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c Universidade Federal do Ceará, Department of Metallurgical and Materials Engineering, Fortaleza, Brazil   

A R T I C L E  I N F O   

Keywords: 
Low-cycle fatigue 
EBSD 
Nanoindentation 
Strain localization 
KAM 
GROD 

A B S T R A C T   

Strain accumulation as a result of cyclic loading affects the microstructure and mechanical performance of low- 
alloy steels under cyclic operation conditition. This manuscript presents a comprehensive analysis of a ferritic- 
pearlitic SA204 Grade C steel under strain-controlled low-cycle fatigue tests to understand the microstructural 
deformation and strain localization in the ferritic-pearlitic steel. Low-cycle fatigue tests were performed in a 
Gleeble® thermo-mechanical simulator at 0.008, 0.01, 0.015, and 0.02 strain amplitudes under an isothermal 
condition at 250 ◦C. The microstructure evolution during cyclic loading was evaluated using the samples from 
interrupted 0.01 strain amplitude tests. The LCF analysis shows strain localization at the ferrite-cementite in
terfaces and ferrite-pearlite interfaces. The characterization results using OM, SEM, EBSD, and nanoindentation 
analysis reveals the grain misorientation in the ferritic-pearlitic microstructure due to strain accumulation in
creases with the strain amplitudes and the loading cycles.   

1. Introduction 

Ferritic-pearlitic steels are used as a structural material for a wide 
range of applications, such as infrastructure and transportation appli
cations. It possesses a good combination of strength and ductility from 
the duplex microstructural constituents. The mechanical performance of 
ferritic-pearlitic steel can be predicted based on a mixture law of ferrite 
and pearlite microstructures and their volume fractions [1]. Hot-rolled 
medium carbon steel typically exhibits a pearlite band structure along 
the rolling direction due to the segregation of Mn and Si [2–6]. The 
distribution of pearlite in the steel matrix affects the mechanical 
behavior and crack growth resistance of ferritic-pearlitic steels [6–10]. 
At the meso level, the different micro-mechanical properties of ferrite 
and pearlite lead to strain partitioning under plastic deformation 
[11,12]. Plastic strain localization may occur at cementite-ferrite and 
ferrite-pearlite interfaces [12]. However, the strain localization 
observed in ferritic-pearlitic steel is considered lower than in ferritic- 
martensitic and ferritic-bainitic steel because the mechanical proper
ties difference between the soft and the hard microstructural compo
nents is lower than the later ones [13]. Strain distribution in lamellar 

pearlite is affected by the inter-lamellar spacing and the angle between 
the lamellar cementite orientation and the tensile stress direction 
[12,14]. Izotov et al. showed that finer pearlite colonies with narrow 
inter-lamellar distance increase the strain hardening ratio of monotonic 
loading and avoid crack initiation at the ferrite-lamellar interface [12]. 
The flow stress and strain hardening in pearlitic steels are related to the 
mean free path of dislocations on the slip plane in the ferrite phase 
[15,16]. Cementite interlayers prevent the dislocation motion on the 
BCC slip plane and lead to an increase in dislocation density [17]. As a 
result, the dislocation pileup enhances the strain-hardening of pearlite 
until the shearing of cementite plates. 

During cyclic loading, the incompatibility within the duplex micro
structures enhance the plastic strain within the softer microstructural 
constituent. The significant incompatibility in ferrite-martensite 
microstructure compromises fatigue crack resistance [18]. A crystal 
plasticity model developed by Zecevic et al. showed that geometrical 
necessary dislocations (GNDs) accumulate at the ferrite-martensite 
interface during cyclic deformation, leading to the localized hardening 
in the ferrite grains [19]. Strain localization at the interface between the 
hard and soft microstructural constituents also promotes crack 
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formation. Narasiah and Ray pointed out that ferritic-pearlitic interfaces 
are a preferential spot for short crack nucleation under cyclic loading 
[20]. In addition, the increasing GNDs at both ferrite and pearlite 
contribute to the hardening instead of just the soft ferrite grain in a 
ferrite-martensite steel. Liu et al. revealed that misorientation increases 
in the proeutectoid ferrite and the ferrite phase in pearlite during the 
rolling contact fatigue [21]. Strain amplitude could influence the cyclic 
response of ferritic-pearlitic steels by increasing the plastic deformation 
in each cycle [22,23]. Sankaran et al. showed that ferritic-pearlitic steel 
exhibits cyclic hardening at higher total strain amplitudes (≥ 0.7%) and 
cyclic softening at lower strain amplitudes (< 0.7%) [24]. In addition, 
the impact of dual-microstructure upon retarding fatigue crack propa
gation has been reported in ferrite-martensite steels [25]. Fatigue crack 
growth is less retarded in the ferritic-pearlitic steel than ferritic-bainitic 
steel. However, the ferritic-pearlitic microstructure could still effec
tively increase the tortuosity of the crack path [17,26]. Small and 
densely distributed pearlites are more favorable to increasing crack 
tortuosity than large-size pearlites [27]. Uniformly distributed pearlite 
structure possesses higher fatigue crack growth resistance than banded 
pearlite structure by reducing the plastic zone of crack tips and 
increasing the crack path tortuosity [28–30]. 

Electron backscattering diffraction (EBSD) has been widely used to 
reveal microstructural deformation [31–36]. The Kernel Average 
Misorientation (KAM) and the Grain Reference Orientation Deviation 
(GROD) maps from Rui et al. show the impact of stress ratio and stress 
intensity factor on the final misorientation along the crack tip under 
cyclic loading [37]. Rae et al. demonstrated that the misorientation 
angle of 12% Cr martensitic steel reduces during the cyclic softening of 
fatigue [38]. In addition, EBSD analysis of deformation could be per
formed in combination with nanoindentation measurements to reveal 
the local hardening caused by strain localization [34,35,39]. Githinji 
et al. showed that the EBSD analysis exhibits good agreement with 
nanoindentation in evaluating the service-aged 316 austenitic steel 
deformation [34]. High throughput nanoindentation measurements 
performed by Chang et al. demonstrated the effective correlations be
tween EBSD analysis and nanoindentation measurements in the 
complex-phase steel [40]. 

Although the dual-constituent steel microstructure exhibits a similar 
strain hardening mechanism under monotonic and cyclic tension- 
compression loadings, different dislocation motions due to the loading 
condition result in a change of damage accumulation within the 
microstructure. The consistent tensile direction under monotonic 
loading leads to continuous and directional dislocation motion along the 
activated slip planes. In contrast, the dislocation motion occurs revers
ibly under cyclic tension-compression. Steels under monotonic loading 
exhibit a more pronounced strain hardening effect than under cyclic 
loading. However, the accumulation of dislocation density is much 
larger in a cyclically-deformed microstructure [41]. During the satu
rated cycles, stable dislocation cells form within the microstructure, and 
the cyclic stress becomes stabilized, irrelevant to the plastic strain. Many 
studies have been published to characterize the monotonic deformation 
of dual-constituent steel microstructure using EBSD analysis [31,39,42]. 
However, few address the impact of fatigue strain amplitudes and 
microstructural evolution under cyclic loading conditions. This study 
will provide a comprehensive characterization of the micro-scale 
deformation in ferritic-pearlitic low-alloy steel under low-cycle fa
tigue. The studied material is C-0.5Mo steel, which belongs to SA 204 
Grade C according to the ASME Boiler and Pressure Vessel Code Section 
II Part A [43]. Mo content was added to the low-alloy steel to improve 
the creep resistance at elevated temperatures. The material has been 
widely adopted as the base material for coke drums, which are large 
pressure vessels that render the thermal cracking of heavy oil molecules 
into lightweight products. During each operation cycle, heating and 
quenching of coke drums occur within a temperature range from 100 ◦C 
to 480 ◦C, which generates internal stresses and leads to severe plastic 
deformation [44–46]. The study aims at elucidating the performance 

and microstructural deformation of the C-0.5Mo steel base metal with 
ferritic-pearlitic microstructure under cyclic deformation. An isothermal 
condition was selected at 250 ◦C to represent the intermediate temper
ature at which the largest plastic deformation occurs in coke drums. 
Stress induced by mechanical loading was used to mimic the thermal 
stress that occurs in coke drums. Hence, low-cycle fatigue tests at high 
strain amplitudes, including 0.008, 0.01, 0.015, and 0.02, were imple
mented to induce cyclic deformation within the duplex microstructure 
constituents. However, the experiment goal was not to fully replicate the 
coke drum operation condition but to create a reliable approach to 
evaluate materials performance and microstructural changes for coke 
drum and similar applications. In addition, the microstructure evolution 
was investigated in the samples from interrupted fatigue tests at 0.01 
strain amplitude. EBSD and nanoindentation measurements of the fa
tigue samples and the interrupted samples were performed to elucidate 
the microstructure effect upon the strain localization within the ferritic- 
pearlitic microstructure and the connection between the microstructure 
evolution and the mechanical performance of the ferritic-pearlitic steel. 

2. Method and approach 

2.1. Microstructure characterization 

The evaluated C-0.5Mo steel was procured as steel plates in a 
normalized condition. The dimension of the steel plates was 305 mm ×
305 mm × 38 mm. The bulk chemical composition of the As-Received 
material was measured using optical spectrometry, as shown in Table 1. 

Metallography samples were sectioned from the As-Received mate
rial and the gauge sections of fatigue samples and then mounted in 
conductive bakelite. The surface of each sample was ground using 240, 
400, 600, 800, and 1200 grit SiC paper and polished using diamond 
paste (6 μm and 1 μm) and colloidal silica (0.02 μm). The steel micro
structure was etched with 2.0% Nital etchant (2.0% Nitric acid and 98% 
ethanol) and characterized using optical microscopy (OM) and Apreo 
Scanning electron microscope (SEM). The secondary SEM images used 
10 kV accelerating voltage and 3.2 nA beam current. The grain size, 
including ferrite and pearlite, was measured quantitatively using elec
tron backscatter diffraction (EBSD) analysis. The grain size distributions 
were measured in two different regions of a fatigue sample using the 
OIM analysis software. Grain distributions from two measurements were 
combined to calculate the average grain size and standard deviation 
based on the mixture of normal distributions. In addition, the average 
ferrite-pearlite fraction was measured using OM at 200× magnification 
in 10 different fields. The images were processed to a binary format to 
differentiate the ferrite and pearlite colonies and measured by pixels 
using the Image J software [47]. 

2.2. Isothermal low-cycle fatigue test 

Isothermal low-cycle fatigue (ILCF) tests were performed in the 
Gleeble thermo-mechanical simulator. The ILCF tests were strain- 
controlled fully-reversed tests at 0.008, 0.01, 0.015, and 0.02 strain 
amplitudes (Δεtot/2). The test temperature was maintained at 250 ◦C 
through resistance heating of the sample gauge section. The strain rate is 
controlled at 0.002/s, and the signal sampling rate is 10 Hz. Dog-bone- 
shaped samples were machined parallel to the rolling direction within 
the 13 mm thickness (1/3 plate thickness) from the top surface of steel 
plates. This was designed to avoid the change of mechanical properties 
caused by banded structures that form in the middle of the plate due to 
Mn and Si segregations [48–50]. Cyclic responses of half stress range 
(Δσ/2) and inelastic energy density (ΔW) were evaluated at the different 
strain amplitudes. The plastic strain amplitude (Δεp/2) and inelastic 
energy density (ΔW) can be calculated based on the cyclic stress-strain 
loop shown in Fig. 1 to represent the plastic deformation per cycle. 
Experimental data of plastic strain and inelastic energy density versus 
fatigue reversals (2Nf) were plotted with the Coffin-Manson Equation 
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and the energy-based model [51–53]. 

2.3. EBSD analysis of fatigue samples and interrupted test samples 

EBSD analysis was performed to characterize the microstructure of 
As-Received and fatigue samples tested at 0.008, 0.01, 0.015, and 0.02 
strain amplitudes. The microstructural evolution of the ferritic-pearlitic 
microstructure was investigated using the interrupted test samples of the 
5th cycle, 30th cycle, and 300th cycle during cyclic tests at 0.01 strain 
amplitude. The accelerating voltage and beam current used for EBSD 
analysis were 20 kV and 6.4 nA. The EBSD scanning step size was 0.2 
μm, and the scanning area was 150 μm × 120 μm. The pre-selected 
scanning regions were surrounded by micro-hardness indentations. In
verse pole figure (IPF), kernel average misorientation (KAM), and grain 
reference orientation deviation (GROD) of analyzed regions were ob
tained using the OIM software. All the IPF maps were plotted in the 
normal direction (ND), and the rolling direction is (RD) parallel to the 
loading dirction. KAM is a kernel-based approach to revealing the local 
misorientation within the microstructure. The KAM values within the 
grains were calculated based on the average misorientation of one point 
and its first nearest neighbors, which have a misorientation of <5◦. The 
KAM is shown to be directly related to the GNDs that form to 

accommodate the accumulation of plastic strain [36]. On the other 
hand, GROD calculates misorientation using a reference of the average 
misorientation value within a grain. The GROD value reflects the 
orientation deviation within grains caused by the strain localization. The 
EBSD results from different conditions were summarized in graph tables 
to reveal the impact of strain amplitude and loading cycles on micro
structural deformation. In addition, the fatigue cracks close to 0.01 
strain sample surface were analyzed to reveal the microstructural impact 
upon crack initiation and propagation. 

Grain-based KAM and GROD analyses were performed to quantita
tively evaluate the microstructural deformation within the ferrite- 
pearlite microstructure under different conditions. The grain IDs 
within the analyzed microstructure region were labelled using the OIM 
software, and the average KAM and GROD values were calculated to 
gain a statistical analysis of the grain-based misorientation. Tolerance 
angle and minimum grain size were used as partition parameters to 
optimize grain identification. The tolerance angle was used to define the 
grouping of pixels as grains. As is shown in Fig. 2 (a), the average grain 
size increases with the tolerance angle. A small tolerance angle setting 
induces the misindexing of pearlitic ferrite and dislocation cells as grains 
and confuses the grain-based misorientation values. On the other hand, a 
large tolerance angle setting merges some of the pearlite colonies with 
the neighboring ferrite grains bounded by low-angle GBs. Therefore, the 
optimization strategy was selecting an appropriate tolerance angle that 
correctly separates the major ferrite-pearlite grains and then using a 
universal grain size threshold at 1.5 μm to eliminate the misindexed fine 
grains, as is shown in Fig. 2 (b). The tolerance angle and minimum grain 
size adopted for each sample were summarized in Table 2. 

2.4. Nanoindentation measurements 

Nanoindentation measurements of As-Received and deformed 
microstructure were performed using an XP-Nano instrumented inden
tation system. A Berkovich diamond indenter was used to measure the 
hardness of the microstructure. A load-control mode was used with 20 
mN maximum load and 5 s holding time. An indent grid of 15 × 10 (150 
indentations) was adopted with a 20 μm spacing in both x and y di
rections. The indented samples were etched with 2.0% Nital etchant, 
and each indent was labelled with microstructure constituents based on 

Table 1 
Chemical composition in wt% of C-0.5Mo steel measured by optical spectrometer.  

# C Mn P S Si Fe Mo Cr Ni Cu 

C-0.5Mo steel 0.2 0.7 0.01 0.01 0.21 Bal. 0.48 0.09 0.11 0.16  

Fig. 1. Schematic of stabilized stress-strain loop. Inelatic energy density (ΔW) 
is defined as the internal area of a cyclic stress-strain loop. 

Fig. 2. Partition parameters optimization for grain-based analysis of fatigue sample at 0.01 strain. (a) Tolerance angle and average grain diameter. (b) Area fraction 
distribution of grain size at 1◦ tolerance angle. 
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the visual check with OM. Due to the spatial resolution of the nano
indentation, the indents located at the ferrite-pearlite interface exhibi
ted a significant hardness variation, thus they were not considered in the 
analysis. Fig. 3 shows the load-displacement curves of two nano
indentation measurements among the indentation array of the As- 
Received sample. The indented microstructure hardness values were 
calculated based on the measured load-displacement curves. 

3. Results 

3.1. Microstructure characterization 

Fig. 4 shows the SEM secondary electron (SE) images of ferritic- 
pearlitic microstructure in the C-0.5Mo low-alloy steel. Evenly distrib
uted pearlite structure is observed in the steel matrix of fatigue samples 
without significant segregation bands forming. Fig. 5 (a) shows the in
verse pole figures of one of the two analyzed regions, which were 
randomly selected within the as-received microstructure close to the 
region in Fig. 4 (a). Fig. 5 (b) shows the distribution of grain size based 
on area fractions. The calculated average grain size based on area 
fraction is 22.23 ± 6.48 μm. In addition, the measured area fractions of 
ferrite and pearlite were calculated to be 63.4% and 36.6%, respectively, 
based on the pixel counting of the binary microstructure images. 

3.2. Isothermal low-cycle fatigue test 

Fig. 6 (a) and (b) show the cyclic responses of half stress range 
(Δσ/2) and inelastic strain energy density at 0.08, 0.01, 0.015 and 0.02 
strain amplitudes. The cyclic stress response of the C-0.5Mo steel sam
ples exhibited hardening within the first ten cycles and then softening to 
the stabilized condition. Fig. 6 (a) reveals the cyclic stress range 
response over the loading cycles. The inelastic energy density is more 
more stable as is shown in Fig. 6(b). Fig. 6(c) shows consistent expansion 

of the stabilized stress-strain curves, and Fig. 6(d) shows the hardening 
evolution of the stress-strain curves in the first 3 cycles at 0.02 strain 
amplitude. 

The cyclic hardening ratio, which is defined by the ratio of the 
maximum stress range and the initial stress range, decreases with 
increasing strain amplitudes. Plastic deformation per cycle could be 
represented by the plastic strain amplitude (Δεp/2) and inelastic energy 
density (ΔW). Their relationships with fatigue life reversals could be 
fitted with the Coffin-Manson Equation and the inelastic energy density 
model, as is shown in Fig. 7(a) and (b) [18]. Both models are in a power- 
law form, and are able to provide an accurate fitting of the experimental 
data. Table 3 shows a summary of the parameters extracted from the 
fatigue tests to obtain Fig. 7. The decreasing cyclic hardening ratio 
(Δσmax/Δσ0) with strain amplitudes indicates that cyclic hardening be
comes less prominent under large plastic deformation. 

3.3. Nanoindentation measurement of ferritic-pearlitic microstructure 

The hardness of ferrite grains and pearlite colonies measured by 
nanoindentation are shown in Fig. 8. The hardness of pearlite is 80% 
higher than ferrite in As-Received samples and 40% to 50% higher in 
fatigue samples. Both ferrite and pearlite in fatigue samples show a 
hardness increase compared to As-Received samples, but no significant 
variation was observed among the different strain amplitudes. 

Fig. 9 (a) shows the cyclic stress responses of interrupted fatigue tests 
at 0.01 strain amplitude. Interrupted test samples were obtained at the 
5th, 30th, and 300th cycle and the As-Received sample and the failure 
sample (667th cycle). Nanoindentation measurements were performed 
to evaluate the microstructure hardness change during the low-cycle 
fatigue test. As is shown in Fig. 9 (b), the average hardness increases 
with the cycle number from As-Received to the 300th cycle and de
creases at failure. The hardness measurements successfully reveal the 
cyclic hardening and stabilization of microstructure due to damage 
accumulation, but the results do not reveal the subtle softening from the 
5th to the 30th cycle. 

3.4. EBSD analysis of microstructural deformation 

3.4.1. Fatigue sample analysis at different strain amplitudes 
The EBSD analysis results in Fig. 10 reveal the microstructural 

deformation in the fatigue samples tested at different strain amplitudes 
compared to the As-Received sample. The over-imposed grayscale IQ 
map with the IPF shows the distribution of ferrite grains and pearlite 
colonies. The KAM images show that the number of ferrite grains with 
higher misorientation increases with strain amplitudes. At 0.008 and 
0.01strain amplitudes, the misorientation is mainly observed in the 
pearlite colonies and some of the neighboring ferrite grains. Due to 
heavy cyclic deformation, a significant increase of misorientation in the 
ferrite grains is observed at 0.015 and 0.02 strain amplitudes. The 
evaluation of ferrite misorientation in the pearlite colonies using KAM is 
difficult due to the preexisting misorientation at the ferrite-cementite 
interfaces. The GROD images show that heterogeneity of crystal orien
tation within grains increases with strain amplitudes. Gradients of 
orientation are primarily observed in the vicinity of the ferrite grain 
boundaries next to the pearlite colonies or grain boundary triple points. 
At 0.015 and 0.02 strain amplitudes, the crystal orientation deviations in 
the vicinity of ferrite grain boundaries become significant, indicating a 

Table 2 
Summary of partition parameters for grain-based analysis.  

Parameters As-received Fatigue samples Interrupted test samples (Δε/2 = ± 0.01) 

0.008 0.01 0.015 0.02 5 cycle 30 cycle 300 cycle 

Tolerance angle (◦) 0.6 0.6 0.8 1 2 0.7 0.65 0.8 
Minimum grain size (μm) 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5  

Fig. 3. Load-displacement curves of load-control nanoindentation measure
ment in ferrite grains and pearlite colonies. 
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plastic deformation localization due to strain partitioning between the 
ferrite and pearlite colonies. 

Fig. 11 (a)-(d) show the strain localization on a ferrite grain from a 
sample tested at 0.02 strain amplitude. As shown in Fig. 11 (a) and (b), 
the ferrite grain is surrounded by neighboring pearlite colonies. Plastic 
deformation, indicated by low angle grain boundaries, is primarily 
localized in the regions close to the ferrite grain boundaries. One of the 
pearlite colonies (indicated by the red arrow in Fig. 11 (a)) with finer 
inter-lamellar spacing possesses a significant amount of plastic strain, 
enhancing the strength of pearlite and increasing ferrite-pearlite in
compatibility. As a result, strain localization close to the ferrite-pearlite 
interface is observed in the GROD image, as shown in Fig. 11 (c). An 
analysis line is drawn from point x to y, and the misorientation result is 
shown in Fig. 11 (d). The point-to-point misorientation shows the 
misorienation flunctuations occur within 5 μm distance from the GBs, 
indicating the strain localization in the vicinity of ferrite-pearlite 
interface. The point-to-origin misorientation indicates a large variety 
of crystal orientations between the center region of the ferrite grain and 
the regions close to the grain boundaries. 

3.4.2. Strain distribution in ferritic-Pearlitic microstructure during fatigue 
test 

Strain distributions in the ferritic-pearlitic microstructure were 
evaluated using the interrupted test samples at 0.01 strain amplitude. 
Fig. 12 shows the IPF, KAM, and GROD mappings of interrupted test 
samples at the 0th (As-Received), 5th, 30th, 300th, and 667th cycle 

(failure). The KAM mappings of the as-received, 5th, and 30th cycle 
samples show that local misorientation is mainly observed in the pearlite 
colonies. No ferrite grain misorientation is observed in the GROD 
mappings of the as-received, 5th, and 30th cycle samples. In the 300th 
and 667th cycle samples, local misorientation is observed in the pearlite 
colonies and the vicinity of ferrite grain boundaries. The increase of 
GROD in the vicinity of the ferrite-pearlite grain boundaries indicates 
the strain localization due to the microstructural incompatibility. 

3.4.3. Strain distribution along crack propagation 
Fig. 13 (a) shows that parallel cracks labelled as C1, C2, and C3 

initiated at the ferrite grains on the sample surface. All cracks grew 
parallel at a 60◦ angle to the loading direction due to the similar ferrite 
grain orientation of the initiation grains. These cracks are short cracks 
confined within a few grains and grow on the primary slip planes of BCC 
ferrite, which belongs to the stage I fatigue crack growth [25]. C1 and C2 
were less deflected during transgranular growth and yielded a kinked 
shape at grain boundaries. The deflection of C3 crack growth occurred at 
the grain boundary and diverged to become a forked shape. One of the 
deflected cracks grew along the direction of the deflecting grain 
boundary, and the other crack grew into the pearlite colony. Fig. 13 (c) 
shows a high density of LAGBs accumulates along the crack path into the 
pearlite colony compared to the low GB density of other cracks in ferrite 
grains. The KAM image and grain boundary distribution in Fig. 13 (b) 
and (c) reveal the misorientation along with the crack paths increases 
along with crack length due to the increasing stress intensity factor [37]. 

Fig. 4. SEM SE images of ferritic-pearlitic microstructure. (a) Evenly distributed pearlite colonies in the steel matrix. (b) Pearlite colonies structure in detail.  

Fig. 5. Ferrite-perlite grain size analysis using EBSD. (a) Inverse pole figure of the scanning region. (b) Histograms of grain size distribution. The IPF map was plotted 
in the ND direction. 
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Fig. 6. Summary of low-cycle fatigue results at 0.008, 0.010, 0.015, and 0.020 strain amplitudes. (a) Cyclic response of half stress range (Δσ/2) (b) Cyclic response of 
inelastic energy density (c) Comparison of stabilized stress-strain curves (d) Evolution of stress-strain curves during cyclic hardening at 0.020 strain amplitude. 

Fig. 7. Relationship between fatigue life and plastic deformation of LCF samples tested at 0.008, 0.01, 0.015, and 0.02 strain amplitudes. (a) Coffin-Manson equation 
fitting (b) Inelastic energy density model fitting. 
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The GROD image shows that grain misorientation is distributed along 
the crack path and close to the grain boundaries. 

Fig. 14 (a) shows the IPF figure of a crack propagating in the ferrite 
grain and deflected at the grain boundary. Sub-grain structure formation 
is observed along the crack path. The KAM image in Fig. 14 (b) reveals a 
large amount of misorientation between the crack path and a pearlite 
colony. Both kernel misorientation and LAGBs distribution indicate 
plastic strain localization at the ferrite-pearlite interface, where the 
strength incompatibility is enhanced by the crack plastic zone. The 
GROD in Fig. 14 (d) reveals that the highest grain misorientation is 

localized along a deflected crack path close to a pearlite colony. 

4. Discussion 

4.1. Grain-based analysis of microstructural deformation 

According to the EBSD analysis of the ferritic-pearlitic steel, the 
extent of microstructural deformation increases with the plastic strain 
amplitudes of LCF tests. The increasing LAGBs in Fig. 15 (a) indicate the 
increasing strain amplitudes promote the formation of sub-grain walls 
by GNDs arrangement [54]. The KAM distribution in Fig. 10 shows that 
the misorientation is mainly distributed in the pearlite colonies of the as- 
received and the 0.008 strain fatigue sample. However, the strain dis
tribution becomes homogenized at 0.02 strain amplitude regardless of 
microstructure constituents. This observation in the KAM mapping is 
consistent with the grain-based analysis in Fig. 15 (b). The KAM distri
bution of the as-received microstructure exhibits a bimodal distribution, 
in which the peaks represent the duplex microstructure constituents. 
However, the KAM distribution becomes unimodal at 0.02 strain 
amplitude. The significant increase of KAM at 0.02 strain amplitude and 
strain homogenization in the ferrite grains reveals that multiple slip 
planes were activated, and dislocation multiplication and interaction 
occurred to accommodate the heavy plastic deformation. Fig. 15 (c) and 
(d) show the variation of GB and KAM at the 5th, 30th, 300th, and 667th 
cycles. The relative frequency of LAGB (1◦ ~ 5◦) experiences a subtle 
decrease from the 5th to the 30th cycle, increases to the 300th cycle, and 
stays consistent until failure. The variations of LAGB with cycles show 
good agreement with the change of cyclic stress response in Fig. 9 (a), 
especially the temporary softening from the 5th to the 30th cycle. The 
decrease of LAGBs suggests a reduction of dislocation density. Since 
misorientation is predominantly observed in the pearlite colonies of the 
interrupted fatigue samples at the 5th and 30th cycles, the change of 
cyclic stress could be attributed to the softening of pearlite colonies. Paul 
et al. [55] showed a similar softening effect in dual-phase steels with 

Table 3 
Summary of ILCF test results.  

Strain amplitude 
(Δε/2) 

Stabilized plastic strain 
amplitude (Δεp/2) 

Average half stress range 
(Δσ/2) (MPa) 

Average inelastic energy 
density (MPa) 

Fatigue life 
(Nf) 

Cyclic hardening ratio 
(Δσmax/Δσ0) 

Total accumulative 
plastic strain 

0.008 0.0053 517 8.9 1103 1.57 23.4 
0.010 0.0065 558 11.8 667 1.51 17.3 
0.015 0.0113 599 23.1 264 1.43 11.9 
0.020 0.0141 635 36.0 173 1.25 9.8  

Fig. 8. Nanoindentation measurement of As-Received and fatigue samples 
tested at 0.008, 0.01, 0.015, 0.02 strain amplitudes. Hardness bar graph of 
ferrite grains and pearlite colonies. The error bars indicate a 95% confidence 
interval of the hardness measurements. 

Fig. 9. Cyclic stress range responses of interrupted samples and corresponding hardness evolution. (a) Cyclic response of half stress range during interrupted tests 
and (b) Microstructure hardness evolution during low-cycle fatigue tests. The error bars indicate a 95% confidence interval of the hardness measurements. 
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20% and 49% martensite content under low-cycle fatigue. According to 
their study, the cyclic response of the dual-phase steels reveals the 
competition between ferrite hardening and martensite softening. 
Nevertheless, considering the subtle LAGB decrease and the small 
scanning region, temporary softening due to the pearlite softening needs 
to be further validated with sufficient large areas. In addition, the 
similar LAGB frequencies at the 300th cycle and the 667th cycle indicate 
the saturation of dislocations after the cyclic stress stabilized. The KAM 
increase with cycles is observed in both ferrite grains and pearlite col
onies, as indicated by the shift of bimodal peaks from the 5th cycle to the 
667th cycle in Fig. 15 (d). However, the reduced spacing of ferrite and 
pearlite KAM peaks at the 667th cycle indicates an increase of plastic 
deformation in the ferrite grains over loading cycles. Noh et al. [18] 
investigated the microstructure evolution of ferritic-pearlitic low-carbon 

steels during low-cycle fatigue tests using TEM analysis. They showed 
that the dislocation entanglements were observed in the ferrite grains in 
the 1st and 3rd cycle, and dislocation cells were observed in the 50th 
cycle when the strain amplitude was 0.02. Therefore, the KAM mapping 
does not reveal the dislocation density increase in the initial loading 
cycles until the formation of sub-grain structures in the ferrite grains. 

The grain-based GROD analysis in Fig. 16 reveals the change of grain 
misorientation with strain amplitudes and loading cycles. As is shown in 
the GROD distribution of Fig. 16 (a) and (b), the increasing strain am
plitudes from 0.008 to 0.02 promote a steady increase in grain misori
entation. On the other hand, Fig. 16 (c) and (d) show that the GROD 
distribution does not change from the 5th to the 30th cycle, but a shift of 
GROD distribution peak is observed from 0◦ ~ 1◦ at the 30th cycle to 1◦

~ 2◦ at the 300th cycle. In addition, the small distribution change from 

Fig. 10. EBSD analysis of As-Received and fatigue microstructure at different strain amplitudes (Δε/2  = 0.008, 0.01, 0.015 and 0.02). The size of the scanning 
regions is 150 μm × 120 μm with 0.2 μm step size. The IPF, KAM, and GROD figures show that the accumulation of plastic strain within the ferritic-pearlitic 
microstructure increases with ILCF strain amplitudes. Pearlite colonies were outlined with white contour. IPF maps were plotted in the ND direction. 
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the 300th cycle to the 667th cycle indicates that the accumulation of the 
loading cycles shows little impact on the grain misorientation after 
stabilization. Compared with the distribution of KAM in Fig. 15 (b) and 
(d), the GROD distributions of fatigue and interrupted test samples do 
not exhibit the distinction between the ferrite grains and the pearlite 
colonies. In contrast, the KAM distinction between the ferrite and 
pearlite peaks is attributed to the local misorientation at the pre-existing 
ferrite-cementite interface. However, the local misorientation due to the 
interface could not be reflected in the GROD distribution. The correla
tions between the Taylor factor and the grain misorientation are shown 
in Fig. 16 (b) and (d). The results indicate that grains with a lower Taylor 
factor tend to exhibit a higher average GROD value, but the GROD 
difference is insignificant. Therefore, the impact of the Taylor factor on 
strain distribution is less critical in this study. In addition, Fig. 16 (b) and 
(d) demonstrate that the average GROD value increases significantly 
with strain amplitudes, but the GROD increase with loading cycles is less 
significant. 

4.2. Plastic behavior and strain localization of ferritic-Pearlitic 
microstructure 

According to the EBSD analysis results, the plastic strain accumulates 
in the vicinity of ferrite-pearlite interfaces. The strain partitioning oc
curs due to the strength incompatibility between ferrite grains and 
pearlite colonies, as is shown in Fig. 8. The strain localization 
strengthens the material during plastic deformation but compromises 
the ductility simultaneously. Karlson and Linden showed that carbon 
steels with harder pearlite exhibit higher flow stress than the ones with 
softer pearlite [1]. Basantia et al. demonstrated that ferritic-pearlitic 

steels possess less yield and tensile strength but more significant elon
gation than the ferrite-bainite and ferrite-martensite steels, which 
exhibit larger microstructure incompatibilities than the ferritic-pearlitic 
steel [13]. The strain hardening of the ferrite phase is affected by the 
mean free path of dislocations limited by the cementite layers in pearlite 
colonies and the grain boundaries in the ferrite grains [15]. The barrier 
of cementite interlayers leads to the pileup of dislocations at ferrite- 
cementite interfaces and strengthens the pearlite colonies [15]. 
Pearlite colonies with smaller inter-lamellar spacing show a more sub
stantial strain hardening rate during plastic deformation than the ones 
with larger inter-lamellar spacing [12,56,57]. The strain distribution of 
pearlite colonies is also affected by the angle between the lamellar 
alignment and the loading direction, as the most significant deformation 
of pearlite occurs at a 45-degree angle [14,58,59]. During cyclic loading, 
the Bauschinger effect describes the decrease of flow stress with a 
reversed loading direction. So a backstress term is introduced to repre
sent the change of flow stress under tension and compression. With a 
tensile prestrain added to the material, the tensile flow stress (σt) can be 
represented in a simple model [60] as 

σt = σ0 + σf + σb, (1)  

and the compressive flow stress (σc) can be represented as 

σc = σ0 + σf − σb, (2)  

where σ0, σf, and σb represent the initial yield strength, Forrest hard
ening, and back stress, respectively. The generation of backstress is due 
to the long-range internal stresses formed by dislocation pileups [61]. 
The dislocation pileups at GB and the ferrite-cementite interface 
contribute to the internal stress formation in the ferrite-pearlite 

Fig. 11. Strain localization of ferritic-pearlitic microstructure under 0.02 strain amplitude. (a) IPF & IQ image (b) Grain boundary image (c) GROD image and 
misorientation line analysis x-y within a ferrite grain. (d) Misorientation along the xy line. Strain localization is observed at the ferrite-pearlite interface next to a 
pearlite grain (pointed by the red arrow) with significant strain accumulation. The IPF map was plotted in the ND direction. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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microstructure. In addition, incompatible microstructure constituents 
such as ferrite and pearlite increase the strain localization at GBs and 
enhance the Bauschinger effect [50,62,63]. 

According to the GROD analysis in Fig. 10, the strain localization 
indicated by orientation deviation shows an evident dependence upon 
the strain amplitudes of cyclic deformation. Multiple strain localization 
sites are observed in the ferrite grains of the 0.02 strain fatigue sample in 
contrast to the strain distribution of the 0.008 strain fatigue sample. The 
impact of strain amplitudes on cyclic deformation can be addressed from 
two perspectives: dislocation slip irreversibility and slip distance 
increasing. Suresh [60] pointed out that the dislocation motion in the 
BCC phase occurs back and forth on the same slip planes at low strain 
amplitudes, but the slip planes of to-and-fro dislocation motion become 

asymmetric at high strain amplitudes. On the former occasion, disloca
tion motion could be reversible without any barrier, so the long-range 
internal stresses within the microstructure does not occur. In contrast, 
high strain amplitude induces the irreversibility of dislocation motion 
and enhances the dislocation interaction and multiplication. In poly
crystalline aggregates like the ferrite-pearlite microstructure, high strain 
amplitudes increase the triaxiality of internal stresses within grains, so 
multiple slip systems are activated to promote dislocation density [60]. 
The KAM and GROD analysis in Fig. 10 demonstrate that the 0.02 strain 
amplitude leads to a proliferation of GNDs, which induces significant 
lattice rotation in ferrite grains. High strain amplitude also increases the 
slip distance and thus promotes the dislocation pileup at GBs during 
forwarding motion. The subsequent piling-up dislocations then inhibit 

Fig. 12. IPF, KAM, and GROD of ferritic-pearlitic microstructures from As-Received sample and interrupted fatigue samples at the 5th Cycle, 30th Cycle, 300th Cycle, 
and 667th Cycle (Failure). The size of the scanning regions is 150 μm × 120 μm with 0.2 μm step size. Strain localization is observed at pearlite colonies and ferrite- 
pearlite interfaces. The accumulation of plastic strain increases with the cycles of ILCF loading. Pearlite colonies were outlined with white contour. IPF maps were 
plotted in the ND direction. 
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backward dislocation motion. As a result, the moving dislocations are 
trapped at the GBs and form strain localization sites. As shown in Fig. 11 
(c) and (d), the plastic incompatibility between ferrite and pearlite 
further promotes strain localization in the vicinity of the interface. The 
ferrite grains surrounded by pearlite colonies are observed to possess 
higher KAM and GROD values than the grains among ferrite aggregate. 

Strain localization due to microstructure incompatibility promotes 
the void nucleation close to the grain boundaries and accelerates crack 
propagation [13,18]. In addition, pearlite colonies increase the tortu
osity of the crack path and improve the resistance to fatigue crack 
propagation. Many studies have well-demonstrated the deflection of 
crack growth by pearlite colonies, as the ferrite grains provide clear 
paths along the slip planes [27–30]. The plastic deformation at the crack 
tip could be enhanced in the vicinity of the ferrite-pearlite interface, as is 
shown in Fig. 14. The strain localization indicates the interaction be
tween the plastic zone of the crack tip and the ferrite-pearlite interface. 
Higher plastic strain localization is observed along the crack path into a 
pearlite colony than along the crack path in ferrite grains, as is compared 
between the cracks C3 and C1 and C2 in Fig. 13 (a). 

4.3. Correlation between Nanoindentation measurement and EBSD 
analysis 

The nanoindentation technique can identify microstructures based 
on high-resolution mechanical property measurements [64–71]. Chang 
et al. showed that the nanoindentation measurements reveal hardness 
differences in complex phase steels and correlate well with the KAM 
image from EBSD analysis [40]. Furthermore, the nanoindentation 
measurement reveals local mechanical deformation due to dislocation 
density distribution, which can be reflected by EBSD analysis [72–76]. 
The nanoindentation measurements in Fig. 8 reveal that the cyclic 
deformation induces a significant increase in the hardness of ferrite 

grains and pearlite colonies. Interestingly, the ferrite hardness decreases 
with the increasing strain amplitudes, which contradicts the EBSD 
analysis results. However, it is noteworthy that KAM and GROD only 
reflect the GNDs distribution but ignore another type of dislocation 
known as Statistically Stored Dislocation (SSD). SSDs and GNDs are 
generated during plastic deformation, but SSDs are distributed 
randomly within the ferrite grains [61]. Schayes et al. pointed out that 
the limitation of EBSD analysis in measuring total dislocation density 
must be resolved using other techniques [36]. Rui et al. [77] demon
strated that SSDs are more dominant than GNDs among the dislocations 
in cyclically-deformed low-alloy steel. Nanoindentation measurement is 
an approach to investigate the strain hardening induced by dislocation 
multiplications. Durst et al. [78] summarized the relationship between 
hardness and the densities of SSDs and GNDs in Ni–Fe alloys as 

H = HSSL + MCαGb
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ρSSD

(
εrep

)
+ ρGND(h)

√

, (3)  

where HSSL represents the alloy-inherited hardness from solid- 
solutioning. ρSSD and ρGND are the dislocation density of SSDs and 
GNDs in a function of plastic strain (εrep) and indentation depth (h), 
respectively. Material constants include Taylor factor (M), shear 
modulus (G), and Burger vector magnitude (b). α and C represent the 
dislocation interaction constant (~ 0.5) and the indentation factor (~ 
3). 

Grain-based KAM and GROD analysis show the GND density in
creases significantly with strain amplitudes. Therefore, the hardness 
decrease with strain amplitudes indicates that the ferrite grains in the 
low-strain fatigue samples possess a higher amount of SSDs than in the 
ferrite grains of the high-strain fatigue samples. Furthermore, Table 3 
shows that the total accumulative plastic strain decreases with the strain 
amplitudes. The saturation of dislocation density should coincide with 
the stabilization of cyclic flow stress at approximately half of the fatigue 

Fig. 13. Parallel short cracks propagation from the sample surface tested at 0.01 strain amplitude. (a) IPF and IQ figure (b) KAM image (c) Grain boundary and IQ 
figure (d) GROD image. C1, C2, and C3 cracks initated at the ferrite grains and grew along 60◦ to the loading direction. The strain localization along C3 in a pearlite 
grain indicates the plastic zone interaction between the crack tip and ferrite-cementite interfaces. The IPF map was plotted in the ND direction. 
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life, so the accumulative plastic strain until saturation supports that the 
ferrite grains in the fatigue sample at 0.008 strain possess the largest 
amount of SSDs density. Under the same strain amplitude, the ferrite 
hardness of interrupted samples increases along with cycles in Fig. 9 (b), 
revealing the impact of accumulative plastic strain on dislocation den
sity and microstructure hardness. In this case, the GNDs and the SSDs of 
interrupted samples increase simultaneously with loading cycles; hence 
the nanoindentation measurement is consistent with the EBSD results. In 
addition, the hardness of pearlite colonies also decreases with strain 
amplitudes, but the hardness uncertainty is more significant than that of 
ferrite grains. The error bars of ferrite hardness in Fig. 8 indicate that the 
significant hardness uncertainty in the fatigue samples is attributed to 
the cyclic deformation. In contrast, the consistent hardness uncertainty 
in the pearlite colonies of the as-received and fatigue samples is caused 
by various pearlite morphologies. As the hard phases like cementite 
significantly increase the measured hardness value, the uncertainty of 
pearlite hardness could be affected by the factors such as cementite 
thickness and interlamellar spacing. 

As is shown in Fig. 9 (b), the hardness of ferrite-pearlite micro
structure increases with accumulative plastic strain from 0th to 300th 
cycle at 0.01 strain amplitude. Compared with the steady hardness in
crease over cycles in the pearlite colonies, the most significant hardness 
increase in ferrite grains occur within the first 30 cycles. The ferrite 
hardness increase coincides with the cyclic stress response change 
shown in Fig. 9 (a), indicating that the strain hardening of ferrite grains 
plays a crucial role in determining the cyclic stress response. Never
theless, the pearlite hardness does not reflect the temporary softening 
from the 5th cycle to the 30th cycle, as is shown in Fig. 15 (c). From the 
30th to the 300th cycle, both microstructure constituents exhibit a 

steady hardness increase, which agrees with the corresponding cyclic 
stress response. However, the discrepancy between hardness and cyclic 
stress response is observed at the 667th cycle, when the microstructure 
hardness is slightly lower than the hardness at the 300th cycle. From the 
stabilized stage to failure, the hardness decreasing trend is likely caused 
by the dislocation annihilation and rearrangement, while the cyclic 
hardening response is related to a strong strain localization at the ferrite 
GBs. The strain localization is supported by the GROD images in Fig. 12, 
as the orientation deviation of ferrite grains increases in the vicinity of 
ferrite-pearlite interfaces at 0.02 strain. It is noteworthy that the nano
indentation measurements only reveal the strain hardnening effect 
within grains, while the indents at GBs were not included in the analysis 
due to the spatial resolution. 

The nanoindenation measurements can well complement the EBSD 
analysis to evaluate the plastic deformation in the ferrite-pearlite 
microstructure. While EBSD analysis is a powerful approach to capture 
the microstructure change due to plastic deformation, nanoindentation 
measurement is proven efficient in evaluating the total dislocation 
density that contributes to the cyclic hardening response. Nevertheless, 
spatial resolution is another crucial difference between the two ap
proaches [34]. The large spatial resolution of the nanoindentation 
measurements brings significant uncertainties to the hardness of pearlite 
colonies. It is also not recommended to use nanoindentation to evaluate 
the strain localization at the GBs, as the hardening is more likely caused 
by the high dislocation density at the GBs rather than the dislocations in 
the adjacent ferrite region. 

Fig. 14. Crack propagation and strain localization between the crack path and the ferrite-pearlite interface tested at 0.01 strain amplitude. (a) IPF and IQ figure (b) 
KAM image (c) Grain boundary and IQ figure (d) GROD figure. The significant strain localization indicates the interaction between the crack plastic zone and the 
ferrite-pearlite interface. The IPF map was plotted in the ND direction. 
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5. Conclusions 

This study comprehensively evaluates the cyclic deformation in a 
ferritic-pearlite low-alloy steel using OM, SEM, EBSD, and nano
indentation measurements. Microstructural deformation was evaluated 
under different strain amplitudes and loading cycles using the grain- 
based KAM and GROD analysis. The conclusions are summarized below.  

• The misorientation due to plastic deformation increases with strain 
amplitudes ranging from 0.008 to 0.02. Strain localization is 
observed at the ferrite-cementite interfaces and ferritic-pearlitic 
grain boundaries due to the microstructure incompatibility. Never
theless, the misorientation distribution becomes homogeneous in the 
0.02 strain sample. 

• The microstructure misorientation analysis of interrupted test sam
ples shows that the plastic strain accumulates with loading cycles. 
Strain localization is mainly observed in the pearlite colonies before 
the stabilization of cyclic stress. After the stabilized cycle, strain 
localization is observed in the pearlite colonies and the vicinity of 
ferrite grain boundaries.  

• Fatigue crack propagation is observed in the ferrite grains along the 
slip plane directions and deflected by GBs. The plastic zone at the 
crack tip enhances the ferrite-pearlite strain partitioning and induces 
the strain localization at the GBs.  

• Grain-based average GROD and KAM in ferrite grains and pearlite 
colonies exhibit an increase with strain amplitudes and loading cy
cles. Cyclic deformation reduces the grain-based KAM difference in 

ferrite and pearlite, and the KAM difference diminishes in the fatigue 
samples tested at 0.015 and 0.02 strain amplitudes.  

• KAM and GROD analysis of fatigue samples demonstrate that high 
strain amplitudes promote the GND density and strain localization in 
the vicinity of GBs. The incompatibility between neighboring ferrite 
grains and pearlite colonies leads to a further enhancement of strain 
localization at the ferrite-pearlite interface.  

• The nanoindentation measurements indicate that the SSD density in 
ferrite grains increases with the plastic strain accumulation during 
cyclic deformation.  

• The combination of EBSD analysis and nanoindentation successfully 
reveals the microstructural evolution over cycles: significant cyclic 
hardening of ferrite grains from 0th to 30th cycle; temporary soft
ening of pearlite colonies from the 5th to the 30th cycle; steady cyclic 
hardening in ferrite and pearlite occurs during the 30th to the 300th 
cycle; re-arrangement and annihilation of dislocations in the ferrite- 
pearlite microstructure and enhancement of strain localization at the 
GBs from the 300th cycle to failure. 
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