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Research on the stress
concentration effects and
fracture mechanisms of DC04
sheet steel with holes

Xu Lin, Limei Zhang* and Yi Xie

School of Computer and Artificial Intelligence, Beijing Technology and Business University, Beijing,
China

DC04 sheet steel is widely used in automotive engineering because of its
light weight and high ductility. The sheet steel with holes will emerge stress
concentration under loading, then the peripore crack appeared around holes
until the fracture occurred. The conventional analysis started around the
macroscopic experiment and theoretical analysis, but the study on the evolution
law and fracture mechanism of peripore cracks caused by stress concentration
effect was not systematic. So, the hole stress of DC04 sheet steel with circular,
oval, rectangular and diamond holes were firstly analyzed in this paper. At the
same time, 15 groups of tensile tests were verified the influence of cavity shape
on stress concentration. Then, taking the sheet steel with circular hole and oval
hole as the research object, the evolution of aperture and stress change law
were analyzed, and the corresponding empirical formula of stress concentration
coefficient about net section was obtained. Finally, the microscopic crack
development was observed by electronmicroscopy, and the crack evolution law
and the fracture mechanism caused by stress concentration around the hole
were analyzed. These studies will provide theoretical support for the practical
engineering design.
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1 Introduction

The sheet steel has the characteristics of lightweight, easy opening, convenient assembly
and connection, so this steel plates is widely used in the automotive industry (Xu et al., 2021).
Around the hole, the stress level increases significantly, so there is stress concentration. The
phenomenon of stress concentration is widely observed in automotive engineering (Vivas-
Lopez et al., 2021). In practical engineering applications, the severity of stress concentration
is typically characterized by the stress concentration factor.

Stress concentration is a classical problem, in 1898, Kirsch (1898) analyzed the
stress concentration coefficient of infinite sheet steel with central circular hole under
unidirectional tension using two-dimensional elastic theory, and the analytical solution
was obtained. Kang (2014) used Airy’s stress function to study the steel plate with any
circular hole under the bendingmoments, and the exact solution of the stress concentration
coefficient was obtained. For the stress concentration with non-circular holes, Luo et al.
(2012) gained the explicit expressions of the stress concentration factors on elliptical
and eccentric oval plates by semi-analytical and semi-empirical methods. Patel and Desai
(2020) used the complex function to derive the formula of tangential stress concentration
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coefficient for a platewith elliptical holes bearing the linearly varying
loads. Savin (1961) used Muskhelishvili’s complex variable method
to achieve the exact solution of stress distribution with different
shapes of holes in infinite plates. Jafari and Ardalani (2016) used the
same method to study the stress distribution of regular polygonal
holes in finite plates. These analyses showed that the geometric
parameters such as the size and shape of the hole have significant
influence on the stress concentration.

Subsequent scholarly research has revealed that factors such as
plate thickness and material also influence the stress concentration
effect in perforated plates. Liu et al. (2024) utilized a theoretical
model to analyze the stress state of a finite thickness plate containing
a circular hole under remote loading, concluding that when the
plate is thin (t/r = 0.25, r represent the hole diameter), the stress
state approaches a plane stress state, and the stress concentration
factor decreases as the stress ratio increases. Yang et al. (2010)
investigated the stress and strain field of a finite thickness plate
(thickness of 200 mm) with a circular hole under out-of-plane
bending, indicating that the maximum stress concentration factor
occurs on the free surface of the sheet steel with a smaller bending
moment (2 ≤ t/r ≤ 10, r represent the hole diameter), and the
ratio of plate thickness to bending moment affects the stress and
strain concentration factors, with a similar relationship between the
two. Chai et al. (2023) explored the strength of beam structures
with installed perforated thin steel plates through experiments and
numerical simulations, finding that the thickness of the perforated
plate significantly impacts the structural strength, with the 2 mm
thick perforated plate exhibiting the highest load-bearing capacity.
Dveirin et al. (2021) studied the stress concentration around
holes in composite material components, determining that the
ratio of hole diameter to plate thickness (thickness ranging from
2 mm to 4 mm) as well as load factors would affect the stress
concentration factor. Tadepalli et al. (2017) examined the stress
concentration caused by rectangular and circular holes in isotropic
and orthotropic plates, analyzing the impact of material anisotropy
and other factors on the stress concentration factor. These research
findings indicate that the thickness of steel plates can affect the stress
distribution pattern, thereby influencing the load-bearing capacity
and stability of structures. The study of stress concentration in sheet
steel (with a thickness of 2 mmor less) is not comprehensive enough,
necessitating further in-depth exploration.

The shape and size of the hole, the thickness of the plate, the
material properties, and other factors have a significant impact
on the stress concentration around the hole. Under load, the area
around the hole is prone to damage such as cracking and fracture,
making the load an important factor in stress concentration as
well. Liu et al. (2023) and others have studied the effect of local
plasticity within the notch plastic zone on the actual fatigue stress
concentration factor value by using uniaxial tension-compression,
bending, and torsional fatigue loading; Goyat et al. (2022) used
the extended finite element method to study the influence of edge
cracks on the stress concentration around a circular hole surrounded
by functionally graded materials under uniaxial tensile load. There
is often a close link between macroscopic fracture behavior and
the evolution of micro-damage; in-depth research from the micro
perspective can more specifically reveal the fracture mechanism of
the hole plate under the effect of stress concentration. Habibi et al.
(2022) compared and analyzed themicrostructural damage behavior

of sheet steel (thickness of 1.5 mm) under different stress states,
revealing the complex relationship between microstructure and
damage evolution; the uniformity of microstructure is closely
related to the local formability and fracture behavior of the
material. Sun et al. (2023) combined numerical simulation and
theoretical analysis to discuss and analyze the state of Q345 steel
plate (thickness of 5.5 mm) during impact; the results showed
that the steel plate exhibited obvious damage and destruction
characteristics macroscopically, and microscopically, the holes were
mainly distributed near the edge of the ferrite grains, where micro-
cracks nucleated and expanded into macroscopic cracks. Tan et al.
(2023) have conducted in-situ tensile tests to study the stainless steels
SLM316L and CM 316L, and it has been observed that the former
exhibits greater strength and resistance to deformation. The stress
concentration at the crack tip significantly influences the strain-
induced α′-martensitic transformation.The aforementioned studies
indicate that stress concentration is the main cause of micro-pores
and crack formation around the hole, and the size and propagation
path of the crackswill, in turn, affect the stress distribution and cyclic
state around the hole. Under this complex interaction, the two will
eventually lead to the fracture and destruction of the component.

In summary, the present study centers on DC04 sheet steel for
investigation. The distribution of stress and strain around holes
of circular, elliptical, rectangular, and diamond shapes is initially
analyzed. Subsequently, the influence of hole geometry on stress
concentration effects is verified by conducting 15 sets of tensile tests.
Empirical formulas for the net section stress concentration factors
in sheet steel featuring circular and elliptical holes are then derived
through an analysis of the relationship between hole diameter
evolution and stress concentration. Finally, the fracture morphology
of the specimens is examined using scanning electron microscopy
to investigate the progression of cracks around the holes and the
fracture mechanisms of sheet steel induced by stress concentration.
The study aims to systematically delineate the impact of stress
concentration onmaterials by integrating numerical simulationwith
experimental methods, thus offering a theoretical foundation for
research in pertinent domains.

2 Stress concentration characteristics
of thin steel plates with different holes

The stress concentration factor (SCF) is expressed as follows
(Lim, 2015):

K =
σmax

σn

where σmax is defined as the maximum stress value at the area
of stress concentration; σn is defined as the reference stress value,
which is generally categorized into two types (Figure 1), the SFC
about complete and net section respectively expressed as K and k
in Equations 1, 2.

K =
σmax

σn
=
σmaxBt

F
(1)

k =
σmax

σn
=
σmax(B−D)t

F
(2)
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FIGURE 1
Two types of σn on sheet steel (A) the complete section (B) the net section.

FIGURE 2
The Geometry size of four types hole plate.

where B is the width of the sheet steel; D is the diameter of the hole
orthogonal to the direction of stretching; t is the thickness of the
sheet steel; F is the load applied in uniform stretching.

According to the principle of equivalent area, four types of
specimens were designed Figure 2, four kinds of hole shapes were
circular oval, rectangular and diamond. The sheet steel, designated
as DC04, with a thickness of 1 mm.

The material parameters of DC04 sheet steel: yield strength
of 120 MPa; tensile strength of 270 MPa; modulus of elasticity of
205000 MPa; density of 7850 kg/m3; Poisson’s ratio of 0.3. In the
context of uniaxial tensile loading, the mechanical behavior of the
sheet steel with four types of holes was investigated both numerical
simulation and experimental, with the results as follows.

2.1 Numerical simulation

In ABAQUS, the C3D20R element was selected, and the
mesh around the hole was locally refined. Under uniaxial tensile
conditions, the left end of the sheet steel was fixed, and a uniform
load of 200N was applied to the right end (Figure 3 illustrates the
example of plate with a circular hole). The stress-strain conditions

around the hole, as calculated, were depicted in Figure 4, and the
mechanical properties were presented in Table 1.

From Figures 3, 4; Table 1, the results were shown as: 1) The
distribution of stress and strain around the hole periphery was
expressed a typical “butterfly shape” and stress concentration. The
geometric discontinuity caused by the hole opening led to the
distortion of stress lines around the hole. The denser the strain
lines around the hole, themore pronounced the stress concentration
was observed to be. 2) The stress concentration around the
diamond-shaped holewas themost pronounced, with themaximum
equivalent stress value reaching 46.13 MPa; the stress concentration
around the circular hole plate was the lowest, with the maximum
equivalent stress value being 21.05 MPa. The shape of the hole
directly influenced the distribution of stress.

2.2 Sheet steel tensile test

In accordance with the relevant provisions of the Chinese
National Standard GB/T228.1-2010 (Li et al., 2024), specimen
preparation and tensile testing were conducted. Tensile tests were
conducted using an electronic universal testing machine, with a
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FIGURE 3
Circular hole plate (A) boundary conditions (B) stress line distribution.

FIGURE 4
The stress and strain distribution around four types of holes.
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TABLE 1 Mechanical parameters around the hole.

Groove σmax/MPa εmax K k

circular hole 21.05 2.08E-04 3.16 2.53

oval hole 27.50 2.73E-04 4.13 3.14

rectangular hole 34.74 3.55E-04 5.21 3.58

diamond hole 46.13 4.40E-04 6.92 4.75

maximum static load of 300 kN and a loading rate of 2 mm/min.
Each type of specimen was tested three times, grouped and
numbered as TS1, TS2, and TS3. The load-displacement curves
for the unperforated and four perforated specimens are shown in
Figures 5, 6, respectively.

The experimental results indicated that: Macroscopically,
1) DC04 unperforated specimens exhibited significant plastic
deformation when subjected to load, without immediate fracture.
After the specimen fractured, the fracture angle was approximately
60°, which differed from the theoretical value of 45°. The reasons
for this discrepancy included the specimen’s good toughness,
its thinness, susceptibility to warping deformation during the
manufacturing process, and the influence of material elemental
characteristics on the stress state at the fracture. 2) Post-yield, the
force-displacement curves and the morphologies of the holes began
to exhibit noticeable differences. Rectangular and diamond-shaped
holes were the first to crack, with significant stress concentration
at the two sharp corners perpendicular to the stretching direction,
leading to rapid fracture after reaching the maximum tensile stress.
In contrast, the stress concentration around circular and oval holes
was less pronounced, with smaller cracks around the holes and
better ductility.

In summary, numerical simulations and experimental
results had demonstrated that the shape of holes significantly
influenced stress concentration and crack propagation. Holes
with smooth boundaries and gradual geometric transitions, such
as circular and oval holes, exhibited less stress concentration
and smaller cracks around them, resulting in better ductility.
Consequently, the study primarily focused on the stress
concentration issues of plates with circular and oval holes in the
subsequent research.

3 Stress concentration of the sheet
steel with circular and oval hole

3.1 Circular hole plate

A model of the sheet steel with a central circular hole
was shown in Figure 7. Its lengthwidth and thicknesswere expressed
as A, B and t. A radius of the circular hole was r. Uniform tensile
loads q were applied to both sides of the plate. The coordinate
origin set at the center of the hole and the axes of the coordinates
aligned parallel to the boundaries of sheet steel. Assuming
that r, t≪ A,B, the model was simplified to a plane problem
for analysis.

The circumferential normal stress component surrounding
the hole was derived using the superposition method, as
reported in (Xu, 2013):

σρ =
q
2
(1− r

2

ρ2
)+

q
2
cos 2φ(1− r

2

ρ2
)(1− 3 r

2

ρ2
)

where the polar coordinate system, ρ represents the radial distance;
φ denotes the angle. Along the direction of axis x and y,
when φ = 0∘, φ = 90∘, the circumferential normal stress σφ=0∘ σφ=90∘
were derived as:

σφ=0° = −
q
2
r2

ρ2
(3 r

2

ρ2
− 1)

σφ=90° = q(1+
1
2
r2

ρ2
+ 3
2
r4

ρ4
)

When ρ = r, (σφ=90°)max
= 3q, the maximum circumferential

normal stress was located around the hole, with a stress value
approximately three times that of the applied uniform tensile load,
and as the distance from the hole increased, the stress value
gradually approached q. Hence, the stress concentration factor in
this mechanical model was considered to be:

K r =
(σφ=90°)max

q
= 3

When B was set to 30 mm, the selection of hole diameter r was
referred to Table 2, following the model depicted in Figure 7C. The
boundary conditions were consistent with those shown in Figure 3.
The aspect ratio, denoted as α = 2r/B, was considered in the analysis.

The numerical solution K and the analytical solution Kr for the
complete cross-section were analyzed, and their relative error rate
E1 was computed. A comparative analysis was conducted between
the numerical solution k and the finite element solution kr for the
net cross-section, and their relative error rate E2 was calculated.The
stress concentration factor kr, which is calculated based on the film
stress σ f obtained from finite element analysis (in the case of oval
hole plate, it is denoted as ke), was determined. The relationship
curve between α and K, k was depicted in Figure 8.

These results indicated that: As shown in Figure 8A, when α >
0.2, the relative errors of K and Kr gradually increased due to the
continuous reduction of the ligament area surrounding the hole.
When α ≤ 0.2,K rapidly approachedKr = 3, E1 ≤ 4.853%, indicating
that the stress concentration problem around a finite large plate hole
could be approximated as an infinitely large plate hole problem,
hence simplifying to the ‘small hole problem’. In such cases, Kr was
used to approximate K.

In the relationship curve of Figure 8B, k and kr exhibited a
negative correlation with α.The relative error between k and kr, E2 <
2%, and as α increased, the two tended to equalize. When α = 1 was
reached, kr would decrease to around 2. Consequently, by utilizing
the Levenberg-Marquardt iterative algorithm to fit the kr curve, an
empirical formula for the stress concentration factor of the central
circular hole sheet steel based on the net section was derived:

kr = 1.86+ 1.07× 0.1α (3)

The formula was compared with the computational results of
HeyWood (Frankl, 1953) (referred to as kh in the text) andwas found
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FIGURE 5
Tensile test of unperforated specimens (A) test equipment (B) load-displacement curve and macro damage evolution.

FIGURE 6
Tensile test of perforated specimens (A) load-displacement curve (B) fracture topography.

to have higher precision, while the trend of the relationship curves
between the two was consistent. It was also discovered that as α
increased, kr approached its lower limit value of 2, which was a finite
value for any given α, while K itself grew larger without an upper
limit. The influence of pores present on the material cross-section
was considered for kr. Therefore, using kr to represent the stress
concentration around the hole is more accurate, and Equation 3 is
more in line with practical engineering applications.

3.2 Oval hole plate

Thesamemechanicalmodel of the sheet steel as in Figure 9Awas
used and the mechanical model was simplified to a planar problem
for analysis (Figure 9B). The hole at the center of the thin plate was
designed as an oval hole (with themajor axis as a, and theminor axis
as b, a > b), the boundary conditions were set in accordance with the
previous specifications.
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FIGURE 7
The model of sheet steel with central circular hole (A) 3D modelling of the orifice plate (B) flat model (C) superposition principle.

By referring to the work cited as (Tan, 2015), the problem was
addressed using methods from complex function theory, resulting
in the formulation of σφ.

σφ = q(
1−m2 − 2mcos2α + 2cos2(φ+ α)

1+m2 − 2mcos2φ
)

whereαwas defined as the angle between the x-axis and the direction
in which the load was applied; φ was referred to as the angle in
the polar coordinate system; m was described as a real constant
(m = a−b

a+b
).

When α = 0°, the minor axis of the oval hole became parallel to
the direction of the tensile force, and the maximum circumferential
tensile stress (σφ=0,π)max

= q(1+ 2a
b
)was observed at the extremities

of the major axis. Thus, the maximum stress concentration factor
within that mechanical model was identified to be:

K e =
(σφ=0,π)max

q
= 1+ 2a

b

When B was set to 30 mm, the selection of hole diameter r was
referred to Table 3.The boundary conditions were set in accordance
with the previous specifications. The aperture factor, denoted as β =
b/a, was considered in the analysis.

The numerical solution K and the analytical solution Ke for
the complete cross-section were analyzed, and their relative error
rate E3 was computed. A comparative analysis was conducted
between the numerical solution k and the finite element solution
ke for the net cross-section, and their relative error rate E4 was
calculated. The relationship curve between β and K, k was depicted
in Figure 10.

Research indicated that K, Ke and β exhibited a negative
correlation. As β increased, the two rapidly approached each other,
leading to an extreme scenario in the evolution of the oval hole

diameter, namely a = b, where the elliptical hole evolved into a
circular hole, at which point Ke = Kr = 3 occurred (Figure 10A).
Within this range, when β ≥ 0.7, E3 ≤ 4.98%was in accordance with
the standards of practical engineering, proving thatKe could be used
to approximate K in solving the stress concentration problem of
the oval hole plate; when β ≤ 0.7, another extreme situation in the
evolution of the oval hole diameter occurred, namely a≫ b, where
the oval hole evolved into a slender “crack”. Changes in its shape ratio
led to changes in the geometric properties of the structure, especially
a sharp decrease in the radius of curvature (ρ = b2/a) at the ends of
the major axis, and this kind of geometric singularity significantly
intensified the stress concentration in that area.

In Figure 10B, a negative correlationwas observed between k, ke,
and β. Furthermore, as β increased, E4 < 3%was observed to rapidly
converge towards equality with the other variables. Consequently, by
employing the Levenberg-Marquardt iterative algorithm to fit the ke
curve, an empirical formula for the stress concentration factor of a
centrally located oval hole in sheet steel, based on the net section,
was obtained.

ke = 2.29+ 8.54× 0.03β (4)

Bymaintaining the constant area of the perforation in sheet steel
and analyzing the stress concentration around the hole with the
evolution of the oval hole aperture, the study of stress concentration
in finite large plates containing oval holes had been refined to a
certain extent. Equation 4 employed a unique variable to precisely
quantify the degree of stress concentration around the hole, with
succinctly characterizing the two extreme scenarios of oval hole
diameter evolution.This approach enhanced efficiency in structural
design and engineering calculations.
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TABLE 2 SCF around the hole corresponding to different α.

Group r (mm) α K k kr E1 (%) E2 (%)

1 1.5 0.1 3.006 2.705 2.713 0.20 0.45

2 2.25 0.15 3.075 2.614 2.635 2.44 0.82

3 3 0.2 3.153 2.522 2.546 4.85 0.95

4 3.75 0.25 3.251 2.438 2.464 7.71 1.07

5 4.5 0.3 3.378 2.365 2.392 11.19 1.17

6 5.25 0.35 3.542 2.302 2.332 15.29 1.30

7 6 0.4 3.752 2.251 2.282 20.03 1.37

8 6.75 0.45 4.017 2.209 2.242 25.32 1.48

9 7.5 0.5 4.353 2.177 2.212 31.08 1.61

10 8.25 0.55 4.779 2.151 2.189 37.23 1.79

11 9 0.6 5.304 2.122 2.125 43.44 0.17

12 9.75 0.65 6.015 2.105 2.109 50.13 0.20

13 10.5 0.7 6.902 2.070 2.075 56.53 0.22

14 11.25 0.75 8.181 2.045 2.051 63.33 0.29

15 12 0.8 10.095 2.019 2.027 70.28 0.40

FIGURE 8
Correspondence of α with SCF (A) α−K relationship curve (B) α− k relationship curve.

4 Micro-crack development and
fracture mechanism around the hole

The fracture morphology of the non-hole sheet steel
and four other types of porous plates was observed using a

Scanning Electron Microscope (SEM), with the observation
direction and the position of the observation points as depicted
in Figure 11.

The fracture surface of the specimen was observed via
SEM to exhibit a substantial presence of slip bands and a
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FIGURE 9
The model of sheet steel with central oval hole (A) 3D modelling of the orifice plate (B) flat model.

TABLE 3 SCF around the hole corresponding to different β.

Group a (mm) b (mm) β Ke K k ke E3 (%) E4 (%)

1 9.49 0.95 0.1 20.979 22.476 8.261 8.494 6.66 2.82

2 6.71 1.34 0.2 11.015 11.828 6.539 6.684 6.87 2.22

3 5.48 1.64 0.3 7.683 8.099 5.142 5.237 5.14 1.85

4 4.74 1.90 0.4 5.989 6.438 4.402 4.471 6.97 1.56

5 4.24 2.12 0.5 5.000 5.303 3.803 3.847 5.71 1.16

6 3.87 2.32 0.6 4.336 4.575 3.394 3.423 5.22 0.87

7 3.59 2.51 0.7 3.861 4.064 3.092 3.071 4.98 0.68

8 3.35 2.68 0.8 3.500 3.666 2.846 2.859 4.53 0.45

9 3.16 2.85 0.9 3.218 3.350 2.643 2.652 3.93 0.34

10 3.00 3.00 1 3.000 3.105 2.484 2.493 3.38 0.35

dimple zone formed by the aggregation of dimples, as illustrated
in Figure 12.

The results were shown that:

(1) The transition zone at the fracture surface exhibited a
pronounced necking phenomenon, with the slip direction
towards the side closer to the hole (Figure 12A). The near-
hole region was the first to develop microcracks, which
gradually propagated towards both ends until reaching the
surface of the specimen. In this area, dimples coalesced and
formed a dimple zone, which then progressively developed
into a crack, extending from the central region towards
both ends (Figure 12B). The dimples on the fracture surface
were distributed with a pattern of increasing density and
decreasing size as the distance from the hole mouth increased;
the cracks on the hole plate initiated in the central region and
gradually expanded towards both ends.

(2) In the context of fracture surfaces, circular and oval holes
exhibit a lower density of dimples (Figure 12C), whereas
rectangular and diamond-shaped holes display a higher
density of dimples (Figure 12D). This phenomenon can be
attributed to the presence of second-phase particles and other
impurities within the material, which lead to the formation
of micro-pores and micro-cracks. The geometric continuity
of rectangular and diamond-shaped holes is relatively poor,
resulting in a significantly increased crack propagation rate
at the sharp corners, which rapidly expands along the
damage path. The corners with holes are prone to early
fracture. In contrast, the smooth boundaries of circular
and oval holes result in weaker stress concentration around
the hole, thus the initiation and propagation of micro-
cracks are relatively slow. This effect delays the fracture
process of the plate to some extent, and as a result,
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FIGURE 10
Correspondence of β with SCF (A) β−K relationship curve (B) β− k relationship curve.

FIGURE 11
Observation direction and observation point.

circular and oval hole plates demonstrate higher tensile
strength.

(3) Observations of the inner wall of the hole at the fracture
revealed that: it was observed that the inner walls of
the holes exhibited minor undulation deformation, as
illustrated in Figure 12E at Loc 5.1–5.4 (illustrates the example
of plate with a circular hole). This phenomenon indicates that
the stress perturbation experienced in this area was relatively
minor, which is also in accordance with the stress distribution
patterns around the holes as simulated numerically.

(4) The maximum stress concentration observed in Figure 4
occurred in the region of the sharp corners of the rectangular
hole, and Figure 6 showed that the peripheral cracks of the hole
exhibited asymmetry, with the locations of sprouting located
in the left and right side regions. According to Figure 12G, the
reason for this phenomenon was twofold: firstly, the necking
of the inner wall of the hole in the thickness direction, where
the thickness of both sides was smaller compared to that at the
sharp corners, and the formerwasmore susceptible to fracture;
and secondly, there were a large number of clusters of tough

foci, slip lines, and microcracks in the walls of the holes on the
left and right sides. The convergence of these tough nests, the
slip of grains, and the presence of twin boundaries provided
potential sites for crack initiation, and the distinctness of the
tearing prongs suggested a higher rate of damage evolution
in this region. Inclusions in the material could lead to crack
initiation at defects at lower stress levels, the specimens were
thin and prone to buckling, and the fracture exhibited shear
damage (fracture angle of approximately 60°), all of whichmay
have had an impact on the crack extension path.

The hole edge was a potential area for the initiation and
propagation of cracks, with the first macroscopic crack typically
originating from both ends of the hole and gradually expanding
towards the ends in a direction orthogonal to the loading.
Microscopically, the growth of dimples and the aggregation of slip
were common forms of damage accumulation, where the growth
of dimples represented the micro-injury evolution of material
toughness fracture, as shown in Figure 12[F(①–④)]. These micro-
features had a direct link to the macro-behavior of the material
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FIGURE 12
Micro-morphology (A) slip direction of necking area (B) dimples of fracture area (C) dimples of circular and oval orifice plates (D) dimples of
rectangular and diamond orifice plates (E) pore wall (F) microscopic damage evolution of peripore (G) rectangular hole damage.

and could systematically elucidate the fracture mechanism of the
sheet steel.

5 Conclusion

This study employed a combination of numerical simulation
and experimental methods to investigate the behavior of DC04
sheet steel under uniaxial tensile loading conditions. The research
materials included plates with different hole patterns, circular hole
plates with various hole diameters, and elliptical hole plates with the
same area but different hole diameters. The findings of the study led
to the following conclusions:

(1) The shape of the hole has a significant impact on stress
concentration. Holes with sharp corners are prone to higher
degrees of stress concentration around the hole, while holes
with smooth edges significantly mitigate stress concentration.
The edges of the holes in the sheet steel are potential
areas for crack initiation and propagation, and the first
macroscopic crack in all hole plates originated at both ends
of the hole, developing in a direction perpendicular to
the loading.

(2) By defining the aspect ratio (α = 2r/B) of circular hole plates
and the aperture factor (β = b/a) of oval hole plates, empirical
formulas for the stress concentration factor based on the net
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section were derived. These formulas effectively quantify the
stress concentration effect around the holes. Using the average
stress on the net section as the reference stress, it was found that
the maximum stress concentration factor around the holes in
circular plates gradually approaches the lower limit of 2.

(3) The fracture analysis of plates with holes under the effect of
stress concentration indicated that the area of the plate with
the smallest cross-section (near the hole) exhibited significant
stress concentration first. As the stress concentration further
intensified, plastic yielding occurred on amacroscopic level; on
a microscopic level, the movement of dislocations within the
material generated local micro stress concentrations, which in
turn led to the formation of micro holes or depressions in the
material, known as dimples.

(4) The intensification of dislocation motion caused plastic
deformation to initiate in regions such as grain boundaries and
phase interfaces within the material, accelerating the growth
of dimples and forming a continuous dimple zone. When the
volume of dimples grew to a critical state, adjacent large-
volume dimples came into contact and coalesced, a process
that was observed macroscopically as a noticeable necking
phenomenon around the hole. As the dimples accelerated
their convergence, micro cracks in the hole area continued to
propagate, and when the stress concentration around the hole
reached the ultimate value that the plate could withstand, the
sheet steel began to crack at the hole mouth and eventually
fractured completely.
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