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Abstract: Fracture initiation in plastic metals is attributed to the development of voids. Analyzing
the nucleation and growth processes of voids facilitates the study of plastic deformation and fracture
mechanisms in metal materials. Uniaxial tensile tests were conducted on two high-quality carbon
structural steels, and the microfracture surface morphology of the tensile specimens was observed
by using a scanning electron microscope (SEM). From the perspective of vacancy condensation, the
nucleation mechanism of voids in the absence of inclusions or particles was analyzed. Based on
the continuum damage mechanics theory and the Rice-Tracy (R-T) model, a damage parameter
considering the void volume fraction was derived, and a plastic potential function, hardening
curve, and constitutive model for the plastic deformation process of the plastic metal material were
established. Based on the uniaxial tensile test data of the two sheets of high-quality carbon steel,
the strain range data in the hardening stage were converted into true stress—plastic strain data,
and the established hardening curve was used to fit the true stress—plastic strain data. The results
showed good agreement between the established hardening curve and the experimental results,
which effectively reflected the deformation process of ductile fractures in plastic metal materials.

Keywords: continuous damage mechanics; plastic metal; ductile fracture; void; dimple

1. Introduction

Plastic metal materials are widely used in the structural components of large-scale
equipment, such as giant ships, large oil storage devices, high-rise buildings, and important
roads and bridges. While fully meeting the existing theoretical system of plastic metal
strength, these important structural components still experience occasional catastrophic
failure accidents. This has not only caused huge economic losses, but has also brought
about certain casualties [1-3]. The reason for this is that the fracture mechanisms and
related failure criteria of plastic metal materials still need further exploration and research.
Therefore, further research on the fracture mechanisms and failure criteria of plastic metal
materials still has important scientific value and practical significance for the in-depth
exploration of the essence of sudden failures of large structural components and their safe
application in various fields.

Previous researchers have conducted extensive research on the fracture mechanisms
and related failure criteria of plastic metal materials. McClintock [4] studied the growth
and coalescence of cylindrical voids under a given stress-strain action and established a
ductile fracture criterion that considered the growth of voids. Argon et al. [5] theoretically
derived the nucleation conditions of pores during the ductile fracture process. Based on
this, Landron et al. [6] further considered the influence of stress triaxiality and established
a model for the evolution of pore density during the fracture process of dual-phase steel;
the obtained model was in good agreement with the experimental results. Beremin [7]
conducted fracture tests on notched specimens of round rods made of A508 steel, which is
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used for pressure vessels in nuclear power plants. It was found that the nucleation mecha-
nisms of pores in the short transverse and longitudinal directions were different during
the fracture process. During longitudinal loading, the pores nucleated due to inclusion
fractures, while in the short transverse direction, the particle-matrix interface peeled off,
leading to the nucleation of pores. Le Roy et al. [8] studied the fracture behavior of four
high-quality ordinary carbon steels and found that fractures of carbides and detachment
from the matrix led to the nucleation of voids. They proposed a ductile fracture model
based on the nucleation and growth mechanisms of voids. Ye et al. [9] used the cell analysis
method to discuss the effects of stress triaxiality and the Lode parameter on the growth
of voids in cells and constructed a ductile fracture model to more accurately describe the
ductile fracture behavior of Q345 steel in complex stress states. Zhang et al. [10] used
the third-generation ultra-high-strength QP1180 steel as the research object, designed five
differently shaped material samples, and conducted fracture limit tests. Combined with
finite element simulation technology, they established the Modified Mohr-Coulomb (MMC)
fracture criterion and Generalized Incremental Stress-State-Dependent Model (GISSMO)
for QP1180, effectively predicting the failure behavior of the material. The micromechanical
damage model represented by the Gurson-Tvergard-Needlmann (GTN) model is widely
used to describe the ductile fracture process of plastic metal materials [11-13]. Deng [14]
took 304 stainless steel as the research object and obtained the GTN model damage parame-
ters of the steel through a uniaxial tensile test. Jiang [15] proposed a GTN model with dual
damage variables that can describe the shear failure behavior of plastic metal materials.
Dong et al. [16] constructed a displacement-related damage function as a new fracture
criterion based on Jiang [15]; the simulation results with this model were consistent with
shear test results on SUS304 stainless steel pipes.

By observing the microscopic morphology of the fracture surface of plastic metal
materials, it can be found that there are large numbers of dimples of the same scale
distributed along the fracture direction in the cross-section. Maire et al. [17] studied the
fracture process of DP600 through an in situ SEM tensile test and used X-ray tomography
to explore the evolution of DP steel damage. It was found that the damage was caused
by martensitic fracture and ferrite/martensite decohesion, and a large number of dimples
with different sizes were observed at the fracture surface of the DP steel. Wu et al. [18]
observed the fracture morphology of 45 steel in different stress states with SEM and found
that there were dimples of varying sizes in the fracture surfaces of both standard and
notched tensile specimens. Deng [14] observed the tensile fracture surfaces of two types
of 304 stainless steel samples and found a large number of fracture dimples. The voids
in the samples containing MnS inclusions preferentially nucleate at the inclusion and
second-phase particles, while the morphology of the dimples on the fracture surface of
the samples without MnS inclusions is mainly caused by shear stress. Yan et al. [19]
used high-resolution 3D X-ray tomography technology to analyze the evolution process
of microvoids in G20Mn5N low-alloy cast steel. The fracture morphology of the sample
also displayed different sizes of dimples; the research results showed that the growth and
coalescence of pores ultimately led to ductile fracture of the material. On the basis of
the void growth model (VGM), Huang et al. [20] proposed a new fracture model named
the LVGM model that comprehensively considered the effects of stress triaxiality and
the Lode parameter. This model effectively predicted the fracture process of Q235B steel;
the microstructure of the fracture surface showed equiaxial and shear dimples. Othmen
et al. [21] conducted tensile fracture experiments on AISI304L stainless steel plates and
investigated the ductile fracture behavior of AISI304L stainless steel using four different
ductile fracture criteria. The numerical simulation results indicated that the Rice-Tracey or
Brozzo fracture criteria can effectively predict the fracture behavior of AISI304L stainless
steel. Additionally, a significant presence of dimples was observed on the fracture surface of
the tensile specimens. This failure mode is believed to be induced by the formation of voids
around non-metallic inclusions and/or second-phase particles within the metal matrix,
which undergo continuous plastic deformation under an external load. The growth and
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coalescence of these voids ultimately lead to the fracture of the specimen. Tang et al. [22]
investigated the failure behavior of hot-stamped 22MnB5 boron steel under various loading
conditions. They incorporated three-point bending tests for calibration with a ductile
fracture criterion. The numerical simulation results indicated that this model effectively
predicted the macro-crack propagation under a circular punch. Additionally, SEM images
indicated that there was a significant difference in the morphologies of ductile fractures
under tensile stress and shear stress; there was a large number of dimples on the fracture
surface of the tensile specimen, while there was a shear band with minor voids on the
fracture surface of the shear specimen, and it was observed that the fracture surface
was composed of waved structures in the direction of the maximum shear stress (MSS).
Li et al. [23] employed an approach combining experiments and microstructure-based
crystal plasticity simulations to elucidate the mechanism of plastic anisotropy in DP980
steel sheets. The uniaxial tensile specimen exhibited the typical fracture features of ductile
metals, with the fracture surface displaying plentiful elongated shallow dimples, which
indicated the dominance of shear fractures. Barnwal et al. [24] conducted hydraulic bulging
tests on two advanced high-strength steels, DP980 and TRIP1180, to cause the biaxial
fracture of the material. SEM fracture photos of bulging specimens of the two materials
at different magnifications showed a large number of small dimples, and some dimples
contained inclusions. Qian et al. [25] designed five fracture tests on high-strength TRIP780
steel sheets from shear to tensile stress states. The microstructure of the fracture surface
consisted of dimples and shear bands. Based on this analysis, the fracture mechanisms
of the material in different stress states were analyzed, and an MMC fracture criterion
that could reflect the microfracture mechanism was established. The applicability of this
criterion was verified through compression shear fracture tests. Marteleur et al. [26] studied
the effects of different stress states on the nucleation of voids and the mechanism of ductile
fracture in high-strength steel. The study showed that the nucleation of voids originated
from the fracture of inclusions and two-phase particles or separation from the matrix
material, and it was observed that some of the dimples still contained inclusions and
two-phase particle residues. Ding et al. [27] studied the fracture performance of 316 L
stainless steel. The tensile fracture morphology of 316 L stainless steel was mainly that of
ductile dimples, which exhibited ductile fracture characteristics. The formation of ductile
dimples was caused by dislocation aggregation and stress concentration, which were due
to carbide particles behaving as strengthening phases. The fracture morphology of forged
316 L stainless steel not only includes dimple fractures, but also transcrystalline fractures.
The fracture surface of 316 L stainless steel prepared with the direct energy deposition
method was distributed with small, uniformly sized, and equiaxed dimples.

In summary, extensive studies have been conducted by numerous scholars on the
nucleation, growth, and coalescence mechanisms of voids in plastic metal materials at
inclusion or particle sites, as well as material fracture criteria. In this study, uniaxial
tensile tests were performed on two types of plastic metal, and the microfracture surface
morphologies of the specimens were observed using scanning electron microscopy (SEM).
It was found that only one inclusion was present within a single tough dimple on the
fracture surface, indicating that the nucleation mechanism of voids at inclusion or particle
sites cannot explain the experimental phenomena observed in this study. Based on this
experimental observation, the void nucleation mechanisms in plastic metals were analyzed
under the conditions of no inclusions and particles. By combining the theory of continuum
damage mechanics and the cavity growth model, a plastic potential function, hardening
curve, and constitutive model describing the void volume fraction during the plastic
deformation process of plastic metals were established. Furthermore, the experimental
results were fitted with the hardening curve, exhibiting a high level of agreement between
the two.
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2. Materials and Experiments

This study conducted uniaxial tensile tests on two types of plastic metals obtained
from different parts of automobiles. The dimensional data of the specimens used in the
experiment are shown in Figure 1, and the thickness was 1 mm. Due to the difficulty in
determining the specific grades of the selected materials, chemical composition analysis was
performed on two elements, C and Mn, which had a significant impact on the mechanical
properties of the materials. The specific analysis results are presented in Table 1. According
to the stress—strain curve, it can be observed that neither of the two steel materials exhibited
a distinct yield plateau, and the stress—strain relationship underwent a gradual transition
from linear to nonlinear. Therefore, the stress value 0y, at a strain of ¢ = 0.2% was taken as
the yield strength of the materials under investigation, and this was used to calculate the
value of the elastic modulus. Furthermore, a comparison was made between the grades and
chemical composition requirements of high-quality carbon structural steel plates and steel
strips used in automobile manufacturing. The possible grades of the two steel materials
were inferred, as shown in Tables 2 and 3. Uniaxial tensile tests were conducted on a CSS-
444100 electronic universal material testing machine with a test loading speed of 8 mm /min.
The nominal stress—strain curves for the two steel materials were obtained through the
tests, as depicted in Figure 2. The tensile mechanical properties and parameters are shown
in Table 1. The fracture surface morphologies of the two specimens were observed using
SEM at a magnification of 2000, and the local fracture morphologies of the specimens
were observed at a magnification of 5000x. The microfracture morphologies are shown in
Figure 3.
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Figure 1. Dimensional data of the uniaxial tensile specimen.

Table 1. Mass fractions of C and Mn elements in the material samples.

Initial Sample Test Numb Mass Fraction w/% Young’s Modulus  Yield Strength Ultimate Tensile

Number est Number C Mn E/MPa 092/MPa Strength o,/MPa
steel No. 1 KTM 05-1 0.09 0.36 80,552 161.10 267.21
steel No. 2 KTM 05-2 0.18 0.38 100,363 200.73 287.56

Table 2. Possible grades and mechanical parameters of steel No. 1.

Grad Mass Fraction w/% Yield Strength Ultimate Tensile
rade C Mn 092/MPa Strength o,/MPa
08F 0.05~0.11 0.25~0.50 175 295
08 0.05~0.12 0.35~0.65 195 325
10F 0.07~0.14 0.25~0.50 185 315

10 0.07~0.14 0.35~0.65 205 335

08Al 0.05~0.12 0.25~0.65 205 375
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Table 3. Possible grades and mechanical parameters of steel No. 2.

Mass Fraction w/% Yield Strength Ultimate Tensile

Grade C Mn 0o.2/MPa Strength o,/MPa
15F 0.12~0.19 0.25~0.50 205 355
15 0.12~0.19 0.35~0.65 225 375
15A1 0.12~0.19 0.35~0.65 235 415
20 0.17~0.24 0.35~0.65 245 410
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Figure 2. Nominal stress—strain curve of the material tensile test.

1 10pm

Figure 3. Microfracture morphology with different magnifications; (a,c) the two materials with a
fracture magnification of x2000; (b,d) the two materials with a fracture magnification of x5000.
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At this scale, the fracture surface morphology exhibited numerous dimples of varying
sizes, indicating a ductile fracture mode dominated by dimple rupture. However, within
the fracture surface morphology at this scale, no particles or inclusions were found, as
shown in Figure 3a,b. As shown in Figure 3c,d, only one inclusion was observed within a
dimple, while no presence of particles or inclusions was detected in the remaining dimples.
The experimental results indicate that the nucleation and growth of a large number of
voids were primarily caused by the deformation of the matrix material, leading to the
eventual ductile fracture of the material. Only a small fraction of the voids nucleated at
inclusion sites.

3. Characterization of the Stress State

Assuming isotropic hardening of plastic metal materials during deformation, the
stress state of a point within the plastic metal material can be characterized in terms of the
stress triaxiality (T) and the Lode parameter (i) in the principal stress coordinate system
(01,02,03). The expression is as follows:

(Lm_\@h

= = 1
s VT (1)
e = cos30 = 27)s _ 3V3 s ()

2U€q 2 ]23/2

where 0y, 02, and 03 represent the principal stresses, oy, is the mean stress, Ueq is the von
Mises stress, 6 is the Lode angle, and Iy, ], and J3, which represent the first stress invariant
and the second and third deviatoric stress invariants, respectively, are defined as follows:

Oog = %s,-js,-j 3)

L = 30w =0y + 0y + 03 @)

)= % {(01 —0)’ 4 (01— 03)* + (02 — 03)2} )
J3 = (01— 0m) (02 — Ow) (03 — Om) (6)

4. Mechanisms of Deformation and Ductile Fracture
4.1. The Mechanism of Void Nucleation

In order to investigate the fracture mechanisms of plastic metal materials, it is nec-
essary to provide a reasonable explanation for the nucleation of voids. Rather than a
mechanism of void nucleation at inclusions or particles, this study presents a nucleation
mechanism of voids based on the experimental results from the perspective of vacancy con-
densation. Most metals have an equilibrium vacancy concentration of around 10~2° at room
temperature. Plastic deformation leads to significant vacancy supersaturation, and the
vacancy concentration ¢, in the plastic metal deformation process is directly proportional
to the work done by external loads [28]:

A €
Cy = E/o ode (7)

where G is the shear modulus, ¢ and ¢ are the stress and strain, and A is a material-
dependent constant between 0.1 and 1. According to Equation (7) and the stress—strain
curve of the plastic metal in this study, it can be inferred that the vacancy concentration
is approximately 10~%. The plastic deformation of plastic metal materials causes them
to produce a supersaturated vacancy concentration. The material continuously hardens
during the flow process, and the flow resistance increases. As there is no material flow to
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compensate for the voids generated by supersaturated vacancy concentration, the voids
nucleate at the locations of vacancy condensation.

4.2. Ductile Damage Theory

The ductile fracture process of plastic metals is accompanied by significant plastic
deformation, which is mainly characterized by the nucleation, growth, and coalescence
of voids, ultimately resulting in ductile fracture. Based on the continuum thermodynam-
ics theory, a plastic potential was proposed by Rousselier [29,30]. It is assumed that a
dissipative potential function exists in the plastic deformation of plastic metal, and the
plastic strain of the material satisfies the orthogonality rule with other internal variables.
The thermodynamic potential for the plastic deformation process of plastic metals can be
expressed as follows:

P = %gijel\ijklgkle + ¥1(p) + ¥2(B) t))

The first term is the elastic recoverable energy, while the second and third terms repre-
sent the irreparable free energy (plastic energy and damage energy) related to dislocations,
residual stress, voids, etc. p denotes the cumulative plastic strain, and § represents the
damage variables related to the density of plastic metals. Therefore, the effective stress can
be expressed in terms of the damage variable as follows:

~ Uij

O’ijzl_IB

When there is no damage, the Von Mises form of the plastic potential is:

F(?) _ ,/312(‘:;7) —P(p) (10)

where P(p) represents the hardening curve. After introducing the damage parameter
associated with voids, the plastic potential in the plastic deformation process of the metal
should be related to the spherical stress tensor. It is assumed that the plastic potential of
the plastic metal in the stress space is given by:

() ) me(®)

The plastic strain rate and stress are decomposed into the deviator tensor and spheri-
cal tensor:

)

85 = 65 + 651(51] (12)
Oij = Si]' + U'mfsij (13)

where éZ. is the deviator of éfj, and S;; is the deviator of ¢j;. From the above equation, the
following can be concluded:

_dya(p) , _ dya(B)
P=S0 =0 (14)
. JoF 3 5
p_ — 2\ Y
61-]- o ABSZJ o 2 O'gq (15)
dg( 2
& — Aai — )\lﬁ (16)

)
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. 2.p.
p=A= gefjeg (17)

b= ﬁAg(i’f) (18)
According to Equation (11), the hardening curve of plastic metals can be obtained:

p dp dg °\p

Tn
0
tion. Neglecting the variations in volume due to elastic deformations, according to the

mass conservation law, the following equation is obtained:

According to Equation (16), the function g( ) is related to plastic volume deforma-

div V = 3éy, ~ 3¢h (20)

where V is the volume change in plastic deformation. The mass conservation law can be
written as follows:
p+30eh =0 (21)

Because the damage variable 8 is a function of p, there is:

. dp.
ﬁ_dipP (22)

Substituting Equation (22) into Equation (21), parallel Equations (16) and (18) can be
used to obtain:
Tm
1 dg(?) 1
I )  yed
s(%) a(%)  vew
The two sides of Equation (23) are functions of distinct variables: ‘%’” and S; they are,
therefore, equal to a constant, the dimension of which is the reciprocal of the stress and is

(23)

called %, where o5 is the yield stress. The integration of the left-hand side leads to:

Om\ _ C10m
() =cor(5) o

where C; is the constant of integration. Damage occurs in plastic metals after plastic
deformation, making it irreversible. In order that damage increases with the stress triax-

iality and that [3 > 0, it is required that constants C; and C; are sup positive. Based on
Equations (18) and (24), we can obtain:

,B = ACyexp (Clgm ) (25)

osp

4.3. Constitutive Modeling and Fracture Mechanism
Rice and Tracy [31] developed an approximate Rayleigh-Ritz method for investigating

the growth of spherical voids. Assuming that the voids remain spherical during growth,
they obtained the relationship between the growth rate of the void radius and the variation
of the stress triaxiality:

R 1f 3.\ .p

R gjc = nexp <2T> €eq (26)
where f is the void volume fraction, and the constant «, which depends on the stress triaxi-
ality T, is given as follows: when T > 1, &« = 0427; when1/3 < T <1,a = 0.4277925 [32].
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As the metal of the matrix is supposed to be incompressible in the plastic deformation, the
relation between f and p is:
1—
p_1-7 (27)
po 1—fo
where pg represents the initial density, and its value is 1. According to Equations (26) and (27),
it can be found that:

f_ PBfo—1)
L _ 28
F T ielfo D) 2
Combining Equations (17), (22) and (25), the following can be obtained:
Cy, =3 (29)
ot (30)
S

By integrating Equation (30), when the damage parameter 8 = 0, the initial value of p
is, therefore, pg = 1; then, we can obtain:

foexpp—1
= 31
PR =55 (31)
Taking the logarithm of both sides of Equation (31), we can obtain:
1-p f
=In(p+ ) =1InZ 32
poinfp+58) ~ing 2
The right side of Equation (23) is a constant:
71615 _ % (33)
Ypd—p s
According to Equations (31)—(33), we can obtain:
_ Os fOeXp 18 _ Os f (34)

C Gifeexpp-1 G f-1

Therefore, the plastic potential function for the plastic deformation process of metal
while considering the void volume fraction is given by:

Ueq s f (Clo'm)
F=—-C=———ex - P 35
PRToy e L () (35)

According to Equations (12), (15) and (16), the yield function of plastic metals that
follows Equation (35) and the plastic constitutive model is given by:

o — 3N 9i ACy0; f (Clo'm)tsij (36)
050

1= 2 aule VA T -1

According to the plastic potential function and constitutive model, it can be concluded
that, with increasing plastic deformation, plastic metal undergoes hardening, leading to an
increase in flow stress and, consequently, higher flow resistance. As there is no material
to compensate for the presence of voids, the volume fraction of voids also increases.
After necking, voids rapidly grow, resulting in the coalescence of neighbor voids and the
formation of microcracks. These microcracks further propagate under loading, eventually
leading to fracture in the plastic metal. A large number of dimples along the fracture
direction were observed with the SEM due to the tearing of the voids.
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5. Results and Discussion
According to Equation (35), we set

_G

D=
G

(37)

At any given stress triaxiality, D can be regarded as a constant. Therefore, Equation (35)
can be expressed as follows:

- @ . f Ciom _
F = ; Dasf_lexp( oop ) P(p) (38)

If the influence of damage is not considered (f = 0), Equation (28) can be transformed
into the Mises yield function. According to Rousselier [30], if f is low and T is high,
Ci/0s =3/(20y),p =1,and P(p) = 0y, where 0y is the flow stress. At this point, C; = 1.5
in the case of the uniaxial tensile test, and T = 1/3; therefore, D = 0.65. The hardening curve

can be written as f 3
0,
Teq — Dayf_lexp<2(;;> —P(p) =0 (39)

Equation (39) is compared with the GTN model. The expression of the GTN model is
as follows:

2
Teq * 3q20m )2
(Uy> +201f COSh( 20, ) (qf")"=0 (40)

Similarly to [29], 0., is considered instead of o, in the plastic potential. For a large
stress triaxiality and incipient damage (small f and f exp), 2cosh = exp, and an approxima-
tion of Equation (40) is:

" 30
Oeq + q10y f exp(z(;;> -0, =0 41)

Equation (41) is similar to (39).

The nominal stress and nominal strain corresponding to the yielding point up to the
necking region in Figure 2 were converted into the true stress and plastic strain using
Equations (42)—(44):

ot = on(1+en) (42)
e =1In(1+¢y,) (43)
€p =€ — % (44)

where 0, is the nominal stress, ¢, is the nominal strain, ¢; is the true stress, ¢; is the true
strain, ¢y is the plastic strain, and E is Young’s modulus. The flow stress—plastic strain
relationship for plastic metals without damage was described using the linear isotropic
hardening curve, which is given by the following expression:

oy = 05+ Bep" (45)

where B and m are the parameters of plastic metals. Equation (39) can be expressed as:

Oeq — Dayfj_rlexp(;T> —P(p)=0 (46)

Meanwhile, according to Equation (26), we can obtain:

f = foexp {Saexp (;T) eeq} (47)
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For fy of the order of 107* — 1073, we set fo = 10~*. We treated the true stress—strain
data with the equivalent stress—strain relationship and then used Equations (46) and (47)
for fitting. The results are shown in Figure 4, and Table 4 shows the parameters obtained
from the fitting. In Figure 4, it can be observed that the hardening curve relationship
(Equation (46)) that considered the void volume fraction and stress triaxiality had a high
degree of fit with the true stress—strain results of the material tests, with a goodness of fit
(R?) of 0.997. Furthermore, the errors between the fitted yield stress and the experimental
values were 0.63% and 2.1%, respectively, indicating that the hardening curve established
in this study provided a better description of the relationship between microscopic voids
and the deformation process in the material. Meanwhile, due to the lack of a clear yield
plateau in the materials used in this study, the stress point corresponding to a strain of
0.2% was taken as the initial yield point, resulting in a significant fitting error at the initial
yield point.

350

300

250

[

200 ¢ Test data of steel No. 1
= Test data of steel No.2
Fitting curve

True stress o /MPa

150 -

100 : ' . ' :
0.00 0.05 0.10 0.15

Plastic strain g,

Figure 4. Fitting results of the hardening curve.

Table 4. Fitting parameters of the hardening curve.

The Error between Fitting and

Material s Experimental Yield Stress B/MPa "
Steel No. 1 162.73 0.63% 241.575 0.253
Steel No. 2 204.94 2.1% 292.266 0.397

6. Conclusions

This study conducted uniaxial tensile tests on two types of high-quality carbon struc-
tural steels. The material fracture surfaces were observed using an SEM. By combining
the theory with the experimental results, the fracture mechanisms of the materials were
investigated. The main conclusions are as follows:

(1). Microscopic observation of the material fracture surfaces with an SEM revealed the
presence of numerous dimples. Among them, only one dimple contained an inclusion,
which indicated a typical dimple fracture pattern.

(2). Plastic deformation of the metal resulted in an oversaturation of vacancies, leading
to the nucleation of voids at vacancy agglomeration sites. After void nucleation,
under high stress triaxiality, the voids continued to grow without material flow
to compensate for the pore defects, causing adjacent pores to coalesce and form
microcracks. Subsequent crack propagation eventually led to the fracture of the
plastic metal.
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(3). Considering the nucleation, growth, and coalescence effects of voids during the plastic
deformation of metals, the damage parameters were derived using the R-T model. By
combining them with the continuum damage theory, the plastic potential function,
hardening curve, and constitutive model were established. The obtained hardening
curve showed a good fit with the experimental data, thus validating the accuracy of
the plastic potential function, hardening curve, and constitutive model constructed
by considering the volume fraction of voids. This confirmed that they can effectively
describe the deformation behavior of the material.
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