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Abstract: In this work two approaches to the description of short fatigue crack growth rate under
large-scale yielding condition were comprehensively tested: (i) plastic component of the J-integral
and (ii) Polák model of crack propagation. The ability to predict residual fatigue life of bodies
with short initial cracks was studied for stainless steels Sanicro 25 and 304L. Despite their coarse
microstructure and very different cyclic stress–strain response, the employed continuum mechanics
models were found to give satisfactory results. Finite element modeling was used to determine the
J-integrals and to simulate the evolution of crack front shapes, which corresponded to the real cracks
observed on the fracture surfaces of the specimens. Residual fatigue lives estimated by these models
were in good agreement with the number of cycles to failure of individual test specimens strained at
various total strain amplitudes. Moreover, the crack growth rates of both investigated materials fell
onto the same curve that was previously obtained for other steels with different properties. Such a
“master curve” was achieved using the plastic part of J-integral and it has the potential of being an
advantageous tool to model the fatigue crack propagation under large-scale yielding regime without
a need of any additional experimental data.

Keywords: short fatigue crack; large scale yielding; low cycle fatigue; J-integral; austenitic stainless
steel; residual lifetime prediction

1. Introduction

Austenitic stainless steels are widely used because of their excellent mechanical prop-
erties combined with corrosion resistance. The AISI 304L type steel (formerly known also as
18/8 type) is one of the most frequently used stainless steel for structural components. Due
to its exceptional corrosion resistance and prominent mechanical and technological prop-
erties, it is utilized in diverse industrial, civil engineering and biological applications [1].
One of the most significant characteristics is extraordinary work-hardening stemming
from an additional deformation mechanism, the strain-induced martensitic transformation
(SIMT). Therefore, the 304L steel exhibits excellent ductility combined with appreciable
strength. Recently, the Sanicro 25 stainless steel was developed for advanced heat-resistant
components, such as coal-fired boilers and other power industry applications [2]. This
material shows high resistance to steam oxidation combined with admirable creep, low
cycle fatigue properties and long-term structural stability [2–4]. Such a combination of
properties promotes this alloy as one of the most intriguing structural material for high
temperature application.

Due to the typical utilization of both materials for critical power industry components,
an important task is to establish a reliable fatigue lifetime prediction methodology. Since
commercial materials inevitably contain defects, traceable by non-destructive techniques
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just in limited extend, the description of the short crack growth stage of fatigue life is an
important aspect of the residual fatigue lifetime estimation. Since small-scale yielding
conditions are not valid within short crack growth description, the usage of the stress
intensity factor is violated. The correct description of the short crack behavior under
large-scale yielding conditions, is still discussed [5–18]. Generally, two approaches are
frequently used: (i) based on plastic strain range and (ii) based on J-integral (both are
applied in this article). Strain parameters were introduced by Tomkins [6], Skelton [7,8]
and Polák [9,10]. They found a clear relation between the applied plastic strain amplitude
and the propagation of short cracks. The model by Polák [9,10] introduced “crack growth
coefficient” which is dependent on the applied plastic strain amplitude and has clear
relation with Manson–Coffin law. This coefficient then controls short crack propagation
rate. Tomkins proposed the power law describing directly the relationship between short
fatigue crack growth rate and applied plastic strain amplitude. However, it is easier to
use J-integral value for the application to engineering structures, because its evaluation
is implemented in commercial finite element software and can be easily applied also for
the structures with high strain gradients and geometrically complicated defects. A direct
application of the J-integral is not straightforward because of necessity to use its cyclic
form [11,12]. The effect of the crack closure in large-scale yielding conditions also exists
(however it is very limited) and has been studied in past [12–14]. Recently, the description
of short fatigue cracks based on the plastic part of J-integral was proposed by Hutař [15,16].
This methodology [15] was successfully applied to experimental data obtained on ferritic-
martensitic steel Eurofer 97, austenitic steel 316L, ferritic oxide dispersion strengthened
(ODS) Eurofer steel, aluminium alloy EN-AW 6082/T6 and 2205 duplex stainless steel.

In this work two approaches for the description of short fatigue crack growth rate
under large-scale yielding condition were comprehensively tested: (i) the plastic component
of the J-integral and (ii) the Polák model of crack propagation. The ability to predict residual
fatigue life of bodies with short initial cracks was studied for austenitic stainless steels
Sanicro 25 and AISI 304L. The selected materials have coarse microstructure and different
cyclic stress–strain response. Finite element modeling was used to determine the J-integrals
and to simulate the evolution of crack front shapes. The numerical results were compared
with crack shapes observed experimentally on both materials. The crack growth rates of
both materials were compared with previously published data for other steels and the
“master curve” for all presented materials was established.

2. Materials and Methods
2.1. Materials

High alloyed austenitic stainless steel of grade UNS S31035, Sanicro 25, was produced
by Sandvik, Sandviken, Sweden. Chemical composition of the material in as-received
condition is listed in Table 1. Before the final machining, the specimens were annealed at
1200 ◦C for 1 h and subsequently cooled in air. Microstructure consisted of austenitic grains
with of equiaxed shape and average grain size was 30 µm determined by linear intercept
method without considering annealing twins. Several types of precipitates such as Z phase
(Nb, N and Cr rich) was found at grain boundaries and also grain interior as shown in
Figure 1a. More detailed analysis of the initial state of the material and basic monotonic
and low cycle fatigue properties can be found elsewhere [17,18].

Table 1. The chemical composition of Sanicro 25 in wt % provided by producer.

C Cr Ni W Co Cu Mn Nb N Si Fe

0.1 22.5 25 3.6 1.5 3 0.5 0.5 0.23 0.2 Bal.
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Figure 1. Backscattered electron image of initial microstructure: (a) Sanicro 25, (b) 304L.

AISI 304L austenitic stainless steel, of chemical composition shown in Table 2, was
provided in the form of a hot-rolled sheet. The original sheet was solution-treated at
1050 ◦C for 30 min followed by cooling in nitrogen flow. The microstructure (shown in
Figure 1b) consists of equiaxed austenitic grains with numerous annealing twins and delta
ferrite stringers, aligned along the rolling direction, which occupied approximately 0.53%
of volume fraction (measured by Feritscope MP30, Helmut Fisher GmbH, Sindelfingen,
Germany). The average grain size measured by linear intercept method was 48 ± 32 µm.

Table 2. The chemical composition of 304L in wt.% provided by producer.

C Cr Ni Mn S P Si Fe

0.023 18.12 8.18 1.79 0.003 0.04 0.17 Bal.

2.2. Low Cycle Fatigue Tests

Fatigue tests were carried out on the cylindrical specimens of 8 mm in diameter and
12 mm gauge length. Two types of the specimens were used in this study: (i) specimens
with cylindrical gauge length for the cyclic stress–strain curve determination; (ii) specimens
dedicated for short crack growth tests. The latter possesses a shallow notch of 0.4 mm in
depth at the middle of the gauge length which was ground to facilitate the fatigue crack
initiation within the area and to simplify the short crack growth observation. The specimen
geometry, shown in Figure 2a, was identical for both types with the only difference in the
presence of shallow notch.

Theoretical stress concentration factor of the shallow notch was estimated to be
Kt = 1.14 using the FEM software ANSYS 19.2 (Ansys, Inc., Canonsburg, PA, USA), de-
picted in Figure 2b. The value is small enough to have only a minor impact on the crack
nucleation in other locations of the gauge length but high enough to initiate the primary
crack in the investigated area of the shallow notch. The specimen gauge length was me-
chanically and electrolytically polished to remove any residual deformation and to avoid
preparation-induced martensite occurrence from specimen fabrication. Moreover, the high
quality of specimen surface facilitates the observation of the crack growth using optical
microscopy (OM). A solution of nitric acid, perchloric acid and ethanol in the volume
ratio 1.5:5:100 was used as the electrolyte for both materials. It is important to note that
in the case of 304L steel, a small pre-crack of semi-elliptical shape in the center of the
shallow notch was prepared using focus ion beam (FIB) technique by a field emission gun
scanning electron microscope (SEM) TESCAN LYRA 3 XMU (Tescan Orsay holding, Brno,
Czech Republic). Pre-crack surface length in the range of 100–150 µm and the depth of
approximately 100 µm. Any martensite induced by FIB beam wasn’t observed.
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Figure 2. Overview of the specimen geometry: (a) The specimen with a shallow notch in the middle of the gauge length.
(b) The gauge length segment of the finite element model used for the estimation of theoretical stress concentration factor of
the notch (Y axis is the loading direction). Stress distribution under monotonic loading.

The uniaxial tension-compression tests were performed on an electrohydraulic computer-
controlled MTS 810 test system (MTS Systems Corporation, Eden Prairie, MN, USA). The
strain was controlled and measured using uniaxial extensometer having 8 mm gauge
length. The tests were conducted under fully reversed (Rε = −1) strain-controlled cycling
under constant strain rate

.
ε = 0.005 s−1 and constant total strain amplitude εa regime.

The cyclic tests for cyclic stress–strain curve determination were performed in total strain
amplitude range of 0.25–1% and 0.3–1% for Sanicro 25 and 304L, respectively. Interrupted
cyclic test dedicated to short crack growth characterization were performed in total strain
amplitude range of 0.25–0.7% and 0.4–0.7% for Sanicro 25 and 304L, respectively.

2.3. Cyclic Stress–Strain Response

Figure 3 depicts the cyclic stress–strain curves of investigated materials, an essential
data input for material model in the numerical analysis. Experimental data, represented
by symbols, were obtained from the hysteresis loops at half-life of each cyclic test held
at various total strain amplitudes. Subsequently, data were fitted numerically. Notable
difference in the cyclic response between Sanicro 25 and 304L steel can be mainly attributed
to different chemical composition. The Sanicro 25 steel has high content of Ni and N
which results in high stacking fault energy. This parameter determines deformation
mechanisms of the material. Highly planar localization of cyclic plastic deformation, similar
to 316 L steel, can be expected. Nearly linear character of cyclic hardening with increasing
total strain amplitude can be ascribed to increasing dislocation density. Beside of this
conventional cyclic hardening mechanism, the 304L grade steel possesses the susceptibility
to the SIMT. With increasing total strain amplitude, the SIMT intensifies which results in
significant cyclic hardening. Fatigue data of 304L steel for low stress amplitude region were
adopted from reference [19] to achieve more appropriate numerical fit, since such a test was
not performed in this study. At medium and high total strain amplitude, notable difference
between two variants of 304L are stemming from various chemical composition, namely
ferrite-stabilizing Cr and austenite-stabilizing Ni content. The material examined in this
study had lower Ni content (see Table 2), compared to 10 wt % of reference [19], resulting
in stronger SIMT. Therefore, the studied 304L exhibits much stronger cyclic hardening. The
proportionality of cyclic hardening and volume fraction of strain-induced martensite has
been documented in past [20]. Since this study focuses on fairly localized fatigue damage
phenomenon, it is nearly impossible to quantify precisely the volume fraction of martensite
in its vicinity by non-destructive measurement, such as Feritscope.
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2.4. Short Crack Growth Measurement

The notch area was regularly observed to record the crack growth during cyclic
loading. Therefore, the fatigue tests were interrupted in specific number of cycles. With
increasing crack growth rate during the specimen fatigue life, the number of cycles between
two recordings was decreased. Stress and strain amplitudes were derived from the recorded
hysteresis loops. Plastic strain amplitude was determined as the half-width of the hysteresis
loop at mean stress.

The short crack growth was observed using a long focal length microscope Navitar
(Navitar, Rochester, NY, USA) equipped with an Olympus DP 70 camera (Olympus cor-
poration, Tokyo, Japan). The resolution was 0.15 µm/pixel. The specimens were kept in
tension (at zero strain) to ensure crack opening during the image acquisition. The crack was
characterized by the half of its surface length (the distance between crack tips) projected
on a plane perpendicular to the loading axis as shown in Figure 4b, similarly as in [21,22].
The crack growth rate was then defined as the increment of the crack length, ∆a, within the
interval of cycles ∆N. In the case of Sanicro 25, which was tested without FIB pre-cracks,
multiple crack initiation sites occurred within the notched area. Therefore, the growth
of up to 5 cracks was followed and measured. The test was terminated after one of the
cracks reached the edge of shallow notch. Measured maximum crack lengths were in range
of 0.42–1.2 mm and 0.81–1.96 mm for Sanicro 25 and 304L, respectively. It means that
experimental data of short fatigue crack propagation was measured predominantly for the
cracks lengths below 1 mm.

The crack growth rates can be affected by microstructural aspects and mutual interac-
tions between the cracks, for instance the crack coalescence and shielding. These effects
can accelerate or even temporarily retard the growth of individual cracks. In such a way,
“the equivalent crack” concept [17,23] is chosen to represent the growth of a typical largest
growing crack. Especially due to crack coalescence the crack growth rate can experience
sudden increase which is followed by short-term crack retardation when linked crack
grow just in specimen interior to form again semi-elliptical crack front shape. Although
these processes do not have effect on overall crack growth kinetics, the contribution to
experimental data scatter is distinct as will be shown in following sections.

Figure 4a,b shows the notch area of Sanicro 25 in different stages of the cyclic test-
ing. Nearly all austenitic grains underwent localization of cyclic plastic deformation into
persistent slip bands which are characterized by the formation of persistent slip markings
(PSMs) on the surface. These markings were aligned along {111} slip systems, stemming
from the nature of face cubic centered lattice of the alloy. Typically, the PSMs consist of
extrusions and intrusions which intensify during cyclic straining. As a consequence of



Metals 2021, 11, 475 6 of 20

PSMs evolution, the local stress concentration in the tip of intrusions is increasing and
subsequently can result in the crack initiation. This is documented in in Figure 4a where
cracks A, B and C initiated nearly simultaneously. During further cycling, the cracks path
followed adjacent PSMs and at some point, the coalescence of cracks occurred. For a more
detailed description, the reader is referred to the comprehensive study of Mazánová and
Polák [17].
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Figure 4. Crack growth at the surface of Sanicro 25 cycled at εa = 2.5 × 10−3. Crack propagation is
shown in two stages of cycling: (a) at N = 25,000 cycles where A, B, C depicts independently initiated
cracks; (b) Nf = 37,500 cycles where underwent coalescence of cracks is evident. The estimation of
projected surface crack length is outlined.

Figure 5 presents the results of crack growth observation carried out on the 304L
steel. Since the crack initiation stage of fatigue life was skipped due to the FIB pre-crack
formation, the number of cycles indicating the image acquisition represents only the
fatigue crack propagation stage, thus, it is indexed by “P”. The specimen surface contained
PSMs but also strain-induced martensite. It is widely accepted [24,25] that such a phase
transformation can hinder the subsequent crack growth by the introduction of additional
interfaces and residual stress fields.
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Figure 5. Crack growth at the surface of 304L cycled at εa = 4 × 10−3. Crack propagation is shown in two stages of cycling:
(a) at NP1 = 12,000 cycles and (b) at NP2 = 15,100 cycles.

Figure 6 depicts the vicinity of crack tip to elucidate in detail the different appearance
of specimen surfaces of both materials. Due to predominantly planar character of cyclic
plastic deformation reflected by frequent PSMs, the zig-zag crack path was typical for
Sanicro 25, as shown in Figure 6a. Contrary to that, the crack path in 304L (Figure 6b)
consists of the straight sections where the crack propagated along PSM and the sections
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with fine-rugged crack path stemming from more difficult crack growth due to the SIMT.
Increased roughness of the surface in the vicinity of the crack has been documented as a
clear evidence of strain-induced martensite occurrence [26,27].
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Figure 6. Detail of the crack tip vicinity: (a) Sanicro 25—distinct planar character of cyclic plastic deformation; (b) 304L—slip
plane markings accompanied with significant surface roughness indicating the occurrence of the strain-induced martensitic
transformation (SIMT) within crack plastic zone.

2.5. Fractography

The fracture surfaces analysis was carried out on the cylindrical specimens without
shallow notch. The SEM observation was focused mainly on the crack front shape and its
comparison with the modeled one.

3. Results and Discussion
3.1. Optimization of the Fatigue Crack Front Shape during Crack Propagation

Finite element modeling was performed to simulate short crack growth in the speci-
mens and to calculate fracture mechanics parameters like stress intensity factor or J-integral.
Previously published papers that dealt with a similar topic [11,15,16,28] usually considered
the crack front shape as a simple semi-circle.

However, it is well known that the crack is rather semi-elliptical and the ratio between
the axes of ellipse vary during the crack propagation. In order to evaluate the residual
fatigue lifetime more precisely, it is necessary to model the crack front shape as a semi-
elliptical with changing ratio between the crack axes with increasing crack length.

According to Sih [29,30], the shape of a crack front is given by minimization of the
strain energy density, which means that the value of strain energy density is constant along
the crack front during crack propagation. There is a direct relation between strain energy
density and stress intensity factor or J-integral. It means that for the propagating crack, the
value of stress intensity factor (J-integral) is constant along the crack front. This assumption
is in agreement with the comprehensive study about the effect of free surface performed
by Oplt et al. [31], therefore it was used for the estimation of the ratio between the crack
axes during crack propagation also in this case.

Due to a complicated geometry of the crack front, it was necessary to calculate fracture
parameters numerically. Figure 7 shows a typical numerical model used in the calculation
in the software ANSYS 19.2. In order to save calculation time, symmetry of the specimen
was used. Only a quarter of the central part of cylindrical specimen with the shallow notch
was modeled. A typical 3D numerical model contained approximately 40,000 isoparametric
elements. Fine finite element mesh was generated near the crack front to describe the stress
field gradient near the crack front properly (see the details in the Figure 7). According to
the real experimental conditions, a uniform displacement was applied, so only loading
Mode I was considered. To save computational time during simulations, first optimization
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was prepared based on elastic model and stress-intensity factor values. Then optimized
crack shape was controlled by elastoplastic analysis taking into account non-linear material
properties according to the measured cyclic stress–strain curves shown in Figure 3. Basic
mechanical properties of both steels are listed in Table 3.
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Table 3. Basic mechanical properties of both materials.

Young’s Modulus
E [GPa] Poisson’s Ratio υ

Proof Yield
Strength Rp0.2

[MPa]

Ultimate Tensile
Strength Rm

[MPa]

Elongation at
Break [%]

Sanicro 25 [32] 185 0.3 375 787 49

304L 201 0.3 236 651 83

The values of stress intensity factor (correspond to elastic part of J-integral) were
calculated in each of 40 points distributed along the crack front. It is important to note that
the stress field near the free surface is affected by so-called ‘vertex singularity‘ [33,34], which
influences also the crack propagation in this area [35,36]. Due to this fact, approximately
20% of the crack front close to the vertex point was not taken into account during the crack
front shape optimization. Hence, the calculations were carried out within the distance of
the crack front in between the crack tip X and point Y as marked in Figure 7.

The shape of the crack front changes continuously during the cycling of physically
short cracks up to the length of approximately 2 mm at the specimen surface. Therefore, it
is important to optimize the crack shape depending on its size. The algorithm for the crack
front shape optimization is described in Figure 8, for more details see [37].
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Figure 8. Scheme of the procedure describing numerical estimation of the real crack front shape.

The initial crack shape was modeled as a semi-circle since the ratio of the axes of the
very short semi-elliptical crack a/b is close to 1. Then, the stress intensity factor KI was
calculated as described above. The values of stress intensity factor as a function of the
distance between X point and Y point at the crack front were fitted by a linear function,
as presented in Figure 9. According to a slope of the linear function, three options may
occur: (i) the slope is negative, whereas the ratio a/b increases due to increasing a; (ii) the
slope is positive and the ratio a/b increases due to decreasing a; (iii) the slope is equal to
zero, when the crack shape is optimized. Next step follows this procedure, only when the
value of the axis b is higher. This loop was repeated until reaching the limit for physically
short cracks of a = 2 mm, adopted from [38], which is also correspond to the maximum of
experimentally captured crack length.
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Figure 9. Scheme of procedure describing the numerical estimation of the real crack front shape.

It is important to note that the crack front shape optimization can also be performed by
calculating J-integral in elasto-plastic analysis. It was verified that the resulting crack front
shape was the same for both elasto-plastic J-integral and KI and that they were constant
between the points X and Y, see Figure 10. The difference was only in calculation time
for the elasto-plastic analysis which was longer by one order of magnitude. Therefore,
to save the calculation time, the elastic analysis was performed for the crack front shape
optimization and the elasto-plastic simulations were used just for the validation of the final
crack shape.
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Figure 10. Change of elastoplastic J-integral for selected crack lengths in 304L in the case of cyclic
test with total strain amplitude εa = 0.4%.

The resulting crack front shapes confirmed that the initial crack front shape is close
to a semi-circle, e.g., the ratio a/b is 0.94 for a = 0.047 mm. The larger the crack is, the
lower the ratio a/b is (for crack length a = 1.89 mm the ratio is a/b = 0.82). This dependence
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is demonstrated in Figure 11. The predictions are in agreement with the fractographic
observations of the crack front evolution shown in Figures 12 and 13.
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3. Cracks 1 and 3 were used for the comparison of numerically predicted crack front shapes with real crack front shapes,
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Figure 12 shows the fracture surface of Sanicro 25 subjected to cyclic loading at total
strain amplitude of 0.7%. Here, three developed cracks can be clearly distinguished,
denoted as 1, 2 and 3. The growth of the crack 2 was probably influenced by microstructure
and mutual interaction with crack 3, therefore its shape was irregular. In the details of
Figure 12, depicting the cracks 1 and 3, the real crack front shapes are highlighted by green
color and numerically predicted crack front shapes are highlighted by orange full or dotted
lines. In the case of crack 3, it might be observed that the crack front correlates well with
numerically predicted shape. Although the part of the crack front that lies close to the
crack 2 is slightly irregular. On the other hand, the crack 1 was far enough to propagate



Metals 2021, 11, 475 12 of 20

independently. Therefore, the crack front shape is in very good agreement with numerical
prediction (highlighted by orange color).
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Figure 13. Fracture surface of 304L cycled at εa = 0.4%. Two developed cracks are notable and
denoted by numbers 4 and 5. The shapes of both cracks 4 and 5 were used for comparison with
numerically predicted crack front shapes.

The same analysis was carried out for the 304L specimen cycled at total strain ampli-
tude of 0.4%. The fracture surface of this sample containing two cracks denoted 4 and 5 is
shown in Figure 13. In the case of the crack 5, the real crack front shape is slightly different
from the numerical prediction presumably due to microstructural effects. However, the
crack 4 is characterized by regular crack front shape and the predicted shape is nearly
identical with the real one. It can be concluded that the crack front shapes predicted by con-
tinuum mechanics correspond well to the experimentally obtained crack front shapes with
slight deviations induced by possible microstructural irregularities (such as precipitates or
inclusions) and the effect of SIMT.

3.2. Description of Short Fatigue Crack Growth Rate Based on J-Integral

In order to describe short fatigue crack propagation rates, it is necessary to determine
an appropriate fracture mechanics parameter. As was reported in [15,16], the stress intensity
factor is not suitable due to violation of small-scale yielding conditions. Therefore, it is
necessary to use elastic-plastic fracture mechanics parameter, such as J-integral [39].

The J-integral was proposed by Rice [40] as a parameter describing the intensity of
elasto-plastic stress fields ahead of the crack tip. Rice explained the physical significance of
J-integral as energy release rate and demonstrated the relationship of the stress intensity
factor and J-integral. The J-integral is given by the sum of elastic and plastic part [41]. For
the loading Mode I it can be expressed as:

J = Jel + Jpl =
K2

I
E∗ + Jpl , (1)
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where KI is the Mode I stress intensity factor, J is the J-integral and Jel and Jpl are its elastic
and plastic part. The identity E* = E is valid for plane stress conditions and E* = E/(1 − ν2)
for plain strain conditions.

For the J-integral calculation, the identical numerical model as described in Chapter 3.1
was used. Material properties were homogenous, isotropic and nonlinear, corresponding
to the measured cyclic stress–strain curves, see Figure 3. The crack shapes were modeled
according to the results of optimized crack front shape from Chapter 3.1. For every single
crack configuration and applied strain amplitude the J-integral and the plastic part of
J-integral were calculated. The resulted values were then fitted by a polynomial function
presented in Figure 14. Using this function, it is possible to determine the J-integral values
for previously measured cracks and, consequently, to describe the crack growth rates.
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Figure 14. Amplitude of J-integral and amplitude of plastic part of J-integral vs. crack length a for
304L in the case of cyclic test at total strain amplitude εa = 0.4%. The data is fitted by the polynomial
function, which can be used for the calculation of J-integral (or the plastic part of J-integral) for any
particular crack length within the interval from 0.1–2.4 mm.

In Figure 15, the amplitude of J-integral is used for the description of short fatigue
crack growth rates in both Sanicro 25 and 304L steels. The plots show a certain dependence
on the applied total strain amplitude. Moreover, the data exhibit notable scatter given
mainly by the coarse microstructure of both materials and the fact that Sanicro 25 was tested
without FIB pre-cracks. Therefore, multiple short cracks initiated in the shallow notch
area. In later stage of fatigue life, the crack coalescence appeared, as shown in Figure 4b,
resulting in sudden increase of crack growth rate. In the case of cyclic testing of 304L with
the FIB pre-crack, only one short fatigue crack initiated. Therefore, the crack coalescence
effect on experimental data scatter is not present. However, the SIMT effectively retards the
crack growth in suitably oriented grains with respect to the loading axis. Such a process
leads to frequent drops of the crack growth rates notable in Figure 15b.

As was proposed previously [15,16,42], the plastic part of J-integral is more important
than its elastic part in the case of large-scale yielding conditions. This statement is in
accordance with Figure 16 where the fraction of plastic part of J-integral is plotted as the
ratio of Ja,pl/Ja. The fraction increases with increasing total strain amplitude in the case of
Sanicro 25 (see Figure 16a). However, the SIMT in front of the crack tip, typical for 304L
and other metastable austenitic stainless steels, results in significant cyclic hardening. As
a consequence, the elastic and plastic parts of the J-integral do not increase in the same
rate with increasing total strain amplitude. Therefore, the ratio Ja,pl/Ja slightly decreases,
as presented in Figure 16b. However, the plastic part of J-integral is dominant for all
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total strain amplitudes and therefore, it was used for the description of short fatigue crack
growth as it has been recommended [15,16,28].

Metals 2021, 14, x FOR PEER REVIEW 14 of 20 
 

 

 
(a) (b) 

Figure 15. Short crack growth rate vs. J-integral amplitude under cycling with total strain 
amplitudes εa: (a) Sanicro 25, εa = 0.25%–0.7%, (b) 304L, εa = 0.4%–0.7%. 

As was proposed previously [15,16,42], the plastic part of J-integral is more important 
than its elastic part in the case of large-scale yielding conditions. This statement is in 
accordance with Figure 16 where the fraction of plastic part of J-integral is plotted as the 
ratio of Ja,pl / Ja. The fraction increases with increasing total strain amplitude in the case of 
Sanicro 25 (see Figure 16a). However, the SIMT in front of the crack tip, typical for 304L 
and other metastable austenitic stainless steels, results in significant cyclic hardening. As 
a consequence, the elastic and plastic parts of the J-integral do not increase in the same 
rate with increasing total strain amplitude. Therefore, the ratio Ja,pl / Ja slightly decreases, 
as presented in Figure 16b. However, the plastic part of J-integral is dominant for all total 
strain amplitudes and therefore, it was used for the description of short fatigue crack 
growth as it has been recommended [15,16,28]. 

 
(a) (b) 

Figure 16. Ratio between plastic part of J-integral and J-integral vs. crack length in (a) Sanicro 25 
and (b) 304L. 

The results plotted in Figure 17 can be compared with previously published data of 
various steels [15,16,28]. These investigations were based on the short crack growth 
measurement carried out without the use of FIB pre-cracks. The specimen geometry was 
identical with the present study. The general dependence of short crack growth rate on 
plastic part of J-integral is plotted in Figure 18 for ferritic-martensitic Eurofer 97 steel, 
austenitic-ferritic duplex 2025 steel and austenitic steels 304L, 316L and Sanicro 25. All 
these data were fitted by one master curve. Furthermore, Figure 18 shows that the highest 
crack growth rate was found for 316 L steel, whereas the lowest rate has Sanicro 25 steel. 
This can be explained by microstructural aspects. Distinct zig-zag propagation of the short 

Figure 15. Short crack growth rate vs. J-integral amplitude under cycling with total strain amplitudes εa: (a) Sanicro 25,
εa = 0.25%–0.7%, (b) 304L, εa = 0.4%–0.7%.

Metals 2021, 14, x FOR PEER REVIEW 14 of 20 
 

 

 
(a) (b) 

Figure 15. Short crack growth rate vs. J-integral amplitude under cycling with total strain 
amplitudes εa: (a) Sanicro 25, εa = 0.25%–0.7%, (b) 304L, εa = 0.4%–0.7%. 

As was proposed previously [15,16,42], the plastic part of J-integral is more important 
than its elastic part in the case of large-scale yielding conditions. This statement is in 
accordance with Figure 16 where the fraction of plastic part of J-integral is plotted as the 
ratio of Ja,pl / Ja. The fraction increases with increasing total strain amplitude in the case of 
Sanicro 25 (see Figure 16a). However, the SIMT in front of the crack tip, typical for 304L 
and other metastable austenitic stainless steels, results in significant cyclic hardening. As 
a consequence, the elastic and plastic parts of the J-integral do not increase in the same 
rate with increasing total strain amplitude. Therefore, the ratio Ja,pl / Ja slightly decreases, 
as presented in Figure 16b. However, the plastic part of J-integral is dominant for all total 
strain amplitudes and therefore, it was used for the description of short fatigue crack 
growth as it has been recommended [15,16,28]. 

 
(a) (b) 

Figure 16. Ratio between plastic part of J-integral and J-integral vs. crack length in (a) Sanicro 25 
and (b) 304L. 

The results plotted in Figure 17 can be compared with previously published data of 
various steels [15,16,28]. These investigations were based on the short crack growth 
measurement carried out without the use of FIB pre-cracks. The specimen geometry was 
identical with the present study. The general dependence of short crack growth rate on 
plastic part of J-integral is plotted in Figure 18 for ferritic-martensitic Eurofer 97 steel, 
austenitic-ferritic duplex 2025 steel and austenitic steels 304L, 316L and Sanicro 25. All 
these data were fitted by one master curve. Furthermore, Figure 18 shows that the highest 
crack growth rate was found for 316 L steel, whereas the lowest rate has Sanicro 25 steel. 
This can be explained by microstructural aspects. Distinct zig-zag propagation of the short 

Figure 16. Ratio between plastic part of J-integral and J-integral vs. crack length in (a) Sanicro 25 and (b) 304L.

The results plotted in Figure 17 can be compared with previously published data
of various steels [15,16,28]. These investigations were based on the short crack growth
measurement carried out without the use of FIB pre-cracks. The specimen geometry was
identical with the present study. The general dependence of short crack growth rate on
plastic part of J-integral is plotted in Figure 18 for ferritic-martensitic Eurofer 97 steel,
austenitic-ferritic duplex 2025 steel and austenitic steels 304L, 316L and Sanicro 25. All
these data were fitted by one master curve. Furthermore, Figure 18 shows that the highest
crack growth rate was found for 316 L steel, whereas the lowest rate has Sanicro 25 steel.
This can be explained by microstructural aspects. Distinct zig-zag propagation of the short
fatigue cracks preferentially retards fatigue crack growth rate (especially for very short
cracks), see Figure 6. The effect of coarse microstructure in the case of 304L steel was
partially reduced by a FIB pre-crack and experimental data fit well the resulting crack
propagation rates of other steels. The results summarized in Figure 18 demonstrate similar
behavior of the short fatigue cracks in all studied materials, regardless of distinct cyclic
stress–strain responses summarized in Figure 19. It suggests that driving force for short
crack growth is given mainly by the amount of plasticity at the crack tip, which corresponds
well to the physical models.
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3.3. Residual Fatigue Lifetime Estimation

In low cycle fatigue regime, the fatigue crack propagation rate can be described by the
relation proposed by Hutař et al. [42]:

da
dN

= CJp

(
Ja, pl

)mJp , (2)

where Ja,pl is the amplitude of plastic part of J-integral and CJp and mJp are material charac-
teristics obtained by experimental measurements listed in Tables 4 and 5. The mentioned
importance of the effect of plasticity corresponds well with the Polák model [9]. The model
suggests that the fatigue lifetime is controlled by the plastic strain amplitude upon constant
total strain amplitude loading. Based on this fact, the following model of short fatigue
crack propagation rate was proposed:

da
dN

= kga, (3)

where a is the crack length and kg is the crack growth coefficient corresponding to the
relative increment of the crack length in one cycle. The coefficient kg mainly depends on
the applied plastic strain amplitude using a power law:

kg = kg0εd
ap. (4)

Table 4. Parameters for Hutař model for every tested strain amplitude.

Sanicro 25

εa
(%) 0.25 0.32 0.35 0.5 0.6 0.7

mJp 0.60 0.79 0.66 0.61 1.07 0.90

CJp 4.23 × 10−7 2.13 × 10−7 4.22 × 10−7 7.72 × 10−7 0.65 × 10−7 2.06 × 10−7

304L

εa (%) 0.4 0.5 0.6 0.7

mJp 0.94 1.14 1.08 0.82

CJp 1.57 × 10−7 0.79 × 10−7 1.54 × 10−7 9.23 × 10−7

Table 5. Material parameters for both Hutař and Polák models.

CJp mJp kg0 d

Sanicro 25 1.59 × 10−7 0.867 0.544 1.393

304L 9.78 × 10−8 1.087 4191 2.8

Master Curve 1.05 × 10−7 1.072

The parameters kg0 and d are material parameters listed in Tables 4 and 5.
By integration of Equation (2), the number of cycles between two particular crack

lengths can be estimated. In the case of this study, this interval was chosen as 0.1 mm to
0.5 mm, in order to compare the predicted number of cycles with experimental data. At
first, the parameters of the Equation (2) were taken from the fit of single material (plotted
in Figure 17) and then the calculation was performed again using the master curve for
all tested materials (plotted in Figure 18). These two data sets are plotted in Figure 20
for both materials along with experimental data and data calculated from Polák model
using Equation (3).
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The results showed that the Polák model fits very well the experimental data for both
materials. The advantage of this model is that it can be directly related to the Manson–Coffin
law of a particular material and consequently with the lifetime of experimental specimens.
The model is able to integrate various effects influencing crack propagation, such as
microstructure, crack coalescence or zig-zag crack propagation. In contrast, the model of
the crack propagation based on plastic part of the J-integral, describes the propagation
of a single crack and it is based on stress field close to the crack front. The advantage of
this model is that it can be easily applied to bodies with complex geometry containing a
defect, better application to complex stress fields around a small crack (e.g., high stress
and strain gradient) and the possibility of direct application to longer cracks. As can be
seen in Figure 20, fatigue lives predicted using plastic part of J-integral as crack driving
force are generally in agreement with experimental data, however, in the case of high total
strain amplitudes, longer fatigue lives are predicted. This is the result of dependence of
experimental data on the strain amplitude, as shown in Figure 17, which is possibly caused
by multiple coalescence of several cracks and which affects the growth rates preferentially
under high amplitude loading. Due to this effect, the numerically predicted lifetime curve
has a different slope than the experimental data.

It is important to note that the master curve (fit of data for all tested steels, see
Figure 18) was also able to give acceptable lifetime predictions. Fatigue lives of the 304L
specimens were predicted very well using this general data, however in the case of Sanicro
25, the experimental data differ from the prediction. It is due to the shift of the Sanicro 25
crack propagation data to lower crack propagation rates (see Figure 18). The cause can be at
least partially attributed to the combination of (i) the the zig-zag crack propagation due to
strong planar character of cyclic plastic deformation and (ii) relatively coarse microstructure.
This results in imperfectly perpendicular crack path with respect to the loading axis, as
shown in Figure 4.

It is possible to conclude that even for materials with relatively coarse microstruc-
ture the fatigue life of the specimen can be predicted with sufficient accuracy using the
presented simple methodologies based on continuum mechanics. It should be empha-
sized that the presented approaches were able to describe well the short crack growth
rates in materials with a great variety of chemical composition, structural composition
and completely different cyclic stress–strain response. The conveniently chosen approach
lead to similar short crack propagation rates, which is given mainly by the amount of
cyclic plastic deformation at the crack tip. Therefore, the “master curve” can be used to
roughly predict the fatigue lifetime of bodies containing short cracks without the need of
additional experimental data. It needs to be noted that this methodology is valid for the
cracks exceeding the size of typical microstructural unit but smaller than 2 mm.
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4. Conclusions

Two approaches for the description of short fatigue crack propagation under large-
scale yielding conditions were tested. Namely, the use of plastic part of the J-integral and
the Polák model of exponential crack length growth. Both approaches were checked how
correctly the residual fatigue life of bodies with short initial cracks can be predicted. The
studied materials Sanicro 25 steel and 304L steel had relatively coarse grains and very
distinct cyclic stress–strain responses. The 304L steel exhibits very steep strain hardening
for large strain amplitudes due to martensitic transformation. Despite the regime of short
crack growth in coarse microstructure, the two continuum mechanics approaches were
reasonably successful in description of the crack growth kinetics.

One of the advantages of the plastic part of J-integral is that it covers the effect of ratio
of the plastic strain to the total strain, which is anomalously decreasing for larger total
strain amplitudes in the 304L steel. Therefore, this ratio varied for the studied materials
at different strain amplitudes, while the crack growth rate curves for both materials fell
approximately to one curve, using the parameter Ja, pl for plotting of the crack growth
rate results.

The values of Jpl were determined by 3D finite element modeling of the cracked
specimens considering the cyclic stress–strain curves of the materials. The numerical
model was also used for the simulation of the crack front shape evolution during crack
growth. It helped to verify the relationship between the measured crack length at the
specimen surface and the true in-depth crack length during the experiments. The resulting
crack front shapes were in agreement with those measured post mortem at fracture surfaces.

According to the obtained da/dN-Jpl relationships for the materials as well as to
the Polák model parameters (related to the Manson–Coffin law parameters), the residual
fatigue life of individual specimens was calculated for the same initial short crack lengths.
The results were in good agreement with the measured number of cycles to failure. It
should be noted that such a result is not so self-evident, since each specimen was loaded
by different strain amplitude, which may cause problems in some other approaches.

Additionally, the crack growth rate curves da/dN-Ja, pl for the two tested steels fell
onto the same so-called “master curve”, which was previously measured for various other
steels with different properties (such as 316L, Eurofer 97 and duplex 2025). This is a
reasonable result, since the plastic part of the J-integral corresponds well to the physical
mechanism of crack propagation given by cyclic plastic deformation in the crack tip area.
It means that it is possible to use the “master curve” advantageously to predict roughly
the fatigue life by considering the short crack propagation rates without necessity for any
other experimental data.
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