
 201 

Influence of Austenite Stability on Steel Low Cycle Fatigue Response 
 

G.R. Lehnhoff1 and K.O. Findley1 

 

1Colorado School of Mines, Metallurgical and Materials Engineering, Golden, CO USA 
 

Keywords: TRIP Steel, Austenite Stability, Silicon and Aluminum Alloying, Low Cycle Fatigue  
 

Abstract 

 Austenitic steels were subjected to tensile and total strain controlled, fully reversed axial 
low cycle fatigue (LCF) testing to determine the influence of stacking fault energy on austenite 
stability, or resistance to strain induced martensitic transformation during tensile and fatigue 
deformation. Expected differences in stacking fault energy were achieved by modifying alloys 
with different amounts of silicon and aluminum. Al alloying was found to promote martensite 
formation during both tensile and LCF loading, while Si was found to stabilize austenite. 
Martensite formation increases tensile work hardening rates, though Si additions also increase 
the work hardening rate without martensite transformation. Similarly, secondary cyclic strain 
hardening during LCF is attributed to strain induced martensite formation, but Si alloying 
resulted in less secondary cyclic strain hardening. The amount of secondary cyclic hardening 
scales linearly with martensite fraction and depends only on the martensite fraction achieved and 
not on the martensite (i.e. parent austenite) chemistry. Martensite formation was detrimental to 
LCF lives at all strain amplitudes tested, although the total amount of martensitic transformation 
during LCF did not always monotonically increase with strain amplitude nor correlate to the 
amount of tensile transformation. 
 

Introduction 

 To achieve increasing fuel efficiency goals, automobile manufacturers must look to 
materials with better combinations of strength, ductility, and formability that allow 
implementation of thinner structural components and reduce vehicle weight. Materials 
containing metastable austenite, such as multiphase transformation induced plasticity (TRIP) 
steels, achieve this combination through strain induced transformation of the retained austenite to 
martensite. In monotonic tensile loading, the effectiveness of TRIP depends strongly on austenite 
stability, or resistance to strain induced transformation, as the austenite must be available to 
transform at higher strains where it acts to defer necking [1].  
 One possible way to change austenite stability is through modification of austenite 
stacking fault energy (SFE) because strain induced martensite nucleates on shear band 
intersections introduced through deformation; increasing SFE decreases the likelihood of 
forming distinct shear bands as cross slip becomes more prevalent [2]. As an example, the SFE 
effect might be manifested by exchanging silicon alloying for aluminum alloying in commercial 
TRIP steels to improve coatability and bainitic transformation kinetics [3,4]; Al is expected to 
increase SFE while Si is expected to lower or have little impact on SFE [5,6]. The literature has 
shown that this alloying approach does indeed influence austenite stability, although other 
possible underlying mechanisms include the influence of Al and Si on: phase transformation 
thermodynamics, carbon partitioning from bainitic ferrite into austenite during heat treatment, 
mechanical stress-strain partitioning between austenite and other microconstituents during 
loading, etc [7-11].  
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 While the same basic mechanisms are expected to affect austenite stability and 
mechanical performance in both tension and fatigue, the treatment of fatigue loading is 
inherently more complex. For example, in stress-controlled fatigue testing, strain induced 
transformation is beneficial as it strengthens the microstructure and minimizes cyclic plasticity 
ahead of fatigue cracks [10]. However, in strain-controlled low cycle fatigue (LCF) testing, 
martensite formation is detrimental to fatigue life as it leads to increased stress amplitudes that 
promote cracking [11].  

The current study aims to alter austenite SFE and stability during tensile and fatigue 
loading through Al and Si additions. Strain-controlled fatigue loading is of interest because 
components subjected to cyclic plasticity will be negatively influenced by cumulative martensitic 
transformation and design optimization will differ from components subjected to monotonic 
and/or cyclic elastic loading. Additionally, transformation during strain-controlled LCF occurs 
relatively uniformly in the gage section of the sample, thus facilitating martensite fraction 
quantification using non-destructive techniques [11-15]. 
  

Experimental Details 

There are several interrelated parameters, besides austenite SFE, that can influence 
retained austenite stability in multiphase TRIP steels, including carbon redistribution variations 
near different microconstituents and stress and strain partitioning between microconstituents.  To 
study the influence of austenite SFE on austenite stability and LCF response, fully austenitic 
materials with various Al and Si additions were pursued to eliminate the influences associated 
with non-austenitic phases. Following the microstructure survey carried out by Glenn [16], the 
experimental steels in Table I were cast, homogenized for 20 hours at 1200 °C, hot rolled from 
76.2 mm to 15.9 mm, and solution annealed for one hour according to Table I. The Base, 2.5 Si, 
and 2.5 Al solution annealing temperatures were selected to achieve a constant grain size of 
140 μm according to the ASTM E112 intercept method [17], thus eliminating the influence of 
austenite grain size on stability [18]. Figure 1 shows a light optical micrograph of the solution 
annealed 2.5 Si alloy and an X-ray diffraction (XRD) scan from the 2.5 Al alloy, indicating the 
fully austenitic structure of these materials. The 2.8 Si-L alloy (L for low nickel) is a fully 
austenitic alloy left over from a previous alloying scheme. Its grain size is different than the 
other alloys and because its Ni, C, and N content is substantially different than the other three 
alloys, it cannot be easily used to elucidate Al/Si alloying effects.  The alloy is included in this 
study to provide further data for comparing mechanical behavior to austenite stability. 
 

Table I.  Experimental Steel Chemistries and Solution Annealing Temperatures 

 

wt pct C N Ni Cr Mn Si Al S P Anneal 
T (°C) 

Base 0.028 0.0034 15.05 11.06 1.09 0.002 0.05 0.001 0.002 1040 
2.5 Si 0.028 0.0036 14.99 10.98 1.10 2.50 0.06 0.001 0.002 1075 
2.5 Al 0.030 0.0034 15.04 11.02 1.08 0.034 2.47 0.001 0.002 1060 

2.8 Si-L 0.016 0.016 13.46 10.74 0.97 2.84 0.07 0.001 0.002 1100 
 
Following solution annealing, round bar tensile and LCF specimens were machined 

according to ASTM E606 with a gage length of 19.05 mm and a gage diameter of 6.35 mm [19]. 
Tensile tests were run at a constant displacement rate of 5 mm/min with strain being measured 
from an axial extensometer. LCF samples were further hand polished on a lathe to a 1 μm 
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diamond finish and coated with epoxy to shield the specimen surface from the extensometer 
knife edges and prevent fatigue crack nucleation at these sites. Axial LCF tests were performed 
on a servo-hydraulic frame in fully-reversed (R = -1) extensometer control with a sinusoidal 
waveform at total strain amplitudes ranging from 0.3% to 1.2% and frequencies ranging from 
0.5 Hz to 2.0 Hz, scaled inversely with amplitude. Tensile tests were interrupted at 
predetermined levels to assess martensite fraction evolution as a function of applied strain; LCF 
tests have not been interrupted to date, and martensite fractions have only been determined after 
cycling to failure. 

Martensite fractions were determined through the use of a Fischer Feritscope® magnetic 
contact probe; the probe works based on the ferromagnetic nature of martensite and 
paramagnetic nature of austenite. Six to eight measurements were taken on each sample and 
averaged. Talonen et al. [20] have suggested that the measured martensite fractions should be 
multiplied by a constant value of 1.7 to account for the fact that the probes are calibrated for 
delta ferrite and not strain induced martensite; this correction has not been applied to the current 
test data because the current work does not aim to develop quantitative hardening models that 
require the true martensite fraction as an input. 

 

    
 

(a) (b) 

Figure 1. (a) Light optical micrograph of 2.5 Si alloy showing a polycrystalline austenitic 
microstructure – mechanically polished to 0.05 μm alumina and etched with 80 mL 
ethanol, 40 mL H2O, 40 mL HCL, and 2g CuCl2. (b) XRD scan (Cu-Kα) of 2.5 Al alloy 
showing only austenite peaks – chemically polished for 20 minutes in a 10:10:1 mixture 
of H2O, H2O2, and HF. 

 

Results and Discussion 

Figure 2 shows the interrupted tensile true stress-strain curves and corresponding 
feritscope magnetic fraction evolution curves for the four alloys. The 2.8 Si-L alloy shows the 
highest amount of work hardening and largest extent of martensite formation (feritscope 
magnetic fraction). The 2.5 Si alloy displays the next highest work hardening capacity but the 
lowest amount of martensite formation, suggesting that this material work hardens through an 
alternate mechanism besides austenite to martensite transformation. The austenite in the 2.5 Al 
alloy is less stable than the Base alloy and correspondingly, the 2.5 Al alloy work hardens more 
than the Base alloy. The same observation holds for the 2.5 Si alloy and the 2.8Si-L alloy: the 
2.8 Si-L demonstrates more transformation and greater work hardening rates. The tensile 
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martensite transformation results suggest that Al tends to destabilize austenite while Si tends to 
stabilize it compared to the Base alloy. However, it has been previously asserted that Al 
stabilizes austenite through its capacity to increase austenite SFE and thus impedes strain 
induced nucleation of martensite [7,21]. Transmission electron microscopy measurements of 
SFE for the Base, 2.5 Si, and 2.5 Al alloys are anticipated to provide additional clarity on the role 
of Al in the experimental alloys. 

 

  

(a) (b) 

Figure 2. (a) Interrupted tensile true stress-strain curves. (b) Corresponding 
feritscope magnetic fraction evolution as a function of true tensile strain. 

 
Figures 3a-c show the evolution of true stress amplitude as a function of fatigue cycle 

number for total strain amplitudes of 0.9%, 0.6%, and 0.3%, respectively; data for the Base alloy 
have been excluded for clarity. Using the strain amplitude of 0.6% as an example (Figure 3b), 
there is an initial period of cyclic strain hardening that lasts for approximately 50 cycles followed 
by a plateau in stress amplitude in all three alloys. This behavior is consistent with the generation 
and subsequent stabilization of dislocation substructure [22]. In the case of the 2.5 Si alloy, the 
period of constant stress amplitude lasts until failure. However, both the 2.8 Si-L and 2.5 Al 
alloys show a second period of cyclic hardening that curtails the stabilization period. Secondary 
cyclic hardening behavior is associated with the formation of strain induced martensite. 
Martensite formation during fatigue loading is known to require a certain cyclic incubation 
period during which sufficient martensite nucleation sites are generated in the 
microstructure [14]. The same general cyclic deformation behavior is also observed at strain 
amplitudes of 0.9% and 0.3%, as shown respectively in Figures 3a and 3c, although the amounts 
and rates of hardening are amplitude dependent. 
 Figure 3d shows the relationship between maximum stress amplitude achieved during 
LCF life and the feritscope magnetic fraction determined after failure. There is a direct 
correlation between maximum stress amplitude and martensite fraction at all strain amplitudes, 
again indicating martensite formation is the cause of secondary cyclic hardening. Furthermore, 
the correlation between cyclic hardening and martensite fraction appears roughly linear, thus 
implying that it may be possible to capture cyclic hardening due to martensite formation using a 
simple linear rule of mixtures mechanical model [23]. Also, the maximum stress amplitudes as a 
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function of martensite fraction of all of the alloys appear to collapse to a single line for a given 
strain amplitude, which implies that martensite fraction alone, and not martensite chemistry 
(which is the same as the parent austenite chemistry), controls the hardening behavior in this 
alloy system. However, Hahnenberger et al. have shown that martensite composition may play a 
bigger role in other alloy systems where the austenite carbon content has been altered through 
the addition of carbide-forming elements such as Ti and Nb [13].  
 

  
(a) (b) 

  
(c) (d) 

Figure 3.  Evolution of true stress amplitude vs. cycle number for the various alloys 
tested at total strain amplitudes of (a) εa,t = 0.9%, (b) 0.6%, and (c) 0.3%. Magnetic 
percents at failure measured by feritscope are in parentheses. (d) Correlation between 
maximum stress amplitude and magnetic fraction at failure for each strain amplitude. 

 
The strain hardening behavior during tensile and fatigue loading is not consistent across 

all of the alloy conditions. Specifically, the 2.5 Si alloy shows appreciable tensile work 
hardening, due to a mechanism other than martensitic formation, but essentially no secondary 
cyclic hardening because it does not undergo significant transformation in fatigue. The 
difference between tensile and fatigue behavior suggests that the work hardening mechanisms 
operative in tension are not triggered during fatigue loading in this material. Furthermore, the 
propensity for a material to transform in tension does not necessarily correspond to its tendency 
to transform in fatigue. For example, the 2.8 Si-L alloy transforms much more readily in tension 
than the 2.5 Al alloy (Figure 2b), but during LCF at total strain amplitudes of 0.3% and 0.6%, the 
2.5 Al alloy transforms more than the 2.8 Si-L alloy (Figure 4a). The 2.5 Al alloy accordingly 

εa,t = 0.9% εa,t = 0.6% 

εa,t = 0.3% 

(Feritscope Magnetic Pct) 



 206 

experiences more secondary cyclic hardening than the 2.8 Si-L alloy at these levels (Figures 3b-
d) despite its lower tensile work hardening capacity (Figure 2a). Understanding how tensile work 
hardening mechanisms translate to fatigue loading conditions may be a crucial consideration for 
successful implementation of advanced steels in applications subject to monotonic and fatigue 
design requirements. 

 

  
(a) (b) 

Figure 4. (a) Dependence of magnetic fraction on total strain amplitude. (b) Dependence 
of LCF life on magnetic fraction measured at failure for three different total strain 
amplitudes showing that martensite formation is detrimental to LCF life. 

 
Figure 4a shows the dependence of martensite transformation on applied strain 

amplitude. The 2.5 Al alloy shows a distinct maximum in martensite fraction near a strain 
amplitude of 0.6%, and the 2.8 Si-L alloy appears to approach a maximum amount of 
transformation at the highest amplitude tested. The Base (not shown in Figure 4a) and 2.5 Si 
alloys seem to behave in a similar qualitative manner to the 2.5 Al alloy, but additional data 
points are required. The concave nature of martensite fraction as a function of strain amplitude 
indicates that at lower strain amplitudes the generated dislocation substructure is ineffective at 
nucleating martensite while at higher strain amplitudes, fatigue failure occurs more rapidly and 
shortens the secondary hardening regime.  

Figure 4b shows the dependence of LCF life on magnetic fraction measured at failure for 
three different total strain amplitudes. At all strain amplitudes, martensite formation is 
detrimental to LCF life. Martensite formation increases the stress amplitude during strain-
controlled fatigue cycling, thus increasing the driving force for damage initiation and 
propagation during the tensile portion of the cycle [24].  
 

Conclusions  

Metastable austenitic stainless steels were tested in tension and low cycle fatigue and 
characterized with respect to the amount of strain-induced martensitic transformation.  The 
following results and conclusions were obtained: 

1. Aluminum present in austenite promotes strain induced martensitic transformation 
during tensile and LCF loading while silicon inhibits transformation. 

2. Martensite formation increases tensile work hardening, but in the case of the 2.5 Si 
alloy, high work hardening was achieved with minimal martensite formation. 
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3. Maximum stress amplitude reached during the LCF life scales linearly with 
martensite fraction measured at failure such that secondary cyclic hardening is 
attributable to martensite formation. 

4. Secondary cyclic hardening depends only on the amount of martensite formed and not 
the martensite (i.e. parent austenite) chemistry for the alloys tested. 

5. Tensile transformation and work hardening capacity do not necessarily correspond to 
martensite formation during LCF and secondary cyclic hardening.  

6. The amount of martensite formed at failure does not continuously increase with strain 
amplitude if failure inhibits the total amount of transformation possible. 

7. Martensite formation is detrimental to LCF life at all of the strain amplitudes tested. 
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