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Abstract 

The current research of Charpy impact mainly focuses on obtaining the ductile brittle transition temperature of mate-
rials by experiments. Compared with experiments, numerical simulation can study many problems with harsh 
conditions. However, there are still few studies on the influence of geometric factors such as side grooves. In this 
paper, the geometry of standard Charpy impact test is designed. Specimens with different widths and side grooves 
are tested. The finite element model of Charpy impact was established by ABAQUS software. Use test results 
and simulation results to verify each other. The effects of sample width, side groove depth and side groove bot-
tom fillet on the impact fracture resistance of the sample were studied. The results show that the specimen width 
is positively correlated with the impact toughness of the specimen. The side groove greatly reduces the impact 
toughness of the material; the toughness of side groove decreases with the increase of depth; the fracture toughness 
of side groove decreases with the increase of fillet at the bottom of side groove. The proportion of toughness energy 
to impact energy of samples was analyzed. The results show that the toughness energy accounts for about 70% 
of the impact energy of the sample, which has little to do with the geometric characteristics of the sample. This study 
presents a reliable method for studying Charpy impact tests. The influence of geometric parameters is obtained, 
which provides a reference method for the study of impact toughness of high toughness materials.
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1  Introduction
Reactor pressure vessels (RPV) are pressure-bearing 
special equipments, which plays an irreplaceable role 
in nuclear power plant [1]. RPV in operation may suffer 

creep, creep fatigue, fracture and other forms of failure 
[2–4]. When there is an uncertain dynamic shock load, 
the pressure vessel is prone to the risk of explosion. 
Therefore, RPV not only has enough strength, but also 
has enough toughness [5–7]. Charpy impact test is one 
of the most important tests to study impact toughness 
due to its simplicity and rapidity. It can be used to explain 
the mechanism of impact fracture process, and Charpy 
impact tester can be used to obtain the load-displace-
ment curve during the impact fracture process. In the 
fracture simulation of ductile metal at high strain rates, 
the Johnson-Cook model [8] has a relatively clear physi-
cal significance, and is relatively easy to obtain, so it has 
been widely used.

In the past 20 years, the Charpy impact test method 
has been further supplemented and improved in many 
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aspects such as sample size, shape and size of pendu-
lum hammer blade [9]. The rationality and scientificity 
of the test have been greatly strengthened. Terán et  al. 
[10] studied the impact toughness of materials at differ-
ent locations along the processing direction. The results 
show that the Charpy impact energy is related to the roll-
ing direction. Most of the existing testing machines can 
only measure Charpy impact energy below 450 J. There-
fore, many researchers have come up with many schemes 
to measure the high impact energy, such as adding side 
grooves to the sample. Gioacchino et  al. [11], Lucon 
[12] and Al-Jabr et al. [13] experimentally demonstrated 
that Charpy impact specimens with side grooves signifi-
cantly reduce the impact energy of the material. The side 
grooves can eliminate the influence of shear lip on impact 
energy, and also eliminate the influence of material trans-
verse expansion, consequently determining the crack ini-
tiation time [14, 15].

In addition to test methods, there are also many 
research methods on numerical simulation. The J-C 
model parameters of typical armored steel are deter-
mined through experiments, and the impact behaviors 
are simulated by this model, and the simulation results 
are consistent with the test [16]. Cao et  al. [17] pro-
vided J-C model parameters of X80 pipeline steel, and 
studied the effects of sample width and impact velocity 
on fracture behaviours. Gambirasio et al. [18] evaluated 
five methods for parameter calibration of J-C constitu-
tive model, providing guidance for the determination of 
J-C parameters. Huang et  al. [19] gave J-C constitutive 
and failure model parameters of 45 steel and TC4 steel. 
Pervaiz et al. [20] and Wang et al. [21] presented a finite 
element method (FEM) of Charpy impact, and provided 
schemes and suggestions for numerical simulation. Kim 
et al. [22] proposed a method to simulate the mixed frac-
ture mode of ductile fracture and cleavage fracture, and 
experimentally verified it by using the Charpy test data 
of X80 steel. Furthermore, good consistency between 
theory and experiment was achieved from fracture mor-
phology and impact energy. Fang and Ding [23], based 
on the force analysis, determined the load characteristic 
points according to the force-displacement curve with 
the instrumental Charpy impact tester. Force-based anal-
ysis method has become a new method to evaluate the 
dynamic fracture properties of materials, which makes up 
for the deficiency of traditional Charpy impact method. 
Therefore, it has become an important analysis tool to 
evaluate the dynamic fracture properties, and reveal their 
fracture mechanism.

There are many experiments and finite element simula-
tion studies on Charpy impact, but there are still few stud-
ies on the influence of geometric factors such as side groove 
on Charpy impact through experiments and simulation. In 

this paper, the J-C model is used to simulate the impact 
behavior of pressure vessel steel in ABAQUS, and the influ-
ence of several important geometric factors on the impact 
behavior of materials is studied. It can provide reliable sup-
port for engineering practice.

2 � Experimental and Theoretical Preparation
2.1 � Charpy Impact Test
Charpy impact test is conducted according to GB/T 229-
2020 and ASTM E23-2018. Standard V-notch specimens 
are adopted in the test, and the profile dimensions of the 
specimens adopt herein are the same. The test specimen 
is shown in Figure 1(a), and the geometric sizes are shown 
in Figure  1(b). The length of impact specimen is 55 mm, 
the width and height of which are 10  mm respectively. 
Figure  1(c) shows an instrumented Charpy impact tester. 
The notched specimen is placed between the two support 
blocks of the test machine, the notch is towards the impact 
surface. In order to measure the absorbed energy, the spec-
imen is impacted with a pendulum. A force sensor at the 
bottom of the pendulum records the load-displacement 
curve during impact.

2.2 � Theoretical Model
2.2.1 � Johnson‑Cook Constitutive Model
On the basis of continuous damage mechanics (CDM) and 
viscoplastic mechanics, Mao et al. [24] and Johnson et al. 
[25] comprehensively analyzed the effects of high strain 
rate, temperature and large deformation on the relationship 
of stress and strain. Furthermore, they proposed a clas-
sic constitutive model (named Johnson-Cook constitutive 
model). Besides, stress is expressed as the product of strain 
hardening term, strain rate hardening term, and thermal 
softening term. Finally, the specific form is descried as 
follows:

(1)σ=
(

A+ Bεn
)(

1+ C ln ε̇∗
)[

1−
(

T ∗
)m]

,

Figure 1  Impact testing system: (a) Charpy impact specimen, 
(b) Impact specimen dimensions, (c) Instrumented Charpy impact 
machine
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In Eq. (1), A is the initial yield stress at the reference 
strain rate and temperature; B is the strain hardening 
modulus; C is the strain rate hardening parameter; n is 
the strain hardening index; m is the thermal softening 
index; ε̇∗ is the plastic strain rate. In Eq. (3), T ∗ is dimen-
sionless temperature term related to thermal softening; T 
is the working temperature, Tr is the room temperature, 
and Tm is the melting temperature of the material.

2.2.2 � Johnson‑Cook Failure Criteria
The fracture criterion firstly proposed by Johnson 
and Cook had been further developed by Portillo and 
Eduardo [26], which makes the fracture strain sensitive 
to stress triaxiality, temperature, and strain rate. The 
model assumes that during the plastic strain process, 
damage accumulates in the material element. When the 
critical value is reached, the plastic strain accelerates 
immediately up to final rupture. The failure model can be 
expressed as follows:

In Eq. (4), εf represents the current fracture strain that 
depends on the stress triaxiality, strain rate and tem-
perature; D1–D5 are the material damage parameters, 
where D1–D3 are the parameters related to stress tri-
axiality, D4 is the parameter related to strain rate, and 
D5 is the parameter related to temperature, D5 is negli-
gible at room temperature. According to the relation-
ship between the stress triaxiality and the fracture strain 
obtained by the tensile test on notched rod, parameters 
of D1–D3 can be fitted by the least squares fitting method. 
Besides, the parameter D4 can be determined by compar-
ing the load-displacement curve by test and the simula-
tion one by FEM. Numerical simulations were performed 

(2)ε̇∗=
ε̇

ε̇o
,

(3)T ∗
=

(T − Tr)

(Tm − Tr)
.

(4)
εf =

(

D1 + D2e
D3σ

∗
)(

1+ D4 ln ε̇
∗
q

)

(

1+ D5T
∗
)

.

using J-C model for 16MND5 steel, the parameters of 
which are shown in Table 1.

The J-C fracture criterion is based on the equivalent 
plastic strain at the element integration point. When the 
damage parameter D reaches 1, the material fails,

In Eq. (5), Δεpl is the equivalent plastic strain incre-
ment, and εf is the final fracture strain of the material.

2.2.3 � Finite Element Modeling
The numerical simulation of Charpy impact was carried 
out with ABAQUS software, and the specimen of the 
3D deformable body was established. The FEM includes 
the impact pendulum and the specimen support. Actu-
ally, the fracture of the sample is caused by the collision 
between the pendulum and the specimen. For the con-
venience of calculation, the pendulum is simplified as a 
rigid body, and the specific model is shown in Figure 2(a). 
The material of the punch and support is defined as an 
analytical rigid body. The material density is 7.8 × 103 
kg/m3, the elastic modulus is 205 GPa, and the Poisson’s 
ratio is 0.3. The pre-defined initial velocity of the punch 
is set to 5.23 m/s along the Y-axis, while constraining the 
movement in the remaining directions. For the sample 
support, all directions are constrained, whereas the sam-
ple is not constrained. For the punch and the sample, the 
motion contact is set between the sample and the sup-
port, and the friction coefficient is 0.2 [27]. The mesh 

(5)D =
∑ �εpl

εf
.

Table 1  J-C constitutive model parameters of 16MND5 steel

Material P (kg·m−1) E (GPa) u A (MPa) B (MPa)

16MND5 7800 205 0.3 445.2 899.7

n c m D1 D2 D3

0.52 0.039 0.152 0.20 0.587 1.677

D4 D5

0.005 −0.857

(a) (b)

Figure 2  Front view of impact specimen in clamping state: 
(a) Geometric model, (b) Mesh division pattern
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division is shown in Figure 2(b), the mesh is refined at the 
contact position on the sample. The seed density is 0.2, 
the rest of which is 0.8; the seed density of the punch is 
0.3 near the contact region, while the support has a seed 
density of 2. The element type is set to C3D8R (8-node 
hexahedral reduced-integration solid element (hourglass 
control)). The total number of grids is 298000 and the 
total number of nodes is 312273. In simulation, the entire 
impact time is set to 0.005 s.

3 � Results and Discussion
In fact, there are many factors that affect the results of 
Charpy impact test, and sometimes the result data may 
have great discreteness, and even error. These factors 
include sample size, notch type, side groove and other 
geometric factors; also includes impact speed, tempera-
ture, pendulum size and other test conditions. In order 
to study the influence of geometric dimension factors on 
Charpy impact test, the related test was carried out first, 
then the FEM was verified and validated, and finally the 
impact behavior was fully analyzed by using the verified 
FEM with the calibrated parameters.

Charpy impact energy is the traditional parameter 
to evaluate the toughness of materials, but the single 
parameter evaluation has great shortcomings. The load-
displacement curve can be obtained by instrumented 
Charpy impact test. By analyzing the parameters of each 
characteristic area of the curve, the deficiency of single 
parameter method can be overcome, and accurate tough-
ness properties can be obtained. The traditional Charpy 
impact test is completed by a single impact on the stress-
concentrated specimen. The impact curve is shown in 
Figure  3. The area enclosed by the curve is the impact 
energy, which can be divided into four parts: The first part 
is the elastic work Ee consumed in elastic deformation; 

the second part is the plastic work EP consumed in plas-
tic deformation until the initial crack; the third part is the 
tear work ET consumed by crack initiation, propagation 
and fracture; the fourth part is the crack stopping energy 
EB. Among the four parameters, the plastic work Ep and 
the tear work ET reflect the anti-fracture ability of the 
material. Ep reflects the ability to resist plastic deforma-
tion, and ET reflects the ability to resist fracture. There-
fore, only the crack propagation work can truly reflect 
the toughness of the material. In other words, the impact 
toughness of the material is determined by the crack 
propagation energy, so it is scientific and reasonable for 
the force-displacement curve to reflect the toughness of 
materials. Fm is the maximum load in the test process, 
Fgy is the yield load of the test, and Fiu is the load when 
the crack reaches the critical length, and at that time the 
instability propagation occurs.

3.1 � Charpy Impact Simulation and Validation
Figure  4 shows the comparison between the numerical 
simulation and the experimental test for the force vs. dis-
placement, and also for absorbed energy vs. displacement 
curves in Charpy impact. It can be seen from Figure  4 
that the simulated curves are basically consistent with the 
experimental ones. Analyzing the maximum force and 
impact energy of Charpy impact, it can be seen that the 
maximum impact force is 18.3  kN; while the simulated 
one of impact energy is 35  J lower than the experimen-
tal one, and the error between the two is within 20%, 
which meets the accuracy required in engineering appli-
cation. As for the source of this error, the impact energy 
of the test represents the difference between the initial 
kinetic energy and the kinetic energy when the pendulum 
reaches the lowest point. This energy includes the impact 

Figure 3  Schematic diagram of energy division of Charpy impact 
curve

Figure 4  Comparison of simulation and experimental for both force 
vs. displacement and energy vs. displacement curves of Charpy 
impact
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energy of the material, the viscous dissipation energy 
and friction dissipation energy of the impact process. 
These energies are dissipated in the form of heat energy, 
so the impact energy of the test is actually greater than 
the energy used by the material for cracking. This leads 
to the deviation between the numerical calculation and 
the experimental results. This part is the main source of 
error.

From the comparison of simulation and test in Figure 4, 
it can be seen that the model and calculation results used 
for the 16MND5 steel can describe the impact behavior 
during the entire test process. It is worth noting that the 
analysis for the force vs. displacement curve is obtained 
on the force-based analysis method (FBA), which is con-
sistent with the method used in Ref. [28].

Figure  5 shows the macroscopic fracture morphol-
ogy for Charpy impact, which is mainly divided into 
four regions: (1) The first part is the crack source region. 
The specimen notch root is mainly affected by the ten-
sile stress during the impact, crack initiates at the middle 
of the root or slightly from the notch surface, including 
elastic zone and plastic zone, whose impact energy cor-
responding to Ee and Ep respectively. (2) The second part 
is the fibrous zone, which is the steady-state propaga-
tion area of the crack along both sides and depth direc-
tion, generally showing gray fracture morphology [14]. 
It is corresponding to stable propagation stage in load-
displacement curve, and the corresponding energy is ET. 
(3) The third part is the radial zone. When the cracks in 
the fibrous zone grow up to the critical crack size, the 
cracks begin to propagate unstably, and have the radial 
characteristics. The fracture morphology shows the 
radial morphology with the fibrous zone as the center. 
This load-displacement curve corresponds to the instable 

fracture stage, and the corresponding energy is EB. (4) 
The fourth part is the shear-lip region, which is the char-
acteristic region formed in the last stage of fracture.

3.2 � Effect of the Specimen Width
In practice, parts with small cross-sectional thicknesses 
or complex shapes are difficult to process into standard 
full-size (10  mm × 10  mm × 55  mm) Charpy V-notch 
specimens. In such cases, specimens with reduced width 
can be selected for processing and testing. Typical sizes 
of small specimen width are 7.5 mm (3/4 size), 6.67 mm 
(2/3 size), 5  mm (1/2 size), 3.33 (1/3 size) and 2.5 mm 
(1/4 size). The initial velocity of the pendulum was set to 
5.23 m/s. Charpy impacts were simulated for the speci-
men with 7.5 mm and 5 mm in this paper, and the results 
are shown in Figures 6 and 7.

Figure 6 shows the effect of specimen width on impact 
residual velocity. It can be seen in Figure  6 that, as the 

Figure 5  Charpy impact fracture morphology and characteristic area

Figure 6  Effect of specimen width on impact residual velocity

Figure 7  Influence of specimen width on impact force 
and absorbed energy vs. displacement curves
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impact time increases, the pendulum speed experiences 
a rapid decrease to a slow decrease, and finally down to 
a lower residual speed. This is because during the impact 
test, the kinetic energy of the pendulum is converted into 
the absorbed energy of the specimen plus the energy 
of crack propagation. The specimen absorbs a large 
impact kinetic energy at the initial stage of the impact, 
and then absorbs a smaller impact kinetic energy at the 
stage of stable crack propagation. Thus, the difference 
between the kinetic energy before and after the impact 
can be defined as the impact energy of the specimen. 
Further from Figure  4, it can be seen that as the width 
of the specimen increases, the residual velocity of the 
pendulum decreases, and the time for the specimen to 
be knocked out of the bracket increases, which indicates 
that the specimen with smaller width absorbs less energy, 
which is consistent with the following test and simulation 
results in Figure 7.

Figure 7 shows the comparison between test and simu-
lation results of force vs. displacement curves of Charpy 
impact under different widths. The area surrounded by 
the curve in Figure 7 is the impact absorption energy of 
the specimen. The impact energy and maximum impact 
force are shown in Table 2. In terms of impact energy, the 
simulated result is slightly different from the experimen-
tal one, but it can meet the requirements of engineering 
application. The experimental one of maximum impact 
force is basically consistent with the simulated one, the 
simulation of force and energy vs. displacement curves 
during the impact process in Figure 7 is consistent with 
the experimental ones, which can reflect the evolution of 
the whole impact behavior well.

The test results of impact force and absorption energy 
are also shown in Figure 7. It can be seen from Figure 7 
that the width of the specimen has an inlfuence on the 
impact result as follows: With the increase of the width, 
the maximum displacement of the specimen at fracture is 
basically the same, about 30 mm. The maximum impact 
force increases with the increase of the width, and for the 
specimen with half of the standard width, the maximum 
impact force is 8.53 kN; for 3/4 standard width specimen, 
the maximum impact force is 13.72 kN; for the full size 
one, the maximum impact force is 18.3  kN. The maxi-
mum impact force is positively correlated with specimen 

width. For the specimen with the corresponding width 
above, the impact energy are 95.0  J, 190.2  J and 249.2  J 
respectively, which is also positively correlated with the 
specimen width.

Figures  8 and 9 respectively show the proportion dis-
tribution of characteristic regions of test and simulated 
impact energy. The steady-state crack propagation energy 
ET represents the toughness of the material, and the 
proportion of ET to the whole impact energy should be 
concerned. The ratio of ET to the whole impact energy 
is 70.603% for the specimen with 5 mm width, while the 
simulated one is 74.942%. The ratio of ET to the whole 
impact energy is 75.126% for the specimen with 7.5 mm 
width, while the simulated one is 76.925%. The ratio of ET 
to the whole impact energy is 72.478% for the specimen 
with 10  mm width, while the simulated one is 74.843%. 
In general, the width of specimen has slight influence 
on steady-state propagation energy, and the propor-
tion variation of ET to the whole impact energy is very 
small. Moreover, the steady-state propagation energy of 

Table 2  Theoretical and experimental data of maximum impact 
force and absorbed energy with different widths

Specimen width (mm) 5 7.5 10

Energy from test (J) 95 190.2 249.2

Energy from simulation (J) 89.5 155.5 215.9

Fm from test (kN) 8.53 13.72 18.3

Fm from simulation (kN) 9 13.8 18.3

Figure 8  Energy component proportion distribution diagram 
of impact specimen with different widths in Charpy impact test

Figure 9  Energy component proportion distribution diagram 
of impact specimen with different widths in Charpy impact 
simulation
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specimen with different sizes is about 70%−75%, and the 
simulation results are basically consistent with the meas-
ured ones. The plastic work Ep represents the ability of 
material to resist plastic deformation, and the proportion 
of Ep to the whole impact energy is between 22%−28% in 
the test. The percentage of Ep to the whole impact energy 
in the simulation ranged from 20% to 22%, which was in 
agreement with the test.

3.3 � Effect of the Side Groove Depth
The ASTM E23-2018 standard [29] specifies a maxi-
mum depth of 0.25 times the thickness for side grooves. 
Accordingly, the maximum depth of 2.5  mm is set for 
the specimen with a width of 10 mm. Two side grooves 
were machined on both sides of the notch for specimen 
in order to study the impact performance for the speci-
men with the side grooves. The specific processing size is 
shown in Figure 10.

Charpy impact of specimens with side groove depth of 
1 mm, 1.5 mm, 2 mm and 2.5 mm were simulated, and 
the influence of side groove depth on impact behavior 
was analyzed. The simulation results are shown in Fig-
ures 11, 12, 13, 14. Clearly, Figure 11 shows the compari-
son between the impact simulation and the test results 
of the side groove specimen. The fracture morphology 
and side expansion pattern of the two are consistent. Fig-
ure 12 shows the comparison of the load vs. displacement 
curves between the test and simulation for the speci-
men with 2 mm side groove. The curves are close to each 
other, the maximum load difference is less than 3 kN, the 
impact energy difference is 8  J, the error is about 8.8%. 
Figure  13 shows the impact simulation results of speci-
men with different side groove depths. It can be seen 
from Figure 13 that the existence of side groove reduces 
the maximum impact force, reduces the overall impact 
energy, and shortens the impact time. The maximum 
impact force of the specimen without side groove is 

18.3  kN, and the maximum impact force of the speci-
men with 2 mm side groove depth is 16.0 kN. When the 
specimen depth is 2  mm, the impact absorption energy 
decreases from 215.9  J without side grooves to 80.04  J 
with side grooves.

In general, there is a negative correlation between the 
side groove size and the maximum impact force, that 
is, the greater the depth of side groove, the smaller the 

Figure 10  Dimension description of Charpy impact specimen 
with 2 mm side groove

Figure 11  Fractured surface morphology: (a) Fractographic features 
in simulation, (b) Fractographic features in test

Figure 12  Test and simulation curves of impact energy and force vs. 
displacement for the specimen with side groove
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maximum impact force. The reason may be that the 
increase of the depth of the side groove leads to the 
decrease of the elements that can resist the crack prop-
agation near the notch, therefore the crack propagation 
is easier. In other words, the decrease of the geometric 
constraint leads to the faster crack propagation.

The fracture displacement of the specimen with-
out side groove is 25  mm, and that of the specimen 
with side groove is 10  mm. By comparing the curves 
in Figure  13, it can be seen that the existence of side 
grooves reduce the fracture displacement of materials. 
It is found that the depth of side grooves has almost 
no effect on the fracture displacement, and the frac-
ture displacement is almost 10  mm. Figure  13 reveals 
that the existence of side grooves accelerates the crack 
propagation near the side grooves, and the energy 
required for crack propagation is reduced, making the 
crack propagation easier.

As shown in Figure  14, for the impact specimen with 
different side groove, energy percentage sited in the char-
acteristic regions has some changes. The overall impact 
energy decrease, but the percentage of tearing energy and 
plasticity energy are still around 75% and 22% respec-
tively, which is basically consistent with the results for 
the specimen without side grooves. It can be inferred that 
the side groove effect is insignificant on plasticity energy 
for this material during the impact process.

3.4 � Effect of the Side Groove Angle
As shown in Figure  15, the standard side grooves are 
V-shaped side grooves processed on the surface of both 
sides of the specimen along the length of the notch, with 
a depth of 2 mm and an angle of 90°. In order to study 
the influence of side groove angle on impact behaviors, 
the simulation is performed by adopting the angles of 60°, 
70°, 80°, 90°, 100°, the results of which are shown in Fig-
ure 15. As can be seen, different side groove angles have 
little influence on the force-displacement curve. They 
are basically consistent with each other, so the impact 
absorption energy is basically the same, about 85.1  J. 
Generally speaking, the influence of side groove angle on 
impact behavior can be ignored.

3.5 � Effect of the Side Groove Fillet
The thinest wired-cut molybdenum wire also has some 
thickness, so there must be a rounded corner in the pro-
cessing of side grooves in specimen. The rounded corner 
form of side groove is shown in Figure 10. Therefore, it 
is necessary to study the effect of fillet size on impact 
behavior. Finite element models of different fillet sizes 
(R = 0.1  mm; 0.25  mm; 0.4  mm; 0.5  mm) were estab-
lished, and the simulation results on impact behavior of 
different side groove fillets are shown in Figure 16.

Figure 13  Influence of side groove depth on impact force vs. 
displacement and absorbed energy vs. displacement curves

Figure 14  Energy component proportion distribution diagram 
of impact specimen with different side grooves during impact 
process

Figure 15  Influence of side groove angle on the curves of force vs. 
displacement and energy vs. displacement
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As can be seen from Figure  16, when the side groove 
fillet is 0.1  mm, the maximum impact force is 16.8  kN, 
and the absorbed energy is 100.5  J. When the fillet is 
0.25 mm, the maximum impact force is 16.8 kN, and the 
absorption energy is 99.5  J. When the fillet is 0.4  mm, 
the maximum impact force is 16.3  kN, and the absorp-
tion energy is 93.2 J. When the fillet is 0.5 mm, the maxi-
mum impact force is 16.1 kN, and the absorbed energy is 
90.5 J. Figure 16 discloses that the size of side groove fil-
let is positively correlated with absorption energy, but has 
little relationship with maximum impact force. Clearly, 
the larger the side groove fillet is, the larger area enclosed 
by the force vs. displacement curve, indicating that the 
larger the absorbed energy is. Overall, the different side 
groove fillets caused nearly 10% variation in the absorbed 
energy.

By analyzing the energy distribution of the curve in 
Figure 17, it can be seen that the fillet radius at the side 

groove root mainly affects the tearing energy. Further-
more, the larger the fillet is, the smaller the tearing 
energy is, and the lower the toughness is. The percent-
age of tear energy and plastic energy are about 72% and 
24% respectively.

3.6 � Effect of the Side Groove on the Stress Triaxiality
To investigate the relationship between different stress 
states and fracture mechanisms, stress trixiality are 
often introduced to describe different stress states [30, 
31], which is defined as follows:

From the definition of stress triaxiality, it can be seen 
that stress triaxiality is the ratio of hydrostatic stress to 
Mises equivalent stress. The hydrostatic stress causes 
volume change, while the Mises equivalent stress 
reflects the shape change. Stress triaxiality is used as 
a parameter to describe the stress state, which also 
reflects volume change and shape change. When the 
stress triaxiality is negative, the structure is in compres-
sion, while the stress triaxiality is positive, the structure 
is in tension. In this paper, specimens with different 
side groove fillets were simulated to analyze the effect 
of side groove fillet on stress triaxiality, the results of 
which are shown in Figures 18 and 19.

During the simulated impact, the triaxiality of each 
element at the bottom of the V-notch was extracted 
when t = 0.0001 s (before the first element failure). 
Using the distance between each element and the side 
surface as the horizontal coordinate and the triaxiality 
of the element as the vertical coordinate, the triaxiality 
of each element is plotted. The results are shown in Fig-
ure 19. The triaxiality of the units on both sides of the 
specimen is significantly smaller than that of the mid-
dle part. The triaxiality of the elements on both sides is 
about 1.0. The triaxiality increases with the increase of 
the fillet angle of the side grooves.

It can be seen from Figure 19 that the maximum tri-
axiality of impact specimens without side groove is 
1.05, showing flat form along the crack front. The maxi-
mum triaxiality of the specimen with side groove is 
1.4, which appears in the middle part of the crack. It 
is worth noting that the triaxiality fluctuation appears 
in the specimen without side grooves near the free sur-
faces of both sides, while the triaxiality factor fluctua-
tion does not appear in the specimen with side grooves 
during impact. The above phenomenon shows that the 
intermediate element first fails and then expands to 
both sides in the fracture process.

(6)Rσ =
σm

σeq
.

Figure 16  Effect of the side groove fillet on the curves of force vs. 
displacement and energy vs. displacement

Figure 17  Energy component proportion distribution diagram 
of impact specimen with different fillet radius during impact process
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4 � Conclusions
(1) The influence of side grooves and width of speci-
men on Charpy impact behavior is studied by experi-
ment and numerical simulation. The existence of side 
grooves greatly reduces the impact force and impact 

energy, accelerates the crack propagation, and leads to 
more straight fracture surface. The side groove depth 
has great influence on Charpy impact. Maximum 
force and impact energy decrease as depth increases. 
But side groove angle has little effect on impact per-
formance. The side groove fillet has a slight influence 
on the impact absorption energy, impact absorption 
energy increases with the decrease of fillet radius. As 
for the influence of width on impact energy, the impact 
energy increases with the increase of specimen width.

(2) In the crack initiation stage, the existence of side 
grooves leads to the increase of stress triaxiality of ele-
ments. The larger the side groove fillet is, the greater 
the stress triaxiality is, and the more elements in the 
width direction of the specimen reach the maximum 
stress triaxiality. Therefore, the impact specimen with 
side groove first cracks from the middle position of the 
width, and then expands to both sides.

(3) After energy partition analysis of impact curve, 
the proportion of tearing energy and plastic energy is 
slightly affected by specimen width and side groove size 
for 16MND5 steel. In general, tearing energy approxi-
mately accounts for 72%, and plastic energy for 24%.

(4) The results reveal the influence of side grooves 
and specimen width on the impact absorbed energy 
of specimens, which can provide a reference for the 
design of solutions for impact toughness determination 
of high toughness materials.
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