO 6506-1 (see
Figure 3c). The specimen geometry is provided in Figure 3d.

Results
Figure 4 shows the results of the total
strain-controlled strain increase test (SIT)
under laboratory air conditions including
the courses of the total strain amplitude εa,t
(controlled value), the plastic strain amplitude εa,p, the stress amplitude σa, the
change in electrical resistance ΔR and the
ferromagnetic portion ξ.

Figure 4: Total strain increase test with total and plastic strain amplitude,
stress amplitude, change in resistance and ferromagnetic portion as a
function of time for AISI 348 tested in laboratory air

For εa,t = 1.6 × 10-3, σa shows a significant change in the slope, which corresponds
quite well with the value of the fatigue
strength of AISI 348 from literature [15].
This behavior can also be observed in the
course of εa,p. In comparison, ΔR illustrates
this increase even earlier, because it already
responds to microstructural changes which
occur earlier than macroscopic changes.
After the first increase corresponding to
approx. εa,t = 1.4 × 10-3, ΔR shows a nearly
linear increase, which turns into an exponential increase from around εa,t = 8 × 10-3,
indicating macro-crack formation and
growth until failure. The ferritscope signal
provides the most conservative response
characteristic, which is related to the deformation-induced martensitic formation and
consequently the deformation grade. The
martensite formation starts at approx.
εa,t = 3.4 × 10-3 and reaches a maximum
value of about ξ = 3 % before failure. Generally, all measurand slopes display an increasing loading and cycle dependent be-

Figure 5: Total strain increase test with total and plastic strain amplitude,
stress amplitude and corrosion potential as a function of time for AISI 348
in distilled water
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Figure 6: Total strain increase
tests for AISI 348 as a function
of time, a) with the courses of
ferromagnetic portion from the
SIT in laboratory air and open
circuit potential in distilled
water, b) with the course of stress
amplitudes from the SIT in laboratory air and in distilled water

a)

b)

havior due to the stepwise total strain increase, which allows the fatigue stages of
pure elastic, mainly elastic, elastic-plastic
and mainly plastic deformation to be identified and separated.
Figure 5 shows the results of a SIT in distilled water with the courses of total strain
amplitude εa,t (controlled value), plastic
strain amplitude εa,p, stress amplitude σa
and open-circuit potential EOCP. σa and εa,p
show similar progressions as in the test in
air, with a salient point in σa at
εa,t = 1.6 × 10-3 and a corresponding change
in the course of εa,p. EOCP already shows

first changes at test beginning and is constant then. Starting from εa,t = 4 × 103 with
stepwise increase of εa,t, EOCP decreases
stepwise with a nearly linear slope and
starts to decrease exponentially from about
εa,t = 8.6 × 103 until failure. The starting
decrease of EOCP probably indicates microcrack formation and therefore the change
of EOCP is primarily related to the formation
of surface defects, which are downstream
from the first displacement reactions,
which is also underlined by Figure 6a.
For a better clarification, Figure 6a
shows the inverted course of EOCP from the

Figure 7: Constant amplitude test with plastic strain amplitude, stress
amplitude and corrosion potential as function of number of cycles for
AISI 348 in distilled water and a total strain amplitude of 3 × 10-3

SIT in distilled water (see Figure 5) as well
as the change in the ferromagnetic portion
ξ from the SIT in laboratory air (see Figure 4) as functions of time. This diagram
underlines that deformation-induced martensite formation in the volume of the
specimen gauge length is detected less
pronounced and slightly delayed in ξ measurements compared to micro-crack formation and propagation processes based on
EOCP measurements. These findings have to
be validated and verified in further microstructural oriented investigations.
In Figure 6b, the σa courses of the two
SITs in laboratory air and distilled water
are compared. As already mentioned, the
courses of σa (solid line: air, dashed line:
distilled water) are almost identical with a
corresponding change in the slope at about
σa = 250 MPa. The slight difference of
merely 4 % in the stress amplitude at failure
can be neglected. The results show that the
surrounding medium has no identifiable influence on the fatigue behavior. Hence, EOCP
measured in distilled water can be utilized
as an additional, quasi nondestructive material response. The combination of measurement techniques offers the possibility to
separate different fatigue mechanisms and
processes, and thus the identification of fatigue stages where primary dislocation processes, micro-crack formation and propagation as well as deformation-induced martensite formation are taking place.
Subsequent to total strain-controlled
strain increase tests, total strain-controlled
constant amplitude tests (CAT) in distilled
water with εa,t = 3.0 × 10-3 (see Figure 7)
and εa,t = 1.6 × 10-3 (see Figure 8) were performed. The corresponding test frequencies
according to Figure 1 were f = 0.08 Hz (see
Figure 7) and f = 0.15 Hz (see Figure 8).
These εa,t values were chosen with respect

Figure 8: Constant amplitude test with plastic strain amplitude, stress
amplitude and open circuit potential as function of number of cycles for
AISI 348 in distilled water and a total strain amplitude of 1.6 × 10-3
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to the change in the material behavior due
to the mainly elastic, elastic-plastic and
plastic deformation. Therefore, the values
were set directly at and above the salient
points in the σa course in the SITs (see Figures 4 and 5). In Figures 7 and 8, the plastic strain amplitude εa,p, the stress amplitude σa and the open circuit potential EOCP
are plotted as functions of the number of
cycles N. In case of εa,t = 3.0 × 10-3, the cyclic deformation behavior is characterized
by cyclic hardening followed by cyclic softening within the first few cycles. After
N = 2 × 103 cycles, cycling hardening occurs again, which is dedicated to austenitemartensite transformation. In the SIT in
laboratory air (see Figure 4), the initial
stage for austenite-martensite transformation is located at about εa,t = 3.4 × 10-3.
These slight differences may be related to
the cumulated plastic deformation, which is
a basic requirement for the phase transformation process. The steps of the SITs are
relatively short in terms of numbers of cycles. Therefore, it can be assumed, that the
cumulated plastic deformation of the SIT up
to εa,t = 3.4 × 10-3 corresponds to the cumulated plastic deformation of the CAT with
εa,t = 3.0 × 10-3 at N = 2 × 103 cycles. The
high plastic deformations are also resulting
in extrusion/intrusion processes on specimen surface as well as micro-crack formation, which can be detected by means of the
open-circuit potential, exhibiting fluctuations and peaks from around N = 3 × 103
cycles, in contrast to its smooth progression
before. From around N = 2 × 104 cycles,
EOCP starts to decrease until failure which
probably indicates macro-crack formation
and propagation.
The test at εa,t = 1.6 × 10-3 was stopped
after reaching the maximum number of

cycles Nmax = 1 × 105 without failure.
Generally, all measurands show slighter
reactions due to lower total strain amplitude. Again cyclic hardening occurs in
the beginning of the test followed by cyclic softening with a smooth transition to
a saturation state. EOCP is nearly constant
at test beginning and starts to decrease
from about N = 1 × 103 cycles until it
reaches an angular point at about
N = 7 × 103 cycles. From there, EOCP increases again until the limiting number of
cycles is reached. This progression could
be attributed to the formation of slip
bands on specimen surface leading to an
activation of the material at first. Subsequently, these slip bands are repassivated
causing again an increase of the opencircuit potential.
The observed material reactions in Figures 7 and 8, which were evaluated based
on εa,p, σa and EOCP measurements, correspond quite well with the results obtained
from the strain increase tests (see Figures 4 and 5), which underlines the capability of the measurement and testing strategy. This possibility of damage characterization represents a valuable tool that can
be used in a versatile way along design
processes, material selection and component or material evaluation including fatigue life. An approach for fatigue life evaluation based on approaches proposed by
Basquin (Equation (1)) [16] and MansonCoffin (Equation (2)) [17-18] is shown in
Figure 9 [19, 20].
σ’
σ a = σ f ’ ⋅(2Nf )b or εa,e = f ⋅(2Nf )b
(1)
E
(2)
εa,p = εf’ · (2Nf)c
The total strain amplitude (Equation (3))
can be expressed by the summation of the
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elastic (Equation (1)) and plastic (Equation
(2)) portion:
εa,t = εa,e + εa,p =

σf ’
E

⋅(2Nf )b + εf ’ ⋅(2Nf )c (3)

The exponents b and c can be calculated by
the Equations (4) and (5) according to the
Morrow [21] curve shown in Figure 9a and
obtained from the strain increase test in
Figure 4.
With respect to the differences in the
elastic and plastic portion, the mathematical description of the Morrow curve is divided into a predominant elastic and plastic part. From the Morrow exponent n’, the
exponents of the Basquin and Manson-Coffin approaches can be calculated using the
following equations:
c=

−1
5n’ +1

(4)

b=

−n’
5n’ +1

(5)

Due to the very good agreement between
the absolute measurements in the SITs and
the CATs, a transvaluation of strain increase test to constant amplitude test data
is not required.
With the known exponents b and c, the
coefficients εf’ and σf’ are calculated on the
basis of the CAT with εa,t = 3.0 × 10-3 and a
lifetime of 74,145 cycles,. The Young’s modulus E has been evaluated to be 200.62 GPa
by a linear approximation of the elastic portion in Figure 9a. The result of fatigue life
evaluation is given in Figure 9b and is in excellent accordance with comparable investigations known from literature [15]. However,
these findings have to be verified in forthcoming fatigue investigations.

Conclusions and outlook

a)

b)

Figure 9: Morrow curve with separation of ranges for AISI 348 in distilled water, a) with predominant
elastic and plastic deformation, b) fatigue life calculation based on Basquin and Manson-Coffin equations

Measurement techniques based on mechanical stress-strain hysteresis, electrical
resistance, magnetic as well as electrochemical measurements have been successfully applied to characterize the cyclic
deformation behavior of AISI 348 (X10CrNiNb18-9) steel in total strain-controlled
strain increase and constant amplitude
tests in laboratory air and in distilled water. Strain increase tests offer the possibility to obtain comprehensive information
with respect to cyclic hardening and/or
softening behavior. Moreover, the fatigue
strength which can be directly correlated to
the appearance of first plastic deformations
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in the cyclically loaded gauge length can be
determined. The application of measurement techniques allows to separate fatigue
mechanisms with respect to their appearance on the surface, in subsurface area as
well as within the volume. Electrical DC resistance techniques measure changes in
the deformed volume and provide an integral signal. Electrochemical methods detect
changes at the surface initiated by intrusion/extrusion processes and micro-crack
formation. A ferritscope sensor indicates
the plasticity-induced phase transformation from metastable austenite to ferromagnetic martensite as a fatigue indicator. On
the basis of these material reactions, measured using different measurement techniques, it is possible to separate fatigue effects, gain information with respect to the
characterization of the cyclic deformation
behavior as well as calculate the (remaining) lifetime of metastable austenitic steel
AISI 348 for power plant applications. It
has been shown that the physical parameters applied in NDT can principally be well
considered as additional parameters to assess the damage condition of austenitic materials under corrosive media. Those parameters allow to be applied for approaches
in which the microscopic material behavior
can be transferred into real structural components and with which the respective materials data to be used for structural design
can be generated in an extremely efficient
way, principally by a combination of strain
increase and validating constant amplitude
tests. With this in mind, further explorations are due to be performed in the near
future in which other NDT parameters such
as derived from acoustics, electromagnetics, thermography or optics will be considered for a structure-property relationship
and structural health monitoring of austenitic steels in a wide range of areas of application with various operational conditions.
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Abstract
Separierung der Einflüsse von Oberflächen-, oberflächennahen und
Volumenschädigungen auf die Ermüdung des metastabilen austenitischen Stahls X10CrNiNb18-9 (1.4546) für den Kraftwerksbereich.
Rostfreie Stähle finden in einer Vielzahl von Industriezweigen Anwendung, u. a. in der Energie-, Chemie- und Pharmaziebranche sowie in der
Textil-, Nahrungsmittel- und Papierindustrie. In Kraftwerken und Chemiebetrieben eingesetzte metastabile austenitische Stähle sind im Betriebszustand neben mechanischen zyklischen Beanspruchungen auch
häufig gleichzeitig wirkenden thermischen und korrosiven Beanspruchungen ausgesetzt. Die vorliegende Arbeit gibt einen Überblick über zerstörungsfreie und elektrochemische Messtechniken, die eine Unterscheidung der Ermüdungs- und Schädigungsvorgänge während totaldehnungsgeregelter Mehrstufen- und Einstufen-Versuche in Abhängigkeit des
Auftretens an der Oberfläche, im oberflächennahen Bereich sowie im Volumen von Proben oder Bauteilen erlauben. Zusätzlich zu etablierten
Kennwerten aus mechanischen Spannungs-Dehnungs-Hystereseschleifen, wurden elektrische Widerstands- und magnetische Kenngrößen, sowie das elektrochemische Ruhepotential erfasst, um das zyklische Verformungsverhalten des metastabilen austenitischen Stahls X10CrNiNb18-9
(1.4546) an Luft und in destilliertem Wasser zu charakterisieren. Basierend auf den erzielten Ergebnissen wird als Ausblick eine effiziente Methode zur Bestimmung der Rest-Lebensdauer vorgestellt.

based construction materials and components,
taking the influence of manufacturing and joining
processes as well as service loading and corrosion deterioration into account. Based on the application of different measurement and testing
techniques, the fatigue behavior from LCF to
VHCF range under mechanical, thermal, chemical

and mixed influences is characterized, as well as
the damage evolution and (remaining) fatigue life
is calculated. He published more than 140 reviewed papers and conference proceedings and
maintains close scientific contact with institutions and industries in materials science and in
the engineering field worldwide.
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