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Abstract: This paper aims to provide essential guidance for the crashworthiness design of cutting
energy-absorbing structures for subway vehicles. By investigating tool failure with experiment
and numerical approaches, a new energy-absorbing tube structure was proposed and optimized to
improve the crashworthiness and reliability of the cutting energy-absorption structure. The impact
test results revealed that multiple failure modes occurred in the tool. Mechanical wear occurs mainly
in the middle of the cutting edge, while the tool’s tip failure is primarily due to thermal wear. Impact
forces were no longer stable due to tool failure. The simulation results of the established tool-tube
thermal–structural coupling finite element model were consistent with the tests. The temperature
distribution indirectly validated the failure modes in different tool areas. By eliminating the tearing-
type fracture mode, the proposed new structure effectively reduced the high temperature of the tool’s
tip, better maintained the uniform temperature of the cutting edge, and smoothed changing of the
cutting force. Finally, the Kriging surrogate model and NSGA-II algorithm were utilized to obtain the
tool’s minimum steady-state temperature (STT) and maximum mean average cutting force (MCF).
The optimal solution determined by the minimum distance method is STT = 514 K, MCF = 131 kN.

Keywords: tool failure; crashworthiness; energy-absorbing structure; finite element analysis;
thermal–structural coupling; multi-objective optimization

1. Introduction

Safety is the eternal theme of transportation. Collisions account for 56% of global
railroad accidents, causing enormous casualties and property damage [1]. Thin-walled
structures, as a general type of energy-absorbing structures, have been widely used in the
design of crashworthiness of rail vehicles. The deformation modes of thin-walled tubes
mainly include axial folding [2], expansion [3], shrinkage [4], splitting [5], and cutting [6]
of the tube body. As a new type of thin-walled energy-absorption structure, cutting energy-
absorption structure absorbs collision energy through the integrated process of friction,
plastic deformation, and tearing between metal materials [7]. Thus, it has a superior mode
for dissipating energy. However, in the process of cutting energy absorption, the tool is
subject to intense friction and extrusion of the material being cut. Therefore, the tool is
under high temperatures and gradually wears and breaks, that is, it fails. Tool failure
will seriously affect its cutting performance, resulting in the impact force of the energy-
absorbing structure no longer being stable in the collision process. In severe cases, the
safety of the occupants’ lives and property will no longer be guaranteed.

Many scholars have conducted extensive experimental studies on the failure mech-
anism of tools. The causes and extent of tool failure are various from tool materials,
workpiece materials, and cutting conditions. Since cutting temperature has a decisive
impact on tool wear, the different wear mechanisms can be divided into two categories
according to their sensitivity to cutting temperature: thermal wear and mechanical wear.
Thermal wear mainly includes chemical wear (diffusion and oxidation wear), transforma-
tion wear, and thermoelectric wear, while mechanical wear mainly includes abrasive wear,
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adhesion wear, and fatigue wear ([8,9]). According to the form of breakage, tool breakage
is divided into brittle and plastic. In the cutting process, carbide, ceramics, and many other
high-hardness tools often have brittle breakage occur, such as chipping, shattering, spalling,
and cracking when subjected to mechanical and thermal impact ([10–12]). High-toughness
tools such as high-speed steel (HSS) primarily suffer from plastic breakages, such as burned
edges, rolled edges, and fracture [13]. The tools for cutting energy-absorbing structures
are often used only once, which means normal wear can be disregarded. However, severe
wear and breakage can seriously affect the smoothness of cutting forces and should avoid
tool failure during the cutting energy absorption process.

The cutting process is a dynamic physical process with strong thermal–structural
coupling. Quantitatively studying the cutting mechanism by the traditional analytical
method is challenging, so the finite element method has been widely applied to studying the
cutting process. In the field of machining, many scholars primarily focus on cutting forces,
cutting heat, chip formation mechanism, and machining surface quality ([14–16]). Unlike
the former, research on cutting energy-absorbing structures does not focus on machined
surface quality. It is more concerned with impact force, energy absorption, and other
indicators of crashworthiness. Xia [17] studied the effect of tool parameters on cutting force
and energy absorption using coupled thermal–structural simulation. Liu et al. [18] further
investigated that the thermal dissipation energy accounted for about 21% of the cutting
energy absorption process through coupled thermal–structural simulation. Furthermore,
the impact speed, cutting section parameters, and tool parameters had different influences
on laws on cutting force and thermal dissipation energy proportion. Yue [19] designed a
new dual-knife broaching type anti-climbing energy-absorption structure and studied the
significance analysis of the effect of different structural parameters on the energy absorption
performance to guide the design of its structural parameters using numerical simulation.
Gao et al. [20] proposed a new type of active–passive integrated cutting energy-absorbing
structure, which can effectively improve the deformation stroke of the energy-absorbing
tube. The effect of different cutting depths and energy-absorbing tube materials on their
performance is also investigated under quasi-static tests. Guan et al. [21] divided the chip
deformation mode in the cutting energy absorption process into three fracture modes and
applied different failure models in cutting and non-cutting areas for numerical simulation.
Guo [22] proposes changing the tool of the cutting-type energy-absorbing structure to a
metal ball to reduce its stress concentration. However, the poor cutting properties of the
metal ball lead to easy damage to the support tool in the area of contact with the ball.

Structural parameter optimization is the primary technical tool to improve the crash-
worthiness of energy-absorbing structures. As in most real-life engineering applications,
crashworthiness optimization can usually be characterized by many design criteria [23].
These design objectives often conflict with each other, so multi-objective optimization
methods are widely used in crashworthiness optimization [24]. Energy absorption, average
impact force, and peak force are used primarily as optimization objectives of cutting-type
energy-absorbing structures. Xia [17] used orthogonal polynomial regression analysis and
a genetic algorithm to optimize the cutting force per unit area and the energy absorption
per unit volume. Guan et al. [21] performed a multi-objective optimization based on the
response surface method and non-dominated sorting genetic algorithm II (NSGA-II) to
maximize the energy absorption and minimize the peak force of the energy-absorbing
structure under quasi-static loading. Wang et al. [25] compared the accuracy of the poly-
nomial response surface method (RSM) and radial basis function (RBF) surrogate model.
Then, the model with fewer errors was applied to optimize the energy absorption and
minimize the peak force by the multi-objective particle swarm optimization (MOPSO)
algorithm. Peng et al. [26] propose a hybrid optimization approach that combines the
theories of multi-objective optimization and multiple-criteria decision making with the
consideration of engineering practitioners’ preferences, which can be effectively employed
to optimize cutting types’ energy-absorbing structures. In optimization for machining
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process conditions, many studies have set various optimization objectives to obtain optimal
cutting conditions, including tool temperature, wear, breakage, roughness, etc. ([27–29]).

However, most research on the existing cutting energy-absorbing structure crashwor-
thiness pays less attention to the tool failure in the energy-absorbing cutting process. Take
the subway collision speed (6.94 m/s) specified in the EN15227 standard [30] as an example.
It is several times higher than the cutting speed of the normal turning process (about 1 m/s).
Therefore, the cutting energy-absorption process can be considered a high-speed cutting
process at a large feed, which means the effect of cutting temperature and thermal stress on
tool wear and breakage becomes more significant than low-speed cutting [11]. It is essential
to study the tool failure in the energy-absorption process to improve the reliability and
crashworthiness of the cutting energy-absorption structure.

This paper investigates the tool failure mode of the energy-absorbing cutting structure
under axial impact using experimental and numerical methods, and then its reliability and
crashworthiness are optimized. Axial impact tests are implemented to obtain the collision
response, including force–displacement curves, chip deformation patterns, and tool failure
forms. A tool-tube finite element model is developed for coupled thermal–structural
analysis, and each collision response is verified by comparing it with experimental results.
Finally, a new structure is proposed to reduce the temperature of the tip of the tool and
carry out multi-objective optimization of the impact resistance and reliability of the new
structure.

2. Impact Test and Results
2.1. Crash Test Setup

In this study, the dynamic impact test of the full-size cutting-type energy-absorbing
structure was carried out, and the test conditions were set up in such a way that the test
trolley equipped with the cutting anti-climbing energy-absorbing structure at the front
end was counterweighted to 13.6 t and then crashed into the rigid wall located on the
other side of the rail track with an initial speed of 5 m/s. Figure 1a shows the test layout
schematic, including the full-size cutting energy-absorbing structure, test trolley, track,
rigid wall, and data acquisition system. The energy-absorbing structure (Figure 1b) is
comprised of a support tool, energy absorption tube, an anti-climb device, and six tools. It
was bolted to the front of the trolley (Figure 1c), and four dynamic high-frequency force
cells (Figure 1d) were fixed to the rigid wall. The energy-absorbing structure and the force
cells were attached with trigger tapes in front for zero-point calibration of the data obtained
from the data acquisition equipment. Laser-type speed sensors and high-speed cameras
were arranged next to the test track to record the test trolley’s initial crash speed and the
specimen’s structural deformation during the test.
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2.2. Experimental Results and Discussion
2.2.1. Tool Failure Mode

Figure 2 below presents the tool failure mode after the test, which mainly includes
noticeable wear of the rake and flank face, deformation, and breakage in the tip area. An
indented groove appears on the tool flank face. This formation of grooves on the friction
surface parallel to the direction of relative motion is called abrasive wear, a common form
of wear on HSS tools. The unevenness on the tool’s rake face is typical adhesion wear. Due
to the alternating stress, thermal stress, and structural defects of the tool’s face layer, the
material particles on the tool’s face are gradually stuck away by chips or workpieces, which
causes adhesion wear of the tool. There are multiple collapses and deformations near the tip
of the tool. In the cutting process, the tip and cutting edge will undergo plastic deformation
and collapse due to the action of high temperature and high pressure, called transformation
wear. It is the main wear form of HSS tools when the cutting temperature exceeds 873 K.
There is severe breakage at the tool’s tip. This form of brittle breakage rarely occurs in
HSS and other tools with strong toughness. When they face uneven cutting temperatures
and shock, if the tool is not sufficiently resistant to thermal cracking impact, excessive
thermal stress can form cracks and brittle breakage. Deep grooves, a typical feature of
boundary wear, appear near the tip at the junction of the tool’s main and secondary flank
faces. The air is not easily accessible in the tool-chip close contact area, and the oxygen
supply is sufficient at the edge of this contact area. The tool material reacts with the oxygen
in the air to form low-hardness oxides on the surface once the cutting process is at a high
temperature. They are easily wiped off by chips or workpieces and form grooves, called
oxidation wear, which can seriously lead to the loss of the cutting ability of the tool [13].
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Therefore, mechanical wear, including abrasive and adhesion wear, causes the cutting
edge’s rake and flank face wear. The area in and around the tool’s tip is dominated
by thermal wear, such as transformation wear and oxidation wear. The most severe
deformation and breakage of the tool are near the tip, indicating that thermal wear effects
have a more significant impact on the tool than mechanical wear. Therefore, thermal wear
is the primary tool failure mode in this cutting energy-absorption process.
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2.2.2. Collision Process Analysis

Tool wear state can be obtained indirectly based on the changing law of impact force,
the state of the machined surface of the energy-absorbing tube, and chip deformation mode
during the test [31]. Figure 3 illustrates the collision force–displacement curve of the impact
test and structural deformation, divided into four stages as follows.
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The AB segment (0~30 mm) illustrates the incipient stage, from the start of the collision
to the entry of steady-state cutting. At the crash moment, the impact force reached an initial
peak of 437 kN. In the subsequent 30 mm displacement, the force decreased to 280 kN and
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maintained oscillation. The unstabilized cutting process resulted in pronounced folds on
the machined surface, as seen in Figure 3a.

The BC segment (30~102 mm) illustrates the steady-state cutting stage. During this
period, the cutting state becomes stable, and the continuous stripe chips flow out along the
tool rake face to curl, as seen in Figure 3b. The accumulated curled chips obstruct the tool
movement, and the force continues to increase. After the chip curls to a certain extent, the
force no longer significantly increases and stabilizes at 340 kN.

The CD segment (102~220 mm) stands at the slight wear and breakage stage. A large
number of broken chips are produced, as seen in Figure 3c. Meanwhile, the impact force
continues to increase, and the force oscillation amplitude is significantly larger than that of
the BC segment. The tool wear is gradually severe at this time and deteriorated cutting
performance leads to increased impact force. In contrast, the CF segment presents an ideal
trend line (blue dashed line in Figure 3) without tool wear.

The DE segment (220~360 mm) indicates the severe wear and breakage stage. The tool
is severely broken and fails to cut normally, generating many fragmental and broken chips
and causing violent force oscillation, as seen in Figure 3d. After the curled chips break, the
force decreases slightly. Finally, the curled chip is squeezed by the supporter and tool to
the back of the anti-climb creeper device, as seen in Figure 3e. The force increases abruptly,
and the collision ends.

3. Numerical Simulation and Results

The study in Section 2 shows that thermal wear is the primary tool wear mode in
the test. The tool temperature during the impact process is so hard to measure directly.
In contrast, numerical simulation techniques, especially the finite element method, can
effectively predict the distribution of physical quantities such as cutting forces, chip mor-
phology, and temperature fields of the workpiece, tool, and chip via thermal–structural
coupling analysis [16]. Tool temperature is often used as one of the indirect indicators
for tool wear detection. So thermal–structural coupling finite element analysis becomes a
pivotal technique to study the relationship between tool temperature distribution and wear
forms in the cutting energy-absorption process.

Two contact algorithms, *ERODING_SURFACE_TO_SURFACE and *ERODING_ SIN-
GLE_SURFACE, are utilized to accurately simulate the complex tool-chip contact and chip
self-contact in the cutting energy-absorption process. The time it takes for heat conduc-
tion between components is frequently longer than the brief duration of the collision [25].
Therefore, thermal–structural coupling simulations usually ignore the heat conduction
between components.

3.1. Finite Element Model
3.1.1. Geometry and Boundary Conditions

Finite element models based entirely on real specimens usually require millions of
nodes or elements, resulting in high computational and time costs for thermal–structural
coupling analysis. As the core components of the cutting energy-absorbing structure, the
interaction between the tool and the energy-absorbing tube undertakes nearly all amounts
of energy absorption. Therefore, the tool and part of the energy-absorbing tube are selected
as the research objects in this paper. A thermal–structural coupling finite element analysis
model of the tool and tube is developed by using the commercial software LS-DYNA, as
shown in Figure 4a.
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Figure 4b depicts the geometry and boundary conditions of the tool-tube model. The
energy-absorbing tube is simplified to one-sixth by symmetry and given a length of 180 mm
to ensure that the cutting temperature reaches a steady state. The geometrical parameters
of the tool and the test are identical. The maximum rake angle of the curved tool rake face
is 55◦. The cutting width and depth are each 27 and 2 mm. The initial speed is 5 m/s, the
same as the speed of the test, along the positive direction of the x-axis. The tool’s surface in
contact with other parts is constrained with all degrees of freedom except for x-directional
movement. The boundary of the tube is fully constrained.

3.1.2. Material Model

Cutting is a highly complex process, and many factors need to be considered, such
as the nonlinear properties of materials, etc. No valid numerical simulation method can
directly simulate tool failure, and obtaining temperature-dependent material parameters
requires many costly experiments. Therefore, the HSS tool is considered an ideal elastic
material for numerical simulations in this paper. The energy-absorbing tube is made of
S355 steel and simulated with the Johnson–Cook material model. It is widely used in the
cutting simulation to simultaneously consider three effects of strain hardening, strain rate
strengthening, and temperature softening of metallic materials. The specific equation is

σy = (A + Bεpn
)(1 + C ln

.
ε
∗
)(1− T∗

m
) (1)

T∗ = (T − Troom)/(Tmelt − Troom) (2)

where εp is the equivalent plastic strain, εp =
.
ε/

.
ε0 is the dimensionless plastic strain rate

for
.
ε0 = 1.0s−1, and T∗ is the homologous temperature, Troom is the room temperature, and

Tmelt is the melting temperature. A,B,C,n,m are material constants.
To simulate the separation of metal material in the cutting process, the Johnson–Cook

fracture model is determined, and the expression for strain at fracture is given by

ε f = [D1 + D2 exp D3σ∗][1 + D4 ln
.
ε
∗
][1 + D5T∗] (3)

where σ∗ is the ratio of pressure divided by effective stress

σ∗ =
p

σe f f
(4)

Damage to an element is defined by

D = ∑
∆εp

ε f (5)

where ∆εp is the cumulative plastic strain, and ε f is the fracture strain under the current
conditions of stress triaxiality, strain rate, and temperature. A fracture occurs when D = 1.
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An equation of state is needed for Johnson–Cook to describe how solid materials
behave in LS-DYNA. The linear polynomial equation of state is given by

P = C0 + C1µ + C2µ2 + C3µ3 + (C4 + C5µ + C6µ2)E (6)

By setting C1 as the bulk modulus and all other Cx terms to zero, the linear polynomial
equation of state could achieve simple bulk behavior if strain rates are low to moderate.

The specific values of the Johnson–Cook material model and material thermal proper-
ties are presented in Tables 1 and 2.

Table 1. Johnson–Cook material parameters for S355 ([32,33]).

A
(MPa)

B
(MPa) C n m D1 D2 D3 D4 D5

448 782 0.0247 0.562 0.988 1.36 0 0 0.0252 1.8019

Table 2. Material thermal properties [34].

Parameter S355 HSS

Specific heat capacity (J/Kg·K) 469 220
Thermal conductivity (W/m · K) 61.1 41

Melting temperature (K) 1773 -
Room temperature (K) 293 293

3.1.3. Mesh Convergence Analysis

In the cutting simulation, the element size is considered very influential [35]. Com-
pared with the cutting length and cutting width, the geometry of the cutting depth direction
is the smallest. So, it is determined to be the reference element size of 0.4 mm (not exceeding
the tool’s edge radius value of 0.43 mm). The cutting width and length direction sizes are
determined according to the solid element aspect ratio of 1:2:2. Therefore, four groups
of different element sizes are set as follows: 0.4 × 0.8 × 0.8 mm, 0.2 × 0.4 × 0.4 mm,
0.15 × 0.3 × 0.3 mm, and 0.2 × 0.2 × 0.2 mm.

The force–displacement curves for different element sizes are shown in Figure 5. The
cutting force of group 1 is significantly higher than those of other groups. In contrast,
groups 2 and 3 are close to each other, indicating that the element size has converged, and
further refinement will not significantly improve the calculation accuracy. The comparison
between group 2 and group 4 suggests that elements have also converged on the aspect
ratio. At last, the element size of 0.2× 0.4× 0.4 mm is adopted to balance the computational
accuracy and efficiency. The cutting area element size in the simulation model is set to
0.2 × 0.4 × 0.4 mm, and the remaining non-cutting area is 1 × 2 × 2 mm.
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3.2. Numerical Simulation Results
3.2.1. Chip Deformation Mode

Chip deformation is an essential indicator of the cutting process and characterizes the
quality of the developed numerical model. Figure 6 shows chip deformation at cutting
displacements of 50, 100, and 150 mm and compares detailed deformation modes between
simulation and experiment. It can be observed that both of them have continuous stripe
chips with the same curl shape and the same variation pattern on the chip edges. At
the beginning of the chips are both irregular edges generated by the initial unsteady
cutting, followed by smoothed edges in the steady-state phase. As the chips continue to
be generated and curled, the resistance to chip flow increases and the chips are squeezed,
resulting in slightly thick buildups and ragged edges.
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3.2.2. Tool Temperature

The distribution of the tool temperature field during the cutting process is shown in
Figure 7 below. The heat-resistant temperature of the HSS tool is about 873 K, so the upper
limit of the cloud temperature is set to the same value to directly observe the area on the tool
that exceeds the heat-resistant temperature. It is evident that the highest temperature zone
is always concentrated at the tool’s tip and exceeds the material’s heat-resistant temperature.
The area constantly expands, and the parts of the experiment where thermal wear occurs
are included, as seen in Figure 2. In contrast, the maximum temperature at the middle of
the cutting edge is about 570 K, which is lower than the heat-resistant temperature.
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A Python script is developed to extract the maximum value of tool temperature at
each moment, and then the tool’s maximum temperature–displacement curve is shown
in Figure 8. From 0 to 30 mm (corresponding to the AB segment in Figure 3), the tool
temperature increases sharply to 1550 K. After 36 mm, the continuously curling chips
accumulate on the front tool face, resulting in increased friction between the tool and the
chips. So, the temperature continued to rise slowly. After 107 mm, the maximum tool
temperature is stable at 1920 K.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 19 
 

Figure 8. From 0 to 30 mm (corresponding to the AB segment in Figure 3), the tool tem-
perature increases sharply to 1550 K. After 36 mm, the continuously curling chips accu-
mulate on the front tool face, resulting in increased friction between the tool and the chips. 
So, the temperature continued to rise slowly. After 107 mm, the maximum tool tempera-
ture is stable at 1920 K. 

The above thermal–structural coupling analysis results reveal that the temperature 
distribution of the tool is highly consistent with the tool failure mode in the different areas 
in the test. The failure mode in the middle of the cutting edge at lower temperatures is 
dominated by mechanical wear. In contrast, thermal wear dominates the failure mode of 
the tool’s tip above the heat-resistant temperature. 

 
Figure 7. Tool temperature distribution during the cutting process. 

 
Figure 8. Curves of force and temperature versus displacement. 

3.2.3. Cutting Force 
The tool-tube model’s cutting force versus displacement curve is shown in Figure 8. 

Compared with the experimental curve (Figure 3), the force of both changes in a similar 
trend. In the initial stage, from 0 to 30 mm, the cutting force also fluctuates significantly 
after an initial peak. Its fluctuation frequency is lower than the test (corresponding to the 
AB segment in Figure 3). From 30 to 83 mm, the cutting state stands in the steady-state 
stage. The force gradually increases under the effect of chip accumulation. It then stabi-
lizes at about 55 kN, slightly smaller than the steady-state values of the test (340/6 = 56.7 
kN) in Figure 3. The simulation cannot directly simulate the real tool failure. Hence, the 
cutting state remains in the steady-state phase subsequently, and the force stays stable. In 
contrast, the test showed a continuous increase in force and aggravated oscillation after 
the steady-state phase. Therefore, the comparison between numerical and experimental 

Figure 8. Curves of force and temperature versus displacement.

The above thermal–structural coupling analysis results reveal that the temperature
distribution of the tool is highly consistent with the tool failure mode in the different areas
in the test. The failure mode in the middle of the cutting edge at lower temperatures is
dominated by mechanical wear. In contrast, thermal wear dominates the failure mode of
the tool’s tip above the heat-resistant temperature.

3.2.3. Cutting Force

The tool-tube model’s cutting force versus displacement curve is shown in Figure 8.
Compared with the experimental curve (Figure 3), the force of both changes in a similar
trend. In the initial stage, from 0 to 30 mm, the cutting force also fluctuates significantly
after an initial peak. Its fluctuation frequency is lower than the test (corresponding to the
AB segment in Figure 3). From 30 to 83 mm, the cutting state stands in the steady-state
stage. The force gradually increases under the effect of chip accumulation. It then stabilizes
at about 55 kN, slightly smaller than the steady-state values of the test (340/6 = 56.7 kN)
in Figure 3. The simulation cannot directly simulate the real tool failure. Hence, the
cutting state remains in the steady-state phase subsequently, and the force stays stable. In
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contrast, the test showed a continuous increase in force and aggravated oscillation after
the steady-state phase. Therefore, the comparison between numerical and experimental
results confirms that the worn and broken tool results in decreased cutting performance
and increased cutting force and oscillation.

4. Structure Optimization
4.1. New Structure
4.1.1. Design

Based on fracture mechanics, the fracture modes can be divided into three types:
Mode I (opening mode), Mode II (sliding mode), and Mode III (tearing mode), as shown
in Figure 9. The material of the energy-absorbing tube is sheared and squeezed to form a
bent chip during cutting, so the above three fracture modes coexist and act, respectively, on
the tool rake, flank, and secondary flank face. The tool’s tip is the common area of these
faces. It is often in a biaxial or even triaxial stress state under the combined three fracture
modes, which causes its temperature to be greater than any other parts of the cutting edge.
Improving the tool tip’s complex stress state during cutting may become vital in reducing
its high cutting temperature. A consistent stress state on the cutting edge can be ensured if
the chip separation mode at the tip matches that of the rest of the cutting edge. Therefore,
this paper proposes a new energy-absorbing tube structure with the following improved
structural parameters.
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As illustrated in Figure 10, a groove is added to the cutting path at the tool’s end with
dimensions of 1 mm in width and 2 mm in depth, structurally separating the cutting area
from the non-cutting area.
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4.1.2. Numerical Simulation Verification

The new structure is analyzed using the same thermal–structural coupling method in
Section 3. The temperature distribution of the tool is shown in Figure 11. Compared with
the original structure, the cutting edge’s temperature does not exceed the heat-resistant
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temperature of HSS during the cutting process and has a more uniform distribution. Only
the temperature in the middle of the cutting edge is slightly higher than in other areas. It
will reduce the possibility of tool failure caused by excessive and uneven temperatures.
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The tool’s maximum temperature versus displacement curve is shown in Figure 12.
The tool’s maximum temperature reduces to 670 K, which is 65.10% lower than the original
structure (1920 K). Moreover, the temperature in the original design increases sharply in
the initial phase (0 to 30 mm). In contrast, the temperature rises gently in the new design
all the time, which helps reduce tool’s thermal failure due to thermal shock.
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The cutting force versus displacement curve is shown in Figure 12. The fluctuation of
cutting force is significantly weaker than the original from 0 to 75 mm. The steady-state
force slightly decreased by 1.85% from 55 kN to 54 kN, and energy absorption decreased by
0.94% from 8.49 kJ to 8.41 kJ. This means that eliminating the tearing fracture mode does
not significantly affect the cutting force and energy absorption but enables a more stable
cutting process.

The above numerical simulation results indicate that the new structure addressed the
problem of the excessive temperature of the tool’s tip at the expense of a small amount of
performance. What is more, these improvements help reduce the possibility of tool failure
caused by thermal wear and moderate relief of mechanical wear simultaneously.
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5. Results
5.1. Multi-Objective Optimization
5.1.1. Multi-Objective Optimization Model

Due to the significant role played by energy-absorbing structures in train collisions, the
optimal design of structural crashworthiness has been broadly applied. Commonly used
crashworthiness indicators of cutting-type energy-absorbing structures include mean crash
force, energy absorption, initial peak force, etc. Tool failure also has a non-negligible impact
on the reliability of cutting energy-absorbing structures. In order to consider the reliability
and crashworthiness of cutting-type energy-absorbing structures simultaneously, this paper
adopts steady-state temperature (STT) and mean cutting force (MCF) as optimization
objectives, which are defined as follows:

MCF =

∫ d
0 F(s)ds

d
(7)

where F(s) is the instantaneous cutting force at the distance s, and d is the total displacement.
The STT is taken as the steady-state value of the maximum cutting temperature of the

tool. It should not exceed 770 K, which can be considered a reasonable value for ensuring
that the cutting temperature does not exceed the heat-resistant temperature within a tube
length of 180 mm in the tool-tube model.

Considerations for determining the range of the three design variables, cutting depth,
width, and tool rake angle, are as follows. The cutting depth is taken from its typical range
in machining (approximately 1 to 5 mm). Considering that energy-absorbing structures
are usually used on a one-off basis, increasing the depth appropriately to enhance energy
absorption by sacrificing its partial durability is acceptable. The depth of cut is therefore set
at 2 to 4 mm. Variations in cutting width do not significantly affect the tool’s performance;
therefore, only the match to the current structure size usually needs to be considered. For
example, in the case of a typical round cross-section energy-absorbing tube, an excessive
cutting width at a defined depth of cut will result in thin thickness at both ends, to the
detriment of a stable cutting process. In addition, it is necessary to ensure that there should
be sufficient spacing between the individual tools, etc. Therefore, the cutting widths are set
at 15 to 26.5 mm. The setting of the rake angle takes into account the tool and tube material
and the cutting conditions. An increased rake angle means sharper tools and lower cutting
temperatures. However, an excessive angle reduces the rigidity and strength of the tool,
and bad heat dissipates, resulting in severe wear and breakage. In addition, a rake angle
less than zero (negative rake angle) increases cutting force fluctuations and is detrimental
to the stability of the energy absorption process. Therefore, in combination with the typical
tool rake angle (approximately −10 ~ 30◦) in machining and the careful consideration of
the collision scenario and performance requirements of the energy-absorbing structure, the
tool rake angle is set to 0–30◦. Therefore, the mathematical equation of the optimization
problem in the multi-objective framework is

min [−MCF(d, w, α), STT(d, w, α)]
s.t. STT ≤ 770 K
2 ≤ d ≤ 4 mm
15 ≤ w ≤ 26.5 mm
0 ≤ α ≤ 30◦

(8)

5.1.2. Design of Experiment and Surrogate Model

The first step of any population-based optimization is to determine an initial set of
sample points by means of design of experiments (DOE) [36]. There are many kinds
of DOE methods, including a full factorial design, the Latin hypercube design (LHD),
mixture design techniques, and combined design [37]. LHD achieves uniform sampling in
multidimensional space and thereby was utilized to sample an initial training set for the
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surrogate model in this study. Figure 13 illustrates the 20 uniformly distributed sample
points obtained by LHD, and Table 3 exhibits the response values obtained from the
simulation at the sample points.
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Table 3. LHD test sample points and responses values.

No. d/mm w/mm α/◦ SST/K MCF/kN

1 2.85 19.31 3.75 487.52 80.51
2 3.75 26.21 14.25 240.32 121.62
3 3.65 15.86 6.75 392.64 81.56
4 3.95 23.34 0.75 342.27 132.98
5 2.45 18.16 29.25 434.90 52.26
6 2.15 25.64 24.75 207.85 64.53
7 2.75 17.59 2.25 402.20 71.56
8 2.35 23.91 8.25 272.78 75.22
9 3.55 24.49 15.75 353.43 106.24
10 3.25 15.29 17.25 263.01 62.68
11 3.05 18.74 18.75 262.24 73.26
12 2.55 25.06 11.25 237.09 81.42
13 3.35 22.76 21.75 366.71 88.62
14 2.25 17.01 20.25 363.67 50.32
15 2.05 19.89 5.25 269.76 57.52
16 3.15 21.61 12.75 249.15 86.34
17 3.85 22.19 27.75 328.33 92.22
18 2.95 20.46 23.25 348.80 73.94
19 2.65 21.04 26.25 248.56 65.50
20 3.45 16.44 9.75 361.22 76.84

Surrogate models have been widely used in design optimization to address the pro-
hibitive computational costs arising from the direct coupling of optimization algorithms
and finite element analysis. There are several popular surrogate models, including PRS,
Kriging, RBF, artificial neural network (ANN), etc. Analyzing the accuracy of each method
from the perspective of problem dimensionality, PRS and RBF work well in low dimensions,
and Kriging can handle problems of higher dimensions (<50). When faced with a tremen-
dous dimensional problem (~10,000), ANN may be the best choice [38,39]. In this study,
the Kriging model, as one of the most representative and promising models, is utilized
due to its good approximation ability to nonlinear functions and unique error estimation
function [40]. Two Kriging models of the objective functions are separately established
using the sample points determined by LHD method and their response values. The mean
relative error (MRE) and root-mean-square error (RMSE), which indicates the model’s
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global accuracy, are used to evaluate the error of the surrogate model. These metrics are
defined as follows:

MRE =
∑|(ỹi − yi)/yi|

n
× 100% (9)

RMSE =

√
∑ (ỹi − yi)

2

n
(10)

where n represents the number of sample points, yi and ỹi represent the FE result and the
corresponding predicted value at each point i, respectively, and y represents the average
of the objective responses of the FE calculation. Generally, the model’s accuracy increases
with the decreasing MRE and RMSE.

The error analysis of the established surrogate model needs to be evaluated by new
sample points. They are also randomly sampled and different from the original sam-
ple points, as the error of the surrogate model at the original sample points is zero.
Hastie et al. [41] suggested taking 0.25n samples for testing. Five new sample points
are used to verify the accuracy of the surrogate model, and the error analysis results
are shown in Table 4. Both MRE and RMSE are small, indicating that the established
surrogate model predicts the target response well and can be adopted for subsequent
multi-objective optimization.

Table 4. Error analysis of surrogate models.

Surrogate Models MRE RMSE

STT 8.7% 31.89 K
MCF 2.7% 4.78 kN

5.1.3. Optimization Method and Results

The multi-objective optimization can be conducted using population-based algorithms
directly without formulating a combined cost function [23]. MOPSO and NSGA-II are pop-
ular algorithms frequently used in crashworthiness problems [41]. In this study, NSGA-II
was adopted to solve the multi-objective optimization problem, and the specific parameters
are listed in Table 5.

Table 5. Parameters of NSGA-II.

Parameter Value

Initial population 150
Maximum generations 100
Crossover probability 0.9
Mutation probability 0.2

The Kriging surrogate model is established for each optimization objective, and the
NSGA-II algorithm is utilized to search for the Pareto front, as shown in Figure 14a. The
two optimization objectives are competing with each other. When the −MCF increases,
the STT decreases. This paper adopts the minimum distance method to determine the
optimal solution (also known as the knee point) on the Pareto front. The minimum values
of −MCF and STT determine the ideal point. Then, the closest point to the ideal point is
identified as the knee point. To minimize the effect of different scales of MCF and STT on
identifying the knee point, the Pareto front is normalized according to

Fi =
fi − fmin

fmax − fmin
(11)

where Fi is the normalized value of the Pareto optimal solution i, fi is the value of the
Pareto optimal solution i, and fmin and fmax are the minimum and maximum value of the
Pareto optimal solution.
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Figure 14b displays the normalized Pareto front. STT = 514 K and MCF = 131 kN are
the values of the objective functions at the knee point. The corresponding design parameters
are d = 3.8mm, w = 26.5mm, and α = 7.1◦, respectively. Knee point balanced both STT
and MCF better than point A (STT = 470 K, MCF = 63 kN) and point B (STT = 575 K,
MCF = 146 kN).

6. Conclusions

This paper investigated tool failure modes and causes of the cutting-type energy-
absorbing structure using experiments and numerical approaches. A new energy-absorbing
tube structure is proposed and optimized for better crashworthiness and reliability. The
tool failure modes were identified in the experiments, and the effects of tool failure on the
collision responses were analyzed accordingly. The developed numerical model effectively
verified the experimentally obtained collision response. Finally, a new energy-absorbing
tube structure was proposed by eliminating the tearing-type chip separation mode. The
average cutting force and steady-state cutting temperature are optimized using the Kriging
surrogate model and NSGA-II algorithm. The main conclusions are as follows:

• Different areas of the tool had different failure modes and causes. In the middle
of the cutting edge, the temperature was lower than the heat-resistant temperature,
so mechanical wear containing abrasive and adhesion wear occurred primarily. In
contrast, the temperature in the tool’s tip and surrounding area exceeded the heat-
resistant temperature of the material, so the thermal wear, including transformation
and oxidation wear, was mainly: the closer to the tip, the more significant the effect of
thermal wear. Thermal wear plays a dominant role in tool failure.

• Tool failure yielded a significant impact on the performance of energy-absorbing
structures. The difference in force changing between experimental and numerical
results indicated that tool failure led to increasing and oscillating crash forces, which
was not conducive to achieving a smooth cutting energy-absorption process.

• The new structure reduced the likelihood of tool failure due to mechanical and thermal
wear. By eliminating the tearing mode, it had a significantly lower tip temperature, a
more uniform temperature distribution in the cutting edge, and a flatter temperature
rising. The cutting force was slightly lower but more stable, so the amount of energy
absorption would not be affected. These improvements could better prevent tool
failure due to high temperature, thermal shock, thermal unevenness, etc.

• The Pareto front of multi-objective optimization indicates that SST and MCF competed
with each other. STT and MCF could be well balanced by the minimum distance
method. The obtained optimal solution was STT = 514 K, MCF = 131 kN. The corre-
sponding design variables were d = 3.8mm, w = 26.5mm, α = 7.1◦.
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• This paper indirectly verified the different tool failure modes by studying the tool’s
temperature distribution via thermal–structural coupling finite element analysis. Fu-
ture research will focus on a realistic simulation of tool failure and further study of the
effect of the failed tool on cutting-type energy-absorbing structures.
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