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Abstract: This study introduces a novel approach for determining the mechanical properties of Ni-based
cladding layers by combining first-principles calculations with JMatPro software. This method offers a new
perspective for developing constitutive models used in finite element simulations. First-principles calculations
were employed to evaluate the atomic structure and fundamental mechanical properties of Ni-based alloys.
The results were then integrated with JMatPro’s thermodynamic calculations and material property database
to predict the mechanical properties of the cladding layer. Subsequently, the Johnson-Cook constitutive
parameters were fitted. This approach enhances the accuracy of the constitutive parameters while
significantly reducing both experimental costs and time. The findings demonstrate that this method effectively
supports the precise characterization of material properties in finite element simulations, providing a

theoretical foundation for optimizing the cutting simulations of Ni-based cladding layers.
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1 INTRODUCTION

Ni-based alloy powders are widely studied and used in laser cladding due to their excellent wettability,
corrosion resistance, high-temperature self-lubrication, and cost-effectiveness!!l. However, the high
hardness and inhomogeneous microstructure of Ni-based cladding layers present challenges for
subsequent machining processes. Traditional cutting experiments are time-consuming, labor-intensive,
and costly. In contrast, the finite element method (FEM) has become a powerful tool for investigating
the machining processes of cladding layers. The accuracy of FEM simulations relies heavily on a reliable
material constitutive model™. Consequently, further research is needed to determine the mechanical
properties of laser-cladded materials, providing a solid foundation for FEM-based machining simulations.
Many researchers have obtained the mechanical properties of cladding layers through experimental
methods. For example, Zhou Yuechengl®l, Yang!¥, and others used quasi-static tensile tests to obtain the
stress-strain relationship and develop constitutive equations. However, the mechanical properties
obtained from this method cannot accurately describe the high strain-rate flow behavior of materials
during the cutting process. Xie Zhongyal®!, Wang!®), and others used split-Hopkinson pressure bar tests
to obtain stress-strain curves under different strain rates and temperatures. However, this method presents
challenges in sample preparation and incurs high experimental costs. Integrating first-principles
calculations with JMatPro to determine the mechanical properties of the cladding layer effectively
mitigates these issues and reduces costs, making it a viable approach for developing constitutive models

for laser-cladded materials.
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In recent years, the application of first-principles calculation in materials science has become more and
more extensive, which can reveal the electronic structure and mechanical properties of materials from
the atomic scale. Meanwhile, JMatPro, a software based on thermodynamics and material databases, can
predict the properties of various alloys. This study combines first-principles calculations with JMatPro
software to propose a novel method for determining the mechanical properties of Ni-based cladding
layers. The approach aims to provide reliable constitutive parameters for finite element simulations and

offer theoretical guidance for material design and optimization.

2 INTRODUCTION OF MODELING SOFTWARE

In this study, the crystal model of Ni-based alloys was constructed using the first-principles calculation
software Material Studio (MS). Developed and released by Accelrys in 2000, MS is primarily used for
solving computational problems in materials science!”). The simulations cover a range of topics, including
catalysts, polymers, solids and surfaces, interfaces, crystal structures and diffraction, as well as chemical
reactions. This molecular simulation software is compatible with both Windows and Linux platforms,
making it suitable for various computational environments, and it features an intuitive interface that is
easy to use. The first-principles calculations in this study were carried out using the CASTEP package
within MS®), CASTEP is a quantum mechanical program based on density functional theory (DFT). Its
main functions include predicting lattice constants, optimizing crystal structures, forecasting various
physical and chemical properties, and calculating electronic structures and phonon spectra. As a result,
CASTEP is widely used in the study of metals, intermetallic compounds, alloys, ceramics, and
semiconductors, making it one of the most commonly used simulation tools in computational materials

science today.

3 CONVERGENCE TESTING

In computational numerical simulations, convergence is one of the key indicators used to assess the
feasibility of an algorithm. An algorithm that does not converge is not practical for computation.
Therefore, convergence testing is an essential step before performing simulations of specific structures
and properties. For first-principles calculations, convergence testing primarily includes testing the cutoff
energy and the k-point convergence®. The choice of cutoff energy and k-points in the Brillouin zone
both influences the accuracy of the final calculation results and the efficiency of the computational
process. Computational efficiency is a critical factor for all computational methods. On one hand, higher
computational precision demands greater performance from the computer, while lower precision
challenges the authenticity of the results. Finding reasonable computational parameters that meet both
the performance requirements of the computer, and the accuracy requirements is crucial. In first-
principles calculations, the size of the cutoff energy directly affects the calculation accuracy. As the cutoff
energy increases, accuracy improves. Similarly, the selection of k-points is essential for integration
calculations. The k-points are divided into reciprocal spaces along the a, b, and ¢ directions. A higher
value for the first k-point indicates more integration points along a direction, leading to higher
computational accuracy, and similarly for the other directions. Therefore, this section first examines the

convergence of both the cutoff energy and k-point selection.

(1) Cut-off Energy convergence testing
The purpose of the cut-off energy convergence test is to evaluate the convergence accuracy. As energy

increases, the convergence accuracy improves. Typically, the convergence criterion is that the energy per
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atom reaches 0.001 eV/atom. This study adopts this as the standard for convergence testing. For the
cutoff energy convergence test, the k-point is fixed, and the cut-off energy is gradually increased until
the system's energy stabilizes. In this study, a 2x2%2 k-point mesh was chosen for the test. The cut-off
energy started at 300 eV, with increments of 50 eV, resulting in several sets of cutoff energy test data, as
shown in Table 1. The relationship between cutoff energy and steady-state energy, derived from the

computational data, is depicted in Figure 1.

Tablel Cut-off Energy test data

No. Energy Cut-off(eV) Final Energy (eV)
1 300 -43223.75701443
2 350 -43225.96795819
3 400 -43226.04188014
4 450 -43226.13040228
5 500 -43226.19967295
6 550 -43226.21883692
7 600 -43226.23025784
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Fig.1 Relationship between Cut-off Energy and Final Energy

As clearly shown in the figure, when the cut-off energy reaches 500 eV, the energy stabilizes. Since the
number of atoms in the calculated structure is 32, the difference between the current and previous results
is considered negligible (less than 32 meV), indicating that the convergence condition has been met.

Therefore, in this study, a cut-off energy of 500 eV was chosen for all subsequent calculations.

(2)K-point convergence testing

Before conducting a large number of first-principles calculations on the system under study;, it is essential
to consider the convergence of the calculation results with respect to the number of k-points. Without
determining the appropriate number of k-points, reproducibility of the computational results becomes

challenging. Therefore, testing the convergence with respect to k-points is critical. Based on relevant
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data, the k-point convergence of the calculation model in this study was tested, and several sets of k-
point test data are provided in Table 2. The curve showing the relationship between steady-state energy
and the number of k-points, derived from the calculated data, is shown in Figure 2.

Table 2 k-point test data

No. k-point Final Energy (eV)
1 1x1x1 -43225.96366044
2 2%2%2 -43226.19967295
3 3x3x3 -43225.78749802
4 4x4x4 -43225.77771774
5 5x5%x5 -43225.7815951
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Fig.2 Relationship between k-point and Final Energy

Similarly, the convergence criterion for the k-point test is the same as that for the cutoff energy test,
namely, the energy difference between two consecutive calculations must be less than 32 meV. From the
curve, it is evident that the data from the third calculation meets the convergence standard. Therefore,
for the computational simulations in this study, the k-point mesh selected corresponds to the third set of
test data, which is 3x3x3.

4 STRUCTURAL OPTIMIZATION

A stable structure is the foundation for calculating various properties. A structure is considered stable
when the spatial positions of all atoms are fixed, and the system as a whole reaches the lowest energy
state. After convergence testing, geometry optimization is an essential step to ensure the stability of the
structure.

In the calculations, the total energy plane-wave pseudopotential method was used, employing ultrasoft
pseudopotentials to describe the interaction between ions and valence electrons while neglecting the
effects of core electrons. The exchange-correlation energy between electrons was corrected using the
generalized gradient approximation (GGA)!'%). The pseudopotential function was selected from the
CASTEP-provided set, and the exchange-correlation functional was chosen as the PBE method within
the gradient-corrected functional'"'?), In the theoretical calculations, the crystal wavefunctions were
expanded using a plane-wave basis set, with a plane-wave cut-off energy of 500.0 eV and a k-point mesh

density of 3x3x3. The BFGS method was used to optimize the structure to its lowest energy point, with
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the convergence criteria set as follows: Energy: 1.0 x 10~ eV/atom, Max. force: 0.3 eV/nm, Max. stress:
0.05 GPa, Max. displacement: 0.0001 nm, Max. iterations: 100. The optimized structures are shown in
Figure 3. Table 3 summarizes the total energy of these six structures, with the structure having the lowest
energy (structure e) being selected for further calculation of its mechanical properties. The calculated
values for the bulk modulus (B), shear modulus (G), Young's modulus (E), and Poisson's ratio (v) are

presented in Table 4.

Fig. 3 Optimized Structural Diagram

Table 3 Final State Energy of all structure

Structure a b c d e f
Energy -43226.50 -43225.83 - -43226.05 -4322555  -43226.07
(o\/) 43226 20

Table 4 Mechanical Property Parameters
B/GPa G/GPa E/GPa v

209.84465 76.48284 204.37692 0.3361

5 OBTAINS MECHANICAL PROPERTIES PARAMETERS BY JMATPRO

JMatPro is a powerful material property simulation software, widely used for phase diagram calculations
and alloy property predictions. This software excels in areas such as material composition design, process
optimization, and performance prediction, and has been extensively applied in both research and
engineering fields!'].

Based on the element ratios and grain sizes modeled using first-principles calculations, the parameters
were input into the JMatPro software. The mechanical property parameters obtained from the first-
principles calculations were used to calibrate the JMatPro model. Subsequently, the Strength and

Hardness module in JMatPro was utilized to compute the stress-strain curve of the laser cladding layer,
as shown in Figure 4.
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Fig.4 stress-strain curves

Metal cutting processes are typically accompanied by high temperatures and high strain rates. Using the
High Temperature Strength module in JMatPro, stress-strain curves under different temperatures and

strain rates were calculated, as shown in Figure 5.
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Fig.5 stress-strain curves

6 DETERMINATION OF JOHNSON-COOK CONSTITUTIVE PARAMETERS

The Johnson-Cook constitutive model is simple in form, highly accurate, and its strain rate and
temperature range closely align with those encountered in cutting processes. As a result, it is widely used
in finite element simulations of machining!'*!>1. Therefore, the Johnson-Cook constitutive model was
selected to characterize the mechanical properties of the laser cladding material. Its mathematical
expression is given by Equation (1.1), where the five constitutive parameters are A, B,C,mand n.
Using JMatPro, stress-strain curves under different conditions can be obtained, and these curves can be

used for parameter fitting to calculate the Johnson-Cook constitutive parameters.

o=(A+ Bg")(1+CIné*)<l—T*m) ©.1)

In the equation, o represents the yield strength of the material, & is the equivalent plastic strain, &=

e/ é‘o is the dimensionless plastic strain rate, where 6"0 is the reference strain rate. Additionally, N is
the strain hardening exponent, C is the strain rate sensitivity coefficient, and M is the thermal softening

exponent. T =(T—T )/ (T, —T), T is the reference temperature, T

n is the melting point
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temperature of the material, and A, B,C,m  n are the constitutive parameters!'®..

In this case, A represents the yield strength under reference temperature and quasi-static conditions is
directly obtained from Figure 4 as A=1368.7 MPa. After neglecting the material’s strain rate hardening
and thermal softening effects!!”], by fitting the stress-strain data from the strengthening stage under quasi-
static conditions to the equation, the parameter B =755.5 MPa, N =0.252. Ignoring the thermal softening
effect, the fitted values of A, B, and n were substituted into the equation. Using strain rates of 1x10-
3l 1571, 1x103 57!, 1x10° 57!, stress data at a strain of 0.1 were fitted to obtain C =0.0092. Finally, by
fitting the stress data at a strain of 0.1 for temperatures of 100°C, 200°C, 300°C, 400°C, 500°C, 600°C,
and 700°C, the thermal softening coefficient M was determined as 1.77.

After determining all the Johnson-Cook constitutive model parameters, these parameters are substituted
into the original Johnson-Cook constitutive model, resulting in the constitutive model for the laser

cladding layer:
o =(1368.7+755.55°%2 )(1+0.0092In £ (1—T*”’ ) 0.2)

7 CONCLUSION

A crystal model of Ni-based alloys was established using the first-principles calculation software MS,
and necessary convergence tests for the cutoff energy and k-point in the Brillouin zone were performed.
Elastic constants were then calculated for the optimized structure. The obtained mechanical property
parameters were integrated with JMatPro to generate stress-strain curves for the cladding layer under
different temperatures and strain rates, and the Johnson-Cook constitutive parameters were fitted to
derive the constitutive model for the cladding layer. This approach not only enhances the accuracy of the
constitutive parameters but also significantly reduces experimental costs and time consumption. The
results demonstrate that this method effectively supports the precise description of material properties in
finite element simulations, providing a theoretical foundation for the finite element simulation of

machining processes for Ni-based cladding layers.
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