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Abstract 

Room-temperature total strain controlled low-cycle fatigue tests were carried out on two types of high alloyed metastable austen-
itic cast TRIP steels with different chemical compositions resulting in different austenite stabilities. The cyclic stress response 
revealed combinations of cyclic hardening, saturation and cyclic softening, depending on the applied total strain amplitude. In the 
case of the more metastable TRIP steel a considerable amount of deformation-induced '-martensite is responsible for a high 
degree of cyclic hardening. Conversely, the more stable TRIP steel shows also a high degree of hardening without a significant 
transformation of austenite into '-martensite, however at significantly higher strain amplitudes. The deformation-induced '-
martensite was detected in situ with a feritscope sensor. EBSD measurements were performed to investigate the locations where 
the phase transformation from austenite to martensite takes place. It was observed that the martensitic transformation occurs pre-
ferentially inside deformation bands. The deformation microstructures were characterized by scanning electron microscopy. Dis-
location structures were studied by ECCI (electron channelling contrast imaging). Planar and well developed cell/wall structures
were observed, depending on the applied total strain amplitude. 
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1. Introduction 

Recently, a high alloying concept for cast CrMnNi TRIP steels was developed in order to achieve exceptional 
mechanical properties in terms of high specific strength and high ductility [1-3]. In this group of cast steels, nickel is 
partially replaced by other austenite stabilizing elements, e.g. manganese and nitrogen. In the last years, a pro-
nounced production increase of related steel grades (AISI 200 series) has been recognized due to the rising nickel 
price [4]. Such steels and cast steels show the twinning-induced plasticity (TWIP) and transformation-induced plas-
ticity (TRIP) effect, depending on chemical composition and temperature. The occurring deformation mechanisms 
are closely related to the stacking fault energy (SFE) of the austenitic structure [5]. Frommeyer et al. [6] stated that 
at a SFE lower than 16 mJ/m² the - -transformation is the favored mechanism, whereas a SFE above 25 mJ/m² sup-
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ports the twinning mechanism and above 60 mJ/m² dislocation gliding. The SFE depends on the chemical composi-
tion and temperature and can be estimated by the following semi-empirical relation [7]: 

SFE [mJ/m²] = 25.7 + 2 Ni + 410 C – 0.9 Cr - 77 N - 13 Si – 1.2 Mn             (1)     

Moreover, the chemical composition has a fundamental influence on the austenite phase stability [8]. The parame-
ters commonly used to express the austenite stability are the martensite start temperature, Ms and the Md30-
temperature, which represents the lowest temperature where 50 % of deformation-induced '-martensite is formed 
with a true strain of 30%. Obviously, the lower the parameters are, the greater will be the respective austenite stabil-
ity. Two of the frequently used equations for estimating the values of Ms and Md30 are [9]: 

Ms [°C] = 1350 – 1665 (C+N) - 28 Si - 33 Mn - 42 Cr - 61 Ni             (2)

Md30 [°C] = 413 – 462 (C+N) – 9.2 Si – 8.1 Mn – 13.7 Cr – 9.5 Ni – 18.5 Cr                        (3)

The mechanical behavior of metastable austenitic stainless steels, such as AISI 201, 304 and 321 has been investi-
gated very well and considerable literature is available about the deformation-induced martensitic transformation 
under monotonic [10-12] and cyclic loading [13-26]. By performing strain-controlled fatigue tests, it has been 
shown that the martensitic transformation results in a fatigue life reduction in the LCF regime, whereas the HCF 
behavior is beneficially influenced. The decrease of the fatigue life in the LCF regime is attributed to the increase of 
the stress amplitude due to the martensitic transformation. Moreover, it is expected that the martensite acts as a pref-
erential crack initiation site. The positive effects in the HCF regime are associated with the nucleation of very fine 
martensite particles in the area of local plasticity, which hinders the dislocation motion [24]. Moreover, it has been 
shown that a certain plastic strain amplitude p/2 and a certain threshold value of the cumulative plastic strain must 
be exceeded to trigger the martensitic transformation [13,24]. The threshold value of the cumulative plastic strain 
increases with decreasing plastic strain amplitude, since the defect density decreases and defects such as deforma-
tion twins, stacking faults and -martensite are the effective nucleation sites of the '-martensite [13,14,25]. 
In a previous work [23], we already analyzed the cyclic deformation behavior of the more stable cast steel 16Cr-
7Mn-8Ni. For a better structural reliability it is important to assess the effect of the austenite stability on the LCF 
behavior. Thus, the present investigation is performed to study the influence of the austenite stability on the cyclic 
deformation behavior, microstructures and phase transformations. 

2. Experimental details 

The materials used in this study are two high alloyed austenitic stainless cast steels, denoted as 16-7-8 and 16-6-6 
(nominal concentration in wt.-% Cr-Mn-Ni), cast by ACTech, Freiberg, Germany. The chemical compositions, SFE 
as well as the parameters for determination the austenite stability are given in Table 1. Obviously, the higher amount 
of nickel and manganese in the alloy 16-7-8 results in a higher austenite stability. Moreover, the calculated SFE val-
ues argue that twinning is the favored deformation mechanism in the steel 16-7-8, whereas the steel 16-6-6 should 
have a higher tendency to form the hexagonal -martensite. The supplied plates were subjected to solution annealing 
treatments at 1050°C for 1/2 hour followed by water quenching. From these plates, smooth cylindrical fatigue test 
specimens were machined with a gauge diameter of 8 mm and a gauge length of 14 mm. Prior to fatigue testing all 
specimens were carefully electrolytically polished in order to minimize the surface effect on the fatigue properties 
and to remove the martensitic surface layer produced during machining.  
Low cycle fatigue tests were performed at room temperature under total strain control on a 100 kN servohydraulic 
testing system (MTS 810) using triangular load-time functions. The total strain amplitude t/2 was varied between 
0.1 10-2 and 3 10-2 at a constant strain ratio of R =-1 and constant strain rate of 4 10-3 s-1. Depending on the strain 
amplitude the test frequency was adjusted using the relationship: f= /(4 t/2). 
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Table 1. Chemical compositions and stability parameters of the investigated TRIP/TWIP cast steels. 

A clip-on extensometer was applied to measure the strain and the tests were performed until the specimens failed. 
Specimen failure was determined by a drop in tensile load of 5 %. A feritscope (Helmut Fischer GmbH, Fischer-
scope MMS PC) was used for the quantification of the ferromagnetic '-martensite phase. The device was calibrated 
with -ferrite standard samples of known ferrite content and the results were converted to the '-martensite contents 
with the correlation factor of 1.7 [27]. The effect of the specimen shape on the results was compensated by means of 
a correction curve provided by the manufacturer of the device (Helmut Fischer GmbH and TU Kaiserslautern). The 
samples for optical microscopy (OM) and scanning electron microscopy (SEM) were sectioned parallel to the load-
ing axis and were carefully prepared by grinding and final electropolishing. For OM investigations specimens were 
etched in Beraha II solution. The microstructure was characterized using a FE-SEM (LEO 1530), equipped with a 
retractable four-quadrant BSE (backscattered electron) detector. Furthermore, this microscope was equipped with an 
additional high-current mode allowing the visualization of dislocation structures by using the ECCI (electron chan-
nelling contrast imaging) technique. EBSD-measurements were performed in order to analyze the phase transforma-
tions of the TRIP/TWIP steels using HKL-technology from Oxford Instruments. 

Alloy C Cr Mn Ni Si Al N SFE [mJ/m²] 
(Eq. 1) 

Ms [°C] 
(Eq. 2) 

Md30 [°C] 
(Eq. 3) 

16-7-8 0.07 15.91 6.58 7.65 0.85 0.07 0.07 31 -264 -4 
16-6-6 0.06 15.20 5.46 5.70 0.96 0.09 0.06 26 -26 47

3. Results

3.1. Initial microstructure and tensile properties 

Both austenitic steels are characterized by a dendritic cast microstructure, which is exemplarily shown in Fig. 1 
(a) for the alloy 16-7-8, with a few annealing twins and small amounts of MnS and -ferrite. The grain sizes, deter-
mined by the linear intercept method, are in the range of 160-740 μm. The technical tensile stress-strain curves are 
plotted in Fig. 1 (b) and the mechanical properties are summarized in Table 2. 
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Fig. 1. (a) Optical micrograph of the steel 16-7-8 in the as heat-treated condition. (b) Technical tensile stress-strain curves of the investigated 
steels.

The ductility increases with a rising nickel and manganese content, whereas the work hardening capacity decreases. 
This behavior is caused by the higher austenite stability of the steel 16-7-8, resulting in a lower fraction of deforma-
tion-induced '-martensite. In the stress-strain curve of the steel 16-6-6 two inflection points can be observed, but 
the alloy 16-7-8 shows none. According to Weiß et al. [28] inflection points in the stress-strain curve indicate that 
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the deformation-induced '-martensite fraction exceeds 20 %. Consequently, the steel 16-7-8 is characterized by 
other work hardening mechanisms, e.g. deformation-induced formation of twins, stacking faults and/or -martensite. 

3.2. Low cycle fatigue behavior  

The variation of the stress amplitudes ( /2) with number of cycles (N) is presented in Fig. 2 for the investigated 
strain amplitudes ( t/2). The cyclic stress response for the two studied cast steels is completely different. Concern-
ing the steel 16-7-8, the cyclic stress response can be generally classified into the following three cases depending 
on the applied total strain amplitude. (i) At low strain amplitudes ( t/2 < 0.8 10-2) an initial hardening followed by 
a small amount of softening and almost stable stress response can be observed. (ii) Intermediate strain amplitudes 
(0.8 10-2 < t/2 < 1.4 10-2) result in a comparable behavior with an additional secondary hardening. (iii) At larger 
strain amplitudes t/2  1.4 10-2 the cyclic stress response revealed very rapid strain hardening without reaching a 
level of saturation until the final fracture. 
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Fig. 2. Cyclic deformation curves of the investigated cast TRIP/TWIP steels. (a) Steel 16-7-8, (b) steel 16-6-6. 

Regarding the steel 16-6-6, it can be observed that almost no primary hardening occurs. The “secondary” hardening 
starts already at low strain amplitudes ( t/2  0.2 10-2), Fig. 2 (b). Moreover, this “secondary” hardening increases 
with increasing strain amplitudes and the onset is shifted to lower number of cycles. This kind of hardening was also 
observed in other metastable austenitic steels, such as AISI 304L and 201 [13,22,24], and is an indicator for an oc-
curring martensitic transformation. 

              Table 2 Monotonic and cyclic mechanical properties of the cast TRIP/TWIP steels compared to other austenitic steels.

Monotonic 16-6-6 16-7-8 AISI 201[22] AISI 202 [22] 

Young’s modulus, E [GPa] 191 191 193 193
0.2 % yield strength, ys [MPa] 186 263 324 359
Ultimate tensile strength, UTS [MPa] 792 594 974 698
Elongation at fracture, A [%] 43.8 63 - - 
Fatigue 

Fatigue strength coefficient, 'f [MPa] 2144 2312 - 3184
Fatigue strength exponent, b -0.18 -0.21 - -0.23 
Fatigue ductility coefficient, 'f 0.09 0.44 - 0.278 
Fatigue ductility exponent, c -0.45 -0.52 - -0.43
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The martensite formation curves of the steel 16-6-6 are shown in Fig. 3 (a) and support definitely that the '-
martensite formation is responsible for the observed hardening. The evolution of the '-martensite content exhibits 
an incubation period, which becomes shorter with increasing strain amplitude. A pronounced martensitic phase 
transformation starts at a total strain amplitude of t/2  0.2 10-2. At lower strain amplitudes only at a few places 
some '-martensite nuclei were detected. Additional measurements with a magnetic balance confirm the results of 
the feritscope measurements and thus verify the conversion factor of 1.7, stated by Talonen et al. [27]. The devia-
tions are caused by differences in the crystallographic orientation and in the local chemical composition resulting in 
a very heterogeneous distribution of the '-martensite in the cast material, as shown in Fig. 3 (b). Whereas the grains 
I and III are unfavorably oriented to the load axis causing a low amount of '-martensite, grain II is almost com-
pletely transformed since it contains a primary slip system oriented at 45° to the load axis. Conversely, the steel 16-
7-8 shows a maximum '-martensite content of only ~ 5% at a total strain amplitude of 3 10-2 which is caused by 
the high stability of the austenitic phase [23]. 
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Fig. 3. (a) Cyclic martensite formation curves of the steel 16-6-6. (b) Optical micrograph (color etching) showing the '-martensite formation 
(dark brown) in differently oriented grains. The specimen was deformed with t/2 = 0.4 10-2 and the micrograph was taken at Nf. Load axis is 
vertical.

The fatigue lives of both cast steels follow the strain–life relationship proposed by Basquin and Manson-Coffin, 
which is given by: 

                                                                                                                                                           (4) 
cb

22 '
'

fff NN2/2/2/ f
pet E

where e/2 and p/2 are the elastic and plastic strain amplitudes at the half life time, 'f the fatigue strength coeffi-
cient, b the fatigue strength exponent, 'f the fatigue ductility coefficient, c the fatigue ductility exponent and E the 
Young’s modulus, respectively. The values of e/2 and p/2 were determined by measuring the width of the hys-
teresis loops at the mean stress. The application of Hook`s law to determine the elastic and plastic strain amplitudes 
resulted in quite different parameters [23] since the stiffness of the specimens altered during cycling.  
The fatigue lives of the cast steels are plotted in Fig. 4 (a) and the parameters of both materials are summarized in 
Table 2. In both cases, the wide scatter is caused by the inhomogeneous cast structure with stress concentrations, 
e.g. micropores, and segregations. It becomes evident that the cast steel 16-7-8 exhibits higher fatigue lives at strain 
amplitudes larger than 2 10-3. Conversely, at lower strain amplitudes the fatigue life of 16-6-6 is superior. The ratio 
of fatigue lives of the investigated materials is reduced from a factor of ~10 at a strain amplitude of 1 10-2 to ~0.5 at 
1 10-3. This crossover of the fatigue curves of the more metastable steel over the stable material was also observed 
by Franke et al. [22] and Hennessy et al. [26] and was explained by the beneficial effects of the '-martensite forma-
tion at low strain amplitudes.  
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Fig. 4 (b) shows the fatigue life curves of the two cast steels compared to the austenitic steels AISI 201 and AISI 
202. Depending on the austentite stability a rotation of the fatigue life curves occurs. The more metastable steels 
(16-6-6 and AISI 201) exhibit a lower slope, resulting in reduced fatigue lives in the LCF-regime and higher fatigue 
lives in the HCF regime, respectively. Conversely, as a result of the high ductility the more stable steels (16-7-8 and 
AISI 202) show higher fatigue lives at higher strain amplitudes.  
The disadvantageous effect of the '-martensite formation at high strain amplitudes and the beneficial effect at low 
strain amplitudes can be explained by the pronounced hardening which is caused by the '-martensite formation. 
The cyclic hardening leads in strain controlled tests to a fatigue life reduction in the LCF regime. However, in the 
HCF regime a local transformation of austenite into '-martensite results in a fatigue life improvement since the 
dislocation movement in these transformed areas is constrained.  
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Fig. 4. (a) Fatigue life curves of the investigated cast steels. (b) Comparison of fatigue life curves of different austenitic steels with variations in 
austenite stability. 

3.3. Deformation microstructures 

   In Fig. 5 selected deformation microstructures are shown. In both cast steels the microstructure is characterized by 
deformation bands, whose density and thickness increases with increasing strain amplitudes.  

5 µm

(a)

20 µm

(b)

Fig. 5. SEM micrographs (BSE) depicting the deformation microstructures and locations of the phase transformations inside the deformation 
bands. (a) Steel 16-7-8 deformed at t/2 = 1.2 10-2. (b) Steel 16-6-6 deformed at t/2 = 0.3 10-2. Load axis is horizontal, the samples were de-
formed to failure. 
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The grains show different activated slip systems as a result of the distinct crystallographic orientation and Schmid 
factor. As well known, grains oriented 45° to the load axis start to deform first. The '-martensite nucleation occurs 
at the intersections of these deformation bands and in the volume, as already observed by Martin et al. [29] at mono-
tonic deformation of a comparable cast steel. Whereas in the steel 16-6-6 the deformation bands show a high amount 
of '-martensite, in the steel 16-7-8 the transformation happens only at a few places which is caused by the higher 
austenite stability. The morphology of the '-martensite inside the deformation bands can be described as lenticular.  
Fig. 6 presents the EBSD maps showing the phases and orientations in the deformed microstructures of the steel 16-
7-8. It becomes evident that the darker areas marked in Fig. 5 (a) with black arrows are indexed as the bcc '-
martensite phase (blue color). The intermediate -martensite phase was not detected. Inside the deformation bands 
the amount of zero solutions is always higher than in the austenitic matrix which is caused by the increased defect 
density inside these bands. Moreover, the boundaries of the matrix and the deformation bands are often characteris-
tical twin boundaries ( 3, marked with yellow color in Fig. 6 (b)). These boundaries are characterized by a rotation 
of 60° around an <111> axis leading to an orientation change in the austenitic phase, as shown in Fig. 6 (b) by green 
color inside the deformation bands and pink color for the matrix. Thus, the steel 16-7-8 can be classified into the 
group of TWIP-steels, which is supported by the higher SFE. 

10 µm 10 µm

001 101

111
(a) (b)  

Fig.6: EBSD maps of the steel 16-7-8 deformed to failure at t/2 = 1.2 10-2. (a) EBSD-phase map – red color fcc, blue color bcc. (b) EBSD-
orientation map, colors with respect to the stereographic triangle given in the left upper corner. Zero solutions are indexed by white color. Load 
axis is horizontal. 

Inside the deformation bands of the steel 16-6-6 small amounts of hexagonally indexed regions, called in the fol-
lowing -martensite, can be found and the majority consists of '-martensite (Fig. 7 (a)). Martin et al. [29] as well as 
Weidner et al. [30] found that only deformation bands which exceed a certain width can be indexed with the dataset 
of the hexagonal -martensite phase. On the other hand, thin deformation bands are mostly indexed as fcc. Both au-
thors stated that this phenomenon is closely related to the density of stacking faults, which increases with increasing 
width of the deformation bands. If a stacking fault appears on every second {111} plane of the austenite, the struc-
ture of hexagonal -martensite is formed. Obviously, with increasing thickness of the deformation bands the prob-
ability for this sequence increases too, resulting in more hexagonal phase, as shown in the EBSD map in Fig. 7 (a). 
Therefore, under cyclic loading the transformation from austenite to '-martensite occurs via the intermediate hex-
agonal phase, as also observed in other austenitic steels [13,26]. Since the specimens were deformed until failure the 
main part of this hexagonal material was finally transformed into '-martensite.  

Additional support of the EBSD measurements was obtained by XRD analyses. Fig. 7 (b) shows the X-ray dif-
fraction results of the materials after fatigue testing. The steel 16-7-8 subjected to t/2 = 1.2 10-2 contains only aus-
tenite. However, diffraction patterns of the steel 16-6-6 show peaks indicating -martensite and ’-martensite. It is 
important to note that as a result of the coarse grained material the XRD analyses allow only to obtain qualitative 
information since only some diffraction peaks can be observed, depending on the orientation of the examined grains. 
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Fig.7. (a) EBSD-phase map of the steel 16-6-6 deformed to failure at t/2 = 0.9 10-2. Red color fcc ( ), blue color bcc (��) and yellow color 
hcp ( ). Load axis is horizontal. (b) XRD patterns of deformed specimens.  

ECC-images were taken in order to analyze the developed dislocation structures. As observed in a former study 
[23], the steel 16-7-8 is characterized by planar dislocation structures at low strain amplitudes and cell/wall struc-
tures at increased strain amplitudes. Fig. 8 (a) represents exemplarily the cellular dislocation structure which has 
been developed in the steel 16-7-8 at t/2 = 1.2 10-2. The deformation bands consist of very fine lamellas which 
can be correlated with the formation of stacking faults and micro twins. These findings are in agreement with those 
of other authors who have observed similar deformation microstructures in austenitic steels with a low SFE [31-33]. 
It is stated [33] that the stacking faults between partial dislocations become larger with increasing deformation re-
sulting finally in stacking faults which cover whole grains. With increasing density of stacking faults the faulted 
regions on adjacent glide planes began to overlap or gliding of partial dislocations on successive planes occurs lead-
ing to the formation of twin bands which is supported by the observed twin boundaries shown in Fig. 6 (b). 

An ECC image around a crack tip of the 16-6-6 specimen is shown in Fig. 8 (b). Near the crack tip the deformed 
steel 16-6-6 shows a cell/wall dislocation structure. On the other hand, far from the fatigue crack planar glide is the 
prevalent mechanism [30]. This transition from planar to wavy dislocation structures as a result of the increasing 
plastic deformation, in this case in the crack tip plastic zone, is characteristic for fcc metals with a SFE around 20 
mJ/m² [35]. Additionally, the lamellar structures as observed in the steel 16-7-8 can be seen as well.  

Fig.8. (a) ECC-images showing the dislocation structures of the deformed cast steels. (a) Well developed cell/wall dislocation structure in the 
steel 16-7-8 deformed at t/2 = 1.2 10-2. (b) Planar dislocation structures in the volume and cell-arrangements near a fatigue crack obtained from 
the steel 16-6-6 deformed at t/2 = 0.3 10-2. Load axis is horizontal. 
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4. Conclusions 

In the present work the effect of the austenite stability on the low cycle fatigue behavior of high alloyed metasta-
ble austenitic cast steels has been investigated. The following conclusions can be drawn: 

(1) With increasing austenite stability the fatigue life at high strain amplitudes (LCF) is improved. At low strain 
amplitudes (HCF) the local martensitic phase transformation of the steel with lower austenite stability leads 
to higher fatigue lives. 

(2) The more metastable 16-6-6 shows a pronounced hardening at t/2  0.2 10-2 which is caused by the '-
martensite formation. With increasing strain amplitudes the onset of the '-martensite transformation is 
shifted to a lower value of the cumulative plastic strain. 

(3) The '-martensite transformation occurs inside the deformation bands via the intermediate -martensite 
phase which is formed by stacking faults on every second {111} plane of the austenitic phase.  

(4) The cyclic hardening of the steel 16-7-8 at t/2 > 0.8 10-2 results from the formation of deformation-
induced twins and/or stacking faults and a small amount of '-martensite. 

(5) Both cast steels show a transition from planar to wavy dislocation structures with increasing plastic strain 
amplitude. Moreover, characteristical lamellas which are correlated with micro twins, stacking faults and -
martensite were found. 
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