
TYPE Original Research
PUBLISHED 06 February 2025
DOI 10.3389/fmats.2025.1545242

OPEN ACCESS

EDITED BY

Caizhi Zhou,
University of South Carolina, United States

REVIEWED BY

Pavlo Maruschak,
Ternopil Ivan Pului National Technical
University, Ukraine
Xiaodong Tan,
Southwest University, China

*CORRESPONDENCE

Xiurong Zuo,
zuoxiurong@zzu.edu.cn

RECEIVED 14 December 2024
ACCEPTED 20 January 2025
PUBLISHED 06 February 2025

CITATION

Tong K, Sun H, Duan L and Zuo X (2025)
Influence of TiN inclusions and segregation
bands on the mechanical properties and
ballistic performance during ballistic impact
tests in low-alloy high-strength steel.
Front. Mater. 12:1545242.
doi: 10.3389/fmats.2025.1545242

COPYRIGHT

© 2025 Tong, Sun, Duan and Zuo. This is an
open-access article distributed under the
terms of the Creative Commons Attribution
License (CC BY). The use, distribution or
reproduction in other forums is permitted,
provided the original author(s) and the
copyright owner(s) are credited and that the
original publication in this journal is cited, in
accordance with accepted academic practice.
No use, distribution or reproduction is
permitted which does not comply with
these terms.

Influence of TiN inclusions and
segregation bands on the
mechanical properties and
ballistic performance during
ballistic impact tests in low-alloy
high-strength steel

Keke Tong, Haoran Sun, Luxing Duan and Xiurong Zuo*

Key Laboratory of Materials Physics, Ministry of Education, School of Physics, Zhengzhou University,
Zhengzhou, China

The influence of TiN inclusions and segregation bands on the mechanical
properties and ballistic performance was investigated in high-strength steel.
With ballistic test at a bullet impact velocity of about 810 m/s, the steel plate
displayed the different ballistic performance, forming partially penetrated crater
A and the completely penetrated crater B, despite the craters A and B were close
together with only about 100 mm. The zone near crater A displayed excellent
strength, plasticity and deformability than that near crater B. The segregation
bands and TiN inclusions in steel plate originated from central segregation in
continuous casting slabs. The Adiabatic shear bands (ASBs) with total length
of 14,848 μm around crater B was more serious than that with total length of
6,239 μm around crater A, attributed to the low n value and strain hardening
rate in completely penetrated crater region. Cracks parallel to the penetration
direction only occurred around the crater B. Cracks also formed along the
interfaces of ASB and matrix. The inhomogeneous deformation around ASBs
resulted in stress concentration, especially at the interface between the matrix
and the segregation band, making the long crack initiation and propagation
under load of impact.

KEYWORDS

low-alloy high-strength steel, segregation band, TiN inclusion, mechanical property,
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1 Introduction

As a preferred material for ballistic protection applications, high-strength martensitic
steel has become a focal point of research, due to excellent mechanical properties, such as
high strength and excellent plasticity which can satisfy the increasing demands for safety
against ballistic impact (Yilmaz, 2010; McDonald et al., 2019; Singh et al., 2019).

Adiabatic shear band (ASB) represents one of the primary failure modes in armored
steel during ballistic testing, which is primarily induced by the competition between
strain hardening and thermal softening effects during high-velocity impacts, leading to
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thermomechanical instability in the material (Baik et al., 2021).
The occurrence of ASB is also associated with material defects.
The presence of banded microstructures, boundaries and non-
metallic inclusions disrupts the microstructure uniformity
(Narasaiah and Ray, 2005; Bee et al., 2023). In high-velocity impact
process, significant uneven deformation in matrix results in stress
concentration, especially at the boundaries of grain, placket, block,
lath of martensite and the interface of segregation/matrix and
inclusion/matrix. That is to say, under applied external forces, ASBs
along with cracks are more likely to develop at these heterogeneous
locations, leading to a reduction in the mechanical properties and
ballistic performance of the material. A high strain hardening
exponent (n) and strain hardening rate can restrained the localized
deformation and the final formation of ASB (Jo et al., 2020)

The segregation bands originate from the enrichment of solute
during solidification process. During deformation, segregation
bands display a higher plastic deformation resistance, so only a small
deformation degree can occur. Whereas a large deformation degree
occurs in matrix. In a word, the existence of the strain gradient
between matrix and segregation promotes the crack initiation
(Wang et al., 2020; Zhang et al., 2022). Coarse TiN inclusions
in steel can lead to the fluctuation in impact toughness, as TiN
inclusions disrupt the continuity of the matrix, resulting in micro-
crack propagation. However, the refinement in ferrite grains and
TiN size can improve the uniformity of the impact properties of the
steel plates (Liu et al., 2018).

Extensive research has been done on the effects of the
inhomogeneous microstructures, which was caused by segregation
bands and TiN inclusions, on mechanical properties of
high-strength steel during the quasi-static loading condition
(Wu et al., 2020; Liu et al., 2022). However, the influence of
inhomogeneous microstructures on the ballistic performance
subjected to the high-velocity impact need to be intensively studied,
in order to restrain the ASBs and cracks formation during the
dynamic loading condition, thereby high-strength low alloy steel
with high-ballistic performance can be successfully developed.

After ballistic test, the partially penetrated crater and completely
penetrated crater with only about 100 mm distance between them
were found in the steel plate in this study. Therefore, the aim of
the present work was to study the effect of the microstructure
uniformity on ballistic performance of high strength steel. Firstly,
the microstructure, i.e., TiN inclusions, grain size and segregation
band, on the mechanical properties of high strength steels was
studied in the area between the partially penetrated crater and
completely penetrated crater. And then, formation mechanism
of ASB and cracks during ballistic impact process was also
discussed, thereby offering significant theoretical insights and
practical guidance for enhancing the performance of armored steel.

2 Materials and methods

The experimental material in this study was a 12 mm thick low-
alloy high-strength steel plate (Fe-0.33C-0.48Mn-0.20Si-0.37Cr-
0.09Mo-0.008Ti-0.016Nb-0.0013B (wt%)), which was obtained by
thermo-mechanical control process from 150 mm thickness slab.
Subsequently, steel plate was quenching at 880 °C and tempered
at 180°C, whose microstructure consisted mainly of tempered

martensite and bainite. With ballistic test at a bullet impact velocity
of about 810 m/s, and the distance between the gun and the target
plate was 100 m, the steel plate was partially penetrated forming
crater A and completely penetrated forming crater B (Figure 1A),
despite the craters A and B are close together with only about
100 mm. Two craters A and B were half-sectioned by an electric
spark wire cutting machine to observe the ballistically-impacted
microstructure around the craters using multiscale approach at
macroscale, mesoscale, andmicroscale (Maruschak andMaruschak,
2024). After etching the polished specimens with 4% Nital or picric
acid, ASB, segregation bands, and grains were observed around the
craters by an optical microscopy (OM; Axiolab 5, ZEISS, Germany).
TiN inclusions in initial steel plate were observed using OM. After
etching with picric acid, the grain sizes in initial steel plate were
statistically counted using OM.

According to the GB/T 228.1-2021 standard (China National
Standard, 2021), cylindrical specimens with a gauge length of
30 mm and a diameter of 6 mm were extracted between crater A
and crater B in steel plate (Figure 1B). Room temperature tensile
tests were conducted at a speed of 10 mm/min using a universal
testing machine (CMT5105, SANS, China). Ultra-depth-of-field
3D microscope (DSX1000, Olympus, Japan) was used to reveal
the differences in the fracture shapes of the tensile specimens.
Subsequently, three representative specimens were selected for
analysis of the fracture surfaces by scanning electron microscopy
(SEM; JSM 6700F, JEOL, Japan) and energy dispersive spectrometer
(EDS; INCA-ENERGY, Oxford, United Kingdom). After etching
the polished specimens with 4% Nital, microhardness testing
was conducted with a 0.3 kg testing force (XHD-2000TMSC,
Vickers, China).

Elemental analysis of the micro-area composition was
conducted using Electron Microprobe Analysis (EPMA-8050G,
Shimadzu, Japan). An electron backscattered diffractometer (EBSD)
analysis was performed on a dual-beam SEM (Helios G4 CX,
Thermo Fisher Scientific, Czech Republic) equipped with an EBSD
detector, operating at 20 kVwith a scan step of 0.2 μm.The specimen
for EBSD was polished using a multi-functional ion thinning
instrument (Leica EM Res102, Leica, Germany). Data acquisition
and processing were performed using HKL Channel 5 software.

3 Results

3.1 Macroscopic and microscopic
morphology of the cross-section of craters

In the ballistic experiment, bullets were vertically shot toward
the target plate. The macroscopic and microscopic morphology of
the half-sectioned area of the craters etched in 4%Nital or picric acid
were showed in Figure 2. Figure 2A showed the bullet head conically
recessed into the target plate forming the partially penetrated crater
A with a depression on the front face and a slight bulge on the
rear face. Figure 2B showed the completely perforated target plate,
forming the crater B.

Further observation for the microscopic morphology was
conducted using OM. After being corroded by 4% Nital, the
projectile and the base showed two different morphologies
(Figure 2C). White ASBs formed around the crater A (white arrows
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FIGURE 1
(A) Steel plate after bullet penetration test, and (B) Schematic diagram of sampling for tensile test specimen.

FIGURE 2
The macroscopic and microscopic morphology of the half-sectioned area of the craters etched in 4% Nital or picric acid. (A, B) Macroscopic
morphology of craters A and B (Nital etching), (C, D) OM images of craters A and B by Nital, and (E, F) OM images of craters A and B by picric acid.
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in Figure 2C) and crater B. Generally, cracks tended to propagate
along these ASBs. Cracks on both sides of the craters were observed
(Figures 2C, D). However, more cracks were observed around crater
B than those of crater A (Borvik et al., 2002). The cracks around
crater B exhibited not only orienting at a 45-degree angle to the
penetration direction but also parallel to the penetration direction.
At the same time, there were more and longer ASBs around the
crater B (numbered 1,2,3,4 in Figure 2D). The ASB was formed
under high-speed impact, which had the propensity to induce
crack nucleation and subsequent propagation along these ASBs,
thereby serving as a primary factor contributing to the failure of
steel plates. The generation of ASB may be associated with factors
such as the intrinsic material properties, structural homogeneity,
and the presence of internal defects in the target plate material
(Singh et al., 2019; Singh et al., 2021).

After etching with picric acid, as shown in Figures 2E, F, the
microstructure around two craters showed heavy deformation in the
segregation bands around the craters. The deformation around the
completely penetrated crater B was much more serious than that
around the partially penetrated crater A.

3.2 Mechanical properties

According to (Chausov et al., 2024), the dynamic non-balanced
processes, such as dynamic destruction, may cause changes in
the mechanism of plastic deformation. However, the static tensile
still have reference significance. The ballistic performance of high-
strength steel is correlated with its mechanical properties. Target
plates with high hardness, high strength and excellent ductility
show superior resistance to penetration necessitating (Borvik et al.,
2009; McDonald et al., 2019). Therefore, tensile specimens were
selected between the locations of the thoroughly penetrated crater
B and the partially penetrated crater A on the target plate,
as shown in Figure 1B.

From Figure 3A, it was found that tensile properties showed
significant difference, despite virtually same location. The yield
strength of the steel plate exceeded 1,400 MPa and the tensile
strength exceeded 1,700 MPa. The strength of the specimens 1,2,3,4
near crater Awas slightly higher than those near crater B (specimens
6,7,8,9), at the same time, the elongation and n value of the
former was higher than that of the latter, indicating excellent
strength, plasticity and deformability near the crater A zone.
The fracture surface shapes in the inset of Figure 3A displayed
diversity, indicating the difference in microstructure of each tensile
specimen. Compared to the fracture surfaces of specimens 1,2,3,4,
the tensile fracture surface of the specimens 6,7,8,9 seemed more
irregular in shape.

To explore the reasons, typical engineering stress-strain curves
were displayed in the Figure 3B.The stress-strain curves of specimen
1 near craterA, specimen 3 in themiddle, and specimen 9 near crater
B, which was indicated by red color in Figure 1B, displayed evident
differences. Specimens 1 and 3 exhibited excellent elongation
compared to specimen 9. During the tensile process, interactions of
dislocations resulted in work hardening, which was characterized by
the strain hardening rate and the n value (Zhang et al., 2010). The
greater the n value indicated the higher work hardening. In order to
describe the strain hardening behavior of materials, the true stress

(σ) - true strain (ε) curves are derived from the engineering stress-
engineering strain curves using Equations 1, 2.

σ = s × (1+ e) (1)

ε = ln (1+ e) (2)

where e is the engineering strain, s is the engineering stress.
The strain hardening rate curve in Figure 3C is obtained by

differentiating the σ-ε curve of the plastic region.
n value is calculated using the Hollomon equation as follows:

σ = Kε n (3)

where K is the strength coefficient.
Taking the logarithm on both sides of Equations 3, 4

was obtained.

lnσ = lnK + n lnε (4)

n = dlnσ
dlnε

(5)

By examining the n - ε curves based on Equation 5 in Figure 3D, it
was observed that the instantaneous n values for specimens 1 and
3 were significantly higher than that of specimen 9, indicating that
the excellent deformability of specimens 1 and 3. At the same time,
with the increase of ε, the n values decreased gradually, due to the
dynamic recovery caused by cross-slip with dislocations pile-up.

3.3 Fracture morphologies

Through SEM analysis of the fracture morphologies of
specimens 1, 3, 9 in Figure 4, it was observed that the
fracture surfaces were composed of fiber regions and shear
lips. Figures 4A, B, C showed the macroscopic fracture surface.
Separation cracks with varied location were found in fiber
regions, making the fracture shapes different, which indicated the
inhomogeneity of microstructure, especially the distribution of
segregation bands. As shown in Figures 4D–F, a large number of
dimples and a few cleavage facets were found on the fiber regions.
In addition, some deep dimples were found which are typical
characteristics of ductile fracture.However, the shear lips of the three
specimens showed shallow dimples with shear characteristics and
a few cleavage surfaces (Figures 4G–I), furthermore, more cleavage
surfaces were found in specimen 9 (Figure 4I).

The inclusion with regular shape in Figure 4J was identified
as ((Nb, Ti) (C,N)) by EDS analysis in the Figure 4K, due to the
epitaxial growth of NbC on TiN particles in the rolling (Ma et al.,
2017). Smooth cleavage surfaces surrounding these inclusions were
found, indicating the characteristics of brittle failure. During the
tensile process, the presence of large-sized TiN inclusions was prone
to inducing crack, which led to brittle failure and ultimately reduced
the material plasticity.

Based on the above analysis, it was evident that the plasticity of
specimen 1 near the crater A on the target plate was higher than
specimen 9 near carter B. Consequently, it was believed that the
differences in the ballistic test results of the target plate might be
attributed to the inhomogeneity of microstructure and properties.
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FIGURE 3
(A) Overall stress-strain curve, (B) Stress-strain curves of specimens 1, 3, and 9, (C) Strain hardening rate curve, (D) Strain hardening exponent curve.

Furthermore, the presence of TiN inclusions was likely to be one of
the reasons deteriorating the plasticity of the target plate.

3.4 Microstructure

Themicrostructure has an impact on the mechanical properties
of materials. An analysis of the differences in microstructure was
conducted by comparing the specimens 1, 3 and 9 in clamping
ends of tensile specimens. The Figures 5A–C illustrated the central
segregation etched with picric acid. It can be observed that the
distribution of segregation bands was inhomogeneous, whose
lengths and widths varied throughout the entire field of view.
Some of them were narrow and light, and others were thick
and dark. This kind of phenomenon was particularly pronounced
in specimen 9.

The line scanning results by EPMA, as shown in Figure 5D,
showed three distinct peaks in elemental content which
corresponded to specific locations in the segregation band. It was
evident that the segregation band exhibited obvious C enrichment,
and slight enrichment of Mn and Cr, compared to the surrounding
matrix, which increased the solution strengthening effect in
segregation band.

After etching with picric acid, the grain sizes in specimen 3 were
measured, as shown in Figure 5F. It was found that the grain sizes
on the segregation bands were smaller than those in the matrix.
The maximum grain size of matrix between bands exceeded 30 μm,
while that on the bands did not exceed 20 μm. The average grain
sizes and standard deviations of segregation bands and matrix were
5.67 μm and 3.15 μm, 7.57 μm and 4.73 μm, respectively. Evidently,
grain refinement occurred in the segregation band, as the element
enrichment in the segregation band delayed the phase transition
(Teixeira et al., 2021; Wang et al., 2022). Studies have shown
that grain refinement can enhance the strength and hardness of
materials (Bertolo et al., 2023; Liang et al., 2023), hence resulting
in higher hardness values on the segregation band compared
to the matrix.

From Figure 5E, the microstructure on the segregation bands
consisted ofmartensite with higher hardness values (619 HV). In the
matrix near the segregation bands, a significant decrease in hardness
(590 HV and 496 HV) was observed, due to the microstructure
comprising a mixture of martensite and bainite. The hardness
gradient, which existed in matrix and segregation bands, resulted in
the significant variations in the fracture morphologies.

In summary, the segregation band with fine grains and solute
element enrichment displayed high hardness, compared with the
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FIGURE 4
SEM images of tensile fracture surfaces. (A–C) Macroscopic fracture surfaces of specimens 1, 3 and 9, (D–F) Fiber zone of specimens 1, 3 and 9, (G–I)
Shear lips of specimens 1, 3 and 9, (J) TiN inclusion on the fracture surface, and (K) EDS of TiN.

surrounding matrix. However, despite a significant difference in
hardness between the segregation band and surrounding matrix,
the similar strength of specimens 1, 3 and 9 was found. The
inhomogeneous distribution of the hard segregation band resulted
in varying hardness gradient distribution, whereas the bulk
properties of tensile strength displayed the similar values. However,
cracks were prone to initiating at the interface between the matrix
and the segregation band due to stress concentration during tensile
loading, ultimately reducing the plasticity of the steel plate. So
specimen 9 with the most uneven segregation band distribution
displayed the worst plasticity.

In this study, it was found that the TiN inclusions were
almost located on the segregation bands. Figure 6A showed TiN
inclusions with homogeneous and heterogeneous nucleation. As
shown in Figures 6B, C, F, the heterogeneous nucleation core of
TiN inclusion was CaS and MgO by EDS analysis (Wang et al.,
2021). Compared with homogeneous-nucleated TiN inclusions,
heterogeneous-nucleated TiN inclusions were more prone to
initiating crack from soft CaS and MgO cores (He et al., 2022).
Chain-like TiN inclusions, which were located in hard segregation
bands, were also easy to induce crack due to a superposition of stress
fields around TiN inclusions (Figures 6D, E) (Sun et al., 2023).
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FIGURE 5
(A–C) Segregation bands in specimens 1, 3 and 9, respectively, (D) EPMA line scan for segregation band in specimen 3, (E) Hardness of matrix and
segregation band, and (F) Grain distribution in specimen 3.

4 Discussion

4.1 Formation mechanism of segregation
band and TiN

The influence of the varied content of Ti and N on
the precipitation process of TiN was analyzed based on the
thermodynamic formula. Considering the preferential combination
of Ti with N, TiN was formed according to Equation 6. The
theoretical concentration product of the TiN (KTiN) was shown
in Equation 7. The actual concentration product of TiN (QTiN) in
molten steel is expressed by Equation 8.

Ti+N = TiNinclusion (6)

logKTiN = log[Ti] ⋅ [N] = −
15218
T
+ 5.64 (7)

QTiN =
[Ti]0[N]0(1− f s)

kTi

1− (1− kN) ⋅ f s
(8)

The concentration of the Ti and N in the solidification front was
expressed by Equations 9, 10, respectively.

[Ti]l = [Ti]0 × (1− f s)
kTi−1 (9)

[N]l =
[N]0

(1− (1− kN) × f s)
(10)

where [Ti]l, [N]l, [Ti]0, and [N]0 represent the concentrations of Ti
and N in the solidification front and their initial concentrations,
respectively. kTi (0.33) and kN (0.48) represent the equilibrium
distribution coefficients of Ti and N, respectively.

From Equations 9, 10, it was found that Ti and N were
continuously enriched in the solidification front during the
solidification process of molten steel with the increase of solid
fraction ( fs), as shown in Figure7A. Until 0.98 fs, the TiN began to
form (Figure 7B). Enrichment of C, Mn, Cr, and Si was found in
segregation region in slab center by EPMA, at the same time, TiN
inclusions were also found in segregation region in Figure 8.

In other words, the segregation bands in steel plate originated
from segregation region in slabs. The segregation region as the
final solidification zone during continuous casting contained
micro-sized TiN inclusions, which was the reason why almost
all TiN located in segregation bands in steel plate after
rolling, as shown in Figure 6. Segregation region in slabs was
hardly removed by the subsequent reheating, rolling and heat
treatment process, and then were ultimately deformed into
bands (Guo et al., 2020).

4.2 EBSD analysis of TiN inclusions and
segregation bands in initial steel plate

According to the research conducted by (Singh et al., 2021), the
boundaries, inclusions, and segregation bands may be the potential
initiation sites for ASB and crack formation. Figures 9A, B showed
the TiN inclusions located in segregation band. The regions in
the black boxes in Figures 9A, B were selected for EBSD analysis.
Low-angle (LAGBs, 2°–15°) and high-angle boundaries (HAGBs,
>15°) were represented by black and red lines, respectively in
Figures 9C, D. At the interfaces of thematrix/segregation bands (the
black arrow in Figure 9D), more HAGB was found. Especially for
the TiN inclusion, high local strain zone in the sharp corner of
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FIGURE 6
The homogeneous and heterogeneous nucleation of TiN, and chain-like TiN inclusions. (A, B) TiN inclusions with homogeneous and heterogeneous
nucleation, (D, E) Chain-like TiN inclusions, (C, F) EDS of TiN core (red arrow) and TiN edge (black arrow).

FIGURE 7
Thermodynamic analysis of TiN. (A) Increase of the concentrations of Ti and N in the solidification front with the solid fraction ( fs), and (B) Relationship
between kTiN/QTiN and fs.

TiN were found (red arrow in Figure 9D). The crack was prone
to preferential initiating at the sharp corner of the TiN inclusion
(Shi et al., 2022). The significant difference of thermal expansion
coefficient between the γ-Fe matrix and TiN inclusion during
quenching cooling resulted in the serious thermal stresses and
strains (Pan et al., 2003). Ultimately, a certain plastic zone with
high strain would be produced around TiN. In the process of
subsequent ballistic impact deformation, elastic or elastic-plastic
incompatibility of TiN andmatrix might be the primarymechanism
for ASBs and cracks initiation (Narasaiah and Ray, 2005). Due

to microstructural inhomogeneity, some large grains with high
local strain at the boundaries of grain and placket/block/Lath
of martensite were found everywhere, which would tend to
initiate ASBs and cracks.

4.3 Statistical analysis of ASB and crack

ASBs formed from the severely localized deformation during
ballistic impact test. Owing to the absorbing of the ballistic
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FIGURE 8
OM and EPMA images of central segregation in the central equiaxed crystal zone of slab. (A) EPMA images, and (B) OM image.

FIGURE 9
(A, B) TiN on segregation band, and (C, D) Kernel average misorientation map (KAM). (black line >15°, red line 2°–15°).

impact energy, abrupt temperature rise occurred and led to ASBs
formation by repeated thermal softening (Baik et al., 2021).
The forming of ASBs and cracks can seriously deteriorate the
ballistic performance (Kim et al., 2021). It can be found from
Figure 2C, D that the length of ASBs numbered from 1 to 4
around crater B was 1,633, 4,024, 4,184, 5,007 μm, respectively,

while that around crater A was 1,281, 1,012, 3,946 μm, respectively.
The ASB around crater B (total length, 14,848 μm) was more
serious than that around crater A (total length, 6,239 μm).
The different kinds of cracks were formed, following the ASBs
around crater A and crater B during the ballistic impact, which
were closely related to the ASBs (Chen et al., 2021; Jo et al.,
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FIGURE 10
SEM images of the cracks along ASB (A) and intersected with ASB (B) in the half-sectioned area.

FIGURE 11
OM (A, B) and SEM (C) images in half-sectioned area in crater B (D–F) KAM map, distribution map of deformed grains, recrystallized grains and
substructures, and TF map of ASB in red-box areas of (B), and (G–I) KAM map, distribution map of deformed grains, recrystallized grains, and
substructures, and TF map in initial steel plate. (black line >15°).

2021). A kind of crack initiated and propagated along embrittled
ASBs (Figure 10A). Another kind of crack was parallel to
the penetration direction, intersected with ASBs (Figure 10B).
The latter only occurred around crater B with total
length of 25,382 μm.

4.4 Formation mechanism of ASB and
crack during ballistic impact process

In order to display the formation mechanism of ASB and
crack during ballistic impact process, EBSD analysis of initial steel

Frontiers in Materials 10 frontiersin.org

https://doi.org/10.3389/fmats.2025.1545242
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Tong et al. 10.3389/fmats.2025.1545242

plate and ASB near the crater was conducted in Figure 11. For
crater B, EBSD analysis was conducted in the location of the red
box in Figures 11A, B. As shown in Figure 11C, the transformed
equiaxed grains in the interior of ASBs (t-ASB) and deformed
grain in the exterior of ASB near matrix (d-ASB) were formed.
Deformation bands was regarded as being the initial stage of
localization, with further strain accumulation, t-ASB was developed
from them (Yu et al., 2024).

Equiaxed grain microstructure in t-ASB was due to dynamic
recrystallization resulting from the large plastic deformation
(Sun et al., 2014; Li et al., 2022). From KAM map (Figure 11D),
it was found that there were more bright yellow and red regions
with high local strain in d-ASB, compared with that in t-ASB. At
the same time, combining the distribution map of the deformed
grains, recrystallized grains and substructures represented with red,
blue and yellow colors, respectively (Figure 11E), it was evident that
the proportion of deformed grains in d-ASB was higher than that
in t-ASB, on the contrary, the proportion of recrystallized grains in
t-ASB was higher than that in d-ASB. Figure 11F shows the taylor
factor (TF)map,where the red color indicated high grain orientation
hardness. It was evident that, compared to the t-ASB, the d-ASB
displayed higher grain orientation hardness.

In a word, heavily deformed grains were observed in d-ASB near
matrix, which had the typical features such as high grain orientation
hardness andKAMvalue, as well as the high proportion of deformed
grains (Figures 11D–F), tending to induce crack (Landau et al.,
2016). Therefore, following cracks formed along the interfaces of d-
ASB and matrix. In addition, compared with EBSD maps of initial
steel plate (Figures 11G–I), it was evident that the grains of ASB was
significant refined, meanwhile, along with lower KAM value and
higher proportion of recrystallization grain.

It was especially obvious that much heavily deformation
occurred in the matrix above ASBs with elongated grains than
that below ASBs with similar equiaxed grains (Figure 11B),
due to the absorption of the ballistic impact energy by the
ASB formation. The inhomogeneous deformation resulted
in stress concentration, especially at the interfaces of either
the matrix/segregation bands or micro-sized TiN/segregation
bands, making the long crack initiation and propagation under
load of impact.

From Section 3.2, the specimen 1 near crater A was much
less susceptible to the ASB formation than the specimen 9 near
crater B, attributed to the higher n value and strain hardening
rate (Figure 3), which can restrained the localized deformation and
the final formation of ASB (Jo et al., 2020). So, the region around
crater B displayed much more ASBs and cracks than that around
crater A, due to the poor work hardening capability of region
around crater B.

5 Conclusion

(1) The strength of the specimens near the partially penetrated
crater A was slightly higher than those near the completely
penetrated crater B, at the same time, the elongation, n value
and strain hardening rate of the former was higher than
that of the latter, indicating excellent strength, plasticity and
deformability in the partially penetrated crater A region. The

ASBwith total length of 14,848 μm near completely penetrated
crater B was more serious than that near partially penetrated
crater A with total length of 6,239 μm, and cracks parallel
to the penetration direction with total length of 25,382 μm
only occurred around the completely penetrated crater B,
attributed to the lower n value and strain hardening rate in
crater B region.

(2) The segregation bands and TiN inclusions in steel plate
originated from central segregation in continuous casting
slabs. Almost all TiN located in segregation band in steel
plate.The segregation band with fine grains and solute element
enrichment in steel plate displayed high hardness, compared
with the surrounding matrix. High local strain zone in the
sharp corner of TiN in initial steel plate was prone to
preferential initiating ASBs and cracks. At the interfaces of the
matrix/segregation bands, more HAGB was found.

(3) From EBSD analysis, heavily deformed grains were observed
in t-ASB near matrix, which had the typical features of high
grain orientation hardness and KAM value, as well as the high
proportion of deformed grains.Therefore, cracks formed along
the interfaces of ASB andmatrix. It was especially obvious that
much heavily deformation occurred in the matrix above ASBs
than that below ASBs, due to the absorption of the ballistic
impact energy by the ASB formation. The inhomogeneous
deformation resulted in stress concentration, especially at the
interface of the matrix/segregation band and the micro-sized
TiN/segregation bands, making the long crack initiation and
propagation under load of impact.
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