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Abstract: Metastable austenitic stainless steel was investigated during fatigue tests under strain con-
trol with either constant total or constant plastic strain amplitude. Two different material conditions
with coarse-grained and ultrafine-grained microstructure were in focus. The influence of plastic
strain control of the fatigue test on both the martensitic phase transformation as well as on the fatigue
lives is discussed. In addition, an approach for calculating the Coffin–Manson–Basquin parameters to
estimate fatigue lives based on strain-controlled tests at constant total strain amplitudes is proposed
for materials undergoing a strong secondary hardening due to martensitic phase transformation.
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1. Introduction

The first investigations on the fatigue failure during cyclic loading of metallic materials
carried out by Wöhler in the 19th century revealed that the fatigue life is a function of
the applied cyclic stress. However, since that time, a great increase in knowledge on
different factors influencing the fatigue life was gained. Thus, the influence of cyclic plastic
strain on the crack initiation was intensively studied, resulting in the well-known Coffin–
Manson approach [1–3], which showed that the fatigue life, particularly in the low-cycle
fatigue (LCF) regime, is governed by the cyclic plastic strain. Later on, it was shown
by Lukas et al. [4] that this relationship can be extended also to the high-cycle fatigue
(HCF) regime.

Nevertheless, the majority of fatigue life investigations are still performed under stress
control, or at least under strain control at constant total strain amplitude. However, the
performance of stress-controlled or total strain-controlled fatigue tests disregards changes
in the cyclic plastic strain caused by cyclic hardening or softening of materials. In particular,
for ductile metallic materials in single (copper, e.g., [5,6], nickel [7]) and polycrystalline
(AISI 316L [8], nickel [9], copper [6], aluminum [10]) conditions, a broad variety of in-
vestigations were performed, demonstrating the influence of cyclic plastic strain on the
dislocation arrangement in the microstructure and, therefore, also on the crack initiation
and propagation. However, in the case of materials undergoing a strong cyclic hardening,
such as metastable austenitic stainless steels, the majority of fatigue life investigations are
performed under stress control or under strain control at constant total strain amplitude [11].
This is caused mainly by the fact that these materials yield a significant secondary cyclic
hardening caused by the martensitic phase transformation (e.g., [12,13]). This hardening
behavior impedes the performance of fatigue tests under strain control at constant plastic
strain amplitude since the cyclic stress vs. plastic strain hysteresis loop is changing from
cycle to cycle due to the influence of hardening. Moreover, the specimen stiffness as well as
the Young’s modulus is changing during cyclic deformation due to the phase change from
austenite to α’-martensite, making fatigue tests even more complex.
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Furthermore, it is well known that the grain size has a significant influence on fa-
tigue lives, as well. Thus, investigations on the fatigue lives of coarse-grained (CG) and
ultrafine-grained (UFG) metallic materials have been the focus of scientific interest for
long time [14,15]. It is well known and commonly accepted from total strain vs. fatigue
life diagrams, particularly for pure materials such as copper [16–18], aluminum [19] or
nickel [20], that CG microstructures yield superior fatigue lives in the LCF regime, whereas
in the HCF regime, the fatigue lives of UFG microstructures are superior compared to CG
material conditions [15]. This behavior is explained by the increased strength and the loss
of ductility of UFG microstructures compared to their CG counterparts.

To date, however, only few papers are known [21–30] to focus on the influence of
grain refinement on the fatigue lives of metastable austenitic stainless steels. The results of
these investigations can be summarized by the following main findings: (i) the initial stress
amplitude during strain-controlled cycling is a function of the grain size leading to signifi-
cantly higher values for grain-refined material conditions; (ii) the cyclic deformation curves
of grain-refined states are characterized by an initial softening, followed subsequently
by a cyclic hardening, which is related to the cyclic-strain induced α’-martensitic phase
transformation; (iii) the stress amplitude reached at the end of fatigue life is directly related
to the volume fraction of α’-martensite. Related to the mechanism of martensitic phase
transformation in grain-refined material states, it was suggested by Droste et al. [30] that
in UFG materials, the transformation does not occur inside deformation bands as in CG
reference states. Instead, the transformation starts at grain boundaries and covers larger
areas of the grains with dimensions less than 1 µm.

The aim of the present investigation was to demonstrate the influence of both the grain
size as well as the mode of strain control during testing on the fatigue lives of metastable
austenitic stainless steel.

2. Materials and Methods

A X2CrMnNi16-7-6 steel with two different grain sizes (62 µm and 0.8 µm) was inves-
tigated during cyclic loading under constant total and constant plastic strain at different
amplitudes. The evolution of the ferromagnetic phase fraction (i.e., α’-martensite) was
recorded in situ during the fatigue experiments. The fatigue lives of the total strain and
plastic strain-controlled tests were compared. In addition, Coffin–Manson plots were
calculated from strain-controlled tests at constant total strain amplitudes using stress am-
plitudes at different fractions of fatigue life Nf and compared to fatigue lives obtained from
plastic strain-controlled fatigue tests. The investigations were corroborated by microstruc-
tural investigations using scanning electron microscopy (SEM) showing the grain size and
orientation as well as the morphology and distribution of α’-martensite.

2.1. Material Conditions

The material under investigation was a metastable austenitic stainless steel based
on low interstitial contents of carbon and nitrogen and high concentrations of alloying
elements such as chromium (16 wt %), manganese (6 wt %) and nickel (6 wt %). The
material was studied in two different microstructural conditions: (i) coarse-grained (CG)
microstructure and (ii) ultrafine-grained (UFG) microstructure.

The CG material was achieved via the powder metallurgical production route. The
steel with the chemical composition given in Table 1 was atomized under nitrogen atmo-
sphere, resulting in a steel powder with a particle size d50 = 26 µm. Subsequently, the steel
powder was pressed into a green body with an applied stress of 60 MPa under laboratory at-
mosphere at room temperature. This was followed by a hot-pressing process under vacuum
at 1250 ◦C and 30 MPa for 30 min. The heating and cooling rates during the process were
10 K/min and 5 K/min, respectively. The hot-pressed material was manufactured at the
Fraunhofer Institute for Ceramic Technologies and Systems (IKTS, Dresden, Germany). The
microstructure is characterized by an average grain size of D = 62 µm ± 39 µm containing
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high volume fraction of annealing twins (see Figure 1a) characterized by a misorientation
angle of 60◦ around 〈111〉 axis (see Figure 1e).

Table 1. Chemical composition and mechanical properties of CG and UFG material conditions (Fe
balance). In addition, Ms, SFE, area-weighted average grain size D and martensite content after
tensile testing are provided.

Steel C N Cr Mn Ni Si SFE
(mJ/m2)

Ms
(◦C)

D
(µm)

Rp0.5
(MPa)

UTS
(MPa)

A
(%)

Vol % α’
(%)

CG 0.02 0.06 16.4 7.1 6.3 0.1 17.9 −28 62 267 697 69 18
UFG 0.03 0.02 15.6 7.1 6.1 0.9 11.9 −21 0.78 923 1063 35 20
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changes of 19% each. Between the passes, the bars were cooled down to room temperature 
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during swaging. Subsequently, a conventional reversion annealing process was per-
formed in a preheated tube furnace under argon atmosphere at 700 °C for 5 min, followed 

Figure 1. Initial microstructures of CG and UFG materials conditions obtained from EBSD investi-
gations. (a–c) Crystallographic orientation maps of CG (a) and UFG (b,c) conditions. (d) Grain size
distributions. (e) Misorientation distributions. (f) Texture of UFG material. ND—normal direction,
TD transverse direction, LA—loading axis.

The UFG material was obtained by thermomechanically controlled processing (TMCP) [31].
The initial material was an as-cast steel with the chemical composition given in Table 1. A
steel rod with a diameter of 50 mm was cold-formed in a 4-jaw rotary swaging machine
at Leibniz-Institut für Festkörper- und Werkstoffforschung Dresden (IFW, Dresden, Ger-
many). Cold forming was performed in 11 passes with cross-sectional changes of 19% each.
Between the passes, the bars were cooled down to room temperature to enable the forma-
tion of a high fraction of deformation-induced α’-martensite (86 vol %) during swaging.
Subsequently, a conventional reversion annealing process was performed in a preheated
tube furnace under argon atmosphere at 700 ◦C for 5 min, followed by water quenching.
The microstructure of this material is fully austenitic (Figure 1b,c) and is characterized by
an area-weighted average grain size of D = 0.8 µm ± 0.4 µm (see Figure 1d, Table 1). The
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EBSD measurements showed a pronounced 〈001〉 and 〈111〉 texture in load axis (Figure 1f).
More details on the process are given elsewhere [30].

Based on the chemical composition, the martensite start temperature Ms as well as the
stacking fault energy (SFE) were calculated for both UFG and CG material conditions ac-
cording to [31] and [32], respectively. In both cases, the Ms is well below room temperature,
indicating that no thermal martensite has been formed. However, both material condi-
tions exhibit a high ability to show strain-induced martensitic phase transformation under
mechanical loading and also a higher dissociation width of Shockley partial dislocations
forming stacking faults due to stacking fault energy (SFE) value below 18 mJ/m2. Due
to the different heat treatments, further influences might impact the mechanical behavior.
Thus, the UFG structure was obtained by ageing at 700 ◦C, whereas the CG state was set at
1250 ◦C. Therefore, it cannot be excluded that precipitates may have developed at 700 ◦C.
However, we assume that these should have only minor relevance for the cyclic behavior
compared to the grain size difference.

The mechanical properties such as yield strength (Rp0.5), ultimate tensile strength
(UTS) and elongation at fracture (A) under tensile loading at RT of both material states are
included in Table 1, together with the achieved martensite content in the gauge length of
specimens after tensile testing.

2.2. Mechanical Testing

Cylindrical specimens were manufactured for both CG and UFG material conditions
with a gauge length of 14 mm and a diameter of 6 mm and 5 mm, respectively. The
specimen geometries are shown in Figure 2. Different sample geometries were necessary
because after completion of the tests on the CG material (specimen in Figure 2a), it was
realized that the UFG material was only available in smaller dimensions and the geometry
in Figure 2b had to be chosen. The fatigue tests were carried out using two servo-hydraulic
testing machines: MTS Landmark 250 with max. load capacity of 250 kN for CG specimens
and MTS Landmark 100 for UFG specimens (both MTS Systems Corporation, Eden Prairie,
MN, USA). The tests were performed using a clip-on extensometer with a gauge length
of 12 mm and a measuring range of ±9%. The fatigue tests were performed for CG and
UFG material conditions, both under total strain control in a range of 0.3% ≤ ∆εt/2 ≤ 1.2%,
as well as under plastic strain control in a range of 0.14% ≤ ∆εpl/2 ≤ 1.0%. In all tests,
a triangular waveform command signal was applied and the total strain rate was set
to

.
ε = 4× 10−3 s−1. Plastic strain was evaluated according to procedure described by

Sommer et al. [33] regarding the stress dependence of Young’s modulus in high strength
materials. Sommer et al. suggested an approach for the relationship between stress and
elastic strain that accounts for this stress dependence using a quadratic complement to
Hooke’s law according to Equation (1):

σ = E0 · εel + z · ε2
el (1)

where z is constant with z < 0, which should be evaluated using partial unloading during
the first loading cycle under total strain control.
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The fatigue experiments were corroborated by ferromagnetic phase fraction measure-
ments. Thus, Fischerscope® MMS® PC or Feritscope® FMP30 (both Helmut Fischer GmbH,
Sindelfingen, Germany) were used to measure the ferromagnetic phase fraction in situ
during the fatigue tests at a frequency of 5 Hz using a ferrite probe of type FGAB1.3-Fe. The
detection depth decreases with increasing ferromagnetic phase content and is 3–3.5 mm
at 7% ferrite. The ferrite probes were calibrated with the same calibration set based
on four ferrite standards. Since this calibration refers to the δ-ferrite content of a sam-
ple, the measured values must be multiplied by a correction factor of 1.7 according to
Talonen et al. [34] to obtain the content of α’-martensite. This correction factor is valid
up to measured values of maximum 55 Fe-%. Since this value is exceeded in some cases
of the present work, the uncorrected ferrite probe signal is given in Fe-% throughout
the paper. More-over, a roundness correction due to the cylindrical samples or an edge
distance correction in the case of the flat samples is omitted. Instead, the measured
lengths of the samples were scanned with the ferrite probe after the end of the test
in order to calculate a mean α’-martensite content. Subsequently, the test data were
corrected to this mean value.

Microstructural investigations were performed using scanning electron microscopy
(SEM) on the initial material conditions as well as for selected fatigue experiments under
total strain control. Thus, electron-backscattered diffraction (EBSD) measurements were
conducted using a field-emission SEM (Mira3, Tescan, Brno, Czech Republic) operated
between 20 kV and 25 kV acceleration voltage equipped with an EBSD detector and OIM
acquisition/analysis software (both EDAX, TSL, Mahwah, NJ, USA).

3. Results
3.1. Cyclic Deformation Curves

The results of the fatigue tests under total and plastic strain control in terms of cyclic
deformation curves are summarized in Figure 3 for CG (Figure 3a) and UFG material
(Figure 3b). The plastic strain amplitudes were set according to the initial plastic strain
amplitudes obtained in the respective total strain-controlled tests. Thus, pairs of tests
resulted, which had initially the same plastic strain amplitudes. It must be noted that the
plastic strain amplitudes of the total strain-controlled tests decreased during the tests in
the case of pronounced cyclic hardening and increased for cyclic softening, respectively.
Furthermore, the results of two further tests at lower (0.235%) and higher (1.0%) plastic
strain amplitudes were included. First, significant differences between CG and UFG
material become apparent, as expected already from the quasi-static mechanical properties
(Table 1). The initial stress amplitudes for the UFG material state are significantly higher
due to the small grain size (<1 µm). Moreover, the fatigue life of the UFG state is identical or
slightly enhanced compared to the CG condition for tests at high or small strain amplitudes,
respectively. No significant differences were observed in the cyclic stress–strain responses
obtained under plastic strain control or total strain control. The small discontinuities
in cyclic hardening/softening curves obtained under plastic strain control are related
to adjustments of the stress vs. plastic strain hysteresis loops caused by the hardening
behavior of the material under cyclic loading. Overall, a pronounced secondary hardening
is observed in both material conditions at higher strain amplitudes, which is related to
the formation of α’-martensite. For further analysis of the cyclic deformation behavior
of the investigated steel under total strain control, the reader is referred to our recent
papers [27,30,35].
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3.2. Evolution of α’-Martensite Volume Fraction

The evolution of ferromagnetic phase fractions during fatigue tests under total and
plastic strain control is shown for both CG and UFG material states in Figure 4. It can be
seen that for both materials and at all strain amplitudes, an incubation period is needed for
the onset of the formation of cyclic deformation-induced α’-martensite. Furthermore, it
is visible that the incubation period is always significantly shorter for the UFG material
compared to CG condition, in particular at high total strain amplitudes (Figure 4a,b). The
α’-martensite fractions at the end of fatigue life are more or less comparable at high total
strain amplitudes, whereas at small total strain amplitudes, the CG condition exhibits
higher martensitic phase fractions. The plastic strain-controlled tests in Figure 4c,d clearly
support the statement of significantly shorter incubation periods for the UFG material.
Thus, at the highest strain amplitude of ∆εt/2 = 1.2%, the incubation period is in the range
of a few cycles for the UFG material, whereas for the CG material, it is around 100 cycles
(compare Figure 4a,b). The phase fractions at the end of fatigue life, on the other hand,
do not differ that much between the conditions, with a trend for the UFG material to
exhibit a slightly higher volume fraction of α’-martensite. In addition, at small strain
amplitudes ∆εt/2 < 0.4%, the formation of α’-martensite is negligible in both CG and UFG
material. However, it must be mentioned that some problems occurred regarding the ferrite
probe measurements in the case of the CG material cyclically deformed under total strain
control (Figure 4a). For ∆εt/2 ≤ 0.3%, the measurement was not sensitive enough at small
α’-martensite fractions. There was some α’-martensite detected along the gauge lengths
after the tests. This is why some α’-martensite fractions are only indicated by a cross in the
diagram representing the values at the end of fatigue life.

Furthermore, it turned out that the formation of cyclic deformation-inducedα’-martensite
is more intense and the incubation period is even shortened under plastic strain control
(Figure 4c,d). This can be explained in terms of the control mode and the threshold value
of the cumulative plastic strain λp,th [35], which is calculated by Equation (2):

λp,th = 4 ·
N f

∑
i=1

∆εpl/2. (2)
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The evolution of the ferromagnetic phase fraction as a function of λp,th is shown in
Figure 5 for two selected strain amplitudes of both total strain (Figure 5a) and plastic strain-
controlled (Figure 5b) fatigue tests. In general, the cumulated plastic strain needed for the
onset of martensitic phase transformation is significantly lower for the UFG condition as
well as for the plastic strain-controlled tests. Thus, the formation of α’-martensite starts
earlier. Moreover, it is noticeable that at the end of the fatigue life, the α’-martensite content
of the UFG material is always higher than for the CG material for the corresponding plastic
strain amplitude. Only for small total strain amplitudes was the martensitic transformation
of the UFG material significantly lower compared to CG material (compare Figure 5a,b).
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These results allow the conclusion that the UFG condition, despite its small grain size,
has a higher tendency to form α’-martensite than the CG counterpart. This contradicts
experimental findings on the destabilization of metastable austenitic steels during mono-
tonic loading, in which decreasing grain size typically inhibits and retards α’-martensite
formation [36–40]. Dissenting observations have mostly been attributed to the reduction
of austenite stability due to the binding of carbon and nitrogen in precipitates [24,25] or
to deformed microstructure components left over from fabrication [41]. In contrast, the
UFG condition of the present study exhibits a completely recrystallized, homogeneous
microstructure and a low proportion of interstitial elements due to the alloy design. In addi-
tion to the high stress amplitudes as a result of the small grain size, the strong texture with
〈001〉 and 〈111〉 lattice directions parallel to the loading axis (compare Figure 1f) contributes
decisively to a pronounced phase transformation. These crystallographic orientations are
preferred for large dissociation width of Shockley partial dislocations—grains with 〈111〉
orientation under tensile load and grains with 〈001〉 orientation under compressive loads
facilitate the formation of α’-martensite [42,43]. Moreover, the chemical driving force for
martensitic phase transformation expressed by martensite start temperature Ms (compare
Table 1) is slightly increased for the UFG condition compared to coarse-grained counterpart.
Finally, the SFE of UFG condition is lower compared to the CG material (see Table 1) due to
the lower N content resulting in a higher tendency of the formation of extended stacking
faults, which are a pre-cursor for α’-martensite formation.

3.3. Microstructure

In addition to the in situ ferromagnetic measurements, microstructural investigations
were conducted for a selected total strain amplitude on CG and UFG material conditions.
Figure 6 shows the results of EBSD measurements unraveling the martensitic phase trans-
formation in CG und UFG material states at different total strain amplitudes. Figure 6a
shows the phase map of CG material cyclically deformed at ∆εt/2 = 0.3%. Figure 6b,c are
related to UFG material cycled at ∆εt/2 = 0.4% and ∆εt/2 = 0.5%, respectively.
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total strain amplitudes of ∆εt/2 = 0.3% (a,d), ∆εt/2 = 0.4% (b,e) and ∆εt/2 = 0.5% (c,f). Color code of phase
maps (a–c): gray—austenite, yellow—ε-martensite, blue—α’-martensite. Crystallographic orientation
maps of α’-martensite (d–f) are shown by inverse pole figure color code of the normal direction.
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As expected for CG material condition, the formation of deformation bands along
different activated slip systems is clearly visible. Some of these bands are transferred to
ε-martensite (yellow) due to the high density of stacking faults and, in addition, α’-martensite
grains (blue in Figure 6a) with different crystallographic orientations (compare Figure 6d)
are formed in some bands. Figure 6b,c,e,f shows the microstructure of the UFG condition
after fatigue tests at ∆εt/2 = 0.4% (b,e) and ∆εt/2 = 0.5% (c,f). The different martensitic
phase transformation of metastable UFG steel becomes apparent. Due to the small grain
size (<1 µm), the formation of deformation bands is impeded. Instead of formation of
α’-martensite within deformation bands, the small grains transform successively either to
ε-martensite or to α’-martensite (see [30]). The volume fraction of α’-martensite increases
significantly with the increase in strain amplitude (compare Figure 6b,c), which is in
agreement with measurements of ferromagnetic phase fraction.

4. Discussion

The fatigue life with respect to the applied total strain amplitude was analyzed for
both CG and UFG material conditions according to the relationship of Basquin and Coffin–
Manson in Equation (3):

∆εt/2 =
σ′f
E
·
(

2N f

)b
+ ε′f ·

(
2N f

)c
, (3)

where σ′f represents the fatigue strength coefficient, E is the Young’s modulus, b is the
fatigue strength exponent, ε′f is the fatigue ductility coefficient and c is the fatigue ductility
exponent. The resulting fatigue life curves for the CG and UFG material states are shown
in Figure 7a. The plots unravel two main aspects: (i) identical fatigue lives of UFG and CG
material states in the LCF regime, and (ii) superior fatigue lives of UFG state compared to
CG counterpart in the HCF regime. In principle, the latter fact of higher durability in the
HCF range is typical for UFG materials tested under total strain control [14,15]. The higher
fatigue lives at lower total strain amplitudes are caused by the superior strength due to
the small grain size compared to the CG condition, which is accompanied by significantly
lower plastic strain amplitudes (compare Figure 7b).

In addition, the UFG state has good ductility (compare Table 1) due to its fully re-
crystallized microstructure and can tolerate a correspondingly high degree of plasticity.
In contrast, lower lifetimes of UFG material states compared to their CG counterparts are
expected at high strain amplitudes, i.e., in the LCF regime [14,15]. However, in the present
case, the fatigue lives of UFG and CG conditions are identical in the LCF regime under
total strain-controlled tests, as seen from Figure 7a.

The fatigue lives of the plastic strain-controlled tests on for UFG and CG material
conditions are plotted in Figure 7c. The diagram reveals that the fatigue lives at the
highest plastic strain amplitude of 1% are nearly identical for both material conditions.
However, the fatigue lives of the CG condition are significantly higher at small plastic
strain amplitudes compared to the UFG material. At ∆εpl/2 = 0.15%, the difference is
approximately one decade. This illustrates the influence of the control mode of the fatigue
tests on the lifetime.

During the total strain-controlled tests, the opposite was observed: a higher fatigue
life of the UFG condition at low strain amplitudes (compare Figure 7a). The strength of the
material was life-determining [2,3]. For the stronger UFG material, the elastic portion of
the strain amplitude was larger and the plastic proportion was smaller.



Metals 2022, 12, 1222 10 of 14

Metals 2022, 12, x FOR PEER REVIEW 10 of 14 
 

 

and CG material states in the LCF regime, and (ii) superior fatigue lives of UFG state com-
pared to CG counterpart in the HCF regime. In principle, the latter fact of higher durability 
in the HCF range is typical for UFG materials tested under total strain control [14,15]. The 
higher fatigue lives at lower total strain amplitudes are caused by the superior strength 
due to the small grain size compared to the CG condition, which is accompanied by sig-
nificantly lower plastic strain amplitudes (compare Figure 7b).  

 
Figure 7. Fatigue life curves of total strain amplitude vs. reversals to failure of UFG and CG condi-
tions (a) and evolution of plastic strain amplitude vs. number of cycles (b) obtained during total 
strain-controlled fatigue tests. (c) Fatigue lives obtained under plastic strain control for UFG and 
CG conditions. (d) Coffin–Manson plots calculated from total strain-controlled tests using stress 
amplitudes at different fractions of fatigue life Nf compared to fatigue lives obtained from plastic 
strain-controlled fatigue tests. (e) Coffin–Manson plots calculated from total strain-controlled tests 
using linear damage accumulation fit compared to fatigue lives obtained from plastic strain-con-
trolled fatigue tests and the normally used comparison point at Nf/2. 

Figure 7. Fatigue life curves of total strain amplitude vs. reversals to failure of UFG and CG
conditions (a) and evolution of plastic strain amplitude vs. number of cycles (b) obtained during
total strain-controlled fatigue tests. (c) Fatigue lives obtained under plastic strain control for UFG
and CG conditions. (d) Coffin–Manson plots calculated from total strain-controlled tests using stress
amplitudes at different fractions of fatigue life Nf compared to fatigue lives obtained from plastic
strain-controlled fatigue tests. (e) Coffin–Manson plots calculated from total strain-controlled tests
using linear damage accumulation fit compared to fatigue lives obtained from plastic strain-controlled
fatigue tests and the normally used comparison point at Nf/2.

The fatigue life curves of total strain-controlled tests are calculated according to
Equation (1), which is based on the sum of the elastic (Basquin) and plastic (Coffin–Manson)
strain contributions. In general, the saturated stress amplitude usually taken at half fatigue
life is used to determine the elastic and plastic components and the Basquin/Coffin–
Manson parameters (see Equation (1)). However, it is obvious from the cyclic stress–strain
response shown in Figure 3 that no saturation plateau is reached for the investigated
metastable austenitic steels due to their pronounced secondary cyclic hardening caused by
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the martensitic phase transformation. Thus, there is no universal rule on which stage of
fatigue life should be used for parameter calculation. To prove different approaches, various
stress amplitudes such as σa at N f /10, N f /5 or N f /3 were used. The results in terms of
the Coffin–Manson plots calculated based on the total strain-controlled tests are shown in
Figure 7d (thin lines) together with the results from plastic strain-controlled tests, which
represent the experimentally revealed Coffin–Manson plots (bold lines). Depending on the
calculation approach, different progressions for the Coffin–Manson plots arise. Since both
total and plastic strain-controlled tests were performed in this work, different approaches
can be compared and their accuracy evaluated. It turned out that for the CG condition,
the calculation of parameters ε′f and c strongly depend on the chosen approach. Thus,
markedly different courses for the Coffin–Manson plots arise for different approaches. For
example, calculations based on the maximum stress amplitude result in a particularly high
elastic fraction of the total strain (Basquin), which in turn causes a particularly low plastic
fraction. Consequently, the latter is underestimated and the Coffin–Manson plot predicts
a too low fatigue life. The opposite is provided by calculating ε′f and c using the stress
amplitude at N f /10. This is still within the incubation period. Thus, the martensitic phase
transformation has not yet set in and the stress amplitudes are comparatively low. Therefore,
this approach results in too low elastic and too high plastic fraction. If stress amplitudes
from later phases of the cyclic deformation are used, the plastic fraction is reduced as a
consequence of the cyclic hardening, and the Coffin–Manson plots are shifted downward.
The best agreement of the Coffin–Manson curve with that of the plastic strain-controlled
tests was obtained using the stress amplitude at N f /3 in our case. The most common
approach to determine the Coffin–Manson parameters based on the stress amplitude at
half-fatigue life results in an underestimation of the plastic part due to the strong cyclic
hardening of the CG state (compare Figure 7d).

As in the total strain-controlled tests, the plastic strain amplitude changes during
the test in each cycle with the cyclic hardening or softening. We suggest in this work an
additional approach with a regression calculation based on the linear damage accumulation
hypothesis similar to Palmgreen and Miner. In this approach, the damage sum S over all
cycles is determined for each test (t) based on a Coffin–Manson approach:

S(t) =
N f

∑
N=1

2

(
∆εpl(N)

ε′f

)− 1
c

(4)

A sum U of the error squares of the deviations of the damage sums of all cycles from 1
each is formed:

U =
tmax

∑
t=1

(S(t)− 1)2 (5)

The coefficients of this Coffin–Manson equation are then determined with a linear
regression calculation in which the sum U is minimized.

Figure 7e shows that the Coffin–Manson curves obtained from the total strain-controlled
tests agree better with the measurements at plastic strain control than those determined
from plastic strains at half-life. The authors consider this method useful when predicting
Coffin–Manson parameters under plastic strain control from total strain-controlled tests, in
particular for materials with severe cyclic hardening or softening.

In the case of the UFG condition, the scatter of the Coffin–Manson curves calculated
according to different approaches is much smaller than for the CG condition, as seen from
Figure 7d. This is caused by the less pronounced cyclic hardening/softening (compare
Figure 3b). The comparatively small differences in the stress amplitudes lead to similar
Coffin–Manson plots, which agree well with the reference curve from the plastic strain-
controlled tests shown in Figure 7d.
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5. Summary

The influence of cyclic plastic strain control on the evolution of α’martensite and,
hence, on the fatigue life was studied for a metastable austenitic stainless steel with two
different grain sizes: (i) coarse-grained (62 µm) and ultrafine-grained (0.8 µm) material.
The main results can be summarized as follows:

• The initial stress amplitude is significantly higher for the ultrafine-grained material
condition during both total and plastic strain-controlled fatigue tests.

• In both material conditions, a pronounced secondary hardening is observed, which is
attributed to the martensitic phase transformation.

• During plastic strain-controlled tests, the cumulated plastic strain needed for the
onset of martensitic phase transformation is significantly lower compared to total
strain control.

• The UFG condition shows the higher ability for martensitic phase transformation,
which is caused by the pronounced texture.

• Based on strain-controlled tests at constant total strain, an approach for the calculation
of Coffin–Manson parameters was proposed for materials undergoing a strong sec-
ondary hardening due to martensitic phase transformation. The best agreement of the
Coffin–Manson curve with that of the plastic strain-controlled test was obtained when
calculations were based on the stress amplitude at Nf⁄3.

• A linear damage accumulation approach can be used to estimate Coffin–Manson
parameters close to those obtained from plastic strain-controlled tests without an
arbitrary comparison point.
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