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A B S T R A C T

Dual Phase (DP) steels are widely used in the automotive industry due to their excellent strength-ductility 
balance. Advancing next-generation steels requires a deeper understanding of deformation and damage mech-
anisms at the microstructural level. The present study investigates damage initiation and propagation in DP1000 
steel through in-situ tensile and bending tests inside a scanning electron microscope (SEM), combined with 
digital image correlation (DIC) for strain mapping. Results show that plastic deformation localizes in ferrite, 
while damage initiates at ferrite-martensite interfaces and propagates within martensite islands during early 
plastic deformation. Finite element (FE) simulations reveal a correlation between local stress and martensite 
damage initiation, whereas ferrite damage events remain limited. Bending tests further highlight crack formation 
along strain localization paths in ferrite. These findings provide valuable insights for predictive multi-scale 
modelling of DP steels. Finally, the Gurson-Tvergaard-Needleman (GTN) damage modelling approach was 
adopted to predict the load–displacement curve of the tensile sample by calibrating damage parameters.

1. Introduction

The increasing demand for fuel efficiency and crashworthiness in the 
automotive industry has accelerated the development of advanced high- 
strength steels (AHSS). Dual-Phase (DP) steels are among the most 
widely employed AHSS due to their excellent combination of high 
strength and ductility, arising from a microstructure of soft ferrite 
reinforced by hard martensite islands [1–3]. First-generation AHSS, 
including DP600 and DP780, offered a favourable balance of strength 
and formability for early automotive lightweighting applications. The 
second generation of AHSS, which includes high-manganese austenitic 
steels such as TWIP and L-IP steels, provides superior formability and 
energy absorption. These steels achieve enhanced mechanical perfor-
mance through alloying strategies that stabilize austenite, primarily via 
manganese and carbon additions [3,4]. However, their application is 
limited by high alloying costs, complex processing, and susceptibility to 
delayed cracking. Third-generation AHSS, exemplified by DP980 and 
DP1000, achieve an optimized strength-ductility combination through 
precise alloy design and thermomechanical processing, making them 

ideal for advanced structural components [7,8].
Despite their growing industrial relevance, understanding damage 

initiation and fracture behavior in DP steels remains complex due to 
factors such as stress–strain heterogeneity, martensite morphology, and 
ferrite–martensite interfacial interactions. A transformative develop-
ment in addressing these complexities was the adoption of micro-scale 
Digital Image Correlation (micro-DIC), first demonstrated by Kang 
et al. [9] for surface strain mapping in aluminium alloys using SEM- 
based topographical correlation. This method was subsequently 
extended to DP steels [10,11], enabling quantitative strain measure-
ments at the microstructural scale. Studies employing micro-DIC on 
DP600–DP1000 grades [12–16] revealed that plastic deformation lo-
calizes within ferrite, concentrating stress in adjacent martensite regions 
and facilitating micro-crack initiation. Notably, in DP600, localized 
strain accumulation around ferrite–martensite interfaces was success-
fully visualized at high spatial resolution [10,11].

Early investigations into damage initiation in DP steels revealed that 
void nucleation predominantly occurs at ferrite–martensite interfaces, 
with martensite cracking observed at relatively low global strains (~13 
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%) [17,18]. Avramovic-Cingara et al. [17] reported micro-crack for-
mation in martensite at a local strain of ~ 0.029 in DP600, followed by 
void nucleation at the ferrite–martensite interface around 0.09 strain. 
Ghadbeigi et al. [18] further identified complex interactions involving 
interfacial decohesion, martensite cracking, and void coalescence. 
Extending this understanding to DP780, Saeidi et al. [19] emphasized, 
through SEM analysis, that damage frequently initiates at triple-phase 
junctions and within narrow ferrite regions bounded by martensite 
islands. As a fracture is typically preceded by localized plastic defor-
mation, understanding how strain accumulates and evolves into damage 
is essential. These studies collectively underscore the critical role of 
microstructural topology, particularly ferrite bands embedded between 
martensite and aligned along the loading direction, in governing local-
ized deformation and early-stage damage, especially under uniaxial 
loading. Further contributions [20,21] investigated band formation and 
fracture in ferrite using SEM and in-situ techniques. Time-resolved SEM- 
based tensile tests on DP800 [22] tracked void evolution from diffuse 
necking to final failure, revealing voids between ferrite and martensite 
as well as within ferrite grains. Alaie et al. [23] complemented these 
observations by developing a dislocation-based constitutive model for 
ferrite, integrating DIC data and simulations to quantify localized 
deformation. Their model showed higher strain accumulation in ferrite, 
strongly influenced by martensite island size and distribution. Com-
plementing these experimental studies, Matsuno et al. [24] performed 
three-dimensional finite element analyses of representative volume el-
ements to examine the effects of martensite morphology and banding on 
the tensile behavior of ferrite–martensite DP steels, demonstrating how 
phase distribution influences macroscopic mechanical properties. Ohata 
et al. [25] introduced a damage-based framework to evaluate ductile 
cracking in steel structures under large-scale cyclic loading, empha-
sizing the influence of microstructural inhomogeneity on fracture evo-
lution. More recently, Gu and Kwon [26] combined nano- and bulk-scale 
digital image correlation with finite element simulations to determine 
damage model parameters, demonstrating the significant impact of 
microstructural features on damage initiation and propagation.

Alharbi et al. [27] focused on DP1000, employing SEM, DIC, and 
finite element (FE) modeling to explore martensite-initiated fracture. 
The first voids appeared at inclusions before testing, followed by voids at 
the ferrite–martensite interface at approximately 32 % strain, with final 
separation of martensite islands occurring at around 52 % strain. 
Ososkov et al. [11] analyzed strain partitioning in DP600, reporting 
ferrite strain variations from 30 % to 70 %, and identified void nucle-
ation between adjacent martensite islands at local strains of about 0.4. 
Ghadbeigi et al. [18] conducted in-situ SEM tensile tests on DP1000, 
revealing martensite fracture and interfacial decohesion at local strain 
levels up to 120 %. Their follow-up work on DP600 [19] utilized novel 
gauge geometries, confirming sub-micron voids and crack paths linked 
to inclusions and ferrite grain decohesion. Alaie et al. [23] extended this 
by formulating a dislocation-based model capturing strain gradients 
within ferrite between martensite clusters, further supporting the role of 
localized deformation in early damage evolution. Despite these signifi-
cant efforts, a comprehensive understanding of micro-scale damage 
mechanisms in higher-strength DP steels like DP1000, particularly 
under combined loading conditions, remains limited.

Building on the microstructural insights provided by in-situ experi-
ments and DIC analyses, the modeling of ductile fracture in DP steels has 
increasingly relied on micromechanical approaches such as the Gur-
son–Tvergaard–Needleman (GTN) model. Originally developed by 
Gurson [28], the model describes void nucleation, growth, and coales-
cence as a function of hydrostatic stress and void volume fraction, of-
fering a continuum-based framework for predicting ductile failure in 
porous media. Tvergaard’s modifications [29–31] introduced fitting 
parameters (q1, q2, q3) that capture the influence of material-specific 
behavior, particularly under shear localization and varying triaxiality 
conditions, thereby improving the model’s agreement with finite 
element (FE) simulations.

Several researchers have tailored the GTN model to simulate damage 
in DP steels. Qin et al. [32] implemented GTN and cohesive zone models 
to simulate martensite cracking, emphasizing the influence of phase 
distribution on fracture progression. Similarly, Kim et al. [33] analyzed 
the effects of stress triaxiality and porosity on void growth, reinforcing 
the need for accurate parameter calibration in multiphase materials. 
Zhang et al. [34] advanced this field by developing a hybrid exper-
imental–numerical framework that integrates GTN modeling with DIC 
measurements to characterize fracture under complex loading paths. 
Meanwhile, parameter identification has evolved through approaches 
such as response surface methodology [35] and direct experimental 
evaluation of critical void volume fractions [36]. Modifications pro-
posed by Nahshon and Hutchinson [37] further expanded the GTN 
model to incorporate shear damage, making it more suitable for pre-
dicting failure under real-world automotive loading conditions.

Finite element simulations further complement experimental obser-
vations by capturing strain gradients and stress localization that may not 
be directly measurable. Modeling of DP steels consistently shows that 
strain partitions between hard martensite and soft ferrite, with 
morphological features such as the aspect ratio of martensite signifi-
cantly influencing ductility, yield strength, and damage localization 
[38–40]. Additionally, the martensite volume fraction governs the 
trade-off between strength and formability, highlighting the critical role 
of microstructural design in optimizing the performance of DP steels. 
Despite these advancements, a comprehensive understanding of micro- 
scale damage mechanisms in high-strength grades like DP1000, partic-
ularly under complex loading conditions, remains incomplete, necessi-
tating further integration of experimental data with predictive 
modelling. From the literature, it is evident that a deeper, experimen-
tally validated understanding of strain localization and damage evolu-
tion in high-strength DP steels, particularly under different loading 
modes, is still lacking. The present study aims to bridge the gap between 
experimental observations and numerical Modeling in understanding 
damage initiation and evolution in high-strength dual-phase steels, 
specifically DP1000. The primary objective is to investigate strain 
localization and microstructural damage mechanisms through in-situ 
tensile and bending tests conducted inside an SEM. DIC is employed to 
map local strain fields at the microstructural scale, enabling correlation 
between deformation behavior and void/crack formation. FE simula-
tions, calibrated using experimental data, are used to analyze stress 
distributions and validate micromechanical models. Furthermore, the 
study applies the GTN damage model to simulate void nucleation and 
growth, offering insight into failure progression under complex loading 
conditions. This integrated approach aims to improve the predictive 
accuracy of ductile fracture models by incorporating real-time experi-
mental data, ultimately contributing to the design of more damage- 
tolerant DP steels for automotive applications.

2. Materials and methods

DP 1000 steel, composed of two primary phases, martensite islands 
dispersed within a ferrite matrix, was selected for investigation. A 1.5 
mm thick uncoated steel sheet was selected and procured from Tata 
Steel (IJmuiden, Netherlands). Table 1 denotes the chemical composi-
tion of the material utilised in the study. SEM analysis of the procured 
material, depicted in Fig. 1, reveals a predominant martensite matrix 
(dark region-ferrite and bright region-martensite), constituting 
approximately 51 % of the total volume.

Table 1 
Chemical composition of DP1000 steel.

Element C Mn Si Cr V Ni Nb
Weight % 0.152 1.53 0.474 0.028 0.011 0.033 0.014
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2.1. In situ tensile and bending tests with DIC, and microstructure 
simulation

For the in-situ tensile test and bend test experiments, micro speci-
mens were precisely machined according to standard geometry [18,41], 
as depicted in Fig. 2(a), (b), and (c), respectively. Before loading into the 
SEM chamber, the specimens underwent a sequential polishing process, 
starting with abrasive papers of varying grit sizes (P120, P400, P800, 
and P1200) to eliminate surface scratches, followed by diamond pol-
ishing from 6 µm down to 1 µm, to achieve a mirror-like finish essential 
for high-resolution imaging. To facilitate the visualization of the 

microstructure during deformation, the specimens were chemically 
etched using a 2 % Nital solution for 4–12 s. Simultaneously, optical 
microscopy was employed to verify the microstructure and etching 
quality, ensuring optimal surface preparation for SEM analysis. The 
undistorted image was discretized into interrogation windows as illus-
trated in Fig. 1, with subset sizes ranging from 8 to 32 pixels in LaVision 
manual [42], extendable up to 512 pixels. These subsets, shaped as 
spheres, ovals, or squares, may overlap at 0 %, 50 %, or 75 %, influ-
encing displacement calculations. An interrogation window size of 64 ×
64 pixels (12.5 × 12.5 μm2) was selected for this research analysis. A 50 
% overlap was applied during the correlation process to improve the 
resolution of the vector fields, resulting in one deformation vector for 
every 32 × 32 pixels (6.25 × 6.25 μm2). Subsequently, true strain values 
were derived from these vector fields for each interrogation window to 
generate strain maps based on the reduced passes algorithm [42,43]. A 
correlation algorithm is then employed to track displacement by iden-
tifying unique microstructural features within the interrogation 
windows.

The prepared tensile test specimens were securely mounted onto a 
Deben Microtest tensile stage with a 5 kN maximum load capacity for 
mechanical testing. In total, six fields of view were selected for DIC 
analysis across different regions of each specimen, covering a combined 
area of approximately 0.65 mm2. These areas were chosen to capture 
statistically representative behaviour across multiple ferrite–martensite 
configurations and were imaged at 500 magnifications to ensure high 
spatial resolution for accurate strain mapping. The experiment was 
conducted under displacement-controlled loading within an SEM 
chamber under vacuum conditions, maintaining a quasi-static strain rate 
of 0.1 mm/min. Incremental displacement steps of 0.05 mm were 
applied, with periodic interruptions to capture high-resolution SEM 
images, enabling real-time microstructural analysis. Testing continued 
until fracture, and the acquired images were subsequently processed 
using DIC strain mapping to quantify localized deformation and strain 
distribution. Unlike the in-situ SEM tensile experiments, which were 
conducted in interrupted steps to capture high-resolution images at in-
cremental displacements, the finite element (FE) simulations were per-
formed in a continuous manner. However, to establish a meaningful 
comparison, the simulation results were sampled at strain values cor-
responding to the experimental interruption points. This ensured that 
the stress–strain responses and localized strain fields could be directly 
compared at equivalent stages of deformation, despite the absence of 
physical interruptions in the simulation. Accordingly, while the FE 
model does not replicate experimental pauses, the comparison remains 
valid as both datasets are aligned at consistent strain levels.

Similarly, the bend test specimens were mounted on the Deben 
micro-bending stage with a 5 kN maximum load capacity for mechanical 
testing, as shown in Fig. 2(d). The bending stage was then carefully 
positioned inside the SEM chamber, as illustrated in Fig. 2(e), under the 
same conditions as the tensile test. The experiment was conducted to 
analyze crack propagation within the microstructure using SEM imag-
ing, with deformation and strain distribution further quantified through 
DIC.

In this study, damage features observed via SEM were classified into 
two categories: voids and cracks. Voids are defined as small, isolated 
microcavities typically formed within ferrite regions or along the ferri-
te–martensite interface before coalescence. Cracks, on the other hand, 
are sharp, open discontinuities that either initiate independently at 
phase boundaries or form through the coalescence of multiple voids. 
This definition was consistently applied during image analysis, DIC 
correlation, and interpretation of damage progression. Crack propaga-
tion, as used in this study, refers to the evolution and extension of both 
initially nucleated cracks and those formed by coalescing voids under 
progressive deformation. The observed tensile SEM images were then 
correlated with finite element (FE) calculations for a comprehensive 
assessment of deformation and failure mechanisms.

FE simulations were performed in ABAQUS version 2018, the version 

Fig. 1. SEM image of undistorted DP1000 steel with subset size.

Fig. 2. In-situ mechanical test under SEM (a) Tensile test specimen geometry 
[11], (b) CamScan SEM image of tensile specimen, (c) Bend test specimen ge-
ometry [36], (d) Deben micro bending stage mounted, and (e) CamScan SEM 
image of bend test specimen.
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available at the University of Sheffield. Although newer versions are 
available, the fundamental algorithms for reduced-integration elements, 
hourglass control, and continuum damage modeling employed in this 
study remain consistent. Verification and validation procedures, 
including mesh convergence studies, calibration of phase-specific ma-
terial properties, and comparison with experimental DIC and 
load–displacement data, were conducted to ensure accuracy, robustness, 
and reproducibility of the simulations.

Fig. 3 illustrates the workflow for generating stress maps from the 
obtained microstructure using MATLAB and Abaqus software 
[27,44,45]. The process begins by dividing the SEM microstructure 
images into subset windows using MATLAB code, as shown in Fig. 1, and 
converting them into black-and-white images using the Chalon window 
technique [46]. The code partitions the image into smaller segments and 
transforms each segment into a square unit consisting of four nodes. For 
the FE simulation, a linear quadrilateral element (CPS4R) with a two- 
dimensional (2D) meshing approach was employed. The elastic 
modulus values for ferrite and martensite were set at 198 GPa and 182 
GPa, respectively, with a Poisson’s ratio of 0.3 for both phases [47–50]. 
Boundary conditions were derived from DIC results, and a MATLAB 
script was used to define the stress domains, which were subsequently 
imported into Abaqus for simulation.

The DIC analysis provided displacement values in the X and Y di-
rections, along with corresponding coordinates, for the entire image. 
However, since the region of interest was the SEM image, the MATLAB 
code extracted only the displacement data corresponding to this specific 
area. These extracted displacements were then assigned as boundary 
conditions for the analyzed region. In Abaqus, stresses are computed at 
integration points within each element and subsequently extrapolated to 
the nodes for visualization and averaging. In this study, the nodal stress 
values refer to these extrapolated results rather than stresses directly 
computed at the nodes. The finite element model incorporates a greater 
number of elements than the available subsets of DIC results. This im-
plies that multiple nodes within the FE model correspond to the interval 
between two DIC data points. There are seven nodes situated between 
consecutive DIC data points, as depicted in Fig. 4. The MATLAB script 
also allowed specification of the model nodes where the DIC displace-
ment results were to be applied.

Two sets of microstructural simulations were performed based on the 

boundary condition application method. In the first set, all nodes in the 
model were assigned X and Y displacements, resulting in a fully con-
strained simulation intended to closely replicate the actual deformation 
of the analyzed region. This approach assumes a perfectly cohesive 
interface between ferrite and martensite. In the second set, boundary 
conditions were applied only to the edges of the simulated microstruc-
ture, with displacement values along these edges extracted and inter-
polated from the DIC data. The remaining nodes were left free to deform 
according to their respective phase properties. The average stress for the 
analyzed microstructure was then calculated using Eq. (1). 

σ = 1
V
∫

V
σ dV (1) 

where σ is the stress average, V is the total area of the microstructure 
model, and σ is the stress computed at every node after extrapolation 
from the integration point. Subsequently the microstructure was 
modeled on the sample surface, where the out-of-plane stress is negli-
gible, the simulation was performed under a two-dimensional plane 
stress condition with a unit thickness [51–53]. The volume integration 
in the original formulation is therefore appropriately converted to an 
area integration, consistent with the 2D analysis. The Maximum prin-
cipal stress was averaged over all elements in the mesh using equation 
(1). The resulting stress distributions were then analyzed to correlate 
with damage initiation and propagation mechanisms in DP 1000 steel, 
providing insights into its mechanical behavior under loading 
conditions.

2.2. Continuum damage modeling of DP1000

To understand plastic work hardening and improve void growth 
prediction, GTN-based damage modelling was calibrated via FE simu-
lations and validated against the in-situ SEM tensile test geometry 
[28,31,35,36]. In this research, the continuum damage modelling (GTN 
model) involves modelling the deformation of a macroscopic specimen 
until the point of fracture is reached. The GTN model is simulated using 
Abaqus software based on Eq. (2) [54–57]. The yield of ductile fracture 
can be expressed as follows: 

Φ =
σ2

eq
σ2y

+2fq1f *cosh
(q2

2
σkk
σy

)

−1− q3f *2 = 0 (2) 

where q1, q2 and q3 are the damage parameters, in most materials, the 
constant q1 ranges from 1.0 to 1.5, and q2 equals 1.0 [29,30,33,56–58]. 
σkk is the stress-tensor trace, σy is the yield strength, and σeq is the von 
Mises equivalent stress (see Eqs. (3)–(6)) [54,55]. In this formulation, 
the von Mises equivalent stress (σeq) which is integrated over the domain 
to obtain a representative measure of the average stress state. The use of 
von Mises stress is justified as it provides a scalar quantity that char-
acterizes yielding in ductile metals and allows meaningful comparison 
between experimental and numerical results. 
σkk = σ1 + σ2 + σ3 (3) 

σeq =
̅̅̅1
2

√

[

(σ1 − σ2)2 +(σ2 − σ3)2 +(σ3 − σ1)2
]

(4) 

f = 1− r (5) 

r = Vm
Vt

(6) 

Where f is the current void volume fraction, f* effective void volume 
fraction, Vm is the matrix volume and Vt is the total volume of the ma-
terial. The failure model must effectively define the material behaviour 
up to the point of fracture. In the case of f = 1, the material is made up of 
voids only, and rupture will occur. For f = 0, the material is completely 
dense, and Eq. (7) of the yield can be redrafted as: Fig. 3. FE simulation methodology flowchart.
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Φ = (σeq
σy

)2 − 1 = 0 (7) 

which shows that the undamaged material is a von Mises material. 
Needleman and Tvergaard [57] studied void coalescence and introduced 
the multiplicative fraction δ, which predicts the acceleration rate of the 
void growth through the effective porosity. The effective porosity f* can 
be defined as follows: 

f* =
{ f , f < fc

fc + δ(f − fc), otherwise (8) 

where fc is the critical porosity at which the void begins to coalesce; fc 
and δ can be identified through experimentation [57]. A simple 
phenomenological foundation can be presented for void nucleation in 
strain-controlled nucleation, and can be expressed as Eq. (9). 
ḟn = Anṗ (9) 

where An is the strain-controlled nucleation and depends on the 
parameter p, which denotes the plastic strain as in Eq. (10). 

An = fn
sn

̅̅̅̅̅̅2π
√ exp

(

−1
2
(p − εn

sn

)2)

(10) 

This relationship illustrates certain parameters. fn denotes the inclusion 
volume fraction of void which can be nucleated; εn denotes the strain 
where 50 % of the particles are broken; sn denotes the standard deviation 
of the nucleation strain. Validation is performed by comparing the 
model prediction against the load–displacement curve in the tensile test 
carried out in the SEM. The true stress–strain curve for DP1000 was 
obtained experimentally from tensile testing. It was introduced into the 
Abaqus software to simulate the tensile deformation of SEM specimens. 
Plastic deformation and damage were simulated using the Gurson 
damage model, and the linear C3D8R element type was implemented for 
the meshing as shown in Fig. 4 (b).

For the situ tensile test modelling, the boundary conditions were 
such that the two bottom holes of the sample as shown in Fig. 2(a) and. 
Fig. 4 (b) were fixed in all directions except for the rotation around the Z 
axis (because it is an out-of-plane axis), which was designed to stimulate 
boundary conditions in the application of a real test through an 

experiment, whereas the two top holes were fixed in the horizontal and 
out-of-plane directions (X and Z axes). Afterwards, a linear speed (0.001 
mm/s) was utilised in the Y direction to recreate the conditions in the 
actual experiment. As the speed was low, the model could be run in a 
quasi-static state. The model was discretised using linear 3D C3D8R 
solid elements. Since reduced integration elements were employed, 
Abaqus’ enhanced hourglass control was utilized to prevent non- 
physical zero-energy deformation modes, ensuring numerical stability 
while accurately capturing local stress and strain fields. Mesh refine-
ment was applied in critical regions expected to experience high-stress 
gradients, such as around the holes and near the gauge section, to 
accurately capture local stress concentrations. Coarser elements were 
used in less critical regions to reduce computational cost. A mesh 
convergence study was performed to confirm that the simulation results, 
including local stress and strain distributions, were independent of 
element size. Critical regions with high stress gradients, such as around 
holes and the gauge section, were refined to accurately capture stress 
concentrations, while coarser elements were maintained in regions of 
lower gradients to optimize computational cost. The mesh convergence 
study was performed to confirm that the simulation results, including 
local stress and strain distributions, were independent of element size. 
Critical regions with high stress gradients, such as around holes and the 
gauge section, were refined to accurately capture stress concentrations, 
while coarser elements were maintained in regions of lower gradients to 
optimize computational cost. The mesh convergence studies were per-
formed to ensure that the results were independent of element size. The 
finite element model was validated by comparing global 
load–displacement responses, local strain distributions from DIC, and 
observed fracture locations. The close agreement between experimental 
and numerical results confirms the reliability and physical accuracy of 
the simulations.

Fig. 4 illustrates the overall mesh, and the refined regions have been 
included to provide a clear visual representation of the meshing strat-
egy. Therefore, to model the material behaviour of the softening part, 
the static analysis was also used in Abaqus/CAE. The parameters of the 
Gurson model, q1 and q2 , were recommended by [56] to obtain the best 
match for the experimental load–displacement curves of the typical 
materials. The void nucleation parameters fn, εn and sn were selected 
according to the Abaqus manual for typical materials [44].

Fig. 4. (a) Demonstrates the node numbers in the microstructure model located between the DIC points. (b) Finite element model of the SEM tensile sam-
ple geometry.
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3. Results

3.1. In-situ tensile behaviour and microstructural evolution in Dual-Phase 
steel

In-situ SEM images were captured during the tensile test by inter-
rupting the extension every 0.05 mm to understand the damage phe-
nomenon of DP steel, including local deformations, damage initiation, 
and propagation to the point of specimen fracture, as represented in 
Fig. 5.

(i) Localized Plastic Deformation
Fig. 5 (A) and (B) show micrographs capturing the early stages of 

plastic deformation in the material, with an applied strain of 0.11 Ɛ and 
0.18 Ɛ, respectively. At this stage, localized deformation is evident, 
particularly within large ferrite grains (Fig. 5 (B)), which contrasts with 
smaller ferrite regions trapped between islands of martensite. Notably, 
the ferrite phase begins to deform before any cracks appear in the 
martensite. The localized plastic deformation is initially concentrated in 
the ferrite and martensite phases. As strain progresses, Fig. 5 (C) and (D) 
illustrate how this localization leads to the development of damage, with 
the strain reaching approximately 0.35 Ɛ at the point of failure. The 
enlarged regions in these figures highlight the proliferation of plastic 
deformation within both the ferrite and martensite phases, with the 
most intense deformation occurring in the larger ferrite regions (marked 
by ovals in Fig. 5 (A-D)). This intense localized deformation eventually 
causes the separation of martensite islands, particularly visible in the 
rectangular and oval regions of Fig. 5. (C) and (D). The SEM analysis of 
the microstructure reveals void nucleation in DP1000 steel, primarily 
occurring in the ferrite phase near the ferrite-martensite interface 
following significant plastic deformation. As deformation continues, 
damage propagation leads to cracking in the martensite phase. Fig. 5
(C’) highlights instances of void development near martensite islands as 
strain increases. Void initiation is visible in Fig. 5 (C’) at a strain of 0.3 Ɛ, 
with damage spreading into the adjacent ferrite phase, where the now- 
separated martensite island is located. The following sections provide a 
detailed explanation of these deformation and damage mechanisms.

(ii) Inspection of martensite cracks and ferrite voids.

According to Rashid [59] and Tasan et al. [60], damage in the 
martensite phase is typically induced by high stress, while damage in the 
ferrite phase is primarily driven by high strain. The current analysis 
reveals martensite cracking occurring at different stages across the 
microstructure. Fig. 6 provides stress–strain data, showing an inter-
ruption every 0.05 mm of extension to track microstructural deforma-
tion and martensite cracking until failure.

The observed damage mechanisms include: 

• Martensite cracking (Crack 1): Martensite deformed until cracks 
formed, with a global strain of 0.0486 Ɛ and stress of 1020.5 MPa just 
before crack initiation, as shown in Fig. 6 (a).

• Ferrite deformation near martensite cracking (Cracks 2 and 3): 
Ferrite deformed near the martensite crack at a strain of 0.11 Ɛ and 
stress of 1050.8 MPa before UTS, leading to crack 3 after the UTS at a 
strain of 0.13 Ɛ and stress of 1053 MPa (see Fig. 6 (b) and (c) 
respectively).

• Void formation in ferrite: Large deformation in the ferrite phase near 
the ferrite-martensite interface led to void nucleation (Crack 4), with 
stress at 892 MPa and strain at 0.3 Ɛ (see Fig. 6 (d)).

These mechanisms demonstrate that martensite cracking can occur 
at low strain levels (mechanism 1) but typically follows significant strain 
localization at or near the interface (mechanism 2). Mechanism 3, 
involving martensite cracking after large strain in ferrite, was rarely 
observed. Cracks formed between strain values of 0.05 Ɛ and 0.3 Ɛ, with 
failure occurring at a strain of 0.35 Ɛ. Notably, voids in the ferrite phase, 
which are rarely reported in tensile testing, were observed in this study. 
These voids formed under high global strain rates, eventually propa-
gating to cause martensite cracking. The first void, initiated at a global 
strain of 0.26 Ɛ, was surrounded by martensite, while a second void 
grew with limited propagation before final fracture.

(iii) DIC Analysis: Strain Distribution
Continuous DIC analysis was employed to track deformation and 

damage evolution within the microstructure. Fig. 7 shows the strain 
distribution (Exx – Lagrangian strain, along the tensile axis) super-
imposed on the deformed SEM micrographs. Early plasticity was 

Fig. 5. In-situ tensile test and microstructure analysis under SEM.
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detected in the ferrite phase at a global strain of 0.01, forming localised 
deformation bands (Fig. 7 (A) and (B)). Peak local strain values of ~ 
0.018 were initially observed in ferrite, while martensite remained 
mostly undeformed, except where adjacent to localised highly strained 
ferrite regions, as shown in Fig. 7 (O).

At UTS (1053 MPa, global strain 0.13 Ɛ), Fig. 7(A’) reveals intense 
strain localisation in ferrite-dominated areas (areas 1 and 3), with 
maximum strains up to 0.3 Ɛ. Strain maps at higher strains (0.18 Ɛ and 
0.33 Ɛ global strain, Fig. 7 (B) and (C)) show the intensification of 
deformation bands, with ferrite reaching localised strains of 0.55 Ɛ and 
up to 2.5 Ɛ before final fracture. Martensite generally exhibited lower 
strain (~ 0.1), reflecting significant strain heterogeneity between and 
within phases. Notably, deformation bands initiated in ferrite propa-
gated across martensite, often serving as precursors to crack formation. 
The strain frequency distribution at UTS was obtained from combined 
DIC mapping and FE simulations using MATLAB and Abaqus (Fig. 8(a) 
and 8(b)). These results show that ferrite and martensite exhibit similar 
average strains (0.11 and 0.10, respectively) and comparable hetero-
geneity. However, localized strain analysis (Fig. 8(c)) reveals that ferrite 
consistently accommodates slightly higher local strains, especially near 
ferrite–martensite interfaces, where geometric and mechanical in-
compatibilities induce stress concentrations that promote void nucle-
ation and early-stage damage.

This localized strain accumulation in ferrite, particularly after UTS, 
indicates that ferrite deformation dominates microstructural damage 
initiation, even when average strains appear similar across phases. 
These observations demonstrate that average strain alone can underes-
timate the role of microstructural heterogeneities and emphasize the 
need for spatially resolved strain analysis to accurately capture damage 

mechanisms. The results provide an automatous link between micro-
scale strain localization and macroscopic fracture, highlighting the 
critical role of ferrite–martensite interactions in the overall failure 
process of dual-phase steel.

(iv) DIC Analysis: Martensite Microcracking and Ferrite Void 
Nucleation

Fig. 9 presents strain maps immediately before martensite fracture. 
The first crack nucleated at a local strain of 0.088, close to the region of 
highest strain. Most martensite cracks, such as crack 4, originated 
adjacent to high-strain ferrite zones near the ferrite–martensite inter-
face, with local strains ranging from 0.33 to 1.48. It is important to note 
that the maxima represent localized peaks in strain distribution rather 
than the exact locations where cracks initiate. For instance, cracks 2 and 
4 were observed to initiate at intermediate strain values (0.15–0.2), 
which are lower than the absolute maxima indicated in the red regions 
of the DIC strain maps on the SEM microstructure images. This 
distinction emphasize that fracture initiation is influenced not only by 
peak strain but also by local microstructural features, strain gradients, 
and phase interactions, particularly near ferrite–martensite interfaces, 
where mechanical incompatibilities promote void nucleation and early- 
stage damage.

Despite increasing global strain, the majority of martensite fractures 
initiated when local strains reached 0.15– 0.33. Ferrite void formation 
was also strain-mapped, consistently nucleating at localised strain 
values of ~ 1.04, adjacent to martensite regions. Strain fields (Fig. 7) 
showed that deformation bands, once formed, remained stationary. 
Eight out of twelve martensite cracks initiated at these persistent high- 
strain sites, highlighting the critical role of ferrite strain localisation in 
martensite fracture. Fig. 10 (a) shows a clear trend of increasing local 

Fig. 6. Martensite cracks and void formation mechanism at different strain (a) 0.0486 Ɛ, (b) 0.11 Ɛ, (c) 0.13 Ɛ, (d) 0.3 Ɛ.
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Fig. 7. In-situ Tensile Test DIC analysis at different strain values: (O) Origin of plastic deformation in ferrite region at 0.01 Ɛ, (A) 0.11 Ɛ, (A’) 0.13 Ɛ, (B) 0.18 Ɛ, and 
(C) 0.33 Ɛ just before failure.

Fig. 8. Strain values histogram (a) Ferrite phase, (b) Martensite phase, and (c) Evolution of strain partitioning between ferrite and martensite.
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strain correlating with global strain at martensite fracture initiation, 
primarily around the UTS. Similarly, Fig. 10 (b) links global stress levels 
with local strain values at cracking sites, confirming that martensite 
failure is predominantly strain-driven and occurs near peak global 
stress. Fig. 10(b) reveals that most data points cluster at high global 
stress levels (~1000–1060 MPa) with relatively low strain (~0–50), 
while a smaller subset exhibits markedly higher strain (100–150) at 
lower stress (~880–900 MPa). This distribution emphasizes the critical 
role of strain localization and microstructural heterogeneities in gov-
erning martensite cracking and indicates that, in the present study, 
martensite fracture is largely strain-driven.

This strain-driven mechanism contrasts with earlier works that 
identified high local stress concentrations as the primary trigger for 
martensite cracking in dual-phase steels [1,6]. It underscores the 
importance of local strain accumulation and heterogeneous plastic 
deformation within martensite, as also highlighted in microscopic DIC 
and EBSD-based strain mapping studies [11,18]. Such insights have 
significant implications for constitutive modeling: rather than relying 
solely on global stress thresholds or stress triaxiality, predictive models 
may need to explicitly incorporate strain localization and microstruc-
tural constraints [8,38,39]. The divergence from stress-driven fracture 
reported in prior studies may arise from variations in ferrite–martensite 
morphology, phase connectivity, and volume fraction [61], as well as 
experimental factors such as strain rate sensitivity [13,16], loading 
mode, and testing temperature [2,5]. Situating these findings within the 
broader literature highlights that both stress- and strain-driven 

mechanisms can operate depending on microstructural and testing 
conditions, and the present results extend this understanding by 
demonstrating a scenario in which strain accumulation dominates 
martensite failure.

(v) FE Simulation Analysis.
The deformation and damage mechanisms in DP1000 during in-situ 

SEM tensile testing were further analysed using modelling analysis. FE 
simulations, performed in Abaqus, provided stress distribution data 
across the ferrite–martensite microstructure that could not be directly 
measured experimentally. Microstructure-based modelling focused on 
crack initiation in martensite and void nucleation in ferrite.

The accuracy of the simulations depends on the mesh size and cor-
responds to the subset (square) size used to discretize the SEM images. It 
was therefore vital to study how the subset size affected the resolution of 
the geometry phases, as simulated in the finite element model, in 
particular, how this would affect the microstructure simulation results. 
A fine mesh size would provide microstructure simulation results that 
would match the experimental results best. However, when the element 
size was small, the FE microstructure shape deformation was indeed 
very close to that included in the experimental results.

Fig. 11 represents how changing the subset size, discretising the SEM 
image, affected the resolution of the image itself, and Fig. 12 details the 
effect on the resolution of the phase geometry, as simulated in the finite 
element model. A mesh size corresponding to 1 pixel in the image was 
selected for this study.

A mesh convergence analysis was further conducted on the 

Fig. 9. Strain distributions to the onset of the martensite cracking (a) Crack 1, (b) Crack 2, (c) Crack 3, and (d) Crack 4 mechanism.

Fig. 10. (a) Global strain value vs local DIC strain values, and (b) Global stress value (MPa) vs the local DIC strain value.
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Fig. 11. Effect of the subset size on the image resolution: (a) 8 x 8 pixels, (b) 5 x 5 pixels, and (c) 1 square pixel.

Fig. 12. (a) Area of the microstructure highlighted by the red rectangle in Fig. 11 (c), (b) Mesh corresponding to a 5 x 5 pixels subset size, and (c) 1 pixel subset size. 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 13. (a) Five-pixel model showing the maximum principal local strain distribution, (b) One-pixel element size showing the maximum principal strain distri-
bution, (c) SEM image with a black line indicating the location where the strain distribution was measured, (d) Plot of the maximum strain along the black line.
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microstructure models, with boundary conditions applied at the edges, 
to compare their mechanical response with experimental results. Local 
strain was evaluated along a measurement line drawn from martensite 
toward ferrite (Fig. 13). It was found that an element size corresponding 
to one pixel provided higher resolution and a smoother strain distribu-
tion than five pixels, indicating that the results were sufficiently mesh- 
independent. These observations are consistent with prior work 
showing that martensite size and morphology strongly influence strain 
distribution and micro-damage evolution in DP steels, particularly when 
comparing segregation-neutralised and banded grades [62]. Addition-
ally, hourglass control was implemented in Abaqus to prevent zero- 
energy modes in the reduced integration elements (CPS4R), ensuring 
stable and physically meaningful deformation results. V&V efforts were 
also carried out using the FE simulations were systematically checked 
for mesh dependency, element size effects, and convergence of stress/ 
strain distributions. Comparison of numerical results with experimental 
flow curves and DIC strain maps confirmed the accuracy of the model 
and its predictive capability for local stress, strain, and damage 
evolution.

The flow curves for the martensite and ferrite phases had to be 
adjusted to correspond to the literature, to minimise the error between 
the simulation and experimental results [27]. Microstructure simulation 
was undertaken to calibrate the phase properties for this work. The 
Poisson ratio for both phases was 0.3, and the moduli for elasticity were 
182 GPa for the martensite and 198 GPa for the ferrite. The SEM image 
shown in Fig. 1 was used for the purposes of the simulation. Global strain 
values of 0.017, 0.032, and 0.048 were utilised because no damage was 
observed at the level of applied strain located before the UTS.

The flow curves for the martensite and ferrite were adjusted by 
minimising the difference between the computed (see equation (1) for 
the computation of the average stress) and measured flow stress values 
[27]. Fig. 14 details the curves adjusted for the ferrite and martensite 
phases that resulted from this calibration procedure, and Table 2 reports 
the error values between numerical and experimental flow stress values. 
The minimum error was found to be 1.08 %.

It is important to note that, although the in-situ SEM tests included 
multiple interruptions during loading to capture microstructural evo-
lution, the finite element (FE) simulations were conducted continuously 
without explicit pauses. To reconcile this difference, the FE results were 
extracted at strain levels corresponding to the experimental interruption 
points, providing a consistent framework for meaningful comparison 
between experimental and numerical observations. The results in 
Table 2 reveal that there is an acceptable error between the true 
experimental stress and the average stress from the simulation. The 
adjusted flow curves were therefore used in subsequent simulations to 
analyse stress distributions at the onset of damage to the microstructure. 
The next step concerning the microstructure simulations was to check 
that the displacement vectors measured through DIC were correctly 

transferred as boundary conditions for the finite element simulations 
describing the deformation of the microstructure aimed at analysing the 
onset of damage nucleation. Strain distributions were measured by DIC 
and predicted with the finite element model and then compared. Fig. 15
shows this comparison, and Table 3 shows the error between the 
experimental DIC strain and the simulated strain values for particular 
locations on the maps. The level of error associated with the maximum 
strain value was 3.1 %, which is considered acceptable.

After verification of the strain results, FE simulations were conducted 
to assess the stress distributions in the martensite and ferrite phases of 
DP1000. These simulations aimed to analyse the local stress resulting in 
damage to the microstructure.

The image selected for this study was captured prior to the appear-
ance of the first, second, and third cracks in the martensite. This made it 
possible to analyse the local stress values before the onset of the 
martensite cracking phase. The microstructure analysis corresponded to 
a global strain value of 0.048. The analyses then continued for a small 
area, including about six cracks within the martensite region. SEM ob-
servations identified a small area where six martensite cracks developed 
during deformation (Fig. 16 (a)). Experimental DIC results showed that 
cracking often correlated with high local strain regions in ferrite. Fig. 16
(a) presents the experimental strain map at a global strain of 0.11, with 
black lines marking martensite cracking sites, while Fig. 16 (b) shows 
the simulated maximum principal stress distribution, with high-stress 
areas highlighted.

Cracks typically initiated in martensite regions experiencing 
maximum principal stresses up to 1783 MPa, though not all high-stress 
regions resulted in cracking. Stress distributions were also analysed for 
ferrite void nucleation. Experimentally, voids initiated at global strains 
of 0.26–0.3, corresponding to local strains of 0.75–1.41 as tabulated in 
Table 4. Fig. 16 (c) shows an example of a ferrite void and its associated 
stress field before void nucleation. Voids consistently formed in regions 
of elevated stress, with maximum principal stresses ranging between 
915–990 MPa (refer to Table 4).

(vi) GTN modelling and stress–strain Analysis.
FE modelling was presented to study the deformation and damage 

behaviour of dual-phase steel. The damage modelling was conducted 
using the GTN model, with the model parameters calibrated using FE 
simulation. Furthermore, validate the model against the in-situ tensile 
specimen geometry for the test conducted in SEM. The predictability 

Fig. 14. (a) Adjusted stress–strain curves for both phases from finite simulations of the microstructure, (b) Applied strain values selected for calculated errors re-
ported in Table 2.

Table 2 
Percentage error between the experimental true stress and averaged simulation 
stress for applied displacements selected before the appearance of the first crack.

Applied strain 0.017 0.032 0.048
SEM true stress (MPa) 1110 1138 1170
Average simulation stress (MPa) 1098 1107 1133
Error % 1.08 2.7 3.16
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capacity of the Gurson model with q parameters calibrated with the SEM 
tensile geometry was then tested for validation purposes against the load 
displacement curve recorded during the in-situ tensile test inside the 
SEM. The standard deviation and volume fraction for the FE GTN sim-
ulations are Sn = 0.06 and fn = 0.05. The mean value in the continuum 
GTN model is εn = 0.3,. Close agreement is observed here, thereby 
validating the previously identified parameters as represented in 
Table 5. Furthermore, Fig. 17 shows that an even closer match can be 
achieved when adjusting the value of the mean and volume fraction 
parameters while keeping the q parameter values constant (q1 = 1.6, q2 
= 1.1, and q3 = 2.56).

The comparison in Table 5 indicates that the q1 and q2 parameters 
obtained from the SEM-based calibration are slightly higher than those 
from the general GTN model, suggesting a marginally greater influence 

of stress triaxiality in the SEM-tested geometry. Similarly, the higher fn 
and Sn values for the SEM calibration reflect a broader distribution and 
higher initial volume fraction of void nucleation sites, which can be 
attributed to the localized stress and strain fields captured during in-situ 
testing. In contrast, the identical εn value in both cases implies that the 
average strain for void nucleation remains consistent, regardless of the 

Fig. 15. Strain distributions for (a) Experimental, and (b) Modelling results.

Table 3 
Error between experimental and simulation strain values.

Experimental strain 
(DIC)

25 22.5 20 17.5 15 12.5

Simulation strain 24.22 21.74 19.2 16.79 14.31 11.84
Error (%) 3.11 3.35 3.65 4.04 4.55 5.27

Fig. 16. FE simulation (a) Martensite crack strain values, (b) Maximum principal stress in the crack region, and (c) Maximum principal stress before void initiation.

Table 4 
Ferrite void initiation.

Void 
number

Global strain 
value

Local strain 
value

Local stress value 
(MPa)

1 0.26 104 % 921
2 0.26 104 % 923
3 0.3 141 % 990

Table 5 
Comparison of GTN and SEM parameters.

Parameters q1 q2 fn εn sn

GTN 1.5 1 0.04 0.3 0.05
SEM 1.6 1.1 0.06 0.3 0.06
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calibration approach. These differences highlight the importance of 
geometry-specific calibration for improving the predictive accuracy of 
the GTN model, particularly when simulating microscale experiments 
such as in-situ SEM tensile tests.

In the context of fracture analysis, it is essential to clearly define the 
stress and strain components discussed. In this work, the analysis focuses 
on maximum principal stress, maximum principal strain, and stress 
triaxiality, as these parameters are directly related to fracture initiation 
in ductile metals. The maximum principal stress identifies critical tensile 
regions prone to crack initiation (Figs. 5 and 17), while the maximum 
principal strain highlights zones of large plastic deformation. Stress 
triaxiality, representing the ratio of mean stress to equivalent von Mises 

stress, is a key factor in controlling void growth rates and is directly 
embedded in the GTN formulation.

Figs. 5 and 17 illustrate that regions exhibiting elevated maximum 
principal stress and strain, combined with high stress triaxiality, coin-
cide with experimentally observed fracture initiation sites (Figs. 5 and 
17). This correlation confirms that the GTN model does not merely fit 
the global load–displacement curve but also captures the local stress–-
strain state leading to fracture, validating its physical significance.

3.2. In-situ bending behaviour and microstructural evolution in Dual- 
Phase steel

To overcome the limitations of the SEM tensile test, a three-point 
bending setup was employed using a custom specimen geometry 
(Fig. 2) designed to promote surface cracking for SEM observation 
(Fig. 18). The test was interrupted every 0.25 mm to capture SEM images 
for DIC-based strain analysis.

(i) Localized Plastic Deformation
Fig. 18 presents a low-magnification view showing surface cracks 

under maximum tensile stress. A localized region (blue rectangle) was 
analysed to study damage development relative to strain distribution. 
The initial image (Fig. 18(o)) highlights the undeformed region where 
deformation bands later appeared. At 1.5 mm displacement (Fig. 18 (a)), 
early ferrite deformation was observed (blue circles), with two defor-
mation bands forming (oval red shapes), initiated at the locations 
marked by the black arrow. As displacement increased to 1.75 mm 
(Fig. 18 (b)), deformation became more localized, indicating the onset of 
damage. Final deformation before fracture is shown in Fig. 18 (c).

In both tensile and bending tests, plastic deformation in DP1000 steel 
initiated primarily in the ferrite phase due to its higher ductility. How-
ever, in the tensile test, strain localisation developed early and more 
uniformly across the gauge section, forming distinct 45◦ deformation 
bands. In contrast, the bending test showed strain localisation confined 

Fig. 17. Simulation results of the best adjustment curve for GTN parameters 
compared with experimental results.

Fig. 18. In-situ Bending test (o) No load expected deformation of lines X and Y, (a) Initial deformation of both lines (black and red arrows), early deformation in the 
ferrite phase (blue rectangle and circles) and the continuation of deformation (black squares), (b) Continuation of deformation mechanism, (c) Stage before final 
fracture. (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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near the tensile surface, driven by the through-thickness stress gradient. 
While tensile loading led to widespread damage and higher peak local 
strain values (up to 2.5), the bending test exhibited more surface- 
focused damage, with deformation bands forming later and progress-
ing more gradually. Despite these differences, both tests confirmed that 
ferrite–martensite interfaces are critical zones for crack initiation.

(ii) Inspection of martensite cracks and ferrite voids.
Analysis of the bending test revealed the formation of martensite 

cracks at multiple locations within the region studied using Digital 
Image Correlation (DIC). These cracks likely originated either from se-
vere plastic deformation of the surrounding ferrite or directly within the 
martensite due to localized stress concentration. The sequence of 
martensite cracking during ductile bending, along with the corre-
sponding load-extension behaviour, is illustrated in Fig. 19.

The first crack (Crack 1) appeared at a displacement of 1.25 mm, 
where a martensite region cleaved into two segments before reaching 
the peak load of 295 N (Fig. 19 (a)). This initial fracture was followed by 
Cracks 2 and 3, which were triggered by localized plastic deformation in 
the ferrite adjacent to martensite. Crack 2 initiated at 1.75 mm under a 
load of 298 N, while Crack 3 occurred at 2.0 mm and 297 N (Fig. 19 (b) 
and (c)), indicating that strain localization in ferrite contributed to the 
subsequent failure of martensite. As deformation progressed, Crack 4 
emerged at 2.25 mm and 294 N. This event was characterized by the 
coalescence of two deformed ferrite regions near a previously fractured 
martensite zone, forming a new microcrack (Fig. 19 (d)). Subsequently, 
Crack 5 developed at the maximum extension of 2.5 mm under a load of 
292 N. It resulted from the propagation of a microcrack, initially formed 
in the ferrite, which extended into the martensite and caused its failure 
(Fig. 19 (e)). Finally, Crack 6 occurred beyond the peak load, at a 
displacement of 3.0 mm and a reduced load of 285 N. Like the previous 
event, it originated as a microcrack in the ferrite and propagated into the 
martensite (Fig. 19 (f)). Collectively, these observations emphasize the 
progressive nature of damage evolution under bending and highlight the 
coupled role of ferrite plasticity and martensite fracture in crack initi-
ation and growth.

(iii) DIC Analysis: Strain Distribution
The damage evolution and local deformation behaviour observed 

during the bending test were further evaluated using DIC. Strain dis-
tribution was calculated in the Y-direction, which corresponds to the 
tensile axis in the bending specimen. This section presents the spatial 
development of strain across the microstructure. Fig. 20 (a) shows the 
strain distribution map at a displacement of 1.5 mm. At this stage, the 
maximum localized strain of approximately 0.32 was observed in the 
ferrite phase, as indicated by the arrows. In contrast, the martensite 
islands exhibited significantly lower strain, consistent with their higher 
strength and lower ductility. As deformation progressed to 1.75 mm, 
strain localization became more pronounced, particularly in groups of 
microstructures as shown in Fig. 20 (b). The arrows highlight two 
distinct lines of elevated strain values, where martensite cracking and 
ferrite void formation were expected to occur, correlating with the 
fracture events discussed earlier (see Fig. 19).

The peak strain further intensified in the ferrite phase, eventually 
reaching up to 1.3 just before damage initiation. Fig. 20 (c) presents the 
strain map at a displacement of 5.5 mm, immediately before final 
fracture. Throughout the test, localized strain remained concentrated in 
specific ferrite regions, indicating persistent deformation in these zones. 
Notably, EYY, the Lagrangian strain component along the Y-axis (vertical 
in the images), clearly shows how strain accumulated in ferrite areas. 
This strongly suggests that ferrite plays a dominant role in accommo-
dating plastic strain and initiating damage. The results confirm that high 
strain localization originated in the ferrite phase and progressed until 
final fracture. Consequently, ferrite is likely the controlling phase in 
damage evolution for DP1000 steel under bending.

(iv) DIC Analysis: Martensite Microcracking and Ferrite Void 
Nucleation

To complement the strain distribution analysis from DIC and the 
fracture sequence discussed earlier, high-magnification SEM imaging 
was conducted during the bending tests to gain detailed insight into the 
formation of martensite cracks and ferrite voids. These observations are 
summarized in Fig. 21, which illustrates local strain distributions at the 
onset of martensite cracking for cracks 1 through 6. Cracks 1, 2, and 3 
were initiated at local strain values of 0.21, 0.225, and 0.2, respectively 
(see Fig. 21 (a)–(c)). These strain levels correspond closely with the high 
localised strain regions in the ferrite phase identified earlier in the DIC 

Fig. 19. Martensite cracks mechanism at different displacement values (a) 1.25 mm (crack 1), (b) 1.75 mm (crack 2), (c) 2.00 mm (crack 3), (d) 2.25 mm (crack 4), 
(e) 2.50 mm (crack 5), and (f) 3.00 mm (crack 6).
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strain maps (Fig. 20), supporting the conclusion that ferrite deformation 
precedes and promotes martensite fracture. Crack 4, which occurred at a 
higher local strain value of 0.35 Ɛ (Fig. 21 (d)), resulted from the coa-
lescence of strain within two neighbouring ferrite zones. Interestingly, 
although crack 5 appeared at a higher global displacement, it formed 
under a lower local strain of 0.24 (Fig. 21 (e)), indicating the influence of 
localized microstructural features on crack propagation.

Crack 6 (Fig. 21 (f)) likely initiated in the martensite under the in-
fluence of a nearby microcrack in ferrite, where the local strain had 
reached a peak of 0.8. This is consistent with prior observations that 
localized strain in the ferrite phase accumulates and transfers stress to 
the adjacent martensite, eventually causing fracture. The accumulation 
of strain within ferrite regions plays a key role in triggering subsequent 
martensite cracking and overall failure under bending.

4. Discussion

4.1. Plastic deformation and GTN model

The mechanical response of DP1000 steel is characterized by a high 
UTS of 1070 MPa and a notable strain to failure of 0.36, as evidenced by 
the SEM-based tensile results shown in Fig. 5. In-situ tensile testing 
revealed substantial plastic deformation occurring at the microstruc-
tural level. As illustrated in Fig. 7, localized strain values reached up to 
2.5 in the ferrite phase and 2.2 in martensite before failure. These 
exceptionally high strain levels align well with prior studies by Ghad-
beigi et al. [18] and Rohaizat [63], corroborating the significant 
ductility exhibited by the martensite phase in DP1000—a feature that 
distinguishes this dual-phase steel from traditional high-strength steels. 
Complementary results from the in-situ SEM bending tests further 
confirmed high levels of plasticity within both phases, with maximum 
local strain values around 1.35 in ferrite and 0.90 in martensite (see 
Fig. 14). At the UTS point in the tensile test, the strain distribution map 

Fig. 20. In-situ Bending Test DIC analysis at different displacement values (a) 1.5 mm, (b) 1.75 mm, and (c) 5.5 mm.

Fig. 21. Strain distributions to the onset of the martensite cracking (a) Crack 1, (b) Crack 2, (c) Crack 3, (d) Crack 4, (e) Crack 5, and (f) Crack 6.
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(refer Fig. 8) displayed mean strain values of approximately 0.10 in both 
phases, again consistent with Rohaizat’s [63] findings.

Importantly, regardless of the testing geometry (tensile or bending), 
plastic deformation in DP1000 initiates within the ferrite phase. This is 
first evidenced by the emergence of localized deformation bands, as 
shown in Figs. 5 and 18, respectively. As loading continues, these bands 
expand and interconnect across ferrite-rich regions, concentrating strain 
and forming preferential pathways for damage evolution (Figs. 7 and 20, 
respectively). With increasing deformation, the concentrated plasticity 
in ferrite transmits stress to the adjoining martensite islands, leading to 
their eventual cracking or fracture. This progression confirms that while 
martensite plays a critical role in strengthening, the ferrite matrix gov-
erns the initiation and evolution of plastic deformation in DP1000.

The GTN model, which is commonly used to simulate the damage of 
ductile materials, was also applied to DP steels in the literature 
[27,30,61]. The GTN model was therefore selected for this work as it had 
been successfully applied to DP1000 previously [27]. Calibration of the 
damage parameters is commonly performed using an SEM specimen. 
From Table 5 and Fig. 17 model can provide a very good match with the 
experimental curves by adjusting the model parameters Sn, fn, εn,q1 , q2,
and q3. The validity of the damage model is assessed by comparing 
experimental load displacement curves with those obtained from model 
predictions, as reported in [25,26]. In the current investigation, the 
model was successfully validated against the load–displacement curve 
recorded during the in-situ tensile test with a specimen geometry 
designed to highly concentrate stresses in a very small gauge length to 
facilitate damage observations in the SEM, while ensuring compatibility 
with the maximum load capacity of the in-situ tensile stage.

4.2. Martensitic cracking and damage initiation

In-situ tensile and bending test results on DP1000 show that damage 
initiates at the microstructural level, typically beginning with 
martensite cracking near the UTS in tensile tests (Fig. 11) and at peak 
load during bending (Fig. 19). While martensite cracking can continue 
beyond these points, it is most frequent around the maximum force. 
Three main mechanisms were identified: (1) martensite cracking 
without notable ferrite deformation; (2) cracking preceded by signifi-
cant strain in ferrite; and (3) cracking triggered by nearby ferrite void 
formation (refer to Figs. 6 and 19, respectively). These mechanisms 
confirm martensite cracking as an early damage mode in DP1000, 
consistent with Alharbi [15,27,55] and Ghadbeigi et al. [18]. In addi-
tion, prior austenite grain boundaries (PAGBs) may influence martensite 
cracking indirectly by facilitating void nucleation in the surrounding 
ferrite phase. These boundaries can act as sites of local strain concen-
tration and microstructural incompatibility, leading to accelerated 
damage accumulation. The proximity of such voids to ferrite–martensite 
interfaces increases the likelihood of stress-driven martensite cracking. 
It is also recognized that crack propagation observed in the later stages 
of deformation includes contributions from coalesced voids, particularly 
within heavily deformed ferrite zones. This reinforces the transition 
from microvoid nucleation to crack formation as a continuum in ductile 
fracture behavior. DIC analysis revealed that martensite cracks initiated 
at local strain values ranging from 0.088 % to 1.43 in tensile tests and 
0.20 to 0.50 in bending, with most occurring between 0.15 and 0.45 
(Figs. 9 and 21, respectively). These values show a broader distribution 
than those reported in Rohaizat [63] due to variations in material heat 
treatments and larger sample sizes in this study. Finite three- 
dimensional finite element analysis (FEA) of representative volume el-
ements (RVEs) representing dual-phase (DP) steel microstructures 
demonstrated that martensite morphology strongly governs strain dis-
tribution, tensile strength, and damage evolution [24]. Integrating the 
experimental results into FE simulations to estimate stress states in re-
gions that are difficult to measure directly has been demonstrated in 
[22,25,26]. In this work, the finite element simulations supported a 
stress-driven mechanism, with cracks initiating at principal stresses 

around 1783 MPa, aligning with Alharbi et al. [27]. However, not all 
high-stress martensite regions cracked, suggesting that both stress and 
local microstructural context influence damage. Overall, martensite 
cracking is the earliest damage event but does not directly lead to fail-
ure. Cracks arrest at ferrite interfaces, and the final fracture is driven by 
extensive deformation and voiding in ferrite (Fig. 7), emphasizing fer-
rite’s dominant role in controlling fracture in DP1000.

4.3. Void nucleation in the ferrite phase

This study provides a detailed investigation into void nucleation 
within the ferrite phase of DP1000 steel during in-situ tensile testing, 
marking one of the first systematic reports of multiple void initiation 
events in ferrite. Voids were predominantly observed near the end of the 
test, close to the final fracture, which explains their limited presence in 
conventional studies that focus on earlier stages of deformation. Previ-
ous works, such as Ghadbeigi et al. [18], reported only a single occur-
rence of void formation. DIC revealed that voids nucleated at local strain 
levels between 0.75 and 1.40, in line with the 1.20 strain value from 
Ghadbeigi et al. [18] and ductile damage models. FE analysis showed 
that voids formed in regions with local stresses ranging from 915–990 
MPa, although not at the highest stress points. A void observed within a 
ferrite region constrained by martensite highlights the role of micro-
structural constraints in damage localization (Fig. 16). These results 
indicate that void nucleation in ferrite is primarily strain-driven, 
occurring after significant plastic deformation. However, void growth 
and coalescence could not be observed before specimen fracture [64].

4.4. Damage propagation

To investigate damage development in DP1000 steel, large crack 
growth was analysed using in-situ SEM bending tests on two specimens. 
The first was used for local strain analysis via DIC 
[10,11,17,18,26,27,62], while the second allowed full tracing of crack 
initiation and progression. In both tests, cracks were observed to initiate 
at the specimen edge, where maximum tensile stress arises during 
bending, and then propagate significantly across the surface. One 
example shown in Fig. 22 (a) – (c) crack propagation of 0.0168 mm 
before changing direction by 0.006 mm, with nearby void formation and 
microcracks indicating early damage accumulation in ferrite. The in-situ 
tensile test underscored limitations in capturing subsurface damage, as 
failure often initiates at mid-thickness and propagates toward the sur-
face, making surface-level tracking difficult. To overcome this, a 
bespoke specimen geometry with a slanted top surface (Fig. 2) was 
designed. This configuration successfully facilitated surface crack initi-
ation and propagation, allowing observation of damage mechanisms in 
the SEM.

A representative case (Fig. 20) confirmed that cracks initiated in 
ferrite, then interacted with local martensite clusters, which acted as 
obstacles, inducing significant plastic deformation ahead of the crack 
tip. As deformation increased, secondary cracks formed in the sur-
rounding ferrite and coalesced with the main crack. In both specimens, 
crack paths initially followed shear-dominated trajectories (~45◦ to the 
loading axis) and were later deflected by microstructural heterogene-
ities. One tracked crack propagated 0.446 mm at 45◦, followed by 0.068 
mm after reorienting (Fig. 22 (d) and (e)). This behaviour highlights the 
influence of stress redistribution and phase interactions on crack evo-
lution. The second bending test enabled stepwise tracking of damage 
development from nucleation in ferrite to coalescence and eventual 
fracture, demonstrating the effectiveness of the custom geometry in 
capturing crack growth dynamics in dual-phase steels.

5. Conclusion

This study comprehensively explored the damage initiation and 
propagation mechanisms in DP1000 steel using in-situ SEM-based 
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tensile and bending tests, complemented by DIC and FE analysis. The 
experimental approach provided high-resolution insights into local 
deformation and damage evolution in both martensite and ferrite pha-
ses, revealing the intricate relationship between microstructural het-
erogeneity and local stress–strain states that influence phase-specific 
damage behaviour and crack development. Some of the key findings 
from this study are as follows: 

• Plastic Deformation Initiation: Plastic deformation in DP1000 steel 
primarily initiates in the ferrite phase, with local strain values 
reaching up to 2.50 in ferrite and 2.20 in martensite during tensile 
loading. This highlights the high ductility of both phases and em-
phasizes the dominant role of ferrite in the deformation evolution 
process.

• Martensite Cracking: Cracking in martensite primarily occurs at fer-
rite–martensite interfaces under localized strain, with initiation 
observed at strain levels between 0.088 and 1.43 in tension and 0.20 
to 0.50 in bending tests. These cracks serve as critical sites for further 
damage evolution.

• Void Nucleation in Ferrite: Voids in ferrite nucleate primarily under 
high local strain (0.75–1.40) and moderate local stresses (915–990 
MPa), usually near fracture. Microstructural constraints, such as 
surrounding martensite islands, significantly influence the localiza-
tion of damage and void formation.

• FE Analysis Confirmation: The FE simulations using the GTN damage 
model results are closely aligned with the experimental findings, 
confirming that void nucleation in ferrite occurs in regions with local 
stresses of 915–990 MPa. This further substantiates the strain-driven 
nature of void formation, influenced by microstructural features.

• Crack Propagation Mechanisms: In-situ SEM tests with a custom 
specimen geometry revealed that cracks initiate in the ferrite phase, 
propagate through martensite islands, and follow shear-dominated 
paths (~45◦ to the loading axis). This crack propagation is accom-
panied by significant plastic deformation and secondary crack for-
mation, which highlights the role of microstructural heterogeneities 
and stress redistribution in crack evolution.

The integration of experimental techniques and modelling provided 
a comprehensive understanding of the damage mechanisms in DP1000, 

offering critical insights that are essential for improving the design and 
performance of advanced high-strength steels. These findings lay the 
foundation for the development of more accurate damage models and 
the optimization of alloy compositions for future applications.
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