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Abstract: Hydrogen permeation resistance in the welded region of 06Cr18Ni11Ti steel is relatively
weak due to surface defects, which need high integrity surface machining. The parameters of the
welding material for 06Cr18Ni11Ti steel are currently unavailable, which causes some inconvenience
for simulation studies. To fill the lack of 06Cr18Ni11Ti steel weld material parameters in the relevant
literature at the present stage, the quasi-static tensile test at different strain rates and notch specimen
tensile tests were conducted in this paper and determined the Johnson–Cook (J-C) constitutive model
parameters and Johnson–Cook failure model parameters. Subsequently, a multi-grain grinding
simulation model was built based on W-M fractal dimension theory by using the determined material
parameters. The influence of processing parameters on grinding heat was analyzed. Grinding
experiments were conducted to analyze the influence of processing parameters on grinding heat and
grinding force. By comparing the simulation and experimental results, it is revealed that the average
error is 9.37%, indicating relatively small discrepancy. It is demonstrated that the grinding simulation
model built in this paper could efficiently simulate the grinding process, and the determined weld
material parameters of 06Cr18Ni11Ti steel have been verified to possess high accuracy and reliability.

Keywords: 06Cr18Ni11Ti steel weld; Johnson–Cook (J–C) constitutive model; W-M fractal dimension;
multi-grain grinding simulation; grinding process

1. Introduction

Hydrogen has the advantages of elevated heat value and environmentally friendly
combustion products, making it widely used in various fields such as aerospace and en-
ergy [1]. During the process of hydrogen production, hydrogen atoms permeate into the
material of the hydrogen production reactor through adsorption and diffusion, and the
mechanical properties of hydrogen reactor materials are reduced by the effect of the enrich-
ment and hydrogen-containing compound formation at the material surface defects [2,3].
The 06Cr18Ni11Ti steel exhibits excellent resistance to hydrogen permeation and is widely
used in the manufacture of hydrogen production reactors. However, the hydrogen pro-
duction reactor weld region often contains surface defects such as micro-cracks, large
surface roughness, and large surface residual tensile stress due to the influence of the
manufacturing process [4]. The aforementioned surface defects exacerbate the hydrogen
diffusion process, which makes the weld region the weakest hydrogen permeation resis-
tance region of the hydrogen production reactor, and reduce the reliability of the hydrogen
production reactor.

Therefore, it is necessary to use surface strengthening or surface finishing processes to
improve the hydrogen permeation resistance in the weld region by changing the distribu-
tion of surface residual stresses, refining the micro-organization of the material, reducing
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surface roughness, and other methods. Although the mentioned processing techniques
are widely used in the machining process, the machining effects are heavily influenced by
material properties. To obtain a better machining effect and the optimal process parameters,
plenty of experiments should be carried out. Meanwhile, the process of exploring the opti-
mal process parameters prolongs the device manufacturing time and increases the device
manufacturing cost. The optimal machining schedule could be determined in a short period
of time by using finite element simulation methods, effectively reducing experimental costs
and providing a scientific basis for process optimization. However, the simulation results
are severely affected by material property parameters and modeling methods. Therefore,
to obtain a better simulation result, numerous scholars have carried out research from the
aspects of material parameter measurement and simulation modeling.

The Johnson–Cook (J–C) constitutive model is commonly employed in the analysis
of complex loading conditions involving high temperatures, large strains, and high strain
rates, due to its ability to characterize the plastic flow and nonlinear behavior of metal
materials under these conditions [5]. In addition, due to the simple forms of the equations
and the fact that the parameters are relatively easy to determine, the versatility of the J–C
constitutive model increases [6]. Consequently, numerous scholars have conducted experi-
ments to test or modify the J–C constitutive model for various materials to refine material
parameters for better accuracy. Shen et al. [7] carried out uniaxial tensile tests on 6061
aluminum alloy plates under different working conditions and constructed a modified J–C
constitutive model; by comparison, they found that the mean absolute error of the modified
J–C constitutive model is smaller, and the plastic stress–strain relationship of 6061 alu-
minum alloy under different deformations can be more accurately described. Zhu et al. [8]
investigated the temperature rise effect due to adiabatic strain in separated Hopkinson
compression rod tests, built the temperature–strain relationship, and corrected the strain
rate coefficients of the J–C constitutive model to obtain the strain rate strengthening coeffi-
cients of Ti6Al4V alloy. Xi et al. [9] modified the J–C constitutive model by considering the
coupling effects of temperature and strain rate, which improved the accuracy in describing
the flow stress of WAAM IN718 alloy under various deformation temperatures, strain rates,
and heat treatment conditions. Wang et al. [10] modified the J–C constitutive model based
on the experimentally measured stress–strain curves and modified J–C constitutive model
considering the coupling relationship between deformation temperature and deformation
rate. The plastic deformation of 18CrNi4A steel at high temperatures was investigated
using a modified model; as can be seen from the comparison, the modified J–C constitutive
model has a high prediction accuracy. Shen et al. [11] used the Separate Hopkinson Pres-
sure Bar (SHPB) and parameter identification method to establish various J–C constitutive
models for TC17 titanium alloy and analyzed the influence of different constitutive models
on the flow stresses, finding that the J–C constitutive model built with the determined
parameters was more suitable for simulating the cutting process under high temperature
and large strain rate conditions. Qian et al. [12] carried out SHPB experiments to study the
compression behavior of CuCrZr alloy in a range of strain rates and temperatures. Based
on the experimental results, a J–C constitutive model has been constructed for the CuCrZr
alloy, incorporating modifications to account for the coupling effects of strain, strain rate,
and temperature, which shows excellent agreement with the experimental data. Khare
et al. [13] determined the material parameters for the J–C flow stress and J–C failure model
of armor steel through a combination of tensile testing and finite element simulation. They
analyzed the material properties of armor steel under large deformations and high strain
conditions by constructing two models. Yin [14] and Zhang et al. [15] obtained stress–strain
curves and developed a J–C constitutive model for 7075-T6 aluminum alloy under various
strain rates, analyzing the material’s processing performance based on the acquired J–C
constitutive models. Shen et al. [16] calculated the stress distribution of the diffusion weld
of 06Cr18Ni10Ti at different temperatures using the finite element method and studied the
effects of heating temperature and pressure on the stress distribution.
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It can be seen that the J–C constitutive model has been widely used in simulating the
impact and failures of various materials. Currently, the study on the J–C constitutive model
parameters primarily focuses on alloy materials, with fewer studies focusing on welds.
Moreover, the J–C constitutive model parameters for the welds of 06Cr18Ni11Ti are not
easily found in the literature.

To ensure the accuracy of research results, the inverse analysis methods were used by
many scholars. Tao et al. [17] proposed a Dual Fidelity Ensemble Random Maximum Like-
lihood (BF-EnRML) method. The results indicate that the proposed method could provide
wall deflection predictions close to those obtained from 3D Finite Element Method (FEM)
calculations while maintaining a computational cost similar to that of 2D FEM. Takayuki
et al. [18] proposed a forward model to calculate the tensile properties of dual-phase steel
and explored the optimal microstructure through inverse analysis methods. The verifica-
tion results are consistent with traditional materials engineering findings, demonstrating
the effectiveness of this method in understanding the structure–property relationship. Ryan
et al. [19] proposed an inverse method to obtain the mechanical properties of wear-resistant
coatings by simulating Rockwell hardness tests. This approach was used to simulate
the interactions between blades and casing, thereby optimizing compressor performance
and extending blade life. Buljak et al. [20] proposed a new method for identifying the
anisotropic parameters of structural materials, which utilizes experimental data from in-
dentation curves. This method combines an optimized elliptical cross-section indenter,
repeated indentation tests, and deterministic inverse analysis based on function minimiza-
tion, achieving a computationally efficient model simplification. Fedele et al. [21] proposed
an experimental–numerical method centered around the flat-topped wedge test, which
combines novel flat-topped wedge experiments, conventional finite element simulation,
and inverse analysis to monitor local stress components and elastic modulus at specific
locations on the dam surface.

Furthermore, numerous scholars have built different grinding simulation models and
conducted simulation studies to optimize grinding process parameters and improve the
grinding surface accuracy. Jun et al. [22] conducted profile grinding experiments on the
turbine disc’s electroplated CBN grinding wheel and investigated the influence of grinding
parameters on grinding forces. Mao et al. [23] built a simulation model of the coolant
flow field for grinding wheels with randomly distributed grains and simulated grinding
processes of micro-grooved and non-grooved grinding wheels to study the influence of
different processing techniques on the performance of the wheels. Ding et al. [24] built
a grinding wheel model based on the real surface morphology of the grinding wheel to
simulate the grinding process of steel rail by Deform-3D simulation software and analyzed
the influence of process parameters on grinding forces. Wu et al. [25] built a new model
that considered the randomness of grain size and distribution in grinding wheels to ac-
curately predict grinding force. The accuracy of the built simulation model was verified
by conducting grinding experiments. Gao et al. [26] investigated the relation between the
geometric shape of the grinding wheel and specimen contact, focusing on localized material
removal patterns in the grinding zone and grinding temperature distribution. Based on the
findings, a 3D thermal model of the heat source was constructed to explore the influence
of the geometry of the grinding wheel and the contact of the specimen on the distribution
of grinding heat. Li et al. [27] built a simulation model considering the material’s brittle
fracture, grinding conditions, and the random distribution of grinding wheel morphology,
which could analyze the grinding force on silicon carbide ceramics. Zhang et al. [28] built a
truncated polyhedral grain model to simulate the grinding process of Si3N4 ceramics and
analyzed the influence of variation in the radial line speed on the grinding force during the
grinding process. Mao et al. [29] considered the actual morphology of the grinding wheel
to build a theoretical grinding force model for the machining hardening process of AISI
52100 material and validated the effectiveness of the built model through experiments. Ren
et al. [30] built a thermal-force coupled finite element model to investigate the subsurface
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residual stresses and heat-affected layers of bearing steel during the grinding process and
verified the correctness of the built model through experiments.

The aforementioned scholars have built various grinding simulation models based on
practical considerations and have improved the simulation accuracy to various degrees.
However, the simulations mentioned above primarily focus on common metal materi-
als, and there is a lack of comprehensive studies of grinding simulations specifically for
weld materials.

In this paper, the mechanical properties of 06Cr18Ni11Ti welds were investigated
through experiments, and the parameters of the J–C constitutive model were determined
by conducting quasi-static tensile tests at different temperatures and tensile tests at dif-
ferent strain rates. The damage parameters of the J–C failure model were determined
by conducting quasi-static tensile tests on notch specimens at different temperatures and
in simulations. Based on the determined parameters of the J–C constitutive model and
incorporating the W-M fractal dimension, a multi-grain grinding wheel model was built
to simulate the grinding process of the weld surface. The influence of grinding speed and
grinding depth on the grinding force was investigated. Finally, the grinding experiments
were conducted to analyze the influence of the various process parameters on the grinding
heat and the grinding force. The accuracy and validity of the constructed simulation model
and the determined material parameters were verified by comparing the simulation and
experimental results. The determination of the weld material parameters and the built
simulation model in this paper would provide new research ideas for grinding studies.

2. The Determination of J–C Constitutive Model Parameters and the Measurement of
Material Properties

In 1983, Johnson and Cook comprehensively analyzed the influence of high strain rates,
temperatures, and large deformations and proposed the classical constitutive model—J–C
constitutive model [31,32]. During the plastic deformation of materials, the resulting flow
stress is expressed as the product of strain hardening f1(ε), strain rate hardening f2

( .
ε
)

and thermal softening f3(T), which is σ = f1(ε) f2
( .
ε
)

f3(T). The specific form is expressed
as follows: [

A + Bεn
p

][
1 + C ln

.
ε
∗][1 −

(
T − Tr

Tm − Tr

)m]
(1)

where A, B, C, n, and m are the model constitutive parameters; A is yield strength of the
material under quasi-static tensile conditions at room temperature; B is the strain hardening
coefficient of the material under quasi-static tensile test conditions at room temperature;
C is the strain rate sensitivity coefficient for different strain rate tensile tests conditions at
room temperature; m is the temperature softening coefficient for quasi-static tensile tests
conditions at different temperatures; and n is the strain hardening index of the material
under quasi-static tensile tests conditions at room temperature. εn

p is the accumulated plastic

strain;
.
ε

* is the dimensionless equivalent plastic strain rate; T is the material temperature
at high temperature stretching; Tr is the reference temperature; and Tm is the melting
temperature of the material.

2.1. Determination Theory for J–C Constitutive Model Parameters

In the J–C constitutive model, the parameters A, B, and n could be obtained from
quasi-static tensile tests at room temperature. The displacement–load curves of the
weld material at room temperature could be obtained from the tensile tests. Based on
Equations (2) and (3), the displacement–load curves could be converted into the engineer-
ing stress–strain curves of the material under quasi-static tensile conditions under room
temperature, and the yield strength A could be determined from the converted curves. The
engineering stress is

σE = F/A0 (2)
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where F is the tensile load; A0 is the cross-sectional area of the scalar section of the tensile
specimen; and σE is the engineering stress.

The engineering strain is
εE = (l − l0)/l0 (3)

where εE is the engineering strain; l is the length of the specimen after stretching; and l0 is
the initial length of the specimen before stretching.

The engineering stress–strain could be converted into true stress–strain using
Equations (4) and (5), and the relationship between engineering stress σE and true stress
σT is

σT = σE(1 + εE) (4)

The conversion relationship between engineering strain εE and true strain εT is

εT = ln(1 + εE) (5)

The engineering stress–strain curves could be obtained from quasi-static tensile
tests at room temperature, which could be converted to the true stress–strain curves
via Equations (4) and (5). Substituting the yield strength A into Equation (6) and fitting the
data to the plastic deformation section of the curves, the hardening parameter B and the
hardening index n could be determined.

σT =
[

A + Bεn
p

]
(6)

By substituting the determined yield strength parameter A, hardening parameter B,
and hardening index n into Equation (7) and combining with the true stress–strain curves,
the strain rate term parameter C could be determined.

σ =
[

A + Bεn
p

][
1 + C ln

.
ε
∗] (7)

The fitting equation of the strain rate sensitivity coefficient is shown in Equation (8),
as follows:

σ = (A + Bεn
p)(1 + Cln

·
ε
·

ε0

) (8)

where
.

ε0 is reference strain rate.
Constant transformation of Equation (8) leads to Equation (9), as follows:

σ

A + Bεn
p
− 1 = C ln

·
ε
·

ε0

(9)

By correlating the stress–strain curves at different temperatures with the determined
parameters A, B, C, and n, the temperature parameter m could be determined, and the
fitting equation of temperature is shown as in Equation (10), as follows:

σ = (A + Bεn
p)(1 − (

T − Tr

Tm − Tr
)m) (10)

Constant transformation of Equation (10) leads to Equation (11), as follows:

ln

(
1 − σ

A + Bεn
p

)
= m ln(

T − Tr

Tm − Tr
) (11)
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2.2. Mechanical Performance Testing of Stainless Steel Weld
2.2.1. Quasi-Static Tensile Test at Room Temperature

The WDW-300 universal tensile tester was used to conduct quasi-static tensile tests at
room temperature; the device is shown in Figure 1. According to the test standard “Tensile
Test of Metallic Materials Part 1: Room Temperature Test Methods” (ISO 6892-1: 2009) [33]
and “Destructive Test on Welds in Metallic Materials- Fracture test” (ISO 9017: 2001) [34],
the shape and the size of the specimen are shown in Figure 2a, and the gage length of
the specimen is 40 mm. Meanwhile, according to the standards and the related research
paper [6], the tests were conducted at a room temperature of 20 ◦C, with a tensile velocity
of 2.4 mm/min. To ensure the accuracy of the data, three specimens were used for the
repeatability test. The fracture effect of the specimen after stretching is shown in Figure 2b,
and the engineering stress–strain curves of the specimens are shown in Figure 3. From
Figure 3 it can be seen that the yield strengths of three specimens are 270 MPa, 262 MPa
and 276 MPa, respectively. The extreme difference in yield strength value is 15 MPa, with a
relative increase of 5.34%. The max engineering stresses are 482.244 MPa, 497.055 MPa, and
507.046 MPa. The extreme difference in max engineering stress value is 24.802 MPa, with
an increase of 5.14%. The max engineering stress of the three specimens corresponds to an
engineering strain of approximately 0.47%. During testing, the specimen exhibited necking
followed by ductile fracture at the necking point, demonstrating excellent cold ductility in
the 06Cr18Ni11Ti steel welds.
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2.2.2. Quasi-Static Tensile Test at Different Temperatures

The universal tensile tester was used to conduct the quasi-static tensile tests at different
temperatures. The stretched specimen was fixed in the middle of the tensioning machine
chuck with a retaining pin; the mentioned test device and the method to fix the specimen are
shown in Figure 4. The shape, size, and fracture effects of the tensile specimens are shown in
Figure 5. Before stretching, the tensile specimen was isolated and heated through the high-
temperature experimental furnace of the device, and the heating temperatures were set to
120 ◦C, 220 ◦C, 320 ◦C, and 420 ◦C. Once the temperature reached the set temperature, the
specimen was kept warm in a ceramic heat-preserving device for 10 min. After 10 min, the
quasi-static tensile test was conducted with a tensile velocity of 2.4 mm/min. To enhance
the reliability of the results, three repeat tests were conducted at different temperatures; the
engineering stress–strain curves and the true stress–strain curves are shown in Figure 6.
It can be seen from Figure 6a that the changes in temperature correspond to variations
in the mechanical properties of the specimen material. As temperature increases, the
yield strength of the weld specimen decreases, indicating an enhanced plastic deformation
capacity. Moreover, the strain rate of the weld material decreases significantly with rising
temperature. When the temperature increases from 120 ◦C to 220 ◦C, the tensile strength
of the specimen decreases from 429.29 MPa to 366.95 MPa, with a relative decrease of
14.52%. At this stage, the mechanical properties of the welding material have deteriorated
significantly, indicating that temperature has a notable effect on the performance of the
welding material. When the temperature increases from 220 ◦C to 320 ◦C, the tensile
strength decreases from 366.95 MPa to 342.89 MPa, with a relative decrease of 6.56%. At
this stage, the deterioration effect on material properties weakens, and the mechanical
properties of the material are relatively stable. When the temperature increases from 320 ◦C
to 420 ◦C, the tensile strength of the specimen decreases from 342.89 MPa to 302.38 MPa,
with a relative decrease of 11.81%. The material properties deteriorated significantly again.
During the process of temperature increasing from 120 ◦C to 420 ◦C, the tensile strength of
the specimen overall decreased by 117.91 MPa, with a relative reduction of 27.47%. The
engineering strain of the specimen dropped from 0.333% to 0.225%. Temperature has a
severe impact on the mechanical properties of the welding material.
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2.2.3. Room Temperature Tensile Tests with Different Tensile Velocities

The displacement–load curves at different tensile velocities were obtained at room
temperature. The tensile velocities set for the tests should be 2.4 mm/min, 24 mm/min,
and 240 mm/min, respectively. To ensure the accuracy of the test results, three tensile tests
were conducted at room temperature for each tensile condition, and the mean values of
the stress–strain data from the three sets of measurements were taken. The engineering
stress–strain curves at different strain rates are shown in Figure 7a, and the converted true
stress–strain curves at different strain-rate conditions are shown in Figure 7b. It can be
seen from Figure 7a that during the process of dynamic stretching, both the yield strength
and tensile strength of the weld material increase with the increase in the tensile velocity,
and the plastic deformation capacity also increases. At the same time, when the tensile
velocity increases from 2.4 mm/min to 24 mm/min, the tensile strength increases from
497.06 MPa to 526.21 MPa, with a relative increase of 5.86%. When the tensile velocity
increases from 24 mm/min to 240 mm/min, the tensile strength increases from 526.21 MPa
to 551.18 MPa, with a relative increase of 4.74%. However, during the increase in tensile
velocity, the engineering strain remains essentially unchanged, staying around 0.49%. In
both ranges of velocity variation, the tensile strength of the welding material shows a slight
increase, indicating that there is a strain rate strengthening effect in the welding material.
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2.3. Determination of Constitutive Model Parameters
2.3.1. Determination of Parameters A, B, and n

Through the experiment, the engineering stress–strain curve could be measured, and
the yield point of the tensile specimen could be determined. The identified yield strength is
the J–C constitutive model parameter A, which is A = 270 MPa. Based on the true stress–
strain relationship in Equations (3) and (4), the data from the plastic deformation stage of
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the stress–strain curve could be extracted. Based on the extracted data, the strain-hardening
coefficient B and the strain-hardening index n could be fitted. Among these, the quasi-static
reference strain rate set in the test was 0.001 s−1, and the test temperature was 20 ◦C. Based
on the test parameters mentioned above and Equation (6), the strain-hardening coefficient
B and strain-hardening index n could be determined, which are B = 1179.9987 MPa and
n = 0.89045. The fitting results of the hardening parameters are shown in Figure 8.
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2.3.2. Determination of the Strain Rate Sensitivity Coefficient C

Based on Equation (8) and the variable from Equation (9), it is evident that there is
a linear relationship between σ

A+Bεn
p
− 1 and ln

.
ε.

ε0
. Therefore, the strain rate sensitivity

coefficient C of the material could be determined, the fitting effect is shown in Figure 9, and
the fitting result is C = 0.08539.
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2.3.3. Determination of the Temperature Softening Coefficient m

Based on Equation (9) and the variable from Equation (10), it can be seen that there is
a linear relationship between ln

(
1 − σ

A+Bεn
p

)
and ln

(
T−Tr

Tm−Tr

)
. Therefore, the temperature

softening coefficient of the material m could be determined, the fitting effect is shown in
Figure 10, and the fitting result is m = 0.49378.

In summary, the parameters of the J–C constitutive model of the weld material obtained
are A = 270, B = 1179.9987, n = 0.89045, C = 0.08539, and m = 0.4937.
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3. Determination of J–C Failure Model Parameters

The fracture criterion generally considers the effect of stress triaxiality, strain rate, and
temperature on the failure of the material [35,36]. Therefore, to facilitate the theoretical
derivation and determination of the failure parameters, the coupling effects of the above
three factors are neglected. The simplified J–C failure model is formulated as follows:

ε f = [D1 + D2 exp(D3σ∗)]
[
1 + D4 ln

( ·
ε
∗)]

(1 + D5T∗) (12)

where D1 is the fracture failure strain at tensile rupture for the notched tensile test; D2 and
D3 are the relationships introducing equivalent force-equivalent strain; D4 is the strain rate
sensitive parameter; and D5 is the temperature sensitive parameter.

The schematic of the notched tensile specimen shown in Figure 11, and the stress
triaxiality parameters of the plate notched tensile specimen could be calculated from
Equation (13).

σ∗ =

√
3

3

[
1 + 2 ln(1 +

t
4R

)

]
(13)

where t is half of the notch width of the plate tensile specimen; R is the notch radius of the
plate tensile specimen; and σ* is the stress triaxiality of the plate specimen.
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Figure 11. Schematic diagram of the notched specimen.

Different fracture strains for various notch radii could be obtained by notched tensile
test, and the stress triaxiality of specimens with different notch radii could be calculated by
using Equation (13). Meanwhile, based on Equation (14), the corresponding material strain
could be obtained.

ε f = (D1 + D2 exp(D3η))(1 + D5(
T − Tr

Tm − Tr
)) (14)

Finally, by ignoring the influence of temperature term on the strain, Equation (15)
could be obtained, according to the determination of the relationship between the stress tri-
axiality and fracture strain, the parameters of fracture strain terms D1–D3 could
be determined.

ε f = D1 + D2 exp(D3σ∗) (15)
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Combining dynamic experiments and fitting the strain rate term according to Equation (16),
the strain rate sensitive parameter D4 could be determined.

ε f = [D1 + D2 exp(D3σ∗)]
[
1 + D4 ln

( ·
ε
∗)]

(16)

By substituting the obtained parameters D1–D3 into Equation (17), the temperature
sensitivity parameter D5 could be determined.

ε f = [D1 + D2 exp(D3σ∗)](1 + D5T∗) (17)

3.1. The Tensile Test of Notch Specimen and Finite Element Simulation

In this paper, the universal tensile tester was used to conduct quasi-static tensile tests
on notched specimens with various radii. During the stretching process, the temperature
was 20 ◦C and the tensile speed was 2.4 mm/min. The notch radii of the specimens were
1 mm, 5 mm, 10 mm, and 20 mm, and the specimen was 140 mm in length and 3 mm in
thickness. The shape and the size of the specimens are shown in Figure 12. By conducting
the tensile tests, the displacement–load curves and the fracture data for different notched
tensile specimens were eventually obtained.
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Models of notched tensile specimens in different radii were built in ABAQUS to
simulate the process of quasi-static tensile test, and the fracture strains were obtained for
notched tensile specimens with different radii. The shapes and sizes of the built simulation
models are shown in Figure 12. The mesh type of the built model was C3D8R, and the
elastic behavior of the material follows Hooke’s law, where the modulus of elasticity
E = 20,9581 MPa and Poisson’s ratio µ = 0.29. The elastic–plastic response parameters were
determined using the J–C constitutive model parameters from this study, which are A = 270,
B = 1179.9987, n = 0.89045, C = 0.08539, and m = 0.4937. To ensure the accuracy of the
simulation and test, the loading conditions of the simulation model were the same as the
actual load of the quasi-static tensile test, which was that one side of the tensile specimen
was fixed and the other side was set a tensile load of 2.4 mm/min. The analysis step was
set at the same time as the corresponding pull-off time for the different tensile specimens,
and the strain at the moment of fracture for the different specimens could be obtained in
this way. The simulation results depicting the fracture strain of various specimens at the
moment of fracture are illustrated in Figure 13.
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3.2. Determination of Fracture Parameters D1–D5

The stress triaxiality and corresponding fracture strain data for different notched
specimens could be obtained by conducting static notched tensile simulations and room
temperature quasi-static notched tensile tests. Based on Equation (15), the resulting fracture
data could be fitted, and the fracture failure fitting parameters D1–D5 could be determined
by fitting. The fitting results are shown in Figure 14. The fracture failure fitting parameters
D1 = 0.385, D2 = 0.355, and D3 = −2.98 could be obtained from the fitting. Meanwhile, by
bringing the resulting fracture failure parameters D1–D3 into Equation (16) and Equation
(17), the strain rate sensitive parameter D4 and temperature sensitive parameter D5 could
be determined, which are D4 = 0.066 and D5 = 1.599.
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Figure 14. Fitting result of fracture failure fitting parameters.

In summary, the parameters of the J–C failure model parameters for the weld material
are D1 = 0.38549, D2 = 0.35535, D3 = −2.98347, D4 = 0.06632, and D5 = 1.59996.

4. Multi-Grain Grinding Simulation and Experimental Verification

To validate the effectiveness of the parameters determined for the 06Cr18Ni11Ti steel
weld, the combination of FEM and experiment were employed. First, a FEM simulation
model was built by using the determined parameters of J–C constitutive model and the
J–C failure model. Then, a multi-grain grinding simulation model was built based on the
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W-M fractal dimension to analyze the influence of the grinding process parameters on
the grinding effect; the simulation results using the determined material parameters were
obtained. Finally, grinding experiments were conducted to verify the validity of the built
simulation model and the parameters of the weld material.

4.1. Establishment of the Multi-Grain Grinding Simulation Model
4.1.1. Establishment of Grinding Wheel

The Alicona infinite focus G5 surface morphometer was used to measure the surface
roughness of the grinding wheel, the mentioned equipment is shown in Figure 15a. The
overall grain size of the grinding wheel is consistent with the distribution pattern of the
grains; therefore, the side of the grinding wheel was chosen for measurement. The surface
morphology of the grinding wheel obtained from the measurement is shown in Figure 15b.
From Figure 15b it can be seen that the surface roughness of the grinding wheel is relatively
large, and the measured morphology exits a large distorted area, which complicates the
reverse modeling process. Therefore, the W-M fractal dimension is used to construct a
multi-grain grinding wheel. By measuring the surface roughness of the grinding wheel,
it can be seen the surface roughness of the grinding wheel is Ra 11.7 µm. The surface
roughness measure result is shown in Figure 15c.
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Figure 15. Test equipment and test results. (a) Alicona infinite focus G5 surface morphometer;
(b) Inspection of surface morphology; and (c) grinding wheel 2D topography.

Subsequently, using a scale factor of 0.04 for the W-M fractal dimension, the generated
rough surface roughness is close to the surface roughness of the grinding wheel. There-
fore, random spline curves were generated with a scale factor of 0.04 and a rough solid
model was generated in 3D modeling software. Eventually, the rough solid model was
imported into the finite element simulation software and transformed into the finite element
simulation model. After cutting, a multi-grain grinding wheel with overall dimensions
of 1 mm × 0.125 mm × 0.1 mm was generated. The mesh size of the grinding wheel is
0.02 mm, and the mesh element type is C3D4T. The establishing process of the grinding
wheel is shown in Figure 16.
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4.1.2. Establishment of the Grinding Simulation

To ensure the accuracy of the simulation results, the arc length distance at different
grinding depths is calculated by using Equation (18). The calculation results indicate that
the corresponding arc length distances for grinding depths of 5 µm, 10 µm, and 15 µm are
0.948 mm, 1.34 mm, and 1.64 mm, respectively. Consequently, three sizes of weld specimen
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model were established, each with uniform dimensions of 0.2 mm in width and 0.8 mm in
height, and lengths of 0.948 mm, 1.34 mm, and 1.64 mm for respective specimens.

l =
√

apds (18)

where l is the arc length of the grain; ap is the grinding depth of the grain; and ds is the
diameter of the grinding wheel.

The mesh size of the area 0.1 mm deep from the specimen surface (mesh encrypted
area) was 0.002 mm, and the mesh size of the remaining area was 0.004 mm. The mesh
element type of specimen was C3D8RT.

In the simulation model, the grinding simulation process was simplified by only
considering the material removal process, ignoring the problems in the grinding process
such as wheel blockage. The grinding wheel was set to be a rigid body, ignoring the problem
of wheel dropout and deformation. During the grinding process, the grinding wheel
contacts the specimen, causing the material to deform and dislodge, thereby facilitating the
removal of material. The contact between the grinding wheel and the removed region of
the specimen was set as “surface-surface contact”. During the grinding process, assuming
that the coefficient of friction at the contact surface between the grinding wheel and the
specimen is uniform, it was set to 0.2 based on the relevant literature [37]. Grinding heat
was mainly generated by the friction between the grinding wheel and the specimen, shear
forces, and the process of material plastic deformation. The bottom surface of the specimen
was fully constrained. The grinding simulation model is illustrated in Figure 17.
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4.1.3. Model Material Parameters

The J–C constitutive model is mainly used to describe the mechanical behavior of
materials at high temperatures and high strain rates. During the grinding process, material
deformation and removal as well as high temperatures are generated, so the J–C constitutive
model was used in the built simulation model [38,39]. The parameters of the weld material
are based on the J–C constitutive model parameters determined in this paper, which are
shown in Tables 1 and 2.

Table 1. The material parameters of 06Cr18Ni11Ti steel weld.

A/MPa B/MPa C n m Tm/◦C ρ/(kg/m3)

270 1179.9 0.0854 0.8904 0.4938 1713 7900

Table 2. J–C failure model parameters of 06Cr18Ni11Ti steel weld.

D1 D2 D3 D4 D5

0.385 0.355 −2.98 0.066 1.599

In addition, considering the influence of the grinding temperature on the material
parameters during the grinding process, to avoid and ignore the effect of temperature
parameters, Jmatpro was used to calculate the thermal property parameters of the material
as the thermal property parameters for the simulation, as shown in Table 3.
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Table 3. Thermal performance parameters of 06Cr18Ni11Ti steel.

Temperature
(◦C)

Elastic Modulus
(GPa)

Thermal Expansion Ratio
(10−5/K)

Thermal Conductivity
(W/(m·K))

Heat Generation
(J/(g·K))

20 209.581 1.23 56.94 0.45143
100 206.254 1.26 54.39 0.48161
200 200.453 1.29 50.60 0.5206
300 192.603 1.33 46.60 0.56382
400 182.703 1.37 42.64 0.61688
500 170.969 1.41 38.97 0.68490
600 157.710 1.45 35.78 0.7874

1500 1.689 2.30 34.1 5.7392

The material of the multi-grain grinding wheel is white corundum, and the material
parameters are shown in Table 4.

Table 4. The material parameters of white corundum.

Material Density/(kg/m3) Elasticity Modulus/(GPa) Thermal
Conductivity/(W/(m·K))

Specific Heat
Capacity/J/(kg·K)

white corundum 3900 480,000 79.6 1.76 × 108

4.2. The Design of Grinding Experiments

To validate the established simulation model and the determined parameters of the
J–C constitutive model and J–C failure model, the grinding experiments were conducted
on the 06Cr18Ni11Ti weld using a 120-mesh grinding wheel. The chosen grinding wheel is
a flat grinding wheel, the binder of the grinding wheel is ceramic, and the material of the
grinding wheel is white corundum, with a grain size of 100–125 µm, the grinding wheel
is medium density. During the experiments, the temperature and grinding force were
monitored using a thermometer and a dynamometer, respectively, with data recorded and
stored via computer. The experimental devices are shown in Figure 18a.
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Figure 18. Grinding experimental device. (a) Experimental devices; (b) Assembly of test device.

Before the grinding process, specimens were cut to the appropriate size using wire-
cutting, and these cut specimens were fixed on the thermometer and dynamometer. The
type of dynamometer is Kistler 9272 (Kistler, Winterthur, Switzerland), which is mounted
on the grinding machine, and the specimen is fixed to the upper surface of the dynamometer
using a fixture. The type of thermometer is a 1529 Chub-E4 (Fluke Calibration, Everett, WA,
USA), and the measuring end was a KPS-2520-K thermocouple (Jiangsu Kaipusen Energy
Co., Ltd., Lianyungang, China). Due to the limitation of the shape of the specimen and to
prevent the thermocouples from being damaged during the grinding process, three sets of
thermocouples were fixed at the bottom surface of the specimen at a distance of 10 mm
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from the surface of the specimen during measurement. As assembly method is shown in
Figure 18b.

In this paper, three grinding speeds (10 m/s, 15 m/s, and 20 m/s) and three grinding
depths (5 µm, 10 µm, and 15 µm) were selected for combination to investigate the effects of
different grinding process parameters on temperatures and grinding forces. The specific
combinations of process parameters are detailed in Table 5.

Table 5. The combination of processing parameters.

Experiment Number Grinding Speed (m/s) Grinding Depth (µm)

(a) 10 5
(b) 15 5
(c) 20 5
(d) 10 10
(e) 15 10
(f) 20 10
(g) 10 15
(h) 15 15
(i) 20 15

4.3. Analysis of Grinding Experimental Results
4.3.1. Analysis of Grinding Temperature

The results of the detection of the grinding heat generated by grinding with different
process parameters are shown in Figure 19. As can be seen in Figure 18, the grinding
heat tends to increase with increasing grinding depth. Under the same grinding speed
conditions, the rate of temperature increase tends to be fast at first and then slower. Under
the same grinding depth condition, the grinding temperature increases with the grinding
speed. At the same time, when the grinding depth is 5 µm, the grinding temperature
increases by 51.2 ◦C and 126.1 ◦C, respectively; with the increase in grinding speed, the
grinding temperature increases faster; when the grinding speed increases from 10 m/s to
15 m/s, the grinding heat increases from 440.2 ◦C to 617.5 ◦C with a relative increase of
40.28%, which is the smallest in temperature increase among three grinding depth.
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This is mainly because of the increase in relative motion speed between the grinding
wheel and weld specimen as the grinding speed increases. This results in a greater number
of grains participating in the grinding process of the weld material per unit of time, thereby
enhancing the production of frictional heat between the specimen surface and the grains,
consequently accelerating heat accumulation. Furthermore, the contact time between grains
and the weld specimen surface is relatively shortened with the increase in grinding speed,
leading to less effective conduction of the generated heat by contact with grains, causing
the grinding heat to mainly flow into the specimen. Furthermore, the contact time of
grains and the weld specimen surface is relatively shortened with the increase in grinding
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speed, leading to less effective conduction of the generated heat by contact with grains,
causing the grinding heat to mainly flow into the specimen. However, the volume of
generated abrasive dust increases with the number of effective grains per unit of time,
which increases the efficiency of the thermal dissipation of the abrasive dust. Moreover,
the rate of heat dissipation from the material is considerably smaller than the rate of heat
accumulation, ultimately resulting in an increase in the temperature on the weld surface
as the grinding speed increases during the grinding process. In addition, the amount of
material deformation, material removal, and friction heat produced by grinding is also
relatively small due to the small grinding depth. Therefore, the grinding temperature rises
the least with the increase in grinding speed from 10 m/s to 15 m/s with a grinding depth
of 5 µm.

When the grinding depth is 10 µm and 15 µm, with the increase in grinding speed,
the grinding temperature rises from 522.7 ◦C to 847.2 ◦C and from 587.5 ◦C to 939.1 ◦C,
respectively, with a relative increase of 62.08% and 59.85%. The temperature elevation
is similar between the two grinding depths. As the grinding speed increases with the
same grinding depth, the amount of material removed per unit of time increases, resulting
in more pronounced material deformation due to plowing. The aforementioned effects
increase the heat generation per unit of time, which leads to more heat transfer into the
grinding region, resulting in a higher temperature in the material’s surface area. Meanwhile,
with the further deepening of the grinding depth, the contact area and contact time period
between the grains and the specimen surface all increase, which enhances the friction
between the grains and the material, so that more frictional heat is generated on the surface
of the specimen, which further leads to an increase in the heat inflow into the surface of
the processed specimen. Although the contact area between the processed material and
the grains increases, the heat transfer performance of the processed specimen and the
grain material is limited, and the heat generated during the grinding process could not be
rapidly dissipated into the surrounding environment, resulting in a significant increase in
the temperature of the processed weld material. Additionally, due to the sharp increase in
the surface temperature of the weld material, the thermal softening property of the material
improves, reduces the yield strength, and enhances the cutting performance, which results
in the decrease in grinding force during the process, and the generated grinding heat would
also relatively decrease. Therefore, when the grinding depth is 10 µm and 15 µm, the
temperature elevation is relatively similar with an increase in grinding speed. When the
grinding speed is the same, the grinding temperature increases with the grinding depth,
and the rate at which the grinding temperature increases shows a tendency to change first
rapidly and then slowly.

4.3.2. Analysis of Grinding Force

The test results for the grinding force generated by grinding with different process
parameter combinations are shown in Figure 20. As can be seen in Figure 20, the grinding
force shows a tendency to increase as the grinding depth increases. At the constant grinding
depth, the grinding force decreases significantly with the increase in grinding speed. At a
grinding speed of 10 m/s (a, d, g three groups), the grinding force is the max at different
grinding depths. When the grinding depth is 5 µm (a, b, c three groups), the grinding
force decreases significantly with the increase in the grinding speed, in which the normal
grinding force decreases from 10.14 N to 1.72 N, with a decrease of 83.0%, and the tangential
grinding force decreases from 7.67 N to 0.93 N, with a decrease of 87.9%. When the grinding
depth is 10 µm and 15 µm, the reduced magnitude of grinding stress reduces from that of
the grinding depth of 5 µm, where the max reduction in normal grinding force is 68.92%,
and the max reduction in tangential grinding force is 74.59%. This is because under the
same grinding depth, with the increase in grinding speed, the relative speed between the
grinding wheel and the surface of the specimen also increases and the friction coefficient
also decreases, which weakens the surface frictional action experienced by the grinding
wheel against the material. In addition, due to the increased grinding speed, the number of
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grains involved in grinding per unit of time increases and the average grinding volume
of a single grain decreases. Meanwhile, the grinding temperature also increases with
the increase in grinding speed, which enhances the thermal softening of the material
and decreases the material’s yield strength, and the machinability is also enhanced. By
combination of the aforementioned reasons, the grinding force decreases with increasing
grinding speed at the same grinding depth.
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When the grinding speed is 20 m/s (c, f, and i three groups), with the increase in
grinding depth, the grinding force increases obviously. At the same time, the normal
grinding force increased from 1.72 N to 3.63 N, with an increase of 111.04%, and the
tangential grinding force increased from 2.14 N to 2.37 N, with an increase of 10.75%. This
is mainly because the volume of the material removed by grains in a single pass increases
with the increase in the grinding depth, and the volume of the removed material in unit
time also increases, which requires the grinding wheel to provide a larger grinding force to
overcome the resistance of material removal deformation. Meanwhile, as the contact area of
grinding increases, the friction generated during the grinding process also increases, which
would also increase the grinding force generated by the grinding wheel during grinding.

4.4. Discussion of the Validity of the Simulation Model

From the analysis of the test results, it can be seen that the grinding force generated
during the grinding process is affected by the grinding process parameters and the grain
distribution. The test results can also have significant errors due to objective factors such as
vibrations from the processing device. Therefore, the grinding force could not effectively
evaluate the validity of the built simulation model and the determined constitutive pa-
rameters of the weld material that are influenced by the combined effects of the grinding
temperature and the material parameters. Moreover, the temperature measurement is less
affected by objective factors in the machining process, which could objectively reflect the
true state of grinding. Therefore, the grinding temperature was chosen as the evaluation
index to verify the validity of the built simulation model and the determined constitutive
parameters of the weld material by comparing the results of the simulation and experiment.

During the grinding simulation process, the presence of a relatively large number
of grinding grains significantly affects the temperature distribution on the surface of the
specimen, resulting in an uneven temperature distribution on the surface of the weld.
Meanwhile, there are several singularities of higher temperature on the surface of the weld
material. The reasons mentioned above could lead to significant discrepancies between the
simulation and the experimental results. Additionally, since the simulation process only
considers the heat transfer occurs between the grinding wheel and the specimen, it could
be assumed that the temperature on the surface of the grinding wheel is consistent with
that on the surface of the specimen. Therefore, the temperatures at the nodes on the surface
of the grinding wheel were selected as the focus for analysis in the paper.
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The height and distribution of grains on the surface of the grinding wheel exhibit a
certain degree of randomness and inhomogeneity, which would lead to a corresponding
inhomogeneity in temperature distribution on the grinding wheel surface during the
grinding process, that is, the temperature of the regions near the specimen is higher than
that of the regions far from the specimen. The multi-grain grinding wheel model built
in this paper has similar randomness and inhomogeneity with the grinding wheel, and
the simulation effect is shown in Figure 21. By analyzing the simulation results shown in
Figure 21, it can be seen that the temperatures at node 2 and node 3 are relatively high,
while the temperature at node 1 is relatively low. However, the position of node 1 is
relatively low on the surface of the grinding wheel, and node 3 is too close to the edge of
the grinding wheel, which means there is uncertainty in the temperature at both nodes.
Therefore, node 2 was selected as the target for analyzing the grinding temperature, and
the simulation results at this node are used for further analysis.
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Figure 21. Temperature simulation effect.

The grinding temperatures measured by simulation and experiment for different
processing parameters are shown in Figure 22. From Figure 22, it can be seen that the
trends of the variation in the simulation and experimental temperatures are similar, and
the simulation temperature is higher than the experimental temperature. This is mainly
due to fact that the simulation process only considered the temperature variation in the
specimen and that the grinding heat could only be transferred through the abrasive dust,
the processed specimen, and the grinding wheel three ways. The process of heat dissipation
of grinding heat in the surrounding air was neglected, which results in a deviation in the
process of heat dissipation in the simulation from the actual machining process.
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Figure 22. Temperature comparison of the grinding experiment and simulation.

Meanwhile, although the external conditions during the temperature measurement
process have a low impact on the temperature measurement results, there are still several
factors that affect the accuracy of the temperature measurement during the grinding
process, such as the fact that, due to the limitations of the test device, the thermocouple
for testing temperature is not fixed directly on the surface of the specimen, and the actual
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testing temperature is the temperature of the base point at a certain distance from the
grinding surface, resulting in a lower temperature than the temperature at the grinding
surface due to the loss of heat conduction. Furthermore, during the actual grinding
process, the airflow rate has a severe effect on the dissipation of grinding heat, resulting
in a large temperature reduction during the grinding process. The combination of the
mentioned factors contributes to experimental temperature being consistently lower than
simulation results.

Moreover, by comparison, it is evident that the error between the simulated and
measured temperatures increases with the grinding depth. Specifically, analysis reveals
that at a grinding depth of 5 µm (a, b, c three groups), the errors between simulation and
experiment are 6.97%, 7.20%, and 7.04%, respectively. At a grinding depth of 10 µm (d,
e, f three groups), the errors between simulation and experiment are 9.89%, 8.45%, and
8.99%, respectively. And at a grinding depth of 15 µm (g, h, and i three groups) the errors
between simulation and experiment are 10.94%, 10.66%, and 14.2%, respectively. From the
analysis of the 9 groups of results, it can be seen that the error values between simulation
and experiment are fall within the range of 6.97% to 14.2%, with an average error of 9.37%.
The relatively small error values indicate that the grinding simulation model built in this
paper could efficiently simulate the grinding process. What’s more, small error values
demonstrate that the parameters determined for the J–C constitutive model and the J–C
failure model are all accurate.

5. Conclusions

To fill the gap in the current research on the mechanical property parameters of
06Cr18Ni11Ti steel weld material, the paper conducts a series of mechanical property tests
and simulation analyses. The research projects include the following contents:

(1) A series of mechanical property tests were conducted on 06Cr18Ni11Ti steel weld
material, the J–C constitutive model parameters (A = 270, B = 1179.9987, n = 0.89045,
C = 0.08539, and m = 0.4937) and J–C failure model parameters (D1 = 0.38549,
D2 = 0.35535, D3 = −2.98347, D4 = 0.06632, and D5 = 1.59996) were obtained;

(2) Grinding experiments were conducted to measure the grinding temperature. It
was found that under the same grinding depth conditions, the increase in grinding
temperature is attributed to the greater rate of temperature rise compared to the heat
dissipation rate due to the increased number of effective grains participating in the
grinding process within a unit of time. When the grinding speed remains constant,
the softening effect of the material caused by grinding heat leads to an increasing
trend in grinding temperature as the grinding depth increases, exhibiting a pattern of
rapid initial increase followed by a gradual slowdown;

(3) By measuring the grinding stress through experiments, it was found that under the
same grinding depth conditions, the grinding force tends to decrease with increasing
grinding speed. This reduction is attributed to the lowering of the surface coefficient
of the material and the increase in the number of effective abrasive grains, which
results in a decrease in the average stress on the grinding wheel. Additionally, the
thermal softening effect of the material contributes to this trend;

(4) A multi-grain grinding simulation model was built based on the W-M fractal di-
mension theory to analyze the influence of grinding process parameters on grinding
force and grinding temperature during the grinding process. The validity of the built
simulation model and the determined parameters could be verified by comparing the
simulation and experimental results;

(5) By comparing the simulation and experimental results, it can be seen that the simula-
tion temperature is slightly higher than that of the experiment. This is mainly due
to the combined effect of neglect of heat dissipation effects during the simulation
process and the measurement errors. However, the average error between simulation
and experiment results is 9.37%, which proves that the identified material param-
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eters are accurate and that the proposed model could the effectively simulate the
grinding process.
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