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1. Introduction

Currently, the steel manufacturing industry faces significant
challenges in meeting the necessary processing requirements
to develop low-weight and high-strength materials through effi-
cient and clean production routes. For example, in the

transportation and automotive manufactur-
ing industries, lightweight structural mate-
rials that enhance the autonomy versus fuel
consumption ratio, improve passenger
safety, and optimize processing costs, are
increasingly a mandatory requirement in
the research and development of recent
manufacturing projects.[1] In this sense,
the development of advanced high-strength
steels (AHSS), particularly dual-phase
steels (DP), has enabled the improvement
of automotive engineering safety through
the use of sheet metal members (safety
cage components, roof rails, and rear shock
reinforcements) with thin walls to improve
crashworthiness.[2,3]

Low-carbon dual-phase steels consist of
a ferrite matrix and a second phase of
distributed martensite. The two phases
combined, usually produced by intercritical
heat treatments (IHT) and water quench-
ing, are responsible for the plastic flow
mechanism observed in these steels.[4,5]

Shear stresses are generated along grain
boundaries due to the austenite to martens-
ite transformation during the quenching

process. Therefore, due to these microstructure volume changes,
dislocation density increases.[6,7] As a result, a pile-up of sliding
unanchored dislocations reduces yield stress and interacts to pro-
duce a high work-hardening rate.[8] Hence, the continuous plas-
tic flow behavior evidenced by dual-phase steel results from
the above-mentioned factors.[9] The deformation process of
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The scope of this work is the analysis of the damage evolution and micro-
structural fracture mechanisms of dual-phase steels through quasi-static uniaxial
and cyclic tensile tests, considering the influence of the volume fraction and
distribution of martensite. The samples are intercritically annealed at different
temperatures to obtain three different martensite volume fractions (MVF).
Damage evolution is evaluated as a function of stiffness loss. The steels show
lower ductility and strength under cyclic loading conditions. The work hardening
rate is affected by MVF in different stages of the deformation. A higher MVF is
linked to a prompter damage evolution rate. The primary void nucleation
mechanisms are ferrite-martensite and ferrite–ferrite decohesion. Martensite
fracture can be activated depending on MVF and martensite distribution along
the ferrite grain boundary. The dislocation density on grain boundaries is high
due to the austenite–martensite transformation during the quenching process
and subsequent plastic deformations. Dislocation density is related to stored
strain energy, stress concentration, and the observed fracture mechanisms,
particularly near martensite grains. Nanoindentation is conducted to evaluate the
ferrite and martensite hardness, which depends on its carbon content. It is
observed that the martensite/ferrite hardness ratio affects the uniform elongation
of the material.
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dual-phase steels can be subdivided into four stages: 1) both
phases undergo elastic straining, 2) ferrite is plastically deformed
(depending on martensite distribution and volume fraction),
3) both phases are plastically deformed, and finally, 4) fracture
of martensite or decohesion along ferrite–martensite interface
grain boundary takes place.[6,10] The dual-phase microstructure
confers a mechanical behavior characterized by deformation con-
straint, low yield ratio, continuous-yielding, work-hardening,
high tensile strength, high fatigue resistance, pronounced bake
hardening, weldability, good ductility, and formability.[11,12]

Some factors influencing dual-phase steel ductile behavior
are chemical composition (primarily carbon, manganese,
chromium, and silicon content),[13–17] grain size,[18] load
direction relative to grain orientation,[19] morphology, and phase
distribution.[20] It is well established that the martensite volume
fraction (MVF) plays a crucial role in dual-phase steels plastic
deformation, and it has been observed that the best results
are obtained with small martensite grain size, uniformly
distributed in the ferrite matrix (20–40% martensite volume
fraction).[21,22] Pakzaman et al. stated that microstructure volume
fraction, phase distribution, and morphology limit the deforma-
tion process and the stress partitioning.[23] Furthermore, the
authors of the current study have previously documented that
increasing the amount of martensite in the ferrite matrix
increases the dual-phase steel mechanical response under
dynamic impact conditions[24] and fatigue.[25]

Due to the intercritical heat treatment temperature range used
in the dual-phase steel production, the diffusion mechanism is
less effective in transporting interstitial carbon atoms, so the
resulting martensite produced during the quenching process
has lower yield stress and hardness because of the lower and het-
erogeneous distribution of carbon content.[26] Moreover, recent
research indicates that adding some alloying elements such as
vanadium, increases martensite softening. Vanadium addition
promotes the formation of carbides inside the martensite phase,
which enhances ductility while decreasing hardness due to a
reduction in available carbon in the solid solution. Vanadium
also allows grain refining, improving ductility and fracture tough-
ness while limiting damage mechanisms to small voids along
grain boundaries.[27] Recent studies also indicate that the mar-
tensite morphology significantly impacts its resistance to void
nucleation, particularly when it has a platelet morphology and
the elongated grain is oriented toward the loading direction.[28]

According to Ismail et al., martensite platelet-like grains improve
strain hardening capacity, but this effect depends on the mar-
tensite phase distribution.[29]

The increased damage to the microstructure limits ductility
during the plastic deformation process caused by void concentra-
tion, coalescence, and subsequent crack propagation.[30–32]

It has been reported that damage nucleation occurs primarily
at the ferrite–martensite interface and to a lower extent by
martensite fracture. It is outlined that a uniform martensite
distribution reduces the void growth rate.[20,33,34] However, more
recent studies show that the load direction and banded martens-
ite microstructure are critical factors in the fracture mechanism
when the steel exhibits this microstructural characteristic.[35]

Some researchers report that grain boundary sliding and
crystallographic slip contribute to the overall microstructure
deformation, emphasizing that grain boundary sliding is an

essential mechanism for lath martensite deformation.[36]

Moreover, where martensite and ferrite start a simultaneous
plastic deformation, void nucleation is arrested, improving the
dual-phase mechanical strength.[37] Due to the number of com-
plex factors that influence the damage process of dual-phase
steels, some authors have concluded that the statement of a
general rule of failure mechanisms is not applicable, and the
study should particularize the relationship between the most rel-
evant damage parameters associated with a specific failure
mechanism.[38]

Different techniques have been implemented to measure the
ductile damage evolution inside a material. Some techniques
focus on detecting and measuring voids in a fractured specimen
cross-section and estimating its area or volume fraction.[39,40]

In addition, the damage can also be measured by the variation
in density before and after the material deformation. The voids
and cracks reduce the effective material cross-sectional area.
Therefore, the increase in the defect volume reduces the final
material density, and the measurement of these variations can
represent the accumulated damage.[41] An alternative method
is measuring the material elastic modulus change at various
stages of damage evolution using sound velocity propagation.[42]

A material modulus of elasticity is proportional to its density and
to the square of the speed of a sound wave transmitted through it.
Therefore, measuring the sound velocity transmission in the
material cross-section makes it possible to evaluate elastic
modulus change after a deformation process and accumulated
material damage. The methods outlined before are simple to
implement, but the accumulated damage measure variability
is significant and may be subject to approximations and
several error sources.[43] X-ray computed tomography (XCT)
has recently been used for quantitative damage analysis. XCT
allows the detailed estimation of microvoids and dimples density,
their volume fraction, and distribution on a fracture surface.
Some researchers have used this technique to quantify void
nucleation,[44] coalescence,[45] and the effect of void size on
stress–strain distribution, damage, and fracture in dual-phase
steels.[27,46]

Nanoindentation has been used as an alternative method to
evaluate the accumulated damage after applying a succession
of plastic deformation steps. Using this technique to evaluate
the elasticity modulus of the indented microstructure is possible.
However, before the indentation measurement, the microstruc-
ture deformation effect can generate systematic errors in hard-
ness values due to some factors: strain hardening, grain shape
change, texture development, residual stresses, and indentation
pile-up effect. These factors artificially increase the local harden-
ing measurement mainly by a high density of grain boundaries
underneath the indenter tip, crystal orientation, and dislocation
pile-up at grain boundaries.[47–49] Another mechanical method to
estimate the cumulative ductile damage evolution is measuring
the progressive stiffness loss at an inelastic strain level. A uniax-
ial cyclic tensile test is needed to obtain a relationship between
the isotropic damage on a ductile material versus plastic
strain.[50–53] The damage evolution can be estimated using
Equation (1), where E* is the modulus of elasticity of an individ-
ual unloading cycle, and E is the dual-phase steel modulus of
elasticity. Therefore, the cumulative damage evolution can be
plotted against the true strain per cycle, and the resultant curve
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represents the progressive decrease of stiffness due to each
deformation cycle.

Ω = 1� E�

E
(1)

The uniaxial cyclic tensile test was explicitly used in prior stud-
ies to evaluate ductile damage and enhance models used in the
spring-back calculation. However, there are different reported
methodologies to evaluate the effect of plastic deformation on
damage evolution and the elastic modulus reduction from the
uniaxial cyclic tensile. Some authors use the chordmodulus mea-
surement, i.e., the slope between the minimum and maximum
cyclic loop points.[54] Govic et al. added to the chord modulus
analysis the instantaneous tangent modulus evaluation to char-
acterize the nonlinearity of the unloading loop.[55] Zhu et al.
implemented quasi-plastic-elastic strain models to represent
the unloading loop curve accurately.[56] Another approach is to
discard the nonlinear portions of the loop and determine the
unloading slope by a linear regression method.[43] An additional
aspect provided by Kim et al. is that baking heat treatment and
strain rate has no significant effect on the unloading response of
dual-phase steels.[57]

Despite the scientific work in this field, previous research
focuses either on computational models of ductile damage
behavior or on plastic deformation in manufacturing processes.
The correlation between heat treatment, microstructure, plastic
deformation, damage evolution, and its mechanisms is yet to be
analyzed holistically. In the current work, cyclical uniaxial tensile
tests are employed to directly measure ductile damage in dual-
phase steels. The accumulated damage during the deformation
process is determined by proposing a simplified method of cal-
culating the modulus of elasticity in each single unloading cycle.
In addition, the correlation between cyclic uniaxial deformation
and the process of plastic deformation in the microstructure is
presented in detail. The same dual-phase steel composition with
different martensite volume fractions was examined. A correla-
tion was established between fracture mechanisms, morphology,
grain orientation concerning the load direction, and martensite
carbon content. In this study, the following experimental
techniques were used: damage measurement by elastic modulus
degradation, nanoindentation, scanning electron microscopy,
and electron backscattering diffraction.

2. Experimental Section

2.1. Material

A 3.4mm industrially produced hot rolled dual-phase sheet
was studied. The chemical composition is given in Table 1.
The chemical analysis was determined using optical emission
spectroscopy (OES).

2.2. Heat Treatment

Thermodynamic calculations were performed using the TCFE9
(steels/Fe alloys) database of Thermo-Calc (Thermo-Calc
Software AB, Solna, Sweden). This analysis made it possible
to conclude that the intercritical annealing temperatures are
found between 703 and 883 °C for the alloy composition in
Table 1. In addition, the carbon content of the phases was
determined under equilibrium conditions.

All specimens were cut in the rolling direction (RD) using the
laser cutting process. Geometries agree with ASTM E8[58] and
ASTM E466[59] standards, respectively. Two of the abovemen-
tioned sample groups were reserved for mechanical testing on
the as-received material (AR1), while the other four were heat
treated.

Sample groups were then subjected to two different process-
ing schedules to develop a dual-phase microstructure with differ-
ent martensite volume fractions. First, the steel was heated to
975 °C in a tubular furnace Thermolyne 21 100 for 35min, using
a heating rate of 0.6 °C s�1, followed by brine quenching to room
temperature (10% NaCl in aqueous solution). With this proce-
dure, the resulting microstructure is fully martensitic. Second,
a sample group was subjected to intercritical temperatures of
812.5 °C (heat treatment two, HT2) and another sample group,
at 839.3 °C (heat treatment three, HT3) in the tubular furnace for
30min followed by brine quenching to room temperature.
The tubular furnace was adapted to permit the vertical drop of
specimens to the brine bath. The falling time for the total immer-
sion of each specimen was approximately 0.4 s. Decarburization
was prevented by applying an industrial protective coating
ATP-641 with a service temperature range between 800 and
1,250 °C.[60] All the specimens were coated twice before the heat
treatments.

2.3. Microstructure Characterization

After heat treatment, all samples were prepared by standard
mechanical grinding with SiC paper and polishing procedures,
finishing with 1.0 μm diamond suspension. After polishing, the
specimens were etched for 10 s in a 3% Nital solution.
The microstructures of the etched specimens were observed
employing optical microscopy (OM) on an Olympus BX60M
and scanning electron microscopy (SEM) with a TESCAN
MIRA3. Using a MATLAB algorithm developed by Murillo-
Barraza et al.,[61] grain size and volume fraction measurements
were conducted to analyze three micrographs by each specimen.

When using optical microscopy, the material presents a
dual-phase microstructure consisting of a light ferrite matrix
and dark martensite dispersed grains. The as-received material
micrograph taken from the transverse direction is shown in
Figure 1a,d.

Ferrite grain size (FGS) was determined following the ASTM
E112 standard guidelines. Martensite volume fraction (MVF),
martensite grain size (MGS), and martensite mean free path
(MMFP) were determined following the ASTM E112,[62] and
ASTM E1245[63] standards guidelines and, through the imple-
mentation of a MATLAB algorithm developed to conduct the
automatic measurement of phase properties by digital image

Table 1. Chemical composition of dual-phase steel in wt%. Fe balance.

C N Mn Cr Si P S

0.066 0.0022 1.219 0.135 0.988 0.011 0.007
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processing.[64] The values reported correspond to the averages
obtained in analyzing three micrographs per specimen.
A process example used to perform the microstructural analysis
can be seen in Figure 2. The material micrograph image is first

segmented using a MATLAB algorithm, separating ferrite, mar-
tensite, and grain boundaries. Then, the three segmentations are
subsequently combined, and the software estimates the grain
sizes of each phase based on the occupied area in the image.

Figure 1. Material micrographs, taken in a transverse plane perpendicular to the rolling direction. Optical micrographs: a) As-received material (AR1)
17.6% MVF, b) heat treatment two (HT2) 31.5% MVF, c) heat treatment three (HT3) 47.5% MVF. SEM micrographs: d) AR1 17.6% MVF, e) HT2 31.5%
MVF, (f ) HT3 47.5% MVF. F denotes ferrite and M denotes martensite.

Figure 2. AR1 material microstructural MATLAB analysis. The specimen is taken in a transverse plane perpendicular to the rolling direction. Ferrite,
martensite, and grain boundary segmentation were considered independently. a) Complete dual-phase steel optical micrograph, b) ferrite segmentation
(white), c) martensite segmentation (white), d) phase segmentation union (orange—ferrite, yellow—martensite, grain boundaries—white), e) ferrite
grain size measurement μm, (f ) micrograph taking area. RD, rolling direction.
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2.4. Hardness Measurements

The primary constituent hardness (ferrite and martensite) was
evaluated from the load-penetration depth curves obtained in
a nanoindentation tester Nanomechanics Inc. iMicro, with a
Berkovich diamond indenter. The indentations were made to
a maximum load of about 20.0 mN and an indentation depth
of 450 nm.

For each material specimen, one hundred grid indentations
were made on one specimen. Subsequently, the specimens were
etched with a 3% Nital solution for 10 s. Figure 3 shows an opti-
cal micrograph of the 10� 10 nanoindentation test pattern on an
HT3 specimen with a step size of 10 μm. The specimen is taken
from the rolling direction plane, and white arrows indicate the
nanoindentation sequence. Each indentation was identified
and classified using optical microscopy to define the hardness
within the respective phases. In addition, nanoindentation depth
and deformation energy were also considered as classification
factors to determine the hardness level of each phase.

2.5. Mechanical Tests

Two experiments were conducted to evaluate the dual-phase
mechanical behavior: quasi-static uniaxial tensile and uniaxial
cyclic tensile test. Tensile specimens were prepared according
to the ASTM E8 standard with a gauge length of 25mm
(Figure 4a), and uniaxial cyclic test specimens are in agreement
with the ASTM E466 standard (Figure 4b). The uniaxial cyclic
tensile test was programmed to perform 33 cycles, and four were
defined with a minor deformation step near the elastic zone.
In all the specimens, the total fracture was achieved after this
process. Mechanical testing was performed at a constant cross-
head displacement rate of 1.0 mmmin�1 using a Shimadzu UH-
500kNI hydraulically driven machine. The strain measurement
was made with an Epsilon 3542 axial extensometer of 25mm
gauge length. The strain hardening exponent (n) was determined

using the guidelines of the ASTM E646 standard,[65] using the
strain data from 0.2% to the uniform strain of each material.

2.6. Microstructure Plastic Behavior

A specimen for each type of material was prepared metallograph-
ically along the loading direction to study the microstructural
plastic deformation after the quasi-static uniaxial tensile and
cyclic tensile tests. The surface was explored from the fracture
zone to an undeformed zone using OM and SEM. The fracture
surface was studied by SEM and stereoscopic analysis on a
KEYENCE VHX-600.

The SEM TESCAN MIRA3 was equipped with an Oxford
Instruments electron backscattered diffraction (EBDS) detector
combined with AZtec 3.1 analysis software. The EBSD parame-
ters were an accelerating voltage of 20 kV with a beam current of
1.7 nA and a step size of 85 nm, which resulted in high indexing
success. Therefore, no image processing was necessary to clean
the resulting EBSD data. Instead, different EBDS maps, includ-
ing Image quality (IQ), inverse pole figure (IP), and Kernel
average misorientation (KAM), were implemented to character-
ize the deformed sections near the fracture zone.

The specimens were prepared in the following way to apply
the EBSD technique: first, they were ground with SiC up to
2000 grit sandpaper and polished with 3.0 μm diamond suspen-
sion at 2.0 bar to 150 rpm contra rotation for 15min and lubri-
cated with blue lube ethanol (BLUE) based lubricant. Second, the
specimens were polished with a 1.0 μm diamond suspension at
2.0 bar to 150 rpm contra rotation for 10min and lubricated with
BLUE. Third, they were polished with a 0.25 μm oxide polishing
suspension (OPS) at 2.0 bar to 100 rpm contra rotation for 5min
and lubricated with distilled water. The final stage was vibratory
polishing on a VibroMet 2 using a 55% aqueous solution of
0.02 μm noncrystallizing colloidal silica polishing suspension

Figure 3. Optical micrograph of the 10� 10 nanoindentation test pattern
on a HT3 specimen.

Figure 4. Test specimen geometries. a) Quasi-static uniaxial tensile test
ASTM E8, b) Uniaxial cyclic tensile test ASTM E466. RD, rolling direction.
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(MasterMet 2), with a counterclockwise, 20% amplitude by 7 h.
The surface cleaning was done by ethyl alcohol jet and cotton.

3. Results and Discussion

3.1. Thermal Treatment

The Thermo-Calc equilibrium conditions analysis results are
shown in Figure 5. Based on the experimental martensite volume
fractions, the heat treatment temperatures can be verified from
the austenite curve in the phase equilibrium diagram that is
shown in Figure 5a. These results are in good agreement with
experimental parameters (see Table 2). Furthermore, from
Figure 5b, the austenite (martensite) carbon content can be esti-
mated. An inverse relationship between carbon concentration
and martensite volume fraction can be observed, implying that
the martensite reduces its hardness by increasing the intercritical
heat treatment temperature. Mazaheri et al. reported a similar
trend producing a dual-phase microstructure from an AISI
5115 steel.[66] The intercritical temperature was 770 °C (similar
to our AR1 condition), but the holding time was increased from
8 to 14min in 2min intervals. The holding time change results
in a martensite volume fraction increase but causes a reduction
in martensite carbon content and hardness.[66] Because the dif-
fusion process is a time and temperature-dependent phenome-
non, martensite carbon content is reduced with these two factors.
Hence, martensite decreases in hardness with increasing volume
fraction. Table 2 summarizes the carbon content of the phases
evaluated at equilibrium conditions. The results indicate that
increasing the intercritical temperature increases the martensite
volume fraction at a constant steel chemical composition and
intercritical holding time. In Table 2, the temperatures and phase
carbon content were estimated using a Thermo-Calc equilibrium
conditions analysis, whereas the martensite volume fraction and
microstructural parameters were obtained experimentally.

3.2. Microstructural Characterization

The as-received and heat-treated materials present a ferrite
matrix with lath martensite grains distributed at the grain bound-
aries. On the as-received material, the ferrite grain sizes are in
the range of 2.0–5.0 μmwith a uniform distribution of this phase
and dispersed martensite grains with a 17.6%MVF (Figure 1a,d).
As mentioned by other authors, this phase distribution
anticipates a very ductile behavior in terms of uniform plastic
deformation in this material.[37] In particular, the martensite
mean free path indicates that this phase is dispersed in the
microstructure, reducing material strain hardening (see Table 2).

HT2 steel presents a remarkably similar distribution of ferrite
grain sizes. However, an increase in the size and amount of
interconnected martensite grains is distinguished at the grain
boundaries (Figure 1b,e). In addition, an increase in MVF up
to 31.5% can be observed while the martensite grain size
increases and its mean free path is reduced. This new micro-
structural configuration favors strain hardening while ductility
is reduced. Finally, HT3 steel presents a homogeneous distribu-
tion of ferrite and martensite grains, where martensite reduces
the ferrite–ferrite interface with a 47.5% MVF (Figure 1c,f ).

Figure 5. Thermo-Calc equilibrium conditions analysis. a) Phase equilibrium diagram, b) austenite carbon content diagram.

Table 2. Material microstructural properties.

State IHTa) MVFb) MGSc) MMFPd) FGSe) α CCf ) γ CCg)

[°C] [%] [μm] [μm] [μm] [wt%] [wt%]

AR1 768.9 17.6 1.5 35.7 3.4 0.0091 0.3285

HT2 812.5 31.5 2.3 8.4 3.3 0.0069 0.1926

HT3 839.3 47.5 2.5 2.8 3.3 0.0056 0.1321

a)Intercritical heat treatment (IHT); b)Martensite volume fraction (MVF);
c)Martensite grain size (MGS); d)Martensite mean free path (MMFP); e)Ferrite
grain size (FGS); f )Ferrite carbon content (α CC); g)Austenite carbon content (γ CC).
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The martensite mean free path is equivalent in dimension to
grain size, indicating that the martensite grains are close
together, favoring ductility reduction and an initial high-strain
hardening behavior. Gorain et al. started from hypereutectoid
steel with similar chemical composition and obtained equivalent
microstructures and mechanical behavior with an analogous
heat-treatment process.[67]

3.3. Quasi-Static Uniaxial Tensile Test

The tensile test results are reported in Table 3, the presented
values are the average of five specimens, and the experimental
flow curves for dual-phase steels are shown in Figure 6a.
The curves show that the ultimate tensile strength (UTS)
increases with increasing martensite volume fraction, reducing
the ductility. The typical dual-phase continuous yielding behavior
and low yield stress/ultimate tensile strength ratio are also
observed for the as-received and heat-treated materials.

It has been reported that this behavior results from mobile
geometrically necessary dislocation (GND) produced at the
ferrite–martensite interface, which glides into ferrite grain
boundaries. This process is initially induced by the volume
expansion during austenite–martensite transformation and is

activated later during plastic deformation.[67] Due to the deforma-
tion process, ferrite grains are elongated in the loading direction,
reducing the dislocation glide path and increasing cross-slip, and
pile-up over grain boundaries, resulting in an enhanced material
strain hardening behavior.[67] Recent contributions indicate that
most martensite dislocations in Fe–C steels are heavily segre-
gated with carbon andmay not be mobile during the deformation
process. Therefore, a newer explanation of continuous martens-
ite yielding suggests considering this phase as a multiconstituent
composite,[68] where strain hardening is caused by constituents
yielding and not by dislocation multiplying. Combining the two
proposed mechanisms can explain the hardening process
observed in dual-phase steels. Furthermore, additional studies,
like the one by Zhang et al.,[69] have investigated the influence
of carbon content on martensite and discovered that at low car-
bon concentrations (0.17 wt%), it tends to segregate at grain
boundaries and in geometrically necessary dislocations. In addi-
tion, the distribution of carbon between grain boundaries, dislo-
cations, and interstitial spaces is more uniform when it ranges
between 0.17 and 0.35 wt%, promoting the formation of more
ordered martensite.[69] The initial strain-hardening effect of
the material increases with martensite volume fraction, and this
can also be observed in Table 3 with the parameters of strength

Table 3. Quasi-static uniaxial tensile test results.

State – ϵya) σyb) ϵuc) σutsd) RAe) σ f f ) σy/σug) Eh) UEi) UPj) UTk) Kl) nm)

(%) (MPa) (%) (MPa) (%) (MPa) – (GPa) (MJ m�3) (MJ m�3) (MJ m�3) [MPa] –

AR1 μn) 0.47 549.6 18.5 816.1 69.6 835.8 0.67 201.1 1.8 187.8 189.5 1086.2 0.16

σo) 0.01 11.4 0.18 10.4 2.0 24.0 0.02 0.4 0.08 18.3 18.4 8.3 0.0

HT2 μ 0.40 403.2 11.8 826.8 49.0 870.9 0.48 203.9 1.1 170.2 171.3 1314.3 0.20

σ 0.01 7.4 1.9 35.3 9.7 7.1 0.03 1.7 0.07 7.5 7.6 32.5 0.01

HT3 μ 0.48 465.1 8.2 866.3 57.2 910.6 0.54 205.8 1.4 157.4 158.8 1595 0.22

σ 0.09 37.6 0.6 54.3 7.3 91.4 0.04 2.9 0.27 7.7 8.0 149.5 0.02

a)Yield strain; b)Yield stress 0.2%; c)True uniform strain; d)True ultimate tensile strength; e)Reduction of area; f )Fracture stress; g)Yield stress/ultimate tensile strength; h)Elastic
modulus; i)Resilience; j)Plastic deformation energy; k)Specific fracture energy; l)Strength coefficient; m)Strain-hardening exponent; n)Average; o)Standard deviation.

Figure 6. Tensile test: a) true stress–strain curves, b) work-hardening rate versus true strain curves (solid lines) and true stress–strain curves
(dotted lines).
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coefficient and strain-hardening exponent. Ashrafi et al. reported
a similar mechanical behavior regarding the martensite content
in the microstructure.[70] Furthermore, Zhang et al. asserted that
the strain-hardening ability of dual-phase steels is remarkably
affected by martensite fraction and grain morphology, especially
at high martensite contents due to toughness and ductility
reduction.[22]

The work hardening rate curves for the three materials are
shown in Figure 6b combined with the tensile test curves to ana-
lyze the Considère criterion. Applying this criterion, the necking
point (purple arrows in Figure 6b) agrees with the uniform strain
reported in Table 3. The work-hardening behavior of the AR1
material exhibits three stages (I, II, and III), which are delimited
in Figure 6b by blue arrows that mark their transition. Ferrite
plastic flow and dislocation movement are related to the first
stage. According to some authors, the second stage involves
the continued ferrite deformation and the potential strain-
induced transformation of retained austenite to martensite.[71]

Finally, the simultaneous plastic deformation of ferrite and
martensite is related to stage three.[71,72] Moreover, HT2 and
HT3 materials only show stages two and three (Figure 6b).
The HT3 material exhibits the highest work-hardening behavior
among the three materials until the third deformation stage
starts (black curve in Figure 6b). After this point, the HT2 mate-
rial exhibits a superior work-hardening behavior (green curve in
Figure 6b). Finally, the AR1 steel has the smallest value of n at
low strains, as shown in Figure 6b (red curve) and Table 3.

No representative trend was found in the variation of plastic
deformation energy between the different materials in the pres-
ent study. This result may be mainly explained because, although
the ultimate tensile strength is increased with the martensite
volume fraction, the fracture strain is reduced, resulting in
approximately equivalent energy values (Table 3).

3.4. Uniaxial Cyclic Test

Figure 7 shows a typical uniaxial cyclic tensile test, with only the
AR1 and HT3 materials shown to better contrast the mechanical
behavior. The ultimate tensile strength of the as-received

material ultimate tensile strength was near 753MPa. In contrast,
heat treatment material HT2 reached 765MPa and HT3
830MPa. Therefore, as can be observed, the ultimate tensile
strength in cyclical tests increases as the volume fraction of mar-
tensite grows. However, due to this deformation process, a
simultaneous ductility and material strength reduction can be
observed compared to the typical quasi-static uniaxial tensile test.

The loading and unloading loops present a nonlinear behav-
ior, and at each deformation step, a higher plastic flow stress is
required due to the strain hardening of the steel. Therefore, the
area inside the loop represents the energy dissipated due to the
deformation process.[56] The nonlinearities of each loop due to
plastic deformation were discarded to simplify the unloading
module evaluation. Only load range values between 5% and
95% from the unloading leg loop were considered for each defor-
mation step. Subsequently, a linear regression method was used
to determine the individual unloading slope of each cycle.[43]

The unloading elastic modulus decreases with increasing plastic
strain in all three types of materials. Moreover, other researchers
have reported similar results, despite differences in carbon
concentration and microstructural characteristics.[52] There
was a reduction of 10.6% for AR1, 18.8% for HT2, and 13.6%
for HT3 when comparing the initial modulus of elasticity of each
material with the modulus of elasticity obtained in the unloading
cycle at the uniform deformation. Three main factors explain the
elasticity modulus degradation: displacement of mobile disloca-
tion and pile-ups near the grain boundaries or solutes, damage
evolution due to microcrack generation, and increased residual
stresses.[57,73] The shear stress is released during the unloading
process, and the dislocation pile-ups are induced into a backward
motion. This produces a nonlinear elastic strain recuperation
leading to the elastic modulus decrease at each deformation loop.
This process is increased with the increment of strain level, grain
size, martensite volume fraction, and phase mechanical proper-
ties resulting in damage accumulation.[74]

As shown in Figure 8a, the cumulative damage can be seen in
each material from its original state to uniform deformation.
Because necking formation occurs first in all AR1 quasi-static
cyclic tensile test specimens, the cumulative damage for this
material is only shown until 10% of true strain is reached.
Under these deformation conditions, the as-received material
presented a lower damage evolution than the heat-treated steels
at the same strain level, and this could be explained due to the
higher ductility of the former. In addition to more significant
damage accumulates on heat-treated samples during the cyclical
deformation process due to the higher martensite volume frac-
tion. As is well known, the higher martensite content facilitates
the appearance of two typical fracture mechanisms: the ferrite–
martensite phase decohesion and the martensite fracture.
Consequently, more significant damage due to the progressive
loss of stiffness and ductility of the heat-treated steels can be
explained by the combination of the higher martensite volume
fraction and the fracture mechanisms associated with the mar-
tensite. Figure 8b shows a linear relationship between cumula-
tive damage and deformation level after a certain level of true
strain has been reached. In contrast to the heat-treated material
states, which show this behavior starting at a 2% strain, the
as-received material shows this linear behavior more clearly after
a 5% strain. This kind of relationship can be included in an

Figure 7. Uniaxial cyclic tensile test curves. The inset of the right side
shows the initial cyclic deformation process.
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elastic-plastic-damage constitutive model to predict the damage
progression of the material during a deformation process.

Figure 9 shows the fracture surfaces of specimens from AR1
and HT3 conditions subjected to a quasi-static uniaxial tensile
and cyclic tensile test. All images were taken near the center
of the specimen. The as-received material has a lower amount
of dimples that are uniformly distributed on the fracture surface
and with extensive ductile damage (Figure 9a,c). The HT3 mate-
rial has more dimples, a nonuniform distribution over a more

uneven fracture surface, and more minor size dimples at grain
boundaries (Figure 9b,d). Depth tear ridges are visible in the
HT3 material. The martensite content in the specimens can
explain the difference in the surface topography. A more irregu-
lar and tortuous fracture is related to a high martensite volume
fraction.

When comparing the fracture surfaces concerning the speci-
men deformation type, an interesting difference appears within
the internal surface dimples on the as-received material.

Figure 8. Ductile damage evolution curves: a) measuring the progressive stiffness loss, b) damage linear behavior versus true strain.

Figure 9. SEM micrographs ductile fracture surface: quasi-static uniaxial tensile test a) AR1 and b) HT3, cyclic tensile test c) as-received and d) HT3.
White arrows indicate dimple striations, red arrows indicate low-size dimples, and blue arrows indicate tear ridges.
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Qualitatively, wall dimples are smoother on the specimen sub-
jected to the quasi-static uniaxial tensile test (Figure 9a).
Meanwhile, in the cyclic specimens, more tortuous deformation
and even striations are visible inside the dimple walls (see white
arrows in Figure 9c). However, this effect is not visible in the
HT3 material due to the higher martensite volume fraction.

3.5. Nanoindentation

Table 4 shows the results of the hardness test. Figure 10 shows
the typical load-penetration depth curves of ferrite and martens-
ite for the three types of materials. The curves show that martens-
ite has a smaller penetration depth and lower deformation energy
at constant load. As a result, martensite has a higher hardness in
all three materials than ferrite.

The ferrite maintains a uniform grain size as the intercritical
temperature rises, although its carbon content and hardness
decrease, according to the nanoindentation test (Table 4) and
microstructural analysis (Table 2). Furthermore, as the intercrit-
ical temperature rises, martensite grain size grows, but carbon
content and hardness decrease (Table 4). As shown above, the
carbon diffusion process and its content significantly influence
microstructural hardness. Mazaheri et al. reported a similar
behavior to the present study. Their findings, however, indicate
a more pronounced trend toward rising ultimate tensile strength

and yield stress with regard to the hardness ratio between mar-
tensite and ferrite, which can be attributed to the higher carbon
content of the studied steel, and higher martensite carbon con-
tent obtained during the heat treatments.[66] It is important to
note that when the martensite volume fraction increases, due
to the dissolution of carbon in the phases, the hardness of ferrite
and martensite decreases (Table 2), as the martensite/ferrite
hardness ratio does (Table 4).

It is noteworthy to note that in the case of ferrite, the grain size
and hardness obtained remained in a range that was very similar
for the three types of dual-phase steels, which is consistent with
the low content of soluble carbon in this phase that was estimated
by the results of the Thermo-Calc equilibrium conditions analy-
sis. Otherwise, in the case of martensite, the grain size increases
while the hardness decreases; this mechanical behavior can be
attributed to the reduction of the carbon content in the martens-
ite with little appreciable effect in terms of grain size (Table 2).

The mechanical compatibility of two phases is defined as the
hardness ratio. In dual-phase steels, for example, it is the ratio of
ferrite and martensite hardnesses. Table 4 shows this factor,
denoted by Mc. The mechanical compatibility of the two phases
increases as Mc approaches 1.[27] Because Mc is, on average,
equal to 0.74, the three materials have similar mechanical com-
patibility. However, because the martensite grain size increases
with the martensite volume fraction, the number of geometri-
cally necessary dislocations also increases. As a result, strain
hardening increases. Although martensite gets softer as the heat
treatment temperature rises (increasing its ductility), its volume
fraction increases, raising the effect of strain hardening on the
ferrite grain boundaries and reducing dual-phase ductility.
Martensite creates numerous dislocations and subsequently
pile-up during the deformation process. According to the
prior, a higher martensite volume fraction reduces uniform elon-
gation (Figure 11a) while increasing ultimate tensile strength
(Figure 11b).

3.6. Microstructure Evolution Due to Plastic Deformation

Figure 12 shows the optical micrographs on the longitudinal
plane along the loading direction on the uniaxial cyclic tensile

Table 4. Nanoindentation results.

State MVFc) Nanohardness

Martensite Ferrite

μa) σb) μ σ

[GPa] M/F-HRd) Mce) M–Sf )

AR1 17.6 5.5 0.3 4.0 0.1 1.39 0.72

HT2 31.5 5.2 0.2 3.8 0.1 1.37 0.73 6.0%

HT3 47.5 4.6 0.2 3.6 0.1 1.29 0.77 16.0%

a)Average; b)Standard deviation; c)Martensite volume fraction; d)Martensite/ferrite
hardness ratio; e)Mechanical compatibility; f )Martensite hardness softening
relative to AR1 material.

Figure 10. Representative nanoindentation load-penetration depth curves: a) martensite, b) ferrite.
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Figure 11. Martensite/ferrite nanohardness ratio, related to mechanical properties: a) elongation vs phases hardness ratio, b) strength vs phases hard-
ness ratio.

Figure 12. Optical micrographs of plastic deformation on the uniaxial cyclic tensile test specimens. The specimen is taken from the mid-width in the
longitudinal plane: a) AR1 17.6% MVF, b) HT3 47.5% MVF. Red arrows—elongated grains, blue arrows—plastic flow obstacles.
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test specimens. The boxes at the upper left of each micrograph
show the distance from the fracture zone, and the white numbers
and red mesh in the images of the fractured specimens show
where the thickness of the specimen was measured. The ferrite
and martensite grains are substantially elongated around the
fracture zone in the as-received material, the thickness reduction
is close to 51% (Figure 12a, red arrows), and the damage due to
deformation is uniformly distributed on the ferrite matrix. HT3
material presents a similar behavior in the deformation of its
microstructure. However, some martensite grains oriented per-
pendicular to the rolling direction become obstacles to the plastic
flow (Figure 12a, blue arrows). This phenomenon has two con-
sequences: a local increase in strain hardening and cumulative
damage behind that zone (Figure 12b). It can be seen from these
images what is the effect of the microstructure in the plastic
deformation process. A material with a low martensite content
turns out to be more ductile because the ferrite has greater free-
dom to flow plastically, while a material with a high martensite
content hardens rapidly due to the restriction of plastic flow. It is
also interesting that the martensite presents a ductile deforma-
tion near the fracture zone. Whenmartensite exhibits a fiber-type
or platelet-like shape, as seen in Figure 12b, other researchers
have noted similar behavior in dual-phase steels.[29] This phe-
nomenon may be related to the lower hardness and carbon con-
tent of martensite, particularly in the HT3 material.

As shown in Figure 13, it is possible to observe the fracture
mechanisms reported in dual-phase steels: ferrite–martensite
and ferrite–ferrite grain boundaries decohesion, martensite frac-
ture, and damage caused by inclusions present in the metal
matrix. The first two of these four were the most frequently

noticed. Other researchers report the decohesion of the ferrite–
martensite interface or the fracture of the martensite grains
as the predominant type of fracture.[20,33,34] However, it is essen-
tial to consider that some factors such as the chemical composi-
tion and the microstructure resulting from the intercritical heat
treatment have an essential role in developing fracture mecha-
nisms. Ismail et al. also state that due to the microstructure,
the damage process in dual-phase steels is controlled by inhomo-
geneities in stresses and strains. The main microstructural fac-
tors are morphology, orientation, and martensite volume
fraction. Emphasis is placed on the propagation of damage by
coalescence in two stages, local and large-scale when the mar-
tensite has a morphology similar to that of platelets.[29] In steels
with higher martensite content and platelet-like morphology,
there is higher resistance to the nucleation of microvoids, which
can be explained by the influence of ductile deformation of the
two phases in the load direction.[28]

Some aspects that should be highlighted concerning the frac-
ture mechanisms and the material type are the following
(Figure 13): most voids occur at the ferrite–martensite or
ferrite–ferrite interface. Furthermore, the voids generated at
the ferrite–martensite interface tend to maintain their geometric
shape despite the deformation process, while the voids generated
at the ferrite–ferrite interface tend to elongate and close due to
the ductility of this phase. Increasing the martensite volume frac-
tion facilitates a complex deformation process in the ferrite
grains. As a result, the martensite grains obstruct plastic flow,
resulting in more tortuous deformation and substantial ferrite
grains narrowing in the load direction (Figure 13c,f ). The type
of applied load also has an essential effect on the deformation

Figure 13. SEM micrographs of fracture mechanisms. The image is taken from the mid-width in the longitudinal plane of test specimens, close to the
fracture zone. Arrow color convention: Red—inclusions, green—ferrite–martensite interface decohesion, dark blue—ferrite ferrite interface decohesion,
and cyan—martensite fracture: a–c) quasi-static uniaxial tensile test for AR1 to HT3 steels, d–f ) cyclic tensile test for AR1 to HT3 steels.
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of the microstructure. The cyclic load application generated more
plastic deformation and fracture in the martensite grains than
the simple quasi-static uniaxial load. This effect is increased with
the increase of the martensite volume fraction (Figure 13d,f ).

EBSD maps allow elucidation of the microstructure evolution
during the deformation process. Figure 14a shows the as-
received microstructure by an image quality (IQ) map. In this
image, the gray areas are ferrite, and the dark ones are martensite
or grain boundaries. Unfortunately, in these images, it is difficult
to differentiate between damage, cracks, grain boundaries, and
martensite since all four factors have a low confidence index
of less than 0.1, which implies that the microstructure is highly
deformed in those areas, or its structure is amorphous.[75,76]

The deformation energy stored in the substrate is visualized
using kernel average misorientation (KAM) maps. Because
minor local strain variations are correlated to crystal orientation
gradients near grain boundaries, this information allows a quali-
tative estimation of deformation near high-strain regions such as
voids and cracks or close to severely deformed grains.[33,77]

Figure 14b shows that the deformation energy is concentrated
inside martensite grains or around its grain borders. This energy
around martensite grains comes from the volume change in the
austenite to martensite transformation during the rapid cooling
process, which leads to the geometrically necessary dislocations
formation at the ferrite grain boundaries. In other words, the
KAM map is associated with the dislocation density and the
microstructure strain energy.

Inverse pole figure (IPF) maps show the crystal orientation of
each grain in the microstructure. This map allows observing the
texture evolution during the deformation process (Figure 14c).
By comparing the images, as shown in Figure 14, it is possible
to understand why strain hardening occurs in dual-phase steels.
Plastic deformation produces a reduction in grain width and an

elongation in the load direction, which leads to grain boundary
approximation and dislocation pile-up, which increases residual
stresses that promotes grain crystallographic orientation change
and therefore facilitates texture development near the fracture
zone (Figure 14d). The deformed material IPF and KAM maps
show multiple nonindexed zones associated with the martensite
grains and the voids generated by the fracture mechanisms
(Figure 14c,d). The cyclically deformed specimens were excluded
from this analysis because the existing damage in the fracture
zone is very high and the indexing is very low. In contrast, while
KAM maps do not allow us to observe all statistically distributed
dislocations,[78] they can be useful for qualitatively understanding
the effect of deformation on the microstructure.

Four processes have been identified by Saeidi et al. for releas-
ing stored strain energy throughout deformation and avoiding
damage development inside the microstructure: martensite plas-
tic deformation, substructure formation, nucleation, and devel-
opment of voids, and finally, changing the overall deformation
path or producing grain rotation.

Concerning martensite, as shown in Figure 13, this phase has
been elongated, necked, and fractured. This process develops
voids, energy dissipation, and high ductile deformation, evi-
denced by their low carbon content. As shown in Figure 14b,
the smaller martensite grains present higher strain energy,
particularly at the ferrite–martensite interface, resulting in the
creation of many dislocations that create substructures inside
the grains. Dislocation slip caused by the deformation process
temporarily retards the damage evolution and helps release
stored strain energy.[79] As the deformation process develops,
the production of voids increases until coalescence and fracture
surface formation occur. These voids form in places with the
highest stress concentrations, including grain interfaces,
martensite grains, and inclusions. Furthermore, the most visible

Figure 14. As-received EBSD maps of quasi-static uniaxial tensile test, the specimen is taken from the mid-width in the longitudinal plane. Undeformed
specimen: a) image quality, b) Kernel average misorientation map. Deformed specimen fracture zone: c) inverse pole figure (IPFY selected as reference to
load direction), d) Kernel average misorientation map.
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damage generation mechanisms in the microstructure are void
formation and coalescence, which are efficient methods of releas-
ing energy during the deformation process.

Finally, the orientation stiffness is represented by the Taylor
factor (TF) value.[79] A reduced value of the Taylor factor implies
that the yield stress of a particular grain is low. Therefore, at
lower stresses, it could be more easily deformed. A random
distribution of Taylor factor values is depicted in Figure 15b.
Furthermore, the extensively deformed region around the frac-
ture zone, as shown in Figure 15d, should exhibit a notable trend
for high Taylor factor values; instead, some soft grains have low
values. The stress relaxation caused by cracks in the material
could be one reason for the presence of these zones in the
microstructure. Soft grains have the effect of reducing damage
propagation and increasing local deformation capability. Another
energy-dissipating mechanism is related to martensite and
ferrite incompatibility, which results in nonuniform activation
of slip systems and shear stresses, resulting in grain rotation.

The increased void amount should reduce the microstructure
strength and hardness, and this should be able to be measured by
the nanoindentation technique, resulting in a softening material
near the fracture zone. However, nanoindentation is not an opti-
mal technique to evaluate the microstructural damage evolution
because the strain hardening near the fracture zone results in
higher hardness values that are not consistent with the material
softening and damage accumulation.[47,48]

4. Conclusion

This study aimed to evaluate the effect of martensite content on
the mechanical response of a set of dual-phase steels with differ-
ent microstructural characteristics produced by intercritical heat

treatments from a hot-rolled dual-phase steel sheet. In addition,
the application of quasi-static uniaxial tensile loads and cyclic
deformation was evaluated on the response of the material to
the damage evolution and microstructural fracture mechanisms.
The findings can be summarized as follows: 1) The martensite
volume fraction significantly affects the mechanical behavior of
dual-phase steels with the same chemical composition. As the
intercritical temperature is raised during the heat treatment,
MVF increases. Moreover, with the increase of the martensite
fraction, its carbon content and hardness are reduced, resulting
in softer and more ductile martensite. 2) Comparing the
as-received state (AR1) with the heat-treated states, the martens-
ite mean free path decreased from 35.7 to 8.7 μm (HT2) and
2.8 μm (HT3), respectively. Simultaneously, the amount of
ferrite–martensite interfaces increases with the martensite vol-
ume fraction from 17.6% (AR1) to 21.5% (HT2) and 47.5%
(HT3). As a result, mobile geometrically necessary dislocations
(GNDs) resulting from the stress distribution incompatibility
between ferrite and martensite are produced around the grain
boundaries. As observed qualitatively in the KAM maps, it can
be inferred that the deformation energy is responsible for the
strain hardening behavior and damage evolution on dual-phase
steels. 3) Analyzing the results of the thermodynamic calculation
at equilibrium conditions, austenite carbon content (and thus,
martensite) between AR1 and HT3 steels decreased from 0.33
to 0.13 wt% while its nanoindentation hardness was reduced
from 5.5 to 4.6 GPa. Although martensite becomes softer with
increasing heat treatment temperature, dual-phase steels with
higher martensite volume fraction reduce their ductility and
increase their ultimate tensile strength. 4) It was found that
the grain size, morphology, and distribution of martensite in
the ferrite matrix all play a significant role in the strain-hardening
effect of dual-phase steels. The AR1 steel presents the lowest

Figure 15. As-received EBSD maps of quasi-static uniaxial tensile test, the specimen is taken from the mid-width in the longitudinal plane. Undeformed
specimen: a) image quality, b) Taylor factor. Deformed specimen fracture zone: c) inverse pole figure (IPFY selected as reference to load direction),
d) Taylor factor.

www.advancedsciencenews.com
l

www.steel-research.de

steel research int. 2023, 2200460 2200460 (14 of 16) © 2023 Wiley-VCH GmbH

 1869344x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/srin.202200460 by C

A
PE

S, W
iley O

nline L
ibrary on [10/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.steel-research.de


work-hardening rate. While the HT3 steel presents a higher ini-
tial hardening up to approximately 2% strain, from which point
the HT2 material presents a more significant hardening in the
quasi-static uniaxial deformation process. 5) It was possible to
observe that the type of applied load (quasi-static vs. cyclic) affects
the mechanical resistance of the dual-phase steel and its fracture
mechanisms. Steels show lower ductility and strength under the
uniaxial cyclic tensile loading condition. 6) Dual-phase steels
present ductile fracture with a dimple density that is proportional
to the martensite volume fraction. A higher martensite fraction is
likewise related to a greater loss of stiffness and a prompt
damage evolution. The three dual-phase steels show a linear rela-
tionship between damage and true strain up to 5% true strain.
After 5% true strain, this linear tendency becomes stronger in
AR1 steel. Furthermore, in the HT2 and HT3 treated steels,
this linear trend is observed from 2% to true uniform strain.
7) It could be observed that during the plastic deformation pro-
cess, the martensite grain orientation concerning the load direc-
tion has an essential effect on the ferrite plastic flow. It was seen
that the higher the MVF and the number of platelet-like martens-
ite grains obliquely oriented to the load direction, the lower the
ductility of the material is. The primary void nucleation mecha-
nisms observed are ferrite–martensite and ferrite–ferrite bound-
ary decohesion. Other mechanisms, such as martensite fracture,
can be activated due to the martensite volume fraction and dis-
tribution around ferrite grain boundaries. 8) The damage process
observed in dual-phase steels can be summarized as follows: the
microstructure in the as-received material presents a significant
density of dislocations generated during the steel manufacturing
process and due to the volume change in the austenite–
martensite transformation. During the application of tensile
loads, the microstructure undergoes axial deformation in the
load direction. The incompatible mechanical properties of mar-
tensite and ferrite generate more dislocations, which promote
strain hardening. As grains deform, they lengthen and reduce
their width, increasing dislocation pile-up. Due to the increase
of stored deformation energy on grain boundaries, the microstruc-
ture initiates a process of energy release through the fracture of
martensite grains, the rotation of grains, the sliding of disloca-
tions, and the formation of voids until, finally, fracture takes place.
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