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A B S T R A C T

Dual-phase (DP) steels, consisting of soft ferrite and hard martensite phases, are widely utilized for their 
favorable balance of strength and ductility. Grain refinement in DP steels has been recognized as an effective 
strategy to enhance strength without sacrificing ductility, particularly in the post-uniform elongation regime. In 
the present study, the underlying mechanism responsible for improved post-uniform elongation through grain 
refinement was investigated using high-resolution digital image correlation (DIC) and detailed microstructural 
analysis of micro-void evolution. Two DP microstructures with ferrite grain sizes of 28.9 μm and 11.8 μm were 
fabricated, exhibiting markedly different local deformation behaviors. The fine-grained DP specimen (11.8 μm) 
exhibited more homogeneous deformation, attributed to a greater contribution of martensite to plastic defor
mation. Numerous micro-voids were observed in the fine-grained DP specimen, most of which remained small 
even under large deformation. In contrast, the coarse-grained specimen (28.9 μm) exhibited fewer micro-voids, 
several of which showed notable growth, potentially acting as fracture initiation sites, and contributing to limited 
post-uniform elongation. DIC analysis at the fracture stage successfully captured the strain distribution, revealing 
that micro-voids and cracks were predominantly located in regions with high strain gradients. These observations 
suggest that grain refinement may promote ductility by mitigating strain localization and reducing the pro
pensity for void growth.

1. Introduction

A low-carbon dual phase (DP) steel, consisting of soft ferrite and hard 
martensite, is one of the most widely used practical steels for automotive 
sheet components due to its excellent balance of strength and ductility, 
as well as good formability at room temperature. The mechanical 
properties of DP steels vary widely depending on microstructural factors 
such as grain size, phase fraction, and hardness of each constituent phase 
[1–10]. Among these factors, grain refinement has been identified as the 
most effective strategy for simultaneously achieving high strength and 
large ductility [2,6–8]. To understand the origin of the exceptional 
mechanical performance enabled by grain refinement, it is essential to 
quantitatively investigate the local deformation behavior at the micro
structural scale. However, the complex morphology of ferrite and 

martensite phases, including their irregularly shaped interfaces, poses a 
significant challenge in elucidating the underlying deformation mech
anisms in DP structures.

Recently, digital image correlation (DIC), a technique capable of 
providing detailed local strain distribution, has emerged as a powerful 
tool for characterizing deformation heterogeneity [11–14]. Many 
research groups actively applied DIC to the study of DP steels [4,8–10,
15–18]. These DIC-based studies have revealed that DP structures un
dergo highly heterogeneous deformation, often accompanied by pro
nounced strain localization in the soft ferrite phase [4,15]. Moreover, 
both the strain distribution and the intensity of strain localization have 
been shown to vary significantly depending on microstructural factors. 
Notably, recent findings indicate that grain refinement suppresses strain 
localization in soft ferrite, thereby enabling large ductility while 
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maintaining high strength [8,16–18]. However, to gain a deeper un
derstanding of the mechanisms behind enhanced post-uniform elonga
tion achieved through grain refinement, it is essential to investigate the 
deformation structure and its strain evolution under large plastic 
deformation, particularly in the vicinity of fracture.

Micro-void formation and growth are also critical factors to consider 
when discussing the deformation and fracture mechanisms in DP steels. 
Considering that the process of micro-void formation and growth be
comes prominent after the onset of macroscopic necking [19–21], the 
enhancement of post-uniform elongation through grain refinement may 
be closely related to the suppression of micro-void evolution. Numerous 
studies have reported that micro-voids do not form randomly, but rather 
tend to be localized in two characteristic regions: at the ferrite/
martensite (F/M) boundary and within the martensite interior [3,
22–25]. C.C. Tasan et al. [26] comprehensively summarized the influ
ence of ferrite grain size and martensite volume fraction on micro-void 
formation sites, showing a clear trend: martensite cracking occurs pre
dominantly in specimens with high martensite volume fractions, while 
ferrite-martensite decohesion is more frequently observed in specimens 
with larger ferrite grain sizes. Based on these prior findings, it is 
considered that the predominant sites of micro-void formation are 
strongly influenced by heterogeneous deformation behavior. Therefore, 
DIC-based strain analysis is expected to offer valuable insights, partic
ularly in identifying the local strain conditions required for the initiation 
and growth of micro-voids.

In the present study, the origin of the improved stress-strain response 
achieved through grain refinement is investigated by characterizing 
local deformation behavior and micro-void evolution. This is accom
plished through DIC-based strain analysis combined with detailed 
microstructural observations of deformed DP structures with different 
ferrite grain sizes.

2. Experimental procedure

A low-carbon steel with the chemical composition of Fe–2Mn-0.1C 
(wt.%) was used in the current study. The detailed thermo-mechanical 
processing route for obtaining dual-phase (DP) structures with 
different grain sizes is illustrated in Fig. 1. First, a homogenization heat 
treatment was performed at 1200 ◦C for 3 h under vacuum conditions. 
The homogenized specimens were then cold-rolled to a 90 % reduction 
in thickness. Subsequently, the cold-rolled specimens were subjected to 
heat treatment at two different austenitizing temperatures, 950 ◦C and 
830 ◦C for 3 h, followed by furnace cooling to room temperature. This 
process resulted in ferrite + pearlite (F + P) microstructures with 
different ferrite grain sizes. Details of the grain size control and the 
corresponding microstructure evolution can be found in our previous 
studies [27,28]. The F + P specimens were then intercritically annealed 
at 750 ◦C for 1 h, followed by water-quenched to obtain ferrite +
martensite DP structures with distinct ferrite grain sizes.

Microstructural observations were conducted using a field emission 
scanning electron microscope (FE-SEM; JEOL, JSM-7800F) operated at 

an accelerating voltage of 15 kV. Prior to SEM analysis, the specimens 
were mechanically polished using a series of emery papers ranging from 
#240 to #4000 grits, followed by electrolytic polishing in a solution 
consisting of 90 vol% of CH3COOH and 10 vol % of HClO4. Electrolytic 
polishing was performed at 22 V for 30 s at room temperature. Ferrite 
grain size was measured using the linear interception method, and the 
martensite volume fraction was estimated via the point-counting 
method based on the acquired SEM microstructure images.

The mechanical properties of the DP specimens were evaluated using 
a uniaxial tensile testing machine (Shimadzu, AG-100kN Xplus) at room 
temperature under quasi-static loading conditions with an initial strain 
rate of 8.3 × 10− 4 s− 1. The tensile axis was aligned parallel to the rolling 
direction of the sheets. Tensile specimens were machined using an 
electrical discharge machine (Brother, HS-70A) and had a gauge length 
of 10 mm, a width of 2.5 mm, and a thickness of 0.5 mm.

Tensile strain and strain distribution were precisely measured using 
the digital image correlation (DIC) technique with a dedicated analysis 
software (Vic-2D, Correlation Solutions). Prior to tensile testing, the 
specimen surface was painted with black and white inks to produce a 
random speckle pattern for DIC strain analysis. During tensile testing, 
images of the speckle-patterned surface were captured at a constant 
frame rate of 5 fps using a CCD camera (SVS625MFCP, SVS-VISTEK). 
The acquired image sequences were processed for DIC analysis with a 
subset size of 0.11 mm × 0.11 mm and a strain measurement step of 
0.017 mm.

In addition, microscopic DIC (μ-DIC) analysis was performed to 
characterize local deformation behavior at the microstructural scale. To 
generate an appropriate speckle pattern for μ-DIC analysis, the electro
lytically polished specimen surface was coated with a colloidal silica 
suspension (SiO2, average particle radius: 0.04 μm). The resulting sur
faces used for μ-DIC are shown in Fig. 2. Tensile tests were interrupted at 
predetermined strain levels to observe the same area in SEM. For the 
μ-DIC analysis, the subset size and strain measurement step were set to 
2.3 μm × 2.3 μm and 0.39 μm, respectively. High-resolution SEM images 
with a 2560 × 2048 pixel size were captured to examine detailed strain 
distribution and identify small micro-voids in regions approaching 
tensile fracture.

3. Results

3.1. Microstructural features of DP specimens with different grain sizes

Fig. 3 presents SEM micrographs of the DP specimens subjected to 
different heat treatments: (a) heating at 950 ◦C for 3h followed by 
furnace cooling (F.C.) and subsequent heating at 750 ◦C for 2h followed 
by water quenching (W.Q.); and (b) heating at 830 ◦C for 3h (F.C.) 
followed by 750 ◦C for 2h (W.Q). The microstructures were observed 
along the normal direction (ND) of the rolled sheet. In the SEM images, 
the letters F and M indicate ferrite and martensite phases, respectively.

The two DP specimens exhibited notably different ferrite grain sizes, 
while maintaining similar microstructural characteristics, including a 

Fig. 1. Thermo-mechanical processing route for fabricating ferrite + martensite dual-phase (DP) microstructures with different ferrite grain sizes. The critical 
transformation temperatures, Ae1 (655 ◦C) and Ae3 (804 ◦C), were estimated using Thermo calc™ software with the TCFE7.0 thermodynamic database for steels and 
Fe-based alloys.
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martensite volume fraction of approximately 35 % and a phase distri
bution characterized by chain-like martensite surrounding the ferrite 
grains. The average ferrite grain sizes were 28.9 μm and 11.8 μm for 
specimens (a) and (b), respectively. These are hereafter referred to as 
“coarse-grained DP” and “fine-grained DP” specimens, respectively. 
While the primary focus of this study is on the effect of ferrite grain size, 
it should be noted that the martensite size also varies with changes in 

ferrite grain size. This aspect will be discussed in a later section.

3.2. Tensile properties

Fig. 4 (a) presents the nominal stress-strain (S–S) curves of the 
coarse-grained DP (red) and fine-grained DP (blue) specimens. A circle 
symbol on each curve indicates the point of uniform elongation. The 

Fig. 2. SiO2 patterning on electro-polished microstructures for high-resolution DIC analysis in specimens heat-treated at (a) 950◦C-3 h-furnace cooling (F.C.), fol
lowed by 750◦C-2 h-water quenching (W.Q.), and (b) 830◦C-3 h-furnace cooling (F.C.), followed by 750◦C-2 h-water quenching (W.Q.). Enlarged views of the yellow 
square regions are shown to the right of each original image. Colloidal silica (SiO2) particles used for patterning are indicated by white arrows.

Fig. 3. SEM microstructures of DP specimens subjected to heat treatments of (a) 950 ◦C-3h-F.C. + 750 ◦C-2h-W.Q. and (b) 830 ◦C-3h-F.C. + 750 ◦C-2h-W.Q. Ferrite 
(F) and martensite (M) phases are labeled, with martensite volume fraction (fM) and average ferrite grain size (dF) indicated in each image.
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fine-grained DP specimen (11.8 μm) achieved a superior combination of 
strength and ductility, exhibiting a high ultimate tensile strength (UTS) 
of 830 MPa and a large total elongation of 13.0 %, compared to the 
coarse-grained DP specimen (28.9 μm) with a UTS of 731 MPa and a 
total elongation of 11.4 %. Although the two specimens exhibited 
similar uniform elongations (8.6 % for coarse-grained DP and 8.2 % for 
fine-grained DP), the fine-grained DP specimen demonstrated a more 
pronounced post-uniform elongation (4.9 %) compared to the coarse- 
grained DP specimen (2.9 %). According to Considère criterion [29], 
the uniform elongation can be interpreted based on the onset of 
macroscopic plastic instability, which occurs when the strain-hardening 
rate curve intersects the true stress-strain curve.

Fig. 4 (b) displays the strain hardening rate curves of the coarse- 
grained DP and fine-grained DP specimens, along with their corre
sponding true stress-true strain curves. Both specimens exhibited the 
typical strain hardening behavior observed in metallic materials, char
acterized by a monotonic decrease in the strain hardening rate with 
increasing plastic deformation. The fine-grained DP specimen showed a 
slightly higher strain hardening rate than the coarse-grained DP spec
imen up to a true strain of approximately 0.02, after which both speci
mens exhibited nearly identical strain hardening rates. Consequently, 
the uniform elongation, determined by the intersection of the strain 
hardening rate curve with the true stress-strain curve according to the 
Considère criterion, occurred at a relatively large true strain for the fine- 
grained DP specimen, contributing to its enhanced uniform elongation.

3.3. Local deformation behavior by DIC strain analysis

To further investigate the deformation behavior at the microscale, 
local strain distributions during tensile deformation were characterized. 
Fig. 5 shows SEM deformation microstructures and corresponding μ-DIC 
strain distribution maps, along with local strain profiles, for (a) coarse- 
grained DP and (b) fine-grained DP specimens tensile-deformed to ~5.5 
%. The tensile direction is parallel to the horizontal direction of the 
images.

In the μ-DIC maps, the colors superimposed on the SEM images 
represent the normal strain in the tensile direction (ε11), according to the 
key color bar provided. In the SEM images, numerous slip lines were 
observed mostly within the ferrite grains of both DP specimens, indi
cating that the softer ferrite phase experienced more pronounced plastic 
deformation. It should be noted that the DIC analysis employed here is 
based on a two-dimensional approach, which does not account for sur
face roughness or out-of-plane strain components. Such limitations may 
affect strain estimation accuracy, particularly under conditions 
involving significant surface topography. This issue may be addressed in 
future studies by integrating thickness-profile measurement techniques 
to enhance strain field reconstruction. Despite these limitations, the 
present study evaluates local deformation based on the normal strain 
component in the tensile direction (ε11). In the corresponding DIC strain 
color map, the two DP specimens exhibited distinctly different strain 
distributions, despite having nearly the same average strain value (ε11) 
in the DIC-analyzed regions (0.060 for the coarse-grained DP specimen 
and 0.059 for the fine-grained DP specimen).

Strong strain localization was observed in the coarse-grained DP 
specimen, characterized by the development of several strain-localized 
bands with strain values exceeding 0.15 (red color), while the sur
rounding regions outside these bands exhibited extremely low strain 
values close to zero (purple color). In contrast, the fine-grained DP 
specimen exhibited relatively homogeneous deformation without pro
nounced strain localization. Instead, numerous weak strain-localized 
bands with strain values ranging from 0.07 to 0.11 (green color range) 
were predominantly observed. The regions outside the strain-localized 
bands also contributed slightly to plastic deformation, as indicated by 
light purple or blue areas in the fine-grained DP specimen. To clarify the 
strain distribution, strain line analysis was performed along a horizontal 
inspection line passing through the center of the DIC strain map. Severe 
strain fluctuations with a periodic pattern were observed in both DP 
specimens. The locations of strain peaks were number-tagged in the 
strain profiles, revealing 7 peaks in the coarse-grained DP specimen and 
12 peaks in the fine-grained DP specimen. The average strain along the 
inspection line was 0.0576 for the coarse-grained DP and 0.0607 for the 
fine-grained DP specimens. However, the degree of strain localization 
differed notably, as indicated by the average peak strain value of 0.113 
± 0.0502 for the coarse-grained DP specimen (based on 7 strain peaks) 
and 0.084 ± 0.0219 for the fine-grained DP specimen (based on 12 
strain peaks). These results suggest that the coarse-grained DP specimen 
exhibited more severe strain fluctuations, indicating a more heteroge
neous deformation behavior. Peak intervals—defined as the top-to-top 
distance between adjacent peaks—also differed between the two DP 
specimens. The average peak interval on the lines was 49.0 ± 21.3 μm 
for the coarse-grained DP specimen and 27.7 ± 28.6 μm for the fine- 
grained DP specimen. Given that strain localization predominantly oc
curs in the ferrite phase, these peak intervals likely reflect both the 
distribution and size of ferrite grains.

To further examine the relationship between phase distribution and 
strain localization, a detailed analysis was conducted. Fig. 6 presents 
phase distribution sketches and DIC strain distribution maps for (a) the 
coarse-grained DP specimen and (b) the fine-grained DP specimen at 
different strain levels. In the sketches, light blue and dark blue colors 
indicate ferrite (F) and martensite (M), respectively, and the tensile 
direction is aligned with the horizontal axis of the images. Colors in the 
DIC strain map represent the normal strain (ε11) along the tensile axis. In 

Fig. 4. (a) Nominal stress-strain curves and (b) strain hardening rate curves 
with true stress-strain curves for the coarse-grained DP specimen (28.9 μm, 
red)) and fine-grained DP specimen (11.8 μm, blue). The uniform elongation 
point is indicated by a circle on each nominal stress-strain curve. A schematic 
illustration of the tensile specimen is inserted in (a) for reference.
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the coarse-grained DP specimen, strain-localized bands were found to 
develop preferentially along ferrite/martensite (F/M) interfaces. These 
bands propagated selectively through regions containing thin 
martensite with small volume fractions, suggesting that such small 
volume-fractioned thin martensite does not serve as effective barriers to 
hinder strain propagation. In contrast, as indicated by the white arrows 
in Fig. 6 (a), thick, equiaxed martensite regions with larger volumes 
remained nearly undeformed in the coarse-grained DP specimen, 
exhibiting near-zero strain values (purple color; ε11~ 0) even at rela
tively high average strain levels (ε11

average = 0.058). A similar tenden
cy—where strain localization primarily occurred within ferrite 
grains—was also observed in the fine-grained DP specimen; however, 
the magnitude of localized strain was comparatively lower. In addition, 
the propagation of strain-localized bands in the fine-grained DP spec
imen was frequently interrupted by martensite regions, as highlighted 
by the white arrows in Fig. 6 (b). In terms of propagation linearity, the 
strain-localized bands in the fine-grained DP specimen tended to follow 
more linear paths, whereas those in the coarse-grained DP specimen 
showed curved propagation, likely due to the effective blocking by large 
martensite particles. These observations indicate that martensite size 
plays a significant role, particularly in disrupting the continuity of 
strain-localized bands, while the overall strain distribution is predomi
nantly governed by ferrite grain size. The pronounced difference in local 
strain distribution behavior between the two DP specimens is considered 
to significantly influence the evolution of micro-void formation/growth, 

as strain-localized regions and their vicinity are known to serve as 
preferential sites for micro-void initiation [30–32].

3.4. Quantitative observation of micro-void evolution

Fig. 7 shows DIC strain maps and corresponding deformation mi
crostructures for (a) the coarse-grained DP and (b) the fine-grained DP 
specimens. Four rectangular regions (Areas 1 to 4) in each SEM micro
graph highlighted representative zones experiencing strong strain 
localization, with their magnified views indicated on the right. Micro- 
voids identified through SEM observations are indicated by black ar
rows in the enlarged images. In the coarse-grained DP specimen, micro- 
voids were distinctly observed in the vicinity of strain-localized regions. 
These voids appeared to form either at ferrite/martensite (F/M) 
boundaries (Areas 1 and 4 in Fig. 7 (a)) or within the martensite phase 
itself (Area 2 in Fig. 7 (a)). No distinct micro-voids were observed in 
Area 3 in Fig. 7 (a). In the fine-grained DP specimen, micro-voids were 
also found within strain-localized regions (Area 2 in Fig. 7 (b)). How
ever, the clear identification of micro-voids was more challenging due to 
pronounced surface roughening in the fine-grained DP specimen, sug
gesting that careful surface preparation—such as polishing in the plas
tically deformed state after UTS—is essential to enable more accurate 
observation of micro-void evolution.

Fig. 8 presents SEM images of the deformation microstructure and 
corresponding micro-void distribution maps for (a) coarse-grained DP 

Fig. 5. SEM deformation microstructures and corresponding DIC strain distribution maps with local strain line profiles for (a) the coarse-grained DP and (b) the fine- 
grained DP specimens. The color overlays on the DIC maps represent the normal strain component in the tensile axis (ε11), as referenced by the color scale bar. Strain 
line profiles were extracted along the horizontal line passing through the center of each DIC strain map.
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and (b) fine-grained DP specimens in the post-uniform elongation 
regime, approaching tensile fracture. To clearly reveal the distribution 
of micro-voids, the coarse-grained DP specimen was pre-polished at a 
tensile strain of 7.5 %, and the fine-grained DP specimen was pre- 
polished at 9.7 %. Micro-void evolution was examined at strains of 
10.2 % and 10.9 % (just before fracture) for the coarse-grained DP 
specimen, and at 11.6 % and 12.2 % (just before fracture) for the fine- 
grained DP specimen. The tensile loading is parallel to the horizontal 
axis of images, and the main crack path is indicated by a solid line, 
traced along the tensile fracture surface. Micro-voids are shown as black 
features in micro-void distribution maps. A considerable number of 
micro-voids were observed in both DP specimens, and some exhibited a 
notable growth with further deformation. However, a clear difference in 
both the number and size of voids was observed between the two 
specimens. In the coarse-grained DP specimen, the number of voids 
(nvoid) was 32 at a tensile strain of 10.2 %, increasing to 42 at 10.9 %, 
indicating the formation of only 10 additional micro-voids. In contrast, 
the fine-grained DP specimen exhibited 31 micro-voids at a strain of 
11.6 %, which dramatically increased to 74 at 12.2 %, suggesting a 
significantly more active void nucleation process.

Void size was evaluated based on void-occupied area [μm2]. In the 

coarse-grained DP specimen, the total void-occupied area increased 
significantly from 101 μm2 (area fraction, fArea: 6.65 × 10− 4) to 288 μm2 

(fArea: 18.98 × 10− 4) as the tensile strain increased. In contrast, the fine- 
grained DP specimen showed a smaller increase, from 60 μm2 (fArea: 
3.95 × 10− 4) to 106 μm2 (fArea: 6.65 × 10− 4). Notably, large micro-voids 
with lengths exceeding 30 μm were more frequently observed in the 
coarse-grained DP specimen at the tensile strain of 10.9 %. These results 
suggest that while the fine-grained DP specimen contains a large number 
of micro-voids, most of them remain small in size without undergoing 
significant growth. On the other hand, only a few micro-voids were 
observed in the vicinity of the main crack. In other words, no significant 
concentration of micro-voids was detected in the region where the main 
crack occurred. This is likely because the crack initiation site was 
located outside the observed area, and the main crack passed inciden
tally through the observed region. Nevertheless, it is worth noting that 
the incidentally passing main crack exhibits a zig-zag morphology in 
both specimens, suggesting that even during its abrupt propagation, the 
crack path is influenced by microstructural features and/or local 
deformation behaviors. This aspect will be further explored in the dis
cussion section.

The void formation sites, along with the corresponding void number 

Fig. 6. Microstructure sketches and DIC strain distribution maps of (a) the coarse-grained DP specimen and (b) the fine-grained DP specimen under different 
deformation conditions. In the sketches, light blue and dark blue indicate ferrite and martensite, respectively. The colors in the DIC map correspond to the normal 
strain component along the tensile axis (ε11). Arrows indicate the locations of large-sized martensite.
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and sizes, are summarized in Table 1. Based on the data in Fig. 8 and 
Table 1, quantitative analyses are shown in Fig. 9, including: (a) the total 
number, (b) the total size of observed micro-voids, and (c) the number of 
micro-voids classified by their formation sites—ferrite, martensite in
teriors and ferrite/martensite (F/M) boundaries—at different deforma
tion stages for both coarse-grained and fine-grained DP specimens. In 
Fig. 9 (a) and Fig. 9 (b), the polishing point for each specimen is indi
cated by a black arrow, at which the void number and size are assumed 
to be zero. As briefly discussed in Fig. 8, the coarse-grained DP specimen 
exhibited lower total number but higher total sizes of micro-voids 
compared to the fine-grained DP specimen. Furthermore, Fig. 9 (c)
revealed that micro-voids were primarily formed within the martensite 
interior and at ferrite/martensite (F/M) boundaries. This trend is 
consistent with findings reported in previous studies by other research 
groups [22,24–26]. The ferrite interior was not a predominant site for 
void formation in either DP specimen. Overall, micro-voids were more 
frequently initiated within the martensite interior than at the 

ferrite/martensite (F/M) boundaries. Interestingly, however, the 
fine-grained DP specimen exhibited a notable increase in void formation 
by F/M boundary decohesion, suggesting a shift in the dominant void 
nucleation mechanism under refined grain conditions.

4. Discussion

4.1. In-situ observation of fractured regions using digital image 
correlation techniques

As mentioned in the result section, the observed region does not 
necessarily correspond to the initial crack nucleation site, but rather to 
an area through which the main crack propagated. Despite the inci
dental and rapid nature of fracture, the zig-zag morphology of the crack 
path suggests a significant influence from local strain fields and/or the 
spatial distribution of microstructural phases. To explore this relation
ship, DIC strain analysis was coupled with microstructural observations. 

Fig. 7. DIC strain maps and corresponding SEM deformation microstructures of (a) the coarse-grained DP specimen and (b) the fine-grained DP specimen. Four 
boxed regions (Area 1 to Area 4) on each SEM image indicate representative zones of strain localization, with enlarged views shown on the right. Black arrows in the 
SEM images indicate the presence of micro-voids.

Table 1 
Summary of micro-void characterization involving formation site, void count, and total void area.

Specimen Grain size of 
ferrite

Strain Micro-void characterization in number and size

Micro-void number in specific formation sites Total micro-void area (size) in observed area

Ferrite/martensite 
boundary

Martensite 
interior

Ferrite 
interior

Total Total Area of micro- 
voids

Total Area fraction of 
micro-voids

Coarse-grained 
DP

28.9 μm e = 10.2 
%

6 26 0 32 101 μm2 6.65 × 10− 4

e = 10.9 
%

8 33 1 42 288 μm2 18.98 × 10− 4

Fine-grained DP 11.8 μm e = 11.6 
%

7 23 1 31 60 μm2 3.95 × 10− 4

e = 12.2 
%

25 44 5 74 106 μm2 6.98 × 10− 4
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Although predicting the exact site of crack propagation during DIC 
analysis is experimentally challenging due to the inherently stochastic 
nature of fracture, the present study successfully captured a cracking 
event through careful in-situ observation. Fig. 10 shows in-situ tracking 
of local strain evolution using DIC in the fracture region of (a) fine- 
grained and (b) coarse-grained DP specimens. The white solid lines 
indicate the traced fracture paths for each specimen. In the case of the 
fine-grained DP specimen, both a low-magnification microstructure 
image and the corresponding strain map are shown, along with enlarged 
views of Area 1. Micro-voids identified after fracture are marked by 
yellow arrows. DIC strain analysis was performed within the strain 
ranges of 11.6 %–12.2 % for the fine-grained DP specimen and 9.8 %– 
10.9 % for the coarse-grained DP specimen. In the low-magnification 
result of the fine-grained DP specimen, a significant surface roughness 

band was observed in the SEM image, corresponding to a macroscopic 
strain-localized band with an approximate width of 500 μm. As ex
pected, this region experienced strong strain localization, indicating that 
crack initiation predominantly occurred within zones of localized plastic 
deformation. However, the observed zig-zag propagation path of the 
crack may be attributed to microstructural heterogeneity, particularly 
the irregular morphology and spatial distribution of martensite parti
cles. Although the enlarged strain maps provided more detailed infor
mation on localized deformation, no significant strain localization was 
observed in the immediate vicinity of the main crack path. In the coarse- 
grained DP specimen, more heterogeneous deformation behavior was 
recognized. Nevertheless, a similarly weak relationship was found be
tween the main crack path and areas of strain localization. On the other 
hand, several observed micro-voids were located in regions exhibiting 

Fig. 8. SEM deformation microstructures and corresponding micro-void distribution maps of (a) coarse-grained DP and (b) fine-grained DP specimens in the post- 
uniform elongation stage to tensile fracture. The main crack path, corresponding to the fracture surface, is marked by a solid line. Previously formed and newly 
formed micro-voids are indicated in blue and red, respectively. The number of micro-voids (nvoid) and total void-occupied area (void size, in μm2) are provided in 
each micro-void distribution map.
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strain gradients, implying a potential link between local strain in
homogeneity and void formation. To further clarify the preferential sites 
of crack propagation and micro-void formation, a combined analysis of 
microstructural features and DIC-based strain evolution was performed.

Fig. 11 exhibits the results of identical-area SEM observation and DIC 
analysis, including strain distribution maps and the corresponding line 
profile. It should be noted that the tensile-fractured surface exhibited 

substantial surface roughness, which caused the loss of key micro
structural features—such as the distribution of ferrite, martensite and 
their interfaces—even after pre-polishing. Therefore, the microstruc
tural details were retrospectively reconstructed by referencing the 
microstructure observed in the pre-polished state. The ferrite/ 
martensite (F/M) boundaries were marked with white lines, based on 
which the microstructure sketch was constructed. DIC strain distribution 
data on the same area were also provided. Red and pink circle symbols 
indicate the traced positions of the main crack and micro-voids, 
respectively, as identified with reference to the pre-polished SEM 
microstructure. These traced positions, determined through careful SEM 
observation, along with their connecting lines provide the approximate 
final locations of crack formation at tensile fracture. The positions of 
these circle symbols are also shown on the DIC strain distribution maps 
for reference, where the color scale represents the normal strain 
component (ε11) in the tensile direction.

It was obvious that the main crack in the coarse-grained DP specimen 
propagated by detouring around bulky martensite and penetrating 
through thin martensite regions. The fine-grained DP specimens 
exhibited a similar propagation tendency; however, the crack frequently 
propagated across relatively large martensite islands. Overall, the zig- 
zag morphology of the main crack appears to result from the detour
ing process around large martensite regions during crack propagation. A 
similar trend was observed in the growth behavior of micro-voids. An 
interesting observation is that micro-void growth was halted at the 
ferrite/martensite (F/M) boundary. This suggests that micro-voids may 
propagate in a discontinuous manner, with growth temporarily arrested 
at each F/M interface—in other words, the F/M interface acts as an 
obstacle against micro-void growth. Such behavior provides experi
mental support for several previously proposed models or in
terpretations of crack propagation mechanisms [15,19,21]. The 
presence of large ferrite grains in the coarse-grained DP specimen may 
allow long-range void growth, as fewer obstacles exist within a single 
ferrite grain, which could partly explain the frequent formation of 
large-sized micro-voids. These findings highlight the importance of both 
ferrite and martensite size effects: coarse ferrite grains allow for longer 
propagation paths, while coarse martensite particles promote crack 
detouring during propagation.

Additionally, the DIC strain distribution results offer further insights 
into the evolution of the main crack and micro-voids. It was found from 
DIC strain maps and corresponding line profiles that both the main crack 
and micro-voids were not located in the regions with the highest strain 
localization, but rather along regions with significant strain gradient. 
This tendency was particularly pronounced in the coarse-grained DP 
specimen.

Since the strain gradient primarily develops along the F/M bound
aries, as shown in Figs. 5 and 6, this phenomenon can be discussed in 
relation to strain compatibility at these interfaces. We suggest that the 
failure of strain compatibility at the F/M boundaries occurs due to the 
limited deformability of martensite and/or the excessive strain locali
zation in ferrite. In this context, the distinct differences observed in the 
strain profiles (Fig. 6) between coarse- and fine-grained DP specimens 
may account for the variations in micro-void size and number. The 
coarse-grained DP specimen exhibited large strain gradients, although 
such sites were relatively few. In contrast, the fine-grained DP specimen 
showed numerous strain gradient sites, but each exhibited a compara
tively lower strain gradient. It is reasonable to infer that the magnitude 
of strain gradients governs the ease of micro-void formation, whereas 
the number of gradient sites correlates with the total number of micro- 
voids. Accordingly, the fine-grained DP specimen tends to develop a 
greater number of micro-voids, but with smaller sizes. Furthermore, 
with respect to ductility, the number of micro-voids appears to be less 
critical than their size and growth. This can be one possible reason for 
exhibiting large post-uniform elongation of the fine-grained DP 
specimen.

Fig. 9. Quantitative analysis in micro-void number and size. (a) Total number 
and (b) total size of micro-voids for the coarse-grained and fine-grained DP 
specimen. The polishing point for each specimen is indicated by a black arrow, 
where the void number and size are assumed to be zero. (c) Number of micro- 
voids separately identified in ferrite, martensite interiors and ferrite/martensite 
(F/M) boundaries at different deformation stages. All data are extracted from 
the micro-void distribution results shown in Fig. 8.
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4.2. Effect of martensite size on the propagation of the main crack and 
micro-voids

As briefly discussed above, the main crack tends to preferentially 
propagate through thin martensite regions. In this section, we quanti
tatively evaluate the propagation lengths of the main crack and micro- 
voids, distinguishing between their progression within ferrite and 
martensite phases. Fig. 12 displays the results of a line fraction analysis 
performed along the paths of the main crack and micro-voids to evaluate 
phase-specific propagation. Fig. 12 (a) illustrates a representative 
example of the characterization method, while Fig. 12 (b) summarizes 
the results in the form of a bar graph, derived from the analysis of 
Fig. 11. In this analysis, ferrite and martensite phases are indicated in 
blue and pink, respectively, and crack/micro-void propagation is 
assumed to occur in the vertical (top-to-bottom) direction. In the coarse- 
and fine-grained DP specimens, the ferrite/martensite line fractions 
were 83 %/17 % and 71 %/29 %, respectively. In both specimens, the 
martensite fraction along the main crack path (17 % for coarse-grained 
and 29 % for fine-grained DP specimens) was significantly lower than 
the overall average martensite volume fraction (~35 %). This observa
tion provides indirect evidence of a preferential crack propagation path 
that consistently traverses thin martensite regions with relatively low 
volume, as observed in Fig. 11. This tendency is more pronounced in the 
coarse-grained DP specimen, likely due to the presence of bulky 
martensite regions with large volume, which the crack tends to bypass. 
On the other hand, notably, in both specimens, nearly all martensite 
regions penetrated by cracks or voids were less than 10 μm in length. 
This suggests that the martensite acts as an effective barrier to crack or 

void propagation only when its size exceeds approximately 10 μm. More 
importantly, no significant difference in martensite length was observed 
between the main crack and adjacent micro-voids, implying that both 
features follow the same cracking mechanism. This finding highlights 
the importance of analyzing micro-voids to gain deeper insight into the 
fracture process, as they may serve as precursors to final fracture. While 
the present study primarily focused on crack and void propagation in 
relation to martensite size, the morphological characteristics of 
martensite may also play a critical role in micro-void initiation and 
growth. Azuma et al. [3,33] reported that narrow-shaped martensite 
segments tend to be preferential sites for cracking due to stress con
centration arising from complex stress states—a phenomenon further 
supported by several simulation studies [21,34–36].

Based on the comprehensive experimental results, the limited post- 
uniform elongation observed in the coarse-grained DP specimen can 
be interpreted considering the following factors: (i) The presence of an 
extreme bimodal distribution in martensite grain size promotes strain 
localization. Large martensite regions act as strong barriers to strain 
propagation, leading to intense strain localization in adjacent ferrite 
grains. Conversely, small martensite segments, which do not function 
effectively as barriers, may facilitate the growth of voids. (ii) The large 
ferrite grains may also contribute to accelerated void growth, as micro- 
voids tend to propagate in a stepwise manner, propagating to ferrite 
grains and halting temporarily at each ferrite/martensite (F/M) 
boundary.

Although the difference in strain distributions associated with grain 
size variation is clear, the relationship with post-uniform elongation and 
micro-void evolution remains to be further elucidated due to the limited 

Fig. 10. In-situ tracking of local strain evolution using DIC in the fracture region of (a) fine-grained and (b) coarse-grained DP specimens. The white solid lines 
indicate the traced fracture paths for each specimen. For the fine-grained DP specimen, both a low-magnification microstructure image and the corresponding strain 
map are provided, along with enlarged views of Area 1. Micro-voids identified after fracture are marked by yellow arrows.
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number of observations. This will be addressed in our future research. 
Moreover, it should also be emphasized that the observed differences in 
strain distribution and fracture behavior are not governed solely by 
grain size. Micro-void evolution and final fracture are inherently local 
phenomena, influenced by additional factors such as stress triaxiality 
[37] and various interfacial characteristics, which may give rise to 
complex local stress conditions. Although a direct linkage has not yet 
been fully established, the refinement of both ferrite and martensite 
appears to provide favorable conditions for reducing strain localization 
and void coalescence.

To further advance our understanding of the micro-void growth 
process in relation to grain size variation, more detailed microstructural 
investigations are necessary. In particular, the use of in-situ observation 
techniques for tracking micro-void evolution, combined with stress 
measurement approaches such as the EBSD-Wilkinson method [38,39], 
is expected to provide valuable insights and will be the focus of future 
work. In addition, numerical analysis using finite element method (FEM) 
simulations may serve as a complementary approach for identifying 

dominant sites of stress and strain localization [40]. Furthermore, in 
parallel, the adoption of higher-resolution DIC techniques employing 
gold nanoparticles as speckle markers [41,42] could offer deeper insight 
into the mechanisms of micro-void evolution at finer spatial scales. This 
approach will also be explored in subsequent studies.

While the present study primarily examined the influence of ferrite 
and martensite sizes on local strain distribution and crack propagation 
behavior, it is important to acknowledge that the deformation response 
of dual-phase (DP) structures may also be affected by additional factors. 
These include the strength (or hardness) contrast between the constit
uent phases [10], the specific morphology of martensite particles [4,9,
43], and phase fractions [44], which were not explicitly addressed in 
this work. Nevertheless, the present findings provide important guid
ance for the microstructural design of dual-phase (DP) steels, suggesting 
that refining both ferrite and martensite sizes is an effective strategy to 
simultaneously enhance strength and ductility by mitigating strain 
localization and suppressing micro-void growth.

Fig. 11. SEM observations of identical areas and corresponding DIC strain distribution maps with strain line profiles for (a) the coarse-grained DP and (b) the fine- 
grained DP specimens at the later deformation stage near the tensile fracture. In the SEM images, the white solid line indicates the ferrite/martensite (F/M) boundary. 
Red and pink circles mark the traced positions of the main crack and micro-voids, respectively, as observed in the post-fracture microstructures. The color scale in the 
DIC maps represents the normal strain in the tensile axis (ε11). Strain line profiles were extracted along inspection lines that pass through 2–3 micro-voids and the 
main crack location.
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5. Conclusions

In this study, the mechanical properties of dual-phase (DP) structures 
with different ferrite grain sizes were investigated, with a particular 
focus on understanding the mechanisms behind ductility enhancement 
through grain refinement. Local deformation behavior and micro-void 
formation/growth were characterized using digital image correlation 
(DIC) strain analysis and detailed examination of deformation micro
structures. The main findings of this study are summarized as follows. 

(1) Two types of DP microstructures with ferrite grain sizes of 28.9 
μm (coarse-grained) and 11.8 μm (fine-grained) were successfully 
obtained through heat treatments at 950 ◦C and 830 ◦C, respec
tively, each for 3h followed by furnace cooling, and subsequently 
heat-treated at 750 ◦C for 2h followed by water quenching. Apart 
from the distinct difference in ferrite grain size, both DP speci
mens exhibited similar martensite volume fractions (~35 %) and 
phase distributions characterized by chain-like martensite sur
rounding ferrite grains.

(2) The fine-grained DP specimen exhibited simultaneous improve
ments in strength and ductility, particularly in post-uniform 
elongation, as demonstrated by tensile testing. Micro-DIC 
(μ-DIC) strain analysis revealed that this enhancement was 
associated with more homogeneous deformation, driven by a 
greater contribution of martensite to plastic deformation. In 
contrast, the coarse-grained DP specimen showed pronounced 
strain localization within the ferrite phase. Regarding strain 
propagation, thin martensite segments in the coarse-grained DP 
specimen were ineffective at hindering strain propagation, while 
large, bulky martensite effectively blocked strain propagation, 
thereby localizing deformation in the adjacent ferrite grains.

(3) In the post-uniform elongation regime, numerous micro-voids 
were observed in the necked region of the fine-grained DP spec
imen; however, most remained small, showing limited void 
growth. In contrast, the coarse-grained DP specimen exhibited 
fewer micro-voids, but some of them underwent significant 
growth. This contrast suggests that the fine-grained DP structure 
offers greater resistance to void growth, contributing to improved 
ductility.

(4) In both DP specimens, the propagation paths of micro-voids and 
the main crack exhibited similar characteristics, preferentially 

penetrating thin martensite segments while detouring around 
large martensite regions. These features were predominantly 
observed in areas with high strain gradients, as revealed by 
detailed DIC-strain analysis. This finding suggests that strain 
gradients are a key factor promoting micro-void evolution. 
Accordingly, the coarse-grained DP specimen, which exhibited 
more pronounced strain gradients, may have a higher propensity 
for micro-void growth and subsequent damage accumulation.

(5) The present study suggests that micro-void evolution is influ
enced by local strain distributions, which may in turn affect the 
global mechanical properties—particularly the ductility—of the 
DP structure. The relatively homogeneous deformation observed 
in the fine-grained DP specimen appears to be associated with 
suppressed void growth; however, this interpretation requires 
further validation through more extensive microstructural 
observation and quantitative analysis.
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