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A B S T R A C T   

The work presented here deals with the implementation of a new methodology that allows fast and reliable 
determination of the fatigue strength. It is based on monitoring the specimen stiffness changes at different stress 
levels, as an indicator of the evolution of fatigue damage. This new rapid fatigue test uses techniques available in 
many laboratories, as the DIC (Digital Image Correlation) technique and common extensometers. Moreover, the 
obtained data are easier to handle than infrared cameras or acoustic emission systems data, and the experimental 
procedure to determine the fatigue limit is more evident than in the self-heating method. 

Experiments have been conducted in TWIP (Twinning Induced Plasticity) steel, a material used for light
weighting the structural parts of vehicles. With their excellent energy absorption capacity, TWIP steels can satisfy 
the part requirements in terms of crash performance, while their high tensile strength can deal with the cyclic 
loads acting on chassis parts. Therefore, many efforts focus on improving the fatigue strength of TWIP steels 
through pre-straining and/or surface treatments. However, finding the best way to improve the fatigue resistance 
requires time and resources that often hinder the development of the material. For this reason, a TWIP steel has 
been selected to check the new rapid fatigue test. The prediction made using the proposed approach is validated 
by comparison with conventional staircase results and fatigue crack growth standardised tests. The good 
agreement allows proposing the new method as a fast and efficient way to determine the fatigue resistance in 
metals.   

1. Introduction 

High manganese austenitic steels (HMnS) show an outstanding 
combination of formability and strength, thanks to the twinning- 
induced plasticity (TWIP) effect, that poses them as good candidates 
for vehicle lightweighting [1–4]. They are also known as TWIP steels 
and belong to the 2nd generation of Advanced High Strength Steels 
(AHSS). Their superior mechanical performance is related to the value of 
the stacking fault energy (SFE), mainly controlled by the chemical 
composition [5,6] and temperature [7]. TWIP effect is reported for SFE 
values from 20 to 60 mJ/m2 [8]. Alloying elements generally decrease 
the SFE, leading to an enhanced twinning behaviour during deforma
tion. Nonetheless, a SFE below 20 mJ/m2 favours the austenite (γfcc) to 
martensite (εhcp, α′

bcc) transformation, known as the transformation- 
induced plasticity (TRIP) effect [9,10]. This effect is suppressed by the 
addition of Al that increases the SFE and promotes the mechanical 

twinning formation [11]. Twinning conducts a superior strain hardening 
capability that may be understood as a dynamic Hall-Petch effect [12]. 
Such phenomenon confers to TWIP steels a high fracture toughness, 
which enables them for the production of crash-resistant parts of the 
body in white (BiW) [13–15]. TWIP steels could also be applied to other 
parts of the vehicles as suspension arms or chassis parts [16]. However, 
these parts are subjected to cyclic loads during vehicle use, which means 
that their fatigue resistance must be known. 

Since the first fatigue evaluation of TWIP steels reported by Cornette 
et al. [17], several authors have studied their fatigue behaviour, 
reporting different fatigue limit values as a function of the applied stress 
ratio R (σe) [18]. Fatigue limits of about 400 MPa were measured for R =
-1 [19,20] and 260 MPa for R = 0.1 [21], both expressed in terms of 
stress amplitude. The fatigue limit for R = 0.1 to ultimate tensile 
strength (σe / σUTS) ratio is around 0.2 [22]. This ratio is lower for TWIP 
steels than the ones obtained for other AHSS of similar strength, such as 
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complex-phase (CP) and dual-phase (DP) steels, that show σe / σUTS 
values larger than 0.25 [23,24]. Such ratio for TWIP steels is similar to 
the one found for austenitic stainless steels or press hardening steels 
(PHS) [25,26]. 

Such a low σe / σUTS ratio for TWIP steels has stimulated the research 
to improve their high cycle fatigue (HCF) resistance. Most of the works 
focused on pre-straining strategies [27–33], grain refinement [34,35], 
alloy optimisation [36–38] or surface treatments [39–41]. It is accepted 
that the general enhancement of the HCF resistance comes from the 
presence of twins induced by pre-straining the material [28]. However, 
the consequent improvement in tensile strength also increases the notch 
sensitivity, promoting crack initiation at inclusions or surface defects, 
which lowers the σe / σUTS ratio [29]. For this reason, more research on 
the HCF resistance is needed to deeply understand the relationship be
tween the microstructural characteristics of TWIP steels and their fa
tigue resistance. 

However, it should be kept in mind that HCF tests are expensive and 
time-consuming, which limits the generation of data for different ma
terial and processing conditions. So, accelerated or more straightfor
ward testing procedures would help to further progress in 
microstructural development of fatigue optimised steel grades. One of 
the first fatigue test methods to rapidly determine the fatigue limit was 
proposed by Stromeyer [42]. Other authors further developed this 
method by using thermography [43–46]. The method is based on 
measuring the self-heating effects during fatigue testing, associated with 
the dissipated thermal energy. The procedure has been applied to 
determine the fatigue limit of austenitic stainless steels [47,48] and TRIP 

steels [49]. Nevertheless, Meneghetti [50] reported that the method is 
unsuitable for all types of metals and testing facilities. 

This work aims to use rapid fatigue tests to evaluate the fatigue 
resistance of TWIP steels. A novel rapid fatigue test, based on continuum 
damage mechanics (CDM), is proposed to overcome the drawbacks 
shown by the self-heating method. According to the CDM theory, the test 
gives a damage variable through the measurement of the stiffness evo
lution [51,52]. In this way, the fatigue damage evolution is easily 
monitored from the undamaged material to the macroscopic crack 
initiation, as shown by finite element methods based on CDM [53–55]. 
Moreover, the proposed test also allows to measure the propagation of 
large cracks and rationalize it following fracture mechanics concepts. 
TWIP steels show excellent resistance to fatigue crack propagation with 
a large stable crack propagation regime [56]. This behaviour is perfect 
to check the applicability of the method to catch the two main stages of 
fatigue damage: crack initiation and propagation. 

2. Material and experimental procedure 

2.1. Material 

This work investigates a fully austenitic TWIP steel, supplied as cold- 
rolled sheets of 1.45 mm in thickness. The chemical composition ob
tained by spark atomic emission spectrometry is summarised in Table 1. 
Tensile properties were determined at room temperature using a uni
versal testing machine according to the ISO 6892 standard, in longitu
dinal and transverse orientations concerning the sheet rolling direction 
(RD). The fracture toughness was evaluated through elastic-plastic 
fracture mechanics measurements following the essential work of frac
ture methodology, adapted to AHSS by Frómeta et al. [13]. 

The microstructure is austenitic, as expected for the Mn-Al-Si alloyed 
steel [57]. Fig. 1 shows etched images, longitudinal and transverse to 
RD, analysed by Field Emission Scanning Electron Microscopy (FE- 

Table 1 
Chemical composition of the investigated TWIP steel in weight percentage.  

Fe C Mn Si Al Ti N S Others 

Bal.  0.35  19.90  0.20  1.00  0.006  0.013  0.0003 Cr, Ni, Cu, 
V  

Fig. 1. Microstructure of the studied TWIP steel: (a) longitudinal and (b) transverse to RD with indicated TiN and AlN non-metallic inclusions; deformation twins 
(DT) and shear bands (SB) are indicated as well in (c) longitudinal and (d) transverse to RD images. 
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SEM). These images were used to measure the mean grain size following 
the linear intercept method. The grain size is 4.6 ± 1.2 μm. The observed 
non-metallic inclusions were identified by an Energy Dispersive X-ray 
Spectrometry analyser (EDX). Most of them are AlN, together with some 
typical cubic shaped TiN particles. Elongated AlN inclusions along the 
rolling direction can act as fatigue crack initiation sites, as reported by 
several authors [58,59]. Deformation twins (DT) and shear bands (SB) 
induced by the cold-rolling process can be discerned, similar to those 
reported by Kusakin [60]. 

2.2. Fatigue tests 

The fatigue limit (σe) was evaluated by three different tests: the 
conventional staircase or up-and-down method, the rapid fatigue test 
based on self-heating measurements and the rapid fatigue test based on 
stiffness evolution. The latter is a novel method based on fatigue dam
age, and it is described in detail in section 3. 

The fatigue tests were performed using the uniform gauge specimens 
shown in Fig. 2a, named as SEN(T) by their similarity to the single edge 
notch tension specimens once a crack appears. The specimen geometry 
was the same as used by the authors in a previous work to investigate the 
low cycle fatigue resistance of the present TWIP steel [41]. The speci
mens were machined by spark erosion in the transverse direction con
cerning the RD and edge polished to specular finish. The surface 
roughness was measured with an optical 3D measurement system, giv
ing a Ra value of 1.6 ± 0.2 μm (typical surface finish for cold rolled 
blanks). The specimens were tested at room temperature in a servo- 
hydraulic testing machine MTS 322 Test Frame, using a stress ratio (R 
= σmin / σmax) of 0.1 and a frequency of 30 Hz. 

2.2.1. Conventional fatigue test 
In the staircase method [61], the σe was determined as the fatigue 

strength corresponding to 2 million cycles. Tests were carried out 
following the ASTM E466 standard [62]. At least 15 specimens were 
tested and the obtained value of σe is used to validate the results ob
tained with the rapid methods. 

2.2.2. Rapid fatigue test based on self-heating measurements 
The σe was measured through the self-heating method following the 

descriptions given in [43]. The method is based on monitoring the 
temperature of the specimen while cyclically loaded with increasing 
stress amplitude blocks. The measured increase of temperature is related 
to the dissipation of micro-deformation energy induced by the fatigue 
blocks. Once the specimen breaks the mean steady temperature of each 
fatigue block is plotted against the applied stress amplitude. The fatigue 
limit is then determined as the intersection between the first and second 
regimes, described and shown in Fig. 4b. Tests were performed with the 
same successive blocks of cyclic loadings, further described for the 
stiffness method. The mean steady-state temperature was evaluated by 
each fatigue block through an infrared camera FLIR systems A655sc, 
resolution: 640 × 480 pixels and spectral range 7.5–14 μm. Specimens 
were painted with a high emissivity black paint (emissivity of 0.96) and 
enclosed in an insulating chamber during the test to avoid heat 

reflections of external sources. An unloaded, black-painted aluminium 
plate was located inside the chamber and used as a black body to 
monitor the environmental temperature. 

2.2.3. Fatigue crack growth resistance 
Aimed at relating the measured σe with initial defects and with 

intrinsic material crack propagation resistance, fatigue crack growth 
rate (FCGR) test was performed according to the ASTM E647 procedure 
[63]. Small compact tension C(T) specimens were machined by spark 
erosion in the longitudinal direction concerning the RD, i.e. in the T-L 
direction according to ASTM E1823 notation [64]. The geometrical di
mensions of the specimen are shown in Fig. 2b. The test was conducted 
at room temperature and a frequency of 60 Hz on a resonance fatigue 
testing machine (RUMUL Testronic) under an R of 0.1. The crack length 
was measured using crack growth gauges glued at both sides of the 
specimen. After pre-cracking at a constant ΔK = 12 MPa m1/2, the 
software was programmed for decreasing ΔK until the ΔKTH was 
reached. The ΔKTH was defined as the value of ΔK with a crack propa
gation velocity lower than 10− 11 m / cycle. Finally, the test was stopped 
and started again in constant increasing ΔK mode until the failure of the 
specimen. Crack propagation rate results, da / dN, were described by the 
Paris-Erdogan law 

da
dN

= C(ΔK)
m (1)  

where a is the crack length, N the number of cycles and C and m are the 
Paris coefficients. Following Linear Elastic Fracture Mechanics (LEFM) 
concepts ΔK is defined as 

ΔK = YΔσ
̅̅̅̅̅
πa

√
(2)  

where Y is a dimensionless factor related to crack geometry and Δσ is the 
applied stress range. Paris coefficients, C and m, were obtained from 
experimental data fitting to Eq. (1). 

3. Rapid fatigue test based on stiffness evolution 

CDM defines fatigue damage as a gradual deterioration of the 
structure of a material caused by the accumulation and growth of micro 
and macro cracks [65]. The stress level at which such damage evolves 
into fatigue propagating cracks defines the σe of the material. Following 
this statement, the rapid fatigue testing method presented in this work 
suggests estimating σe by monitoring the damage developed during cy
clic testing. 

Following the CDM concepts, damage can be represented by the 
damage variable (D), defined for uniaxial specimens as 

1 − D =
Ã
A

(3)  

where A is the net area of the specimen in the undamaged state (D = 0), 

and Ã is the residual area because of the formation of microcracks (0 ≤
D ≤ 1). Such area ratio gives the reduction of the effective area to bear a 

Fig. 2. a) Uniform gauge (SEN(T)) fatigue specimen (Kf = 1.12) with the polished edge (in red colour). b) Dimensions of C(T) specimen for thin sheets according to 
ASTM E647 used in the present work. Dimensions are expressed in mm. 
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given load. It is directly related to the elastic behaviour of the material 
because as the microcracks grow, the stiffness decreases and conse
quently, the compliance increases (Fig. 3b). Thus, the damage may be 
estimated by measuring the elastic response of the material for the un

damaged (E) and damaged (Ẽ) state according to 

1 − D =
1
E

dσ
dε =

̃E
E

(4) 

The Eq. (4) can be rearranged to facilitate the experimental mea
surements. Considering 0.1 mm3 as the Representative Volume Element 
(RVE) for metals, it is assumed that the nominal stress is maintained and 
that the change in the stiffness is given by the strain variation [66]. 

Hence, the engineering strain (e and ẽ) or the elongation (δ and ̃δ) at a 
fixed load level (PS) can be used to determine the damage as 

D = 1 −

̃E
E

1 −
e
ẽ
= 1 −

δ
̃δ

(5) 

Hence, the method proposes evaluating σe from the evolution of the 
fatigue damage by monitoring the specimen stiffness at different stress 
levels. According to this experimental approach, the method (under 

patent EP20382742.3) is named as the stiffness method from now on. 
A complete test consists of the application of successive blocks of 

cyclic loads, progressively increasing the stress amplitude (σa) and 
measuring the stiffness after each block (Fig. 3a). The elongation (δ and 

δ̃) is measured with a Digital Image Correlation (DIC) system, a GOM 
Aramis SRX equipment in this work. The gauge length to measure the 
change in stiffness should be large enough to include the damaged zone 
of the specimen and can be measured with any common extensometer. 
In this work, it was set at 25 mm. The size of the fatigue blocks was 6000 
cycles, with an increasing amplitude (d) of 35 MPa between each other 
and the PS for the stiffness determination was set at 4000 N (or nominal 
stress of 275 MPa). The increment d is determined following the 
approach used for the staircase method [61]. The test ends when the 
specimen breaks. The different values of elongation change (Δδ) repre
sented in Fig. 3b are plotted against the stress amplitude or maximum 
stress (σmax) of the previous fatigue block (Fig. 3c). The resulting plot 
gives the evolution of stiffness variation at different stress levels, from 
undamaged states (D = 0) to final specimen fracture (D = 1). 

The points from the elongation curve used to estimate the σe are 
defined based on the damage concepts. CDM defines the critical damage 
level (Dc) as the level at which the incipient damage evolves into 

Fig. 3. Schematic representation for a) successive series of cyclic loads with increasing stress amplitude and elongation measurements, b) stiffness reduction 
throughout the test, c) elongation curve to determine the fatigue limit and d) elongation variation and damage evolution for the investigated TWIP steel showing the 
two different regimes (i, ii) related to CDM and the regime (iii) where fracture mechanics explains crack growing. The points labelled as a, b and c are used in Fig. 6. 
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microcracks that can propagate under fatigue. Below Dc, it is assumed 
that the damage is not enough to trigger fatigue crack propagation. On 
the contrary, high D values, typically D ≈ 1, mean that the microcracks 
became a propagating macrocrack [66,67]. At this point, CDM is no 
longer applicable, and the crack propagation is described by LEFM. 
Accordingly, the evolution of D for the different stress levels has three 
regimes, shown in Fig. 3d: i) D < Dc, incipient damage; ii) Dc ≤ D ≤ 1 
generation of microcracks that grow under fatigue loads and iii) D ≈ 1 
macrocracks growing under the LEFM framework. The σe is defined at 
the border of the regimes i) and ii), i.e., the first point where the incipient 
damage becomes a propagating crack. It is experimentally challenging 
to capture this point, so the proposed approach is to determine σe as the 
intersection point of the undamaged region (D = 0) and the trend shown 
by the small propagating cracks defined in regime ii) as shown in Fig. 3c. 
The accumulation of damage due to different loading amplitudes is not 
straightforward in TWIP steels, so anisotropic damage was assumed, 
estimating Dc as 0.5 following the work of Lemaitre et al. [51]. Addi
tionally, experimental points at D ≈ 1 can be used to estimate crack 
growth kinetics parameters. 

At least three specimens were tested following this procedure. The 
overall testing procedure is experimentally demonstrated and discussed 
in the following sections. 

4. Results 

The monotonic mechanical properties are summarised in Table 2. 
They are in agreement with the values reported for similar TWIP steels 
with a fully austenitic microstructure [4]. 

Table 3 shows and compares the values of σe obtained by the three 
different testing methods. The relative error (Re), considering the 
staircase value as a reference, is also given together with the σe / σUTS 
ratio. The obtained results are the same for the three methods, consid
ering the experimental error. It is worth noticing that, if the ratio of the 
standard deviation of the fatigue limit to the increment of amplitude (d) 
is higher than 1, additional specimens should be tested, according to the 
recommendations of the staircase test guidelines. Representative curves 
for the stiffness and self-heating methods are presented in Fig. 4, 
showing the variation of each parameter, elongation (Δδ) or temperature 
(ΔT). The elongation curve presents an exponential growth, which can 
be related to the generation of fatigue damage, as will be further dis
cussed. The self-heating curve shows two regimes, as reported by Munier 
et al. [49]. They stated that self-heating is due to the dissipation of 
micro-deformation energy in different sites that are variable depending 
on the applied fatigue load. For low amplitudes, the active site is the 
elastic-plastic matrix described by the first regime. Whereas for high 
amplitudes, the active sites are defects, like the non-metallic inclusions, 
surrounded by the elastic-plastic matrix, corresponding to the second 
regime. 

As expected, the fatigue origins are associated with the non-metallic 
inclusions present in the microstructure (Fig. 1). The AlN inclusions, 
larger than the TiN ones, act as fatigue initiation sites for all the speci
mens tested in the three methods (Fig. 5). According to the literature, the 
σe / σUTS ratio is higher than the expected value of 0.2. The fracture 
surface of the staircase specimens tested at stress levels close to the σe 
shows smooth and long fatigue fracture surfaces (Fig. 5b). On the con
trary, the specimens of the stiffness method present a coarse aspect due 
to the high crack propagation rates (above 10− 9 m / cycle) related to the 
high-stress levels applied at the tests (Fig. 5d). 

5. Discussion 

The two rapid fatigue methods give the same σe result as the staircase 
method. However, the time and resources needed to obtain the fatigue 
limit are entirely different: two weeks using a high-frequency testing 
machine with nineteen specimens for the standard staircase method, 
while only four hours and three specimens are needed with the stiffness 

Table 2 
Monotonic tensile properties: yield strength (σYS), ultimate tensile strength 
(σUTS), elastic modulus (E), elongation (A80), strain hardening exponent (n) and 
fracture toughness in terms of the essential work of fracture (we).  

Direction σYS 

[MPa] 
σUTS 

[MPa] 
E 
[GPa] 

A80 
[%] 

n2-20% we 

(KJ/m2) 

Transverse 567 ± 4 930 ± 2 195 ± 2 44 ± 1  0.23 347 ± 20 
Longitudinal 499 ± 1 927 ± 4 180 ± 2 42 ± 1  0.25 –  

Table 3 
Comparison between the mean fatigue limit at 2 million cycles obtained from the 
standard staircase, stiffness, and self-heating methods. Fatigue limit at R = 0.1 
(σe) in terms of stress amplitude, relative error (Re) and fatigue limit to ultimate 
tensile strength (σe /σUTS) ratio.  

Test Tested specimens σe 

[MPa] 
Re 

[%] 
σe / σUTS 

Staircase method 19 266 ± 23 –  0.29 
Stiffness method 3 261 ± 10 − 1.9  0.28 
Self-heating method 3 259 ± 11 − 2.5  0.28  

Fig. 4. A representative curve for a) stiffness method and b) self-heating method of the investigated TWIP steel. The elongation measurements labelled as a, b, c are 
related to Fig. 5 and Fig. 6. 
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and the self-heating method. From an experimental point of view, the 
self-heating and the stiffness methods stand as interesting approaches to 
determine the σe with high accuracy in a short time and with reduced 

experimental resources. The good result obtained by self-heating 
method is shown in the literature [44,47,49], but with some draw
backs. Some authors questioned the method’s accuracy when 

Fig. 5. a) Fractured specimen. SEM images showing the fatigue origins (white arrows) for both: b,c) staircase and d,e) stiffness method.  

Fig. 6. FCGR of TWIP steel measured in C(T) specimens and calculated from SEN(T) specimens used in the stiffness method. The maximum K value before fracture, 
KIC is also plotted. It is calculated from we and E showed in Table 2, through KIC =

̅̅̅̅̅̅̅̅
weE

√
. 

S. Parareda et al.                                                                                                                                                                                                                               



International Journal of Fatigue 156 (2022) 106643

7

inappropriate equipment is used or to evaluate materials with a feeble 
self-heating effect, as in aluminium 7010 [48]. To overcome such un
certainties, other non-destructive techniques were suggested to monitor 
fatigue damage. For instance, Giudice et al. proposed Acoustic Emission 
(AE) following a similar approach to the self-heating method. The 
technique showed accurate results, but their experimental complexity, 
related to complex data processing and specific equipment handling, is a 
limitation [68]. 

The stiffness method presented in this work is developed to avoid the 
drawbacks and the experimental complexity of the techniques 
mentioned above. The method uses a state-of-the-art technique, avail
able in many laboratories, as the DIC technique or common extensom
eters, which can also be easily mounted on testing machines. Moreover, 
the obtained data is easier to handle than the infrared cameras or the AE 
systems data, and the experimental procedure to determine the σe is 
more evident than in the self-heating curve. 

The experimental data obtained from the stiffness method can be 
used to estimate the σe, taking the points lying in the range 0.5 ≤ D ≤ 1, 
as well as the crack propagation behaviour of large cracks, considering 
points with D ≈ 1 (Fig. 3). To verify this capability, Fig. 6 plots the FCGR 
obtained in C(T) specimens together with the results obtained by the 
stiffness method, SEN(T) specimens, showing perfect agreement in the 
values of ΔKTH and m obtained by both approaches, as discussed below. 

The ΔKTH and ΔK values were estimated using Eq. (2) for the SEN(T) 
specimens of the stiffness method. The Y value used for these specimens 
was 1.13, as determined by Murakami [69]. The ΔKTH was evaluated 
using the Δσ as the measured fatigue limit and a0 as the size of initial 
defects, i.e. AlN inclusions, observed in the fractographic images 
(Table 4). The assessed mean value for ΔKTH is 5.5 ± 0.7, which perfectly 
matches the value measured for long cracks in FCGR tests (Table 5). 

The ΔK values for the last fatigue blocks of the stiffness method 
belonging to the iii) regime were calculated using the corresponding 
stress range and crack size (marked with a dashed line in Fig. 5d) for SEN 
(T) specimens. The values labelled as a, b, c were plotted on the crack 
growth rate curve, together with the Paris curve determined in the FCGR 
tests (Fig. 6). Excellent agreement is found, which means that the fatigue 
behaviour of experimental points with a high damage level (D ≈ 1) can 
be described by LEFM. Accordingly, these points associated with a 
macrocrack in SEN(T) specimens were used to estimate the crack 
propagation parameters C and m from Eq. (1). Again, a perfect agree
ment is found for data obtained in C(T) and SEN(T) specimens (Table 5). 
In addition, the obtained results are in accordance with those reported 
by Niendorf et al. [70] for the studied TWIP steel, showing low m 
exponents. 

As discussed in previous works, the extrapolation of FCGR obtained 
with long cracks to the natural crack behaviour is always a concern [71]. 
The cracks studied in this work with SEN(T) specimens can be consid
ered physically small (a0 < 1 mm). However, no small crack effect is 
observed as the AlN inclusions that govern the fatigue nucleation are 
larger (28 ± 6 μm) than the austenite grain size (4.6 ± 1.2 μm) and the 
crack tip plasticity (rc = 7.5 μm). The Eq. (6) was used to estimate the 
radius of the cyclic plastic zone (rc) [72], where ΔKI is the ΔKTH and σ’

Y is 
the cyclic yield strength (575 MPa) reported in previous works by the 
authors [41]. Such similarity between FCGR between short and long 
crack has been shown in previous work for AHSS sheets, a press hard
ened steel [26]. 

rc =
1
π

(
ΔKI

2σ’
Y

)2

(6) 

Another point to be discussed is whether the Dc criterion describes 
well the crack nucleation and the behaviour of small cracks after its 
nucleation. With this aim, one test of the stiffness method was stopped 
when D exceeded Dc, set as 0.5 for the studied steel. The specimen was 
etched with Nital 2 to mark the crack shape, and then the test was 
continued until the final fracture. As shown in Fig. 7, small cracks of 

Table 4 
Evaluation of the fatigue crack propagation threshold (ΔKTH) calculated from 
Eq. (2) using experimental values of the initial fatigue defect size (a0) and the 
corresponding fatigue limit (σe) measured in SEN(T) specimens tested using the 
stiffness method.  

a0 

μm 
σe 

[MPa] 
ΔKTH 

[MPa m1/2]  

32.9 266  6.1  
21.1 258  4.7  
29.9 259  5.7  

Table 5 
Fatigue crack propagation parameters determined in FCGR tests with C(T) 
specimens and the stiffness method with uniform gauge (SEN(T)) specimens. 
Fatigue crack propagation threshold (ΔKTH) and Paris law parameters (C, m).  

Specimen geometry ΔKTH 

[MPa m1/2] 
C[m / (cycle MPa m1/2)]  m  

C(T) 5.6 1.50 × 10− 11  2.14 
SEN(T) 5.5 ± 0.7 3.12 × 10− 11  2.19  

Fig. 7. Fractography of an interrupted test of the stiffness method. The crack 
propagation at that point was marked with Nital 2 etching. Two fatigue origins 
are indicated with white arrows. 

Fig. 8. A representative curve of the stiffness method using the derivative 
approach to select the points to determine the σe using data in the damage range 
between 0.5 and 1. The elongation measurements identified as a, b, c corre
spond to D ≈ 1 and are used for LEFM calculations. 
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about 40 μm were detected at this damage level. It validates that 
microcrack nucleation is close to a damage level of 0.5, and the first 
propagation steps are within the damage range of 0.5 ≤ D ≤ 1. 
Accordingly, experimental points lying in this range should be consid
ered to estimate the σe and the stress level at which damage evolves into 
a small propagating crack would correspond to the σe. In order to easily 
determine such value, a simple approach is proposed; the derivation of 
the elongation variation data (Δδ’). In this way, the transition from D =
0 to Dc is easily distinguished by the slope change (Fig. 8). Then, a linear 
fitting was done with the experimental points at the very initial crack 
propagation (0.5 ≤ D ≤ 1) and the intercept with the x-axis, which 
corresponds to zero damage and is proposed as the σe. Points with a 
deviation of larger than 25% of the standard deviation are excluded. 
Obtained results with three specimens following this procedure are in 
perfect agreement with the results obtained with the well-accepted 
staircase method. This good agreement confirms the hypothesis that σe 
can be estimated from Dc, as proposed by CDM. The points belonging to 
fracture mechanics, D ≈ 1 with a high crack growth rate above 10− 9 m / 
cycle, should be excluded for estimating σe and should be only consid
ered for estimating the LEFM parameters. 

Finally, both rapid test methods were carried out at the same time on 
a single specimen. The elongation measurements were performed on one 
side of the specimen and the self-heating measurements on the opposite 
one. The curves show that both methods predict the same σe (Fig. 9). 
Specimen damage can be calculated from the data extracted by the 
stiffness method and used to rationalise the temperature regimes defined 
in the self-heating method. The primary regime of the self-heating curve 
may be associated with the damage determined through D described by 
the CDM as the incipient fatigue damage, while the secondary regime is 
related to the initiation of microcracks up to the propagation of mac
rocracks. It is worth noticing that both rapid methods detect the damage 
initiation at the same stress level, either in terms of ΔT or D increase 
(Fig. 10). This point is named damage threshold (DTH) and corresponds 
to the nucleation of micro-defects. 

6. Summary and conclusions 

This work proposes a novel method to estimate the σe of metal sheets, 
using stiffness monitoring based on CDM. The method has been suc
cessfully applied to determine the fatigue resistance of a TWIP steel, 
with a perfect agreement with the σe and the FCGR resistance obtained 
by well-accepted testing methods, as the staircase and the ASTM E647 
procedure. According to the experimental findings, the following con
clusions can be drawn:  

- A rapid fatigue test method is proposed based on the measurement of 
the stiffness evolution. The method gives an accurate value of the 
fatigue limit σe, compared with the one obtained by the conventional 
staircase method, but at a concise time and with more straightfor
ward experimental means than other rapid fatigue tests. For better 
accuracy, it is recommended to follow the procedure described in 
this work to establish the increment d and use the defined fatigue 
block length. Additionally, it is highly recommended to follow the 
considerations for the fatigue tests controlled by force determined in 
the ASTM E466. 

- The method is rationalised by CDM; a correlation between the stiff
ness evolution and the different fatigue damage levels has been 
demonstrated. The σe is estimated as the stress associated with the 
critical damage (Dc) level when the damage generated by fatigue 
evolves into small propagating cracks. Such damage level has been 
estimated as 0.5 for the investigated TWIP steel and experimentally 
verified. 

Fig. 9. Experimental fatigue curves obtained for both rapid test methods 
applied on a single specimen. The increment of the temperature variation can 
be associated with the increase in elongation related to micro and crack 
nucleation and propagation. 

Fig. 10. Experimental fatigue curves obtained for the rapid test methods applied on a single specimen. The data for the stiffness method is represented in terms of 
damage and related to the different regimes of the self-heating method. Additionally, the damage threshold (DTH) is plotted for both methods. 
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- The fatigue crack growth resistance parameters, as the Paris expo
nent, can be estimated from the proposed method using the points 
where fatigue damage is higher than 1, associated with a high crack 
propagation rate. The fatigue threshold ΔKTH, was successfully esti
mated from σe, evaluated by the stiffness method and the size of AlN 
inclusions. The Paris exponent was also estimated. These fatigue 
parameters are in excellent agreement with values measured in C(T) 
specimens following standardised protocols. 

- The evolution of the fatigue damage was used to rationalise the re
sults from the self-heating method. In this case, the good relationship 
with the stiffness method allows associating the different regimes 
observed in the self-heating method with the stages of the crack 
development, either nucleation or propagation. Both methods also 
define the damage threshold DTH at the same stress level.  

- The presented fatigue test method allows determining the σe in a 
reduced time without using dedicated equipment such as infrared 
cameras or acoustic emission systems, complex experimental pro
cedures and only using three specimens. It is presented as an easy-to- 
implement tool to decrease the fatigue testing time and enable faster 
material development, which is usually hampered by lengthy and 
complex fatigue tests. 
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