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Abstract. The material performance simulation software JMatPro was used to simulate and
calculate equilibrium phase structure and properties of a mixture formed by mixing different
proportions of Norem02 alloy and F304 stainless steel. The results show that in the range of
500-1300 °C, equilibrium phases of the mixture include Austenite and Ferrite, and the carbides
include M»(C,N), McC, M7Cs and M23Cs. As the content of F304 in the mixture increases, the
phase transition temperature A; of the mixture decreases, and A; first decreases and then
increases; in the equilibrium phase, the content of Austenite and Ferrite increases, and the content
of carbide decreases until the carbides M;C; and M¢C gradually disappear. Density, coefficient of
linear expansion, thermal conductivity, Young’s modulus, Poisson’s ratio and specific heat
capacity of different mixture materials vary with temperature in a complex manner. Strength and
hardness of the mixture formed when the content of F304 is 20 % is the highest. The finer the
grain size of the mixture, the higher the strength and hardness of the material. Comparing standard
physical property data of F304 stainless steel at room temperature with the simulation calculation
results, it is found that the error is small, which verifies the accuracy of the simulation calculation
results.

Keywords: Norem02 alloy, F304 stainless steel, mixture, simulation calculation, equilibrium
phase, carbides, thermophysical properties, mechanical property.

1. Introduction

The sealing surface of nuclear-grade valves for third-generation nuclear power plants uses
iron-based alloys instead of Stellite alloys to reduce the radiation dose of nuclear power unit
maintenance. However, during manufacturing and operating, a large number of welding cracks
and brittle cracks on the sealing surface of iron-based alloys occurred. Analyzing the reasons
[1-5], the first is the significant difference in physical properties between the surface iron-based
alloy and the base stainless steel material, resulting in extremely high residual stress in the
surfacing layer. The second is that the unbalanced solidification during iron-based alloy surfacing
leads to thermal cracks, which propagate during subsequent processing and operating.

The valve sealing surface is one of a layered composite material. At present, some researches
have used transition layers to solve the problems of microstructure and properties caused by the
large difference in physical properties between the matrix material and the surface material during
the welding process of layered composite materials. Ref. [6] prepared multi-layer functional
gradient coatings by laser cladding of Stellite 6 and WC (0 wt.%~47 wt.%) mixed powders on
low-carbon steel, and found that the multi-layer functional coatings had lower crack sensitivity.
Ref. [7] utilized laser assisted metal deposition technology to directly deposit and indirectly
deposit H13 mold steel powder with a “buffer layer” on a copper alloy substrate, indicating that
the impact toughness of the sample using the “buffer layer” was improved. Ref. [8] proposed a
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composite surfacing welding repair method for molds with a “base material+transition
layer+wear-resistant layer”, which added a gradient layer between the substrate material and the
wear-resistant coating for transition. The surface hardness of the coating reached 60HRC, the
hardness of the cross-section shows a gradient change, and there were no cracks generated in the
gradient layer. Ref. [9] designed a transition layer alloy system through simulation calculation
when surfacing hard layer alloys on the surface of 9Cr-2Mo steel, effectively controlling the
microstructure and surface stress of the surfacing layer. Ref. [10] used a synchronous powder
feeding method for laser surfacing of 316L stainless steel and iron-based alloy powders. Different
powders were used in different parts of the component, achieving gradient function manufacturing
and optimizing material and performance matching. In addition, transition layer studies have also
been conducted on hydrogenation reactors [11], high-temperature boiler tubes [12], thermal power
valves and other components [13, 14]. The research results indicate that the use of a transition
layer can effectively regulate the microstructure, properties and stress state of the surfacing layer.
Therefore, a material performance simulation calculation software JMatPro was used to calculate
the microstructure and properties of the mixture formed by mixing different proportions of iron
based alloys and matrix materials, in order to screen out a transition material, achieve gradient
transition of microstructure and properties between the deposited layer and the matrix, and solve
the problems of welding cracks and brittle cracking on the sealing surface of third-generation
nuclear power grade valves.

2. Calculation materials

A typical iron based alloy material Norem02 and a valve material F304 stainless steel for
nuclear power valves were selected as the calculation materials. The composition of these two
materials is shown in Table 1, and the composition of the mixture formed by mixing in different
proportions is shown in Table 2.

Table 1. Alloy composition of Norem02 alloy and F304 stainless steel (wt,%)
Material C Mn Si Cr Ni N Mo | Fe
Norem02 | 1.23 | 4.30 | 3.38 | 25.40 | 4.00 | 0.17 | 2.00 | Bal.

F304 0.08 | 2.00 | 0.75 | 18.00 | 8.00 | 0.10 | 0.0 | Bal.

Table 2. Composition of Norem(02 alloy and F304 stainless steel mixture (wt,%)

1 0
No. of mixture Fgf)(é)lp Or;(;te(n/:gz C Mn Si Cr Ni N Mo Fe
FO 0 100 1.23 | 430 | 3.38 | 2540 | 4.00 | 0.17 | 2.00 | Bal.
F2 20 80 1.00 | 3.84 | 2.85 | 23.92 | 4.80 | 0.15 | 1.60 | Bal.
F4 40 60 0.77 | 3.38 | 2.32 | 2240 | 5.60 | 0.14 | 1.20 | Bal.
F6 60 40 0.54 | 292 | 1.80 | 20.96 | 6.40 | 0.12 | 0.80 | Bal.
F8 80 20 031 | 246 | 1.27 | 1948 | 7.20 | 0.11 | 0.40 | Bal.
F10 100 0 0.08 | 2.00 | 0.75 | 18.00 | 8.00 | 0.10 | 0.0 | Bal.

3. Results and discussion
3.1. Equilibrium phase analysis

The microscopic structure obtained from simulation calculations of different mixtures are
shown in Table 3, and the equilibrium phase diagram is shown in Fig. 1. During calculating, the
temperature range is from 500 °C to 1300 °C, with a temperature gradient of 10 °C steps. It can
be observed that as the mass fraction of F304 stainless steel increases in a 20 % gradient, the
relative mass percentage content of Ferrite and Austenite in the equilibrium phase diagram
increases, while the relative mass percentage content of carbides decreases until the carbides M7Cs
and MeC gradually disappear.
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Fig. 2 shows the calculated carbide content curve during the phase transition process of the
mixture. It can be seen that the content of M»3Cs carbide decreases with the increase of the mass
fraction of F304 stainless steel, and its temperature range first extends. When the mass fraction of
F304 stainless steel reaches 60 %, it begins to shorten. The content of carbides M»(C,N) decreases
with the increase of the mass fraction of F304 stainless steel, and the temperature range in which
it exists has been decreasing. The content of carbide M¢C decreases with the increase of the mass
fraction of F304 stainless steel, and the temperature range in which it exists has been decreasing
until it disappears. With the increase of the mass fraction of F304 stainless steel, the content of
carbide M,Cs; has been decreasing, and its temperature range has been narrowing until it

disappears.
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Fig. 1. Equilibrium phase diagram of a mixture of Norem02 alloy
and F304 stainless steel with different proportions
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Fig. 2. Change curve of different carbide content proportion during phase transformation
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Table 3. The calculated microscopic structures of different proportion mixtures

No. of mixture | Equilibrium solid phase Carbide Remark
FO Ferrite + Austenite M2(C,N), M6C, M7C3, M23Cs | Fig. 2(a)
F2 Ferrite + Austenite M2(C,N), MsC, M7C3, M23Cs | Fig. 2(b)
F4 Ferrite + Austenite M2(C,N), M7C3, M23Ce Fig. 2(c)
F6 Ferrite + Austenite M2(C,N), M7C3, M23Cs Fig. 2(d)
F8 Ferrite + Austenite M2(C,N), M23Cs Fig. 2(e)
F10 Ferrite + Austenite M2(C,N), M23Cs Fig. 2(f)

Fig. 3 shows the phase transition temperature A; and A; of different mixtures. It can be
observed that as the mass fraction of F304 stainless steel increases, the phase transition
temperature A; of the mixture decreases, while A; first decreases and then increases. This
indicates that with the increase of the proportion of F304 stainless steel, the Ferrite in the material
is more easily transformed into Austenite, which can form Austenite at a lower heating
temperature. This can prevent Austenite grains from coarsening due to excessive heating
temperature, thereby improving the comprehensive properties of the material such as strength and
hardness. The lower the temperature of A5, the finer the final grain size of Austenite.
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Fig. 3. Variation curves of phase transition temperature A, and A3 of the mixture
3.2. Physical performance simulation and comparison

Fig. 4 shows the curves of density, linear expansion coefficient, thermal conductivity, Young’s
modulus, Poisson’s ratio and specific heat capacity of different mixtures with temperature. In
order to verify the reliability of simulated calculation data, when the mass fraction of F304
stainless steel is 100 %, as a control, the standard density of F304 stainless steel at room
temperature is about 7.93 (g-cm™), the Young’s modulus is about 194 (GPa), and the specific heat
is about 0.502 (J-(g-K)™"). The corresponding data obtained by software simulation calculation are
7.75 (g-cm™), 189 (GPa), and 0.45 (J-(g-K)™"), with relatively small errors. Therefore, the accuracy
and reliability of the software simulation calculation data are relatively high.

3.3. Mechanical performance simulation

Assuming a heat treatment temperature of 720 °C, the curves of yield strength, tensile strength,
and hardness of different mixtures with F304 content and grain size can be calculated as shown in
Fig. 5. Analyzing found that the strength and hardness of the mixture do not simply increase or
decrease with the increase of F304 content, but are higher than other mixtures at a 20 % content.
From Fig. 5, it can also be seen that the finer the grain size of the mixture, the higher the strength
and hardness of the material. When the grain size is 6.5, the strength and hardness variation curves
of different mixtures are shown in Fig. 6.
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The mixture formed by mixing Norem02 alloy with F304 stainless steel in different
proportions consists of Austenite and Ferrite in equilibrium at 500-1300 °C, and carbides include
M>(C,N), M¢C, M;C3, and M23Cs. As the content of F304 in the mixture increases, the phase
transition temperature A; decreases, while Aj first decreases and then increases. The content of
Austenite and Ferrite in the equilibrium phase increases, while the content of carbides decreases
until the carbides M7Cs and MsC gradually disappear.

The density, linear expansion coefficient, thermal conductivity, Young’s modulus, Poisson’s
ratio and specific heat capacity of different mixtures varied with temperature in a complex manner.
Comparing the standard data of F304 stainless steel at room temperature with the data obtained
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through software simulation, the error was relatively small, proving the accuracy of the simulation
calculation results.

The strength and hardness of the mixture do not simply increase or decrease with the increase
of F304 content, but are higher than other mixtures when the F304 content is 20 %. The calculation
shows that the finer the grain size of the mixture, the higher the strength and hardness of the
material.
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