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Abstract
This paper examined the cyclic deformation behaviour of multiphase low-carbon steel that was subjected to austempering heat 
treatments at four temperatures (190 °C, 230 °C, 275 °C, and 315 °C) below the martensite start temperature (Ms = 353 °C). 
The tests were conducted at room temperature, under fully reversed strain-controlled conditions, with strain amplitudes in 
the range 0.5–1.0%. The microstructure was observed by transmission electron microscopy, and the fracture surfaces were 
examined by scanning electron microscopy. The steel had a bainite/martensite microstructure, with increasing bainite content 
for higher austempering temperatures. Irrespective of the tested conditions, it strain-hardened during the first two cycles and 
then, strain-softened until failure. The austempering temperature did not significantly affect the stress-based, strain-based 
and energy-based relationships. However, lower austempering temperatures slightly improved the fatigue performance.
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List of symbols
b  Fatigue strength exponent
c  Fatigue ductility exponent
ci   Fitting constants
D1, D2  Degree of strain hardening
D3  Degree of strain softening

dε/dt   Strain rate
E   Young’s modulus
K′   Cyclic strain-hardening coefficient
n′  Cyclic strain-hardening exponent
MS  Martensite transformation temperature
Nf  Number of cycles to failure
R2   Coefficient of correlation
Rε  Strain ratio
T   Austempering temperature
Topt   Optimum austempering temperature
VB   Volume fraction of bainite
VM   Volume fraction of martensite
VRA   Volume fraction of retained austenite
ΔW+

0
   Tensile elastic energy at the material fatigue limit

ΔWP   Plastic strain energy density of the half-life cycle
ΔWT   Total strain energy density of the half-life cycle
�a   Strain amplitude of the half-life cycle
�
′
f
   Fatigue ductility coefficient

�a,1   Stress amplitude of the first cycle
�a   Stress amplitude of the half-life cycle
�a,max   Maximum value of stress amplitude
�a   Stress amplitude of the half-life cycle
�
′
f
   Fatigue strength coefficient

�max   Maximum tensile stress of the half-life cycle
αp   Coefficient of the plastic strain energy versus life 

curve
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αT   Coefficient of the total strain energy versus life 
curve

ε   Strain
κp   Exponent of the plastic strain energy versus life 

curve
κT   Exponent of the total strain energy versus life 

curve

1 Introduction

Advanced high-strength steels with multiphase microstruc-
tures have received significant attention in the recent dec-
ades due to their excellent combination of strength, ductility, 
toughness, and wear resistance [1]. These steels, which are 
formed by the combination of at least two different phases 
involving ferrite, austenite, martensite or bainite, can be 
designed to maximise the benefits of each phase and reduce, 
or even eliminate, the shortcomings of a particular phase, 
through the presence of the other phases [2]. However, alloy 
design for these materials is complex and involves not only 
optimising the elemental composition [3] but also defin-
ing a specific heat treatment plan [4] to achieve the desired 
mechanical properties.

Over the years, substantial progress has been made in 
enhancing the mechanical properties of advanced high-
strength steels through heat treatment processes. Among 
these new approaches, an example includes the quenching 
and partitioning (Q–P) process introduced by Speer et al. 
[2], which creates martensite and carbon-enriched austenite 
for improved ductility and toughness. Gao et al. [5] found 
an optimum combination of strength, ductility, and tough-
ness in a medium-carbon Mn–Si–Cr alloyed steel via a 
bainite-based Q–P process. Zhang et al. [6] proposed a pre-
quenching prior to Q–P, in a low-carbon Nb-microalloyed 
Si–Mn steel, which resulted in higher true stresses when 
compared to the conventional Q–P process. Gao et al. [7] 
and Wang et al. [8] proposed a quenching-partitioning-tem-
pering (Q–P–T) process to dig out the effect of precipitation 
strengthening which led to improved mechanical properties.

Zhao et al. [9] also presented new approach for mul-
tiphase low-carbon steels, which involves austempering 
below the martensite start (MS) temperature, leading to 
improved toughness and tensile properties when compared 
to the classical process based on above-MS austempering.

In fact, the austempering temperature plays a key role 
on the desired mechanical properties of advanced high-
strength steels. Recent studies [10] have shown that an 
austempering process performed at a temperature below 
the martensite start temperature results in better tensile 
properties than a conventional austempering process 
performed at a temperature above the martensite start 
temperature, as it produces low-temperature bainite and 

reduces both the size and the volume fraction of the mar-
tensite/austenite phases, leading to increased strength. 
Silva et al. [11] studied the phase transformations during 
the decomposition of austenite below MS in a low-carbon 
steel and explained the kinetics of isothermal bainite for-
mation through a nucleation-based transformation model. 
Samanta et al. [12] proposed model based on the formation 
of bainite by displacive mechanism to explain the kinetics 
of isothermal transformation below MS.

Although the effect of this new approach to austemper-
ing on monotonic tensile properties is well documented, its 
effect on cyclic deformation has rarely been studied in the 
open literature. Zhao et al. [13] studied the cyclic deforma-
tion behaviour of high-carbon nanobainitic steel elaborated 
at different tempering temperatures above and below the MS 
temperature. These authors found that steel tempered below 
MS showed higher volume fraction of retained austenite, 
resulting in better strain hardening ability than steel tem-
pered above MS. Yang et al. [14] also examined the effect of 
tempering temperature on low-cycle fatigue regime in a low-
carbon martensitic steel. Although it is not specified if the 
tempering was done above or below the MS temperature, the 
selected tempering temperature greatly impacted the cyclic 
deformation behaviour. Kumar et al. [15] also reported a 
significant effect of austempering on nanostructured bainitic 
steels undergoing fatigue loading.

The limited information mentioned above highlights the 
need for further research to gain a deeper understanding of 
the impact of the austempering temperature on the cyclic 
response of advanced high-strength steels, particularly when 
it is carried out at temperatures below the martensite start 
temperature. This is a crucial issue because this class of steel 
is frequently used in critical engineering components which 
are subjected to dynamic loading scenarios, namely in criti-
cal components of rail and automotive industries, making 
them vulnerable to fatigue failure [16]. Thus, an effective 
design against fatigue requires not only a precise description 
of the cyclic deformation behaviour [17] but also informa-
tion about the optimum MS-below tempering temperature 
[13].

Since this optimum temperature under cyclic loading 
is not known for multiphase low-carbon steel, the present 
research aims at studying the influence of MS-below aus-
tempering temperature on cyclic deformation of multiphase 
low-carbon steel. Another important challenge is the defi-
nition of the optimum austempering temperature from a 
fatigue performance perspective. In order to meet these 
goals, four different austempering temperatures (190 °C, 
230 °C, 275 °C, and 315 °C) below Ms were considered 
to better understand the dialectical relationship between 
austempering and fatigue behaviour. Tests were conducted 
at room temperature under fully reversed strain-controlled 
conditions with strain amplitudes ranging from 0.5 to 1.0%. 
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After the tests, fracture surfaces were examined by scanning 
electron microscopy to characterise fractographic features 
associated with the different austempering temperatures and 
strain amplitudes. Microstructural details were analysed by 
transmission electron microscopy and X-ray diffraction.

2  Materials and methods

2.1  Materials

The material utilised in this study was a three-phase low-
carbon steel, whose chemical composition, in weight per-
centage, is presented in Table 1. The measured martensitic 
start (MS) temperature of the tested steel, which represents 
the highest temperature at which austenite transforms into 
martensite, was determined to be 353 °C using a Glee-
ble-3500 thermomechanical simulator [18]. The martensite 
finish temperature was equal to 178 °C. In order to study 
the effect of isothermal temperature on cyclic deformation 
response, four different austempering heat treatments were 
considered. The steel was austenitised at 930 °C (heated at 
10 °C/s) for 45 min and rapidly cooled to different austem-
pering temperatures (190 °C, 230 °C, 275 °C, and 315 °C) 
at 30 °C/s and isothermally held at each temperature for 
2 h. Finally, the steel was quenched to room temperature in 
air. The interval of austempering temperature was defined 

based on a previous study focused on the microstructure and 
monotonic tensile properties of the tested alloy [19].

2.2  Low‑cycle fatigue tests

The low-cycle fatigue tests were performed according to 
the ASTM E606 standard [20] with cylindrical solid speci-
mens under uniaxial strain-control at strain amplitudes of 
0.5%, 0.65%, 0.8% and 1.0%. The maximum and minimum 
values of strain amplitude were defined in order to ensure 
(1) fatigue lives higher than  103 cycles and (2) the exist-
ence of cyclic plastic strain, respectively. It was used a 
strain ratio (Rε) equal to − 1, a strain rate (dε/dt) equal to 
6 ×  10–3  s−1, and sinusoidal waves. The specimens were 
polished to a scratch-free condition with grit sandpaper 
and 6-μm diamond paste. The gauge section had a diam-
eter of 5 mm and a length of 19 mm. The stress–strain 
response was recorded with a rate of 200 data points per 
cycle using a 12.5-mm-long mechanical extensometer con-
nected directly to the gauge section. The tests began in 
compression and ended at total failure or when the peak 
stress decreased by 25% relative the maximum stress. A 
summary of the main stress, strain and energy quantities 
measured at the half-life cycles as well as the number of 
reversals to failure is provided in Table 2.

Table 1  Chemical composition 
of the tested multiphase low-
carbon steel (wt%)

C Mn Si Cr Ni Mo Fe

0.18 2.9 1.7 0.8 0.59 0.26 Balance

Table 2  Summary of the low-
cycle fatigue tests

Austempering 
temperature

εa
(%)

εa,p
(%)

σa
(MPa)

σmax
(MPa)

∆WP
(MJ/m3)

∆WT
(MJ/m3)

2Nf
(reversals)

190 ºC 0.5 0.018 961.1 943.7 0.67 2.90 26,344
0.65 0.101 1094.6 1082.0 2.94 5.97 6812
0.8 0.197 1198.7 1179.47 6.84 10.43 2976
1 0.362 1268.0 1229.6 13.47 17.50 1256

230 ºC 0.5 0.037 924.8 887.9 0.84 2.87 37,812
0.65 0.104 1088.9 1040.1 3.69 6.40 7020
0.8 0.219 1164.2 1126.0 8.14 11.21 3432
1 0.392 1207.4 1171.8 13.75 17.44 1474

275 ºC 0.5 0.039 919.8 854.3 1.29 3.10 24,166
0.65 0.131 1033.0 993.6 4.13 6.60 6588
0.8 0.257 1083.5 1049.3 7.49 10.41 3190
1 0.413 1179.7 1145.1 13.82 17.36 1360

315 ºC 0.5 0.025 946.5 883.6 1.25 3.13 18,522
0.65 0.120 1055.4 1025.2 3.90 6.54 4904
0.8 0.229 1133.1 1114.9 7.81 11.01 1850
1 0.407 1178.1 1157.6 13.97 17.60 1176

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 Archives of Civil and Mechanical Engineering (2023) 23:201

1 3

201 Page 4 of 17

2.3  Examination of microstructure and fracture 
surfaces

The microstructure of the tested steels was examined 
through X-ray diffraction (XRD) and transmission electron 
microscopy (TEM). X-ray diffraction (XRD) was performed 
using a Rigaku SmartLab 9 kW XRD system with unfil-
tered Co-Kα radiation (40 kV/135 mA) at a frequency of 
3 °/min. TEM analysis was done on specimens thinned by 
twin-jet electropolishing using a Talos F200S field emis-
sion microscope. The fracture surfaces were examined with 
a Hitachi SU-5000 field emission scanning electron micro-
scope (SEM) in the crack propagation region near the crack 
initiation sites. Specimens were cut perpendicular to the 
main axis of the specimen and cleaned in trichloroethylene 
ultrasonic bath for 10 min.

3  Results and discussion

This section is organised into six sub-sections. The first sub-
section focuses on microstructural details. The second sub-
section examines the cyclic deformation response. The third 
sub-section tackles the addresses the stress–strain response, 
while the fourth sub-section explores the fatigue life rela-
tions expressed in terms of stress-based, strain-based, and 
energy-based approaches. The fifth sub-section determines 
the optimum austempering temperature to achieve improved 
fatigue performance. Finally, the fracture surfaces are ana-
lysed using SEM to identify the main failure mechanisms.

3.1  Microstructure characterisation

The microstructure examined by TEM for the tested mul-
tiphase low-carbon steel austempered at different tempera-
tures (190 °C, 230 °C, 275 °C, and 315 °C) below the MS 
temperature is shown in Fig. 1a–d, respectively. Overall, 
this steel exhibits a dominant multiphase bainite/martensite 
microstructure, mainly composed by bainite, lath martensite, 

Fig. 1  TEM micrographs of the 
three-phase low-carbon steel for 
different austempering tempera-
tures: a 190 °C, b 230 °C, c 275 
°C, and d 315 °C (M martensite, 
RA retained austenite, B + RA 
bainite and retained austenite)
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and retained austenite between the lath martensite [18]. Mar-
tensite is formed firstly, showing coarseness in the TEM 
microstructure. At the same time, during the subsequent 
phase transformation, martensite will undergo self-tem-
pering and carbides are often distributed on it. This micro-
structure results in both improved strength and toughness 
[21]. The highest bainite content was found for the highest 
austempering temperature (315 °C), where the largest blocky 
retained austenite was also observed. By contrast, a decrease 
in austempering temperature led to an increase in martensite 
content and a reduction in the size of the blocky retained 
austenite, which became progressively finer [18].

The volume fraction of martensite (VM) was estimated 
using the Koistinen–Marburger equation [18]:

where MS is the martensite start temperature, and T is the 
heat treatment temperature. The volume fraction of bainite 
(VB) was calculated as follows:

where VM is volume fraction of martensite and VRA is the 
volume fraction of retained austenite obtained by X-ray dif-
fraction. The results of these calculations after the differ-
ent austempering treatments are summarised in Table 3. As 
shown, the highest bainite content was found at the austem-
pering temperature of 315 °C, decreasing as the austemper-
ing temperature decreased. Regarding the volume fraction of 
martensite, an opposite behaviour was observed, i.e. higher 
austempering temperatures led to lower values. Xia et al. 
[18] found a similar relationship between austempering tem-
perature and the volume fractions of bainite and martensite 
for this alloy steel.

The X-ray diffraction spectrum of the multiphase low-
carbon steel austempered at different temperatures below 
the MS is exhibited in Fig. 2. As can be seen in the figure, 
the XRD patterns show two types of peaks, i.e. face-centred-
cubic (FCC) retained austenite peaks (γ) and body-centred 
cubic (BCC) martensite/bainite peaks (α). On the other 
hand, it is evident that the XRD patterns are affected by the 
austempering temperature, with the retained austenite peaks 

(1)VM = 1 − exp[−0.011×(MS−T)]

(2)VB = 1 − VM − VRA

becoming more pronounced with increasing austempering 
temperature, indicating an increase in the retained austenite 
content [21].

3.2  Cyclic deformation behaviour

The effect of austempering temperature on the cyclic 
deformation response of the tested steel is shown in Fig. 3. 
The tests were conducted for the same strain amplitude 
(εa = 1.0%) considering four austempering temperatures. 
Figure 3a–d shows the stress–strain behaviour collected in 
the experiments for austempering temperatures of 190 °C, 
230 °C, 275 °C, and 315 °C, respectively. For the sake of 
clarity, the first two cycles and the half-life cycle are high-
lighted, while the full test is plotted in grey. As shown in 
the figure, the steel exhibits initial cyclic hardening behav-
iour in the first cycles, followed by gradual cyclic softening 
behaviour until total failure, regardless of the austempering 
temperature. The same trends were found for the other strain 
amplitudes.

The cyclic response was affected by both the austem-
pering temperature and the strain amplitude. This can be 
explained by the stability of the retained austenite as well as 
dislocation state and the microstructural evolution during the 
cyclic deformation process. In general, cyclic hardening of 
steels with lower dislocation densities at the initial stage are 
associated with interaction between the dislocation prolif-
eration and dislocation [18, 22]. On the contrary, for steels 
with higher dislocation densities, such a behaviour is closely 
related to the interaction between dislocation during cyclic 
deformation, leading to the formation of a large number of 
dislocation tangles and immobile dislocations.

In this steel, the dislocation densities are higher than 
 1015   m−2 [18]. Thus, the initial cyclic hardening behav-
iour is explained by the decrease in the mobile dislocation 
density. As the cyclic deformation process in ongoing, the 
accumulated plastic strain induces multi-slip and cross-slip 
dislocations resulting in a decrease in dislocation density. 

Table 3  Volume fractions of martensite, bainite and retained austen-
ite after austempering

Austempering 
temperature

Volume fraction 
of martensite, 
VM (%)

Volume fraction 
of bainite, VB 
(%)

Volume of 
retained aus-
tenite, VRA (%)

190 ºC 80.4 15.3 4.3
230 ºC 69.5 23.8 6.7
275 ºC 49.6 40.3 10.1
315 ºC 22.4 64.3 13.3

Fig. 2  X-ray diffraction patterns of the three-phase low-carbon steel 
obtained at different austempering temperatures
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The cyclic softening takes place when the reduction in stress 
amplitude caused by dislocation annihilation and the forma-
tion of low-energy dislocation substructures is higher than 
the increase in stress amplitude caused by the dislocation 
tangles and a decrease in mobile dislocation density [18].

The strain amplitude is another parameter that influences 
the cyclic deformation response of the tested alloy. Fig-
ure 4a–d shows, as an example, the stress–strain response at 
a constant austempering temperature (190 °C) for four strain 
amplitudes (0.5%, 0.65%, 0.8%, and 1.0%, respectively). To 
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Fig. 3  Cyclic stress–strain response of the tested steel at εa = 1.0% for 
an austempering temperature of: a 190 °C, b 230 °C, c 275 °C, and d 
315 °C (Test refers to all loops; Half-life refers to the loop of the half-

life cycle; first cycle refers to the loop of the first cycle; and second 
cycle refers to the loop of the second cycle)D
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make the results clear, the first two cycles and the half-life 
cycle are highlighted, while the full test is plotted in grey. 
During the first two cycles, a cyclic hardening behaviour is 
observed as the maximum tensile stress increases. After the 
second cycle, the material undergoes gradual cyclic softens 

until total failure, leading to a progressive change in the 
shapes of the hysteresis. These changes are characterised 
by a reduction in the linear part of both the compressive and 
the tensile branches. This outcome was consistent across all 
the austempering temperatures.
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Fig. 4  Cyclic stress–strain response of the tested steel austempered at 
190 °C for a strain amplitude (εa) of: a 0.5%, b 0.65%, c 0.8%, and d 
1.0% (Test refers to all loops; Half-life refers to the loop of the half-

life cycle; first cycle refers to the loop of the first cycle; and second 
cycle refers to the loop of the second cycle)D
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The cyclic stress–strain response is generally analysed 
using dependent parameters, such as the strain amplitude. 
Figure 5 plots the stress amplitude against the number of 
cycles for different austempering temperatures and strain 
amplitudes. Figure  5a compares four strain amplitudes 
(0.5%, 0.65%, 0.8%, and 1.0%) at two austempering tem-
peratures (190 °C, and 315 °C), while Fig. 5b compares four 
austempering temperatures (190 °C, 230 °C, 275 °C, and 
315 °C) at two strain amplitudes (εa = 0.65%, and εa = 1.0%). 
In general, it is clear that this steel cyclically hardens in the 
first two cycles and then, gradually cyclically softens until 
total failure, irrespective of the austempering temperature 
and the strain amplitude.

The cyclic stress–strain response of engineering materials 
provides valuable insights into their behaviour at varying 
strain levels. This response is usually characterised through 
the half-life cycles, which are assumed to represent the 
stable behaviour [23]. Figure 6 shows the half-life cycles 
obtained for different austempering temperatures and strain 
amplitudes. As expected, the shapes of the stress–strain hys-
teresis loops were influenced by the austempering tempera-
ture, which is justified by the microstructural modifications 
induced by each heat treatment. A graphical comparison of 
the shapes of the loops for εa = 0.8% is displayed in the fig-
ure, see dashed lines. The maximum differences in the areas 
delimited by the loops relative to the cases austempered at 
190 °C were found to be about 9%.

The cyclic stress–strain curve is a vital tool for linking 
the applied strain with the resulting stress level which is 
critical for fatigue design purposes [23]. This curve can be 
expressed as follows [24]:

where K′ is the cyclic strain-hardening coefficient, and n′ is 
the cyclic strain-hardening exponent. This curve is gener-
ally created by connecting the peak tensile and compressive 
points of stable stress–strain loops collected at varying strain 
amplitudes. Table 4 provides the unknowns of Eq. (3) for the 
four austempering temperatures.

Figure 6a–d exhibits the cyclic stress–strain curves cal-
culated for the advanced high-strength steel austempered 
at various temperatures (190 ºC, 230 ºC, 275 ºC, and 315 
ºC, respectively). The results show that the proposed func-
tions accurately reflect the cyclic elastic–plastic behaviour 
of the tested steel, either for the tensile or the compressive 
branches. The maximum discrepancies between the peak 
tensile and compressive points of the hysteresis loops and 
the corresponding stresses obtained using the cyclic curve 
were 2.5%, 4.7%, 6.8% and 6.3%, respectively, for austem-
pering temperatures of 190 ºC, 230 ºC, 275 ºC, and 315 ºC.

The shape of the hysteresis loops is a crucial aspect from 
the perspective of fatigue design of engineering materials. 
Although the cyclic stress–strain curve can correlate both 
the applied stress and the corresponding strain level, it fails 
to depict the shape of the hysteresis loop. Based on the shape 
of the hysteresis loops, metallic materials are generally clas-
sified into Masing and non-Masing [25]. Masing materials 
are those whose hysteresis loop branches can be derived 
from the cyclic stress–strain curve multiplied by a factor of 
two, while non-Masing materials are those that do not follow 
this criterion [23].

(3)�a =
σa

E
+
(

�a

K�

)
1

n�

Fig. 5  Stress amplitude versus number of cycles to failure: a four strain amplitudes (1.0% and 0.65%) at two austempering temperatures (190 °C, 
and 315 °C); b four austempering temperatures (190 °C, 230 °C, 275 °C, and 315 °C) at two strain amplitudes (1.0%, and 0.65%); and (b)
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Figure 7a–d displays the Masing-type curves (repre-
sented by the solid lines) for various austempering temper-
atures (190 °C, 230 °C, 275 °C, and 315 °C, respectively) 
as well as the corresponding stable hysteresis loops in rela-
tive coordinates (i.e. with the compressive tips moved to 
the origin of the referential system). As seen, the upper 
branches of the curves do not overlap perfectly, indicat-
ing that these materials are non-Masing. However, the 
deviation is not significant, and a Masing-type approach 
can reasonably describe the hysteresis loop shapes for the 
strain amplitudes and austempering temperatures studied 
in this research.

Half-life loop (
a
 = 0.8% at 190 ºC) Cyclic curve, Eq. (6) 
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Fig. 6  Cyclic stress–strain curves of the tested steel for different austempering temperatures: a 190 °C; b 230 °C; c 275 °C; and d 315 °C

Table 4  Constants of the cyclic stress–strain curves

Austempering tem-
perature

K′ (MPa) n′ R2

190ºC 2108.1 0.0918 0.984
230ºC 2300.1 0.1129 0.964
275ºC 2020.2 0.1008 0.974
315ºC 1826.7 0.0798 0.992
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A careful examination of Fig. 7 reveals that the linear 
portion of the hysteresis loops is not constant, supporting the 
behaviour described above. The variation in the linear por-
tion of the hysteresis loops is associated with the dislocation 
density and cell size [19]. In a perfect Masing-type material, 
the deformation structure is unaffected by strain amplitude 
or dislocation motion, remaining stable under fatigue load-
ing. By contrast, the non-Masing behaviour arises from 
changes in microstructure, due to applied strain amplitude 
and heat treatment, which interferes with the cell structure 
and eases the motion of dislocations [26]. The dislocation 

density of the steel under study increased with increasing 
strain amplitudes, regardless of the austempering tempera-
ture, which is consistent with the reported results [27].

3.3  Fatigue life

Fatigue design approaches are generally formalised using 
stress-based, strain-based, or energy-based relationships 
[23]. Stress-based approaches are ideal for the high-cycle 
fatigue, where cyclic plasticity occurs in localised regions. 
Strain-based approaches are better for the low-cycle 
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Fig. 7  Stable stress–strain loops and Masing-type curves of the tested steel at different austempering temperatures: a 190 °C; b 230 °C; c 275 
°C; and d 315 °C
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fatigue, where significant plastic deformation exists. 
Energy-based approaches, which combine both stress and 
strain components, are often used in both regimes due to 
their unifying character.

The fatigue life relationships for the tested cases 
expressed through stress-based, strain-based, and energy-
based approaches are plotted in Fig. 8. Regarding the 
stress-life relationships, the Basquin equation, which 
relates the stress amplitude ( σa ) against the number of 
reversals to failure ( 2Nf  ), is widely used in fatigue design 
[28]:

where σa is the stress amplitude, 2Nf  is the number of rever-
sals to failure, �′

f
 is the fatigue strength coefficient, and b is 

the fatigue strength exponent. The two constants for the vari-
ous austempering temperatures are listed in Table 5.

Figure 8a plots the stress-life relationships for the tested 
steel at different austempering temperatures. As shown, 
these relationships were affected by the austempering tem-
perature. The curves for higher temperatures (275 °C and 
315 °C) were similar for the entire range, while the curves 
for lower temperatures (190 °C and 230 °C) were close for 
longer lives but diverged slightly as the lifetime decreased.

Concerning the strain-life relationships, the Man-
son–Coffin–Basquin equation is often used. This equation 
is defined as follows [28–30]:

where εa is the strain amplitude, �′
f
 is the fatigue strength 

coefficient, E is the Young’s modulus, 2Nf  is the number of 
reversals to failure, b is the fatigue strength exponent, �′

f
 is 

the fatigue ductility coefficient, and c is the fatigue ductility 
exponent. The constants for the tested cases are summarised 
in Table 5.

Figure 8b displays the strain-life relationships for the 
steels under study at different austempering temperatures. 
At the highest austempering temperature, i.e. 315 °C, the 
fatigue life for a given strain amplitude was lower than the 
other cases. The best fatigue performance was achieved 
at an austempering temperature of 230 °C. In the remain-
ing two cases, i.e. 190  °C and 275  °C, the strain-life 
curves were comparable, resulting in intermediate fatigue 
performance.

Energy-life relationships are often used in fatigue 
design problems involving high-strength steels, either 
under uniaxial [31] or multiaxial loading [32]. One 
of the most widely used models for this purpose is the 
Smith–Watson–Topper (SWT) model [33]:

(4)σa = �
�
f

(

2Nf

)b

(5)εa =
�
�
f

E

(

2Nf

)b
+ �

�
f

(

2Nf

)c

where �max is the maximum tensile stress, and �a is the strain 
amplitude acting on the critical plane, �′

f
 is the fatigue 

strength coefficient, E is the Young’s modulus, 2Nf  is the 
number of reversals to failure, b is the fatigue strength expo-
nent, �′

f
 is the fatigue ductility coefficient, and c is the fatigue 

ductility exponent. The constants calculated for the steels 
under study are outlined in Table 5.

Figure 8c exhibits the evolution between the SWT param-
eter and the number of reversals to failure for the studied 
cases. The best fatigue performance was found with an aus-
tempering temperature of 230 °C, while the lowest fatigue 
performance was observed at 315 °C. The steel austempered 
at 190 °C had a fatigue performance close to that of 230 °C, 
and the steel austempered at 275 °C the fatigue performance 
had fatigue performance close to that of 315 °C. However, 
there is some scatter in the SWT-life functions at both low 
and high fatigue lives, making the effect of the austempering 
temperature less clear.

Liu’s model is another commonly used approach for 
predicting the fatigue life based on energy concepts. This 
model is formalised through the virtual strain energy density 
applied in the component [34]:

where Δ� is the stress range, and Δ� is the strain range, �′
f
 is 

the fatigue strength coefficient, E is the Young’s modulus, 
2Nf  is the number of reversals to failure, b is the fatigue 
strength exponent, �′

f
 is the fatigue ductility coefficient, and 

c is the fatigue ductility exponent. Table 5 lists the values of 
the fitted constants for the studied cases.

Figure 8d presents the energy-life functions obtained for 
different austempering temperatures using the Liu’s param-
eter. In general, the conclusions are very similar to those for 
the SWT parameter, i.e. steel austempered at 230 °C had the 
best fatigue performance while the worst was seen at 315 °C. 
The two remaining temperatures (i.e. 190 °C, and 275 °C) 
showed intermediate performance with the former slightly 
better than the latter. In addition, it is also visible some scat-
ter, especially at low and high fatigue lives, making the effect 
of the austempering temperature not completely perceptible.

Other popular energy-based formulations are built on the 
concept of strain energy density, such as the plastic strain 
energy density or the total strain energy density. The plastic 
strain energy density ( ΔWp ), which reflects the area of the 
hysteresis loop, is effective in addressing low-cycle fatigue 
problems under fully-reversed or almost fully-reversed condi-
tions. However, its inability to deal with mean stress effects 

(6)�maxεa =
�
�
f

2

E

(

2Nf

)2b
+ �

�
f
�
�
f

(

2Nf

)b+c

(7)ΔW = Δ�Δ� =
4��

f

2

E

(

2Nf

)2b
+ 4�

�
f
�
�
f

(

2Nf

)b+c
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Fig. 8  Fatigue life relationships for the different austempering tem-
peratures defined through: a stress amplitude; b strain amplitude; c 
SWT parameter; d Liu’s parameter; e plastic strain energy density; 

and f total strain energy density. Total strain energy density defined 
by the sum of both the plastic and the positive elastic components
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limits its widespread application. It can be expressed through 
the following equation [23]:

where ΔWp is the plastic strain energy density, �p and �p 
are material constants, and 2Nf  is the number of reversals 
to failure. The values of these two constants for the tested 
materials are presented in Table 6.

Figure 8e shows the relationship between the plastic 
strain energy density and the fatigue life for the different 
austempering temperatures. As depicted, the plastic strain 
energy density decreased as the fatigue life increased, but 
there was no clear correlation between the austempering 
temperature and the values of ΔWp . The highest fatigue 
performance was achieved at an austempering temperature 
of 230 °C. The results at 275 °C were relatively similar. 
Regarding the two remaining austempering temperatures, 
i.e. 190 °C and 315 °C, the fatigue lives were lower when 
compared to the other cases.

Concerning the total strain energy density, it is defined as 
the sum of both the plastic and the elastic components. This 
unifying characteristic enables its use under low-cycle and 
the high-cycle fatigue loading. In particular, the formulation 
introduced by Ellyn, which takes into account the positive 
elastic and the plastic strain energy density components, is 
sensitive to mean stress effects making it advantageous. This 
formulation can be written as follows [23]:

where ΔWT  is the total strain energy density, �T  and �T 
are material constants, ΔW+

0
 represents the tensile elastic 

energy at the material fatigue limit, and 2Nf  is the number of 

(8)ΔWp = �p

(

2Nf

)�p

(9)ΔWT = �T

(

2Nf

)�T + ΔW+
0

reversals to failure. The fitted constants for the tested materi-
als are presented in Table 7.

Figure 8f plots the total strain energy density against the 
number of reversals to failure for the various austemper-
ing temperatures. The results suggest that the austemper-
ing temperature has little effect on the slope of the curves. 
However, each curve holds a unique position. This seems 
to indicate that the total strain energy density is sensitive to 
the austempering temperature, making this parameter ideal 
to explore the relationships between fatigue life and aus-
tempering temperature for this steel. A careful examination 
of the figure shoes that the best fatigue performance was 
attained at an austempering temperature of 230 °C, while 
the weakest performance was observed at an austempering 
temperature of 315 °C. For the other two temperatures, i.e. 
190 °C and 275 °C, the energy-life curves were comparable 
and provided a moderate fatigue performance.

3.4  Influence of tempering temperature on fatigue 
life

The influence of austempering temperature on fatigue life in 
the low-cycle fatigue regime for this steel, as documented 
in the previous section, is complex. Thus, the development 
of an austempering temperature-dependent model can help 
designers to better understand the relationship between 
durability and austempering temperature. In this study, we 
used the same approach proposed by Yang et al. [14] for 
advanced low-carbon steels, but here it is formalised using 
the total strain energy density (see Eq. 9), instead of using 
the plastic strain energy density, since the former parameter 
was sensitive to the austempering temperature (see Eq. 8). 
Here, the dependency between the material constants and the 

Table 5  Constants of the stress-
life relationships

Austempering 
temperature

�
′

f
 (MPa) B R2

�
′

f
c R2

190 ºC 2471 − 0.0921 0.992 4.948 − 0.9891 0.979
230 ºC 2278 − 0.0846 0.978 0.842 − 0.7397 0.995
275 ºC 2180 − 0.0855 0.996 1.870 − 0.8333 0.972
315 ºC 2054 − 0.0787 0.999 4.009 − 0.9765 0.985

Table 6  Constants of the plastic strain energy density versus life rela-
tionships

Austempering tem-
perature

�P (MJ/m3) �P R2

190 ºC 1204.9 − 0.595 0.999
230 ºC 1048.9 − 0.564 0.993
275 ºC 1299.5 − 0.599 0.999
315 ºC 1128.2 − 0.602 0.971

Table 7  Constants of the total strain energy density versus life rela-
tionships

Austempering 
temperature

�
T
 (MJ/m3) �

T
ΔW0

T
 (MJ/m3) R2

190 ºC 2144.2 − 0.691 0.76 0.997
230 ºC 2108.1 − 0.670 0.81 0.991
275 ºC 2004.2 − 0.691 0.76 0.989
315 ºC 2106.9 − 0.705 0.65 0.991
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austempering temperature was established using third-order 
polynomial functions:

where �(T) represents the material constants associated with 
the total strain energy density model (i.e. �T,�T , and ΔW+

0
 ), ci 

are fitting constants, and T  is the austempering temperature.
Figure 9 displays the correlation between the fatigue life 

and the austempering temperature for constant values of 
total strain energy density. For the sake of comparability, the 
fatigue life ( Nf  ) was divided by the fatigue life at 230 °C 
( N′

f
 ). As shown, it is evident that the austempering tempera-

ture affects fatigue durability. The optimum austempering 
temperature (i.e. the austempering temperature associated 
with the maximum fatigue life at a given value of ΔWT ) for 
the range of total strain energy density under study is rela-
tively consistent and falls between 230 and 244 °C. Any 
deviation from the optimum austempering temperature, 
whether an increase or decrease, has a negative impact on 
fatigue performance and results in a sudden decrease in 
fatigue life.

The optimum austempering values for the tested steel are 
represented by the solid black line in Fig. 9. It is clear that 
when the fatigue life decreases or the total strain energy 
density increases, the optimum austempering temperature 
slightly rises. By contrast, when the fatigue life increases 
or the total strain energy density decreases, the optimum 
austempering temperature slightly diminishes. The relation-
ship between the total strain energy density ( ΔWT ) and the 

(10)�(T) = c1T
3 + c2T

2 + c3T + c4

optimum austempering temperature (Topt) as be expressed 
as follows:

where ΔWT is the total strain energy density, ai are fitting 
constants, whose values are listed in Table 8, and Topt is the 
optimum austempering temperature.

At the same value of total strain energy density, defined 
here as the sum of both the elastic and plastic components, 
the higher is the yield strength, the higher is the elastic com-
ponent of the total strain energy density. Since the fatigue 
life depends on the plastic component, the increase in the 
yield strength is expected to result in a longer fatigue life. 
Thus, because the yield strength is higher for lower aus-
tempering temperatures, see Table 9, the optimum austem-
pering temperature tends to decrease, as the austempering 
temperature decreases, see Fig. 9. On the other hand, for a 
high level of total strain energy density, the ratio of the plas-
tic component to the total strain energy density increases, 
and a steel with higher ductility generally exhibits a higher 
life. At higher values of the total strain energy density, as 
shown in Table 9, the ductility decreases for lower austem-
pering temperatures, which is detrimental for an improved 
fatigue life. Therefore, in this case, the optimum austemper-
ing temperature tends to increase for greater austempering 
temperatures, see Fig. 9.

3.5  Fractography analysis

The fractographic analysis of the tested steel was performed 
at both low strain amplitude (εa = 0.5%) and high strain 
amplitude (εa = 1.0%) through scanning electron microscopy. 
Figure 10a–d shows the SEM micrographs at low strain 
amplitudes for the austempering temperatures of 190 °C, 
230 °C, 275 °C, and 315 °C, respectively, while Fig. 11a–d 
shows the SEM micrographs at high strain amplitudes for 
the austempering temperatures of 190 °C, 230 °C, 275 °C, 
and 315 °C, respectively.

(11)ΔWT = a1
(

Topt
)3

+ a2
(

Topt
)2

+ a3
(

Topt
)

+ a4
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Fig. 9  Relationship between optimum austempering temperature and 
fatigue life at constant values of total strain energy density

Table 8  Constants of Eq. (11)

a1 (MJ/m3) a2 (MJ/m3) a3 (MJ/m3) a4 (MJ/m3)

2.777 ×  10–3 1.985 − 4.718 ×  102 3.729 ×  104

Table 9  Yield strength and elongation for the different austempering 
temperatures

Mechanical property 190 ºC 230 ºC 275 ºC 315 ºC

Yield strength, YS (MPa) 1535 1534 1466 1441
Uniform elongation, δ (%) 7.12 5.57 5.20 4.83
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At low strain amplitude (εa = 0.5%), see Fig. 10, the 
striation area displayed obviously brittle characteris-
tics mainly dominated by cleavage facets (for the low-
est austempering temperature) and secondary cracks 
with some evidence plastic deformation (in the form of 
micro-dimples). On the contrary, at high strain amplitude 
(εa = 1.0%), see Fig. 11, secondary cracks were wider and 
longer (due to higher tensile stress level) and there were 
more ductile dimples as well as more evidence of plastic 
deformation.

The effect of austempering temperature on fracture 
surfaces was also evident. At the highest austempering 
temperatures (275 °C, and 315 °C), the surface morpholo-
gies are relatively similar and are characterised by more 
and longer secondary cracks. By contrast, at the lowest 
austempering temperatures (190 °C, and 230 °C), the two 
surface morphologies are also consistent and exhibit less 
and smaller secondary cracks as well as smaller cleavage-
like facets. These differences are in line with the fatigue 
life results and can be attributed to the microstructural 
changes caused by the austempering temperature.

4  Conclusions

This paper investigated the effect of austempering tempera-
ture below the martensite start temperature on the cyclic 
deformation behaviour of multiphase low-carbon steel. The 
tests were performed at room temperature with strain ampli-
tudes of 0.5–1.0% under fully reversed strain-controlled con-
ditions. Four austempering temperatures were considered:

190 °C, 230 °C, 275 °C, and 315 °C. The study also 
analysed the microstructure and the failure mechanisms 
for each austempering temperature. The following conclu-
sions can be drawn:

• The tested multiphase low-carbon steel exhibited a 
microstructure of bainite/martensite, primarily com-
posed by bainite, lath martensite, and retained austen-
ite. The higher content of bainite was found for the 
higher austempering temperatures;

• The cyclic deformation response was characterised by 
a cyclic hardening behaviour during the first two cycles 

Fig. 10  SEM micrographs 
at εa = 0.5% for the different 
austempering temperatures of: a 
190 °C; b 230 °C; c 275 °C; and 
d 315 °C
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followed by progressive cyclic softening until failure, 
regardless of the tested conditions;

• Stress-based, strain-based, and energy-based relations 
were affected by the austempering temperature. All 
selected parameters indicated the best fatigue per-
formance at 230 °C and worst fatigue performance at 
315 °C;

• The optimum austempering temperature was depend-
ent on the total strain energy density generated dur-
ing the loading scenario and varied within the range 
230–244 °C. It increased for higher energy levels (i.e. 
lower fatigue lives) and vice-versa.
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