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Abstract: Owing to the non-uniform distribution of chemical composition and temperature during
the heat treatment process, the residual stress and deformation of the workpiece emerge as crucial
factors requiring consideration in managing the service performance and lifespan of shield machine
cutter rings crafted from H13 steel. Considering H13 steel with titanium microalloying as the research
object for the shield machine cutter ring, we simulate the quenching process using Deform-3D. The
temperature field, phase transformation, stress evolution, and deformation amount after quenching
are analyzed. The results demonstrate a strong agreement between the simulation and experimental
results, offering valuable insights for optimizing the heat treatment process and enhancing the overall
performance of shield machine cutter rings.

Keywords: H13 steel; titanium microalloying; shield machine cutter ring; residual stress;
numerical simulation

1. Introduction

Quenching stands as one of the predominant industrial heat treatments for enhancing
the mechanical properties of metals, including their strength and toughness, among others.
The quenching process encompasses various coupling phenomena, particularly within the
realm of physical metallurgy, which pose challenges in terms of control and prediction,
diminishing the probability of the dimensional accuracy of processed components being
impacted [1].

The quenching process produces residual stress in steel, stemming from the thermal
stress generated by substantial temperature gradients and the austenite-martensite phase
transformation within the component [2-6]. The magnitude of this stress is contingent
upon the material’s chemical composition [7].

The significant internal stress generated by a specific process or phenomenon can man-
ifest in either a tensile or compressive state, and its impact on the workpiece can be either
advantageous or detrimental. Compressive residual stress on the component’s surface is
beneficial to the material. Conversely, tensile stress may lead to fatigue performance issues
in the components [8,9], which is undesirable during the service life of the workpiece [7].

H13 steel is a hot working die steel that is frequently used for the production of cutter
rings for shield machines. Nonetheless, it tends to exhibit failure modes such as chipping
and wear because these cutter rings are often exposed to high-strength rock extrusion and
impact during their usage, leading to increased economic expenses. Therefore, enhancing
its strength and toughness while ensuring its high hardness and excellent wear resistance
has become a pressing concern in prolonging the service life of H13 steel cutter rings and
decreasing the associated construction expenses.
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Microalloying is a method of adding microalloying elements such as Ti [10,11], Nb [12,13],
V [14], and rare earth elements [15-19] to steels to enhance the mechanical properties
of the steels. Among these options, the addition of Ti to steel leads to the formation of
fine and dispersed TiC particles. These particles pin the austenite grain boundary and
hinder its growth, as well as enhance both the strength and toughness of the steel [10].
To investigate the impact of titanium microalloying on the quenching residual stress of
H13 steel and offer insights for optimizing the heat treatment process of cutter rings, we
employ numerical simulation technology to analyze the temperature and stress evolution
of the Ti microalloying H13 steel (referred to as H13-Ti steel) used to shield machine cutter
rings when subjected to the quenching process. The accuracy of these simulation results is
validated through experimental verification.

2. Database Establishment, Numerical Procedure, Simulation Control
2.1. Database Establishment of H13-Ti Steel

To assess the volume fractions of different phases and stress evolution of cutter rings
during quenching, it is imperative to establish a material database for H13-Ti steel (Beijing
Goal Science Technology Co., Ltd., Beijing, China) with high integrity and reliability. Table 1
presents the chemical composition of H13-Ti. This database must include essential infor-
mation such as the flow stress, strain, thermophysical and thermomechanical parameters,
and equations describing microstructural evolution. Ignoring the influence of Ti on the
thermal physical parameters, including Young’s modulus, Poisson’s ratio, the latent heat of
phase transformation, density, etc., they is obtained from the material database of H13 steel
attached to Deform-3D V11.0 software, as illustrated in Figure 1.

Table 1. Chemical composition of H13-Ti steel (mass fraction, %).
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Figure 1. Thermophysical parameters of H13-Ti steel: (a) Specific heat; (b) Density; (c) Poisson’s ratio;
(d) Young’s modulus.
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In order to obtain more accurate simulation results for the heat treatment, the TTT
(Time-Temperature Transformation) diagram and CCT (Continuous Cooling Transforma-
tion) diagram of the H13-Ti steel are calculated using thermodynamic calculation software
JMatpro V7.0 following austenitization at 1040 °C, as depicted in Figure 2. The accuracy
of the software’s calculation results is validated through numerous experiments [20-22].
The initial transformation temperatures for bainite, ferrite, and martensite are determined
as 478.7 °C, 849.9 °C, and 302.6 °C, respectively. The temperature is 266.5 °C at a 50%
martensitic transformation, and 182.7 °C at a 90% martensitic transformation. The addition
of titanium to H13 steel enhances the efficiency of martensite transformation, resulting in
the improved strength and hardness of the material matrix [23]. Using the TTT diagram
and the M; point value, the b and n values in Formula (6), and the 0 value in Formula (7)
are determined.
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Figure 2. (a) TTT diagram and (b) CCT diagram of H13-Ti steel.

2.2. Numerical Procedure
2.2.1. Determination of Temperature Distribution

Fourier’s law constitutes the fundamental principle of heat conduction. By applying
Fourier’s and energy conservation laws, one can derive the corresponding differential
equation for heat conduction in a rectangular coordinate system.

p-C

2 2 2
oT (aT o°T 3T>+ 1)

var N2 Ta T
where T is the temperature of the workpiece, which is a function of the coordinates and
time; x, y, and z denote the coordinate direction; ¢ is the time of heat treatment; A represents
the thermal conductivity of H13-Ti steel; p is the density; Cp is the specific heat at constant
pressure; and g is the latent heat of phase change [24].

The differential equation of heat conduction provides a general framework for de-
scribing heat conduction processes. However, each specific heat conduction process occurs
under distinct conditions, distinguishing it from others. Thus, for a particular heat conduc-
tion process, supplementary conditions are required to delineate their unique character-
istics, including geometric, physical, initial, and boundary conditions. In this study, we
investigate the quenching process within the heat treatment regimen of the cutter ring. The
unsteady axisymmetric heat conduction differential equation is employed to depict the
temperature distribution. The initial condition presumes a uniform internal temperature
across each workpiece, with temperature values set at room temperature (25 °C) and the
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austenitizing temperature, respectively. The boundary condition corresponds to the third
boundary condition, which is expressed as follows:

~A g% - HK(Tw - Tf) )

where Hy represents the convective heat transfer coefficient, T;, denotes the surface tem-
perature of the workpiece, and Ty is the medium temperature [25,26].

2.2.2. Phase Transformation Kinetics

During the heat treatment process, the volume fractions of different phases in the
cutter ring undergo alterations in response to temperature fluctuations. If the initial phase
attains the critical transition temperature during heating, austenite phase transformation
takes place. A simplified diffusion-type phase transformation model is commonly em-
ployed to describe the formation process of austenite. This equation is utilized to calculate
the transformation process of ferrite, pearlite, martensite, and bainite to austenite. More-
over, this formula is an approximation based on the strong applicability of diffusion-type
phase transformation, enabling the determination of the volume fraction of austenite
during austenitizing.

=3

V=1- e{A(Te*Ts

)

Here, V is the volume fraction of the austenite phase; T; and T, are the starting and finish
temperatures of the transition; and T represents the temperature of the workpiece. The mate-
rial parameters A and B can be determined through the application of Equations (4) and (5)
and the TTT diagram. V; (=0.01) and V, (=0.99) are the initial and final volume fractions of
each phase, and ¢; (=0.01) and ¢, (=0.99) denote the initiation and completion times of the
transition [27].

In(1—V;
Ao _fl(t?) ©)
_In{ln(1 = V5)/In(1 - Ve)}
B= In(ts/t0) ©

The Johnson-Mehl-Avrami-Kolmogorov (JMAK) model elucidates the kinetics of
isothermal phase transformations by considering the nucleation and growth of new phases.
This model is applied to austenite—ferrite, austenite-bainite, and austenite-pearlite diffusion-
type phase transformations [28-30].

Gi=1—e) (6)

In this equation, {; denotes the volume fraction of the i phase, t represents the time
of isothermal diffusion, b is the phase nucleation rate, and # is the phase growth rate.
These are constants, and can be derived from the TTT diagram of the H13-Ti steel at
different temperatures. Non-diffusive phase transformations, such as austenite-martensite,
are temperature dependent and can be determined using the relationship proposed by
Koistinen and Marburger et al. [31].

V=1—exp[—0(M;s; —T)] )

In this equation, V signifies the volume fraction of martensitic transformation, M; is
the starting temperature of martensitic transformation, T is the quenching temperature,
and d is the kinetic constant of the phase transition, obtainable from the TTT diagram of
the H13-Ti steel.
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2.2.3. Determination of Stress and Strain Field

In the elastic—plastic model, the influence of the strain value, strain rate and tempera-
ture is considered in the calculation of plastic flow stress. The differential of total strain
(de) comprises elastic (de.), plastic (dep), thermal (dey,), phase transformation (det,), and
transformation plastic (de;p) strains, as defined by Equation (8):

de = dee + dey, + dep + deyy + degy (8)
The plastic flow stress is expressed by Equation (9):
c=0(g &T) ©)

where 0 represents the plastic flow stress, € denotes strain, ¢ signifies the strain rate, and T
stands for temperature.

2.3. Simulation and Experiment Process

(1) Deform-3D finite element software [32] is utilized to simulate the quenching process
of the cutter ring, incorporating coupling calculations encompassing temperature, phase
transition, and elastic—plastic modules. To ensure the accuracy of the simulation, the
temperature, phase transition, and other workpiece information are imported into the
subsequent step after completing the calculation of the previous step, resulting in the
creation of a new file for the next computational step [33,34].

(2) The three-dimensional model diagram depicted in Figure 3a is established based
on the actual geometric shape and size of the cutter ring of the shield machine. Then, it is
saved as an STL format file compatible with Deform-3D.

(b)

—

#” Heat transfer
boundary

Figure 3. (a) Dimensional diagram of shield machine cutter ring; (b) simulation model, finite element
meshing and the scheme of heat transfer; and (c) the object of the shield machine cutter ring.

(3) The initial material information of the cutter ring is defined and input, and the
temperature of the workpiece, the cooling medium, and the heat transfer coefficient are
specified. As shown in Figure 3b, all outer surfaces of the cutter ring serve as a heat
exchange boundary to facilitate information exchange between the phase change module
and the temperature module.

(4) The workpiece is modeled as an elastic—plastic body and divided into tetrahedral
grids using the adaptive meshing method. The time step is adjusted based on the holding
time and cooling rate at various heat treatment stages to guarantee the accuracy and
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convergence of the re-operation process. The grid count totals 50,000 units, and the node
count is 9998, as illustrated in Figure 3b. The grid count is deemed sufficient to ensure
calculation accuracy and convergence.

(5) Phase transition information is derived from TTT and CCT diagrams (isothermal
transition curve), and the phase transition data are input. Subsequently, the stress distri-
bution and deformation of the cutter ring are determined utilizing the thermophysical
parameters of H13-Ti steel.

(6) During the process of analyzing the results, representative points on the cross-
section of the entire cutter ring are utilized for analysis, as depicted in Figure 4.

(7) A sample measuring 10 x 10 x 10 mm is cut along the edge of the blade at position
P1 (as shown in Figure 4) using an electric spark wire-cutting machine. Subsequently, any
burrs are removed by grinding and polishing with sandpaper. The high-power microscopic
morphology of the samples is observed utilizing the ZEISS SUPRATMb55 scanning electron
microscope (SEM).

3. Results and Discussion

To elucidate the temperature, volume fractions of different phases, stress evolution,
and deformation at various positions of the cutter ring, the particle tracking method is
employed to analyze the simulation results. The particle sampling identification points are
illustrated in Figure 4, where P1, P2 and P3 represent, respectively, the near-surface layer at
the cutter ring’s edge, the center of the tool, and the near-surface layer at the cutter ring’s
back, closer to the center than P1.

£ 3
<+i

Figure 4. Sampling points of particle data. * The arc of the blade P1 point is simplified to a straight
line edge in the simulation process.

3.1. Temperature and Structure Field

The simulation modeled the evolution of the temperature field in the cutter ring as
it is heated from room temperature to 1040 °C, followed by complete austenitization and
quenching in water. The representative results are shown in Figure 5. The temperature
gradient around the cutter ring edge gradually shifts towards the center. Temperature
variations at the sampling point during the extraction heating process are depicted in
Figure 6a. Point P2 (the center of the tool) exhibits a slower heating rate and a lower
local temperature compared to points P1 and P3. However, the temperature variance
between P1 and P3 remains insubstantial throughout. As the heating duration extends, the
temperature gradient between the surface and the center diminishes, leading to a more
uniform temperature field. Figure 6b illustrates the temperature variation over time during
the cooling process. Quenching results in the faster cooling of the workpiece exterior
compared to the slower cooling of the core. The observed inflection point arises from
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martensitic transformation occurring at this temperature (302.6 °C, Figure 2), with point
P2 exhibiting the most pronounced inflection. On one hand, the direct contact between
the workpiece exterior and the cooling medium accelerates heat transfer. On the other
hand, the surface layer undergoes phase transition during cooling, releasing latent heat
transferred to the core, thereby maintaining a higher core temperature and slowing the

overall cooling rate.
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Figure 5. Temperature fields of H13-Ti steel for (a) heating process for 1.1, 10.1 and 29.2 min,
respectively, and (b) water cooling process for 1.33, 4.5, 9.0 min, respectively.
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Figure 6. Temperature-time curves of H13-Ti steel in (a) the heating process and (b) the water
cooling process.

The curve depicting the evolution of the workpiece’s volume fractions of the austen-
ite and martensite phases over time during the heat treatment process is presented in
Figures 7 and 8, presenting the distributions of austenite and martensite structures at a
particular time during the heat treatment process. From Figure 6a, it shows that external
points P1 and P3 experience a higher temperature rate, leading to a preferential transforma-
tion into the austenite phase. With the extension of the heating time, the austenite structure
manifests from the surface to the core. Towards the conclusion of the heating process at
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29.2 min, the workpiece has undergone substantial austenitization, with only a minimal
presence of ferrite.
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Figure 7. Variations in austenite and martensite phases as a function of time under (a) the heating
process and (b) the water cooling process.
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Figure 8. The volume fractions of different phases during (a) heating process for 1.1, 10.1, and
29.2 min, respectively, and (b) water cooling for 1.33, 4.5, 9.0 min, and (c) 15 min, respectively.

The results of the simulation of the volume fractions of different phases during the
water cooling process of the workpiece are presented in Figure 8b,c. When the quenching
time is 1.33 min, the surface temperature (Figure 5b) initially falls below the martensitic
transformation point (302.6 °C, Figure 2), leading to the appearance of the martensite
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structure. As the cooling time increases, the martensitic phase begins to manifest in
the core after 4 min. Meanwhile, the volume fraction of martensite in the surface layer
reaches approximately 0.966. After 15 min of water cooling, the cutter ring is fully cooled.
Figure 8b,c reveal a minimal presence of austenite structure, with a volume fraction of
approximately 0.007, indicating a complete transformation. The workpiece exhibits minimal
bainite content, with the volume fraction of martensite being as high as 0.974. Following
quenching, the cutter ring predominantly comprises martensite, with a negligible presence
of other structural components.

3.2. Stress and Displacement Amount Analysis

The stress in the heat treatment process primarily arises from the thermal stress in-
duced by substantial temperature variations and structural stress stemming from structural
transformation [5,35]. These combined stresses constitute the internal stress within the
cutter ring during the heat treatment process. The quality of the workpiece is predomi-
nantly influenced by the distribution of internal stress during the quenching process. To
enhance our comprehension of stress evolution, a simulation study on the cutter ring
during the quenching water cooling process is conducted. Von Mises stress and axial stress
are derived from the simulation results, as illustrated in Figure 9, where the axial stress
(o_yy) represents the y-direction, as depicted in Figure 3a,b. Figure 9a depicts the trend
of Von Mises stress during the quenching process of the cutter ring. In quenching stage 1
(5-1), The Von Mises stress at the surface layer (P1) gradually increases, while the stresses
in the near-surface layer (P3) and the center (P2) also increase accordingly. Subsequently;,
in quenching stage 2 (S-2), the stress increases rapidly, reaching a maximum of 1044 MPa
(P1), and then gradually decreases until the stress values become stable towards the end
of quenching. In quenching stage 3 (5-3), the stress values at the surface (P1) and near the
surface stabilize, while the Von Mises stress at the center tends to stabilize with a slow and
small amplitude. After quenching, the stress magnitude at the blade edge (P1) is the highest,
at approximately 380 MPa. Figure 9b depicts the trend of axial stress variation during the
quenching process of the cutter ring. In S-1, the surface (P1) exhibits tensile stress along
the Y-axis (axial direction), with the most complex stress variations occurring in S-2. In S-3,
the tensile stress gradually diminishes. The trend of stress variation at point P3 resembles
that of point P1, albeit slightly delayed. In S-1, the stress state at point P2 contrasts with
that at points P1 and P3, while in S-2 and S-3, it aligns with the trend observed at P1. After
quenching, the axial stress at the blade edge (P1) reaches its maximum value, measuring
78.32 MPa.

In S-1, a significant temperature disparity exists between the workpiece surface and the
quenching medium, resulting in rapid heat dissipation and a consequent rapid reduction
in the surface temperature. Heat conduction dissipates the temperature difference within
the core, resulting in a slower rate of temperature decrease compared to the surface. While
the surface temperature decreases rapidly, it experiences significant shrinkage, whereas
the core undergoes comparatively minor shrinkage. Consequently, the surface experiences
tensile stress due to the center’s resistance to shrinkage forces, while the center undergoes
compression. Thus, in Figure 9a (S-1, the Von Mises stress on the surface (P1) increases
rapidly, and the stresses in the near-surface (P2) and center (P3) areas increase accordingly.
The Von Mises stress in the center is low, and it experiences compressive stress in the
axial direction (Figure 9b S-2). In S-2, as depicted in Figures 6c and 7b, the surface layer
initially decreases to the M; temperature, with the preferential occurrence of the martensitic
transformation. The phase transition is accompanied by an increase in volume, resulting in
stress change. During this period, the stress state evolution becomes complex due to the
combined effects of thermal stress and phase transition stress. In Figure 9a S-2, Von Mises
stress indicates that the center changes with the stress of the surface layer, initially increasing
in stress and then sharply decreasing. In Figure 9b, the axial stress in S-2 transitions from
compressive stress to tensile stress. In S-3, the temperature of the workpiece’s center drops
to the M, initiating the martensitic transformation. During the initial period of center
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Von Mises stress/MPa

phase transition, thermal stress resulting from temperature fluctuations prevails. So, in
Figure 9a S-3, the Von Mises stress at the P2 point gradually increases. Subsequently, the
dominant phase transformation stress, induced by the martensitic transformation, leads
to the volume of the center expanding. However, the surface impedes the expansion of
the center martensite, resulting in a decrease in surface stress (with axial stress becoming
compressive) until the conclusion of the quenching process.
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Figure 9. Evolution of (a) Von Mises stress and (b) axial stress of sampling points during quenching
process. * S-1 (quenching stage 1) is no martensitic transformation, S-2 (quenching stage 2) is marten-
sitic transformation in the surface layer but no phase transformation in the center, S-3 (quenching
stage 3) is martensitic transformation in the center to the end of quenching.

Based on the aforementioned analysis, it is evident that employing water-cooled
quenching for the cutter ring induces significant internal stress, which is subsequently
transformed into and retained as residual stress after cooling. This results in substantial
residual tensile stress during usage, elevating the likelihood of deformation and cracking.
Such conditions are unfavorable for achieving the prolonged life and cost-effectiveness of
the shield machine cutter ring. Consequently, the subsequent cooling procedure should be
chosen to ensure uniform stress distribution and its suitability for the cutter ring’s intricate
working conditions.

According to the simulation results, the edge of the cutter ring experiences the high-
est stress, potentially compromising the overall performance. Further analysis focuses
on post-heat treatment displacement. Figure 10a depicts the total displacement curve
of a sampling point over time during heat treatment, Figure 10b illustrates the total dis-
placement field, and Figure 10c displays the displacement field in the y-direction (axial
direction). Throughout the quenching process, the total displacement shows a pattern of
initial increase, stabilization, subsequent decrease, gradual rise, and eventual stabilization.
Following the 1040 °C holding period, P1 experiences its maximum displacement, at ap-
proximately 4.35 mm. During the water cooling stage, the displacement rapidly decreases
to 1.79 mm, undergoes a gradual increase to 2.29 mm, and eventually stabilizes. Subsequent
to water cooling, significant distortion is observed at the upper surface of the cutter ring (P1
side). Due to constraints imposed by the heat treatment furnace’s plane, axial displacement
primarily occurs along the normal direction of the cutter ring axis. After water cooling, the
largest displacement, measuring 1.68 mm, occurs at the blade edge.
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Figure 10. (a) The total displacement evolution curves of sampling points during heat treatment
process; (b) total displacement field; (c) displacement field in the axial direction.

3.3. Experimental Verification

Based on the simulation parameters mentioned above, a verification experiment
is conducted. After quenching, a sample is cut from the cutter ring and subjected to
microstructural examination. The microstructural analysis is depicted in Figure 11. It
reveals a predominantly martensitic microstructure, with the majority of undissolved large
carbides precipitating along the grain boundary. Some small carbides precipitate within the
grain. This characterization provides valuable insights into the microstructural composition
after the quenching process, particularly the presence and distribution of carbides within
the martensitic matrix.

Signal A = InLens
Mag= 10.00KX

EHT= 1500 kY
WD = 1.6 mm

Date -8 \dar 2023 ZEISS 1pm Data '8 Mar 2023
Time . 13:57.09 Time :13:49:38

Figure 11. SEM microstructures of the H13-Ti steel at different magnifications after water cooling for
15 min. (a) 1000x, (b) 10,000 x.

4. Conclusions

This paper establishes a heat treatment database for H13 steel after titanium microal-
loying using Deform-3D. Additionally, it simulates the evolution of the temperature, phase
transformation, and stress field for the shield cutter ring during water-cooled quenching.
The simulation results indicate that water quenching induces higher internal stress in
the cutter ring, posing challenges to the longevity and cost-effectiveness demanded by
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shield machine cutter rings. Consequently, it is imperative to opt for a cooling process
characterized by uniform stress distribution and suitable for complex working conditions.
A robust agreement is achieved between the simulation and experiment results, affirming
the accuracy of the database and the reliability of the simulation outcomes.
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