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Abstract. The bonded magnet, which is formed by mixing magnet materials such as neodymium-based 

and ferrite-based materials with resin, has the characteristic of being able to be formed into small and 

complex shapes due to the resin being the binding material. It is used in small motors embedded in hard 

disk drives and motors for home appliances. The major methods for forming bonded magnets are 

compression molding and injection molding. In this study, injection molding is selected, which can easily 

apply to complex shape compared to compression molding. However, injection molding has the 

disadvantage of variability in density and magnetic properties of the molded products. This is due to the 

difficulty in observing the material flow, as the molding process progresses inside the mold and multiple 

processes occur simultaneously such as injection, compression, magnetization, and curing. Therefore, 

determining the optimal molding parameters for injection molding of bonded magnets requires 

numerous experimental trials. Based on the above, it is believed that predicting the behavior of resin 

inside the mold during the molding process using numerical simulation can provide guidelines for 

determining the optimal molding parameters. The authors have previously proposed a coupled analysis 

method of "fluid analysis and temperature analysis using MPS (Moving Particle Simulation) method, 

and magnetic field analysis using magnetic moment method." The objective of this study is to assess the 

solidification process of resin on the mold surface, utilizing a rectangular-shaped mold model. 

 

Keywords: bonded magnet, injection molding, meshless analysis method, particle method. 

1 INTRODUCTION 

Bonded magnets, which are molded by mixing neodymium or ferrite magnets such as Nd-

Fe-B with resin, are used in small motors built into hard disk drives and motors for home 

appliances because the bonding material is resin, and can be molded into small and complex 

shapes [1]. Compression molding and injection molding are the main molding methods for 

bonded magnets. This study deals with injection molding, which offers a greater degree of 

freedom of shape than compression molding. However, injection molding has the disadvantage 

of causing variations in the density and magnetic properties of molded products. One of the 

reasons for the difficulty in controlling this variation is that the behavior of the injection 

molding process is not well understood. As a result, many trials are required to experimentally 
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determine the optimum parameters for injection molding of bonded magnets, making 

optimization difficult. To address this problem, a coupled analysis of the particle method [2]d 

the magnetic moment methods [3] proposed in a previous study [4]. However, the accuracy of 

the temperature analysis is low and room for improvement remains. The purpose of this paper 

is to propose an analytical model that takes into account heat conduction in the mold and to 

verify the validity and accuracy of the method through numerical analysis of the injection 

molding of bonded magnets. 

2 ANALYSIS METHOD 

To simulate the molding process of injection molding of bonded magnets, the following 

three coupled analyses are required. 

⚫ Fluid analysis to understand resin behavior 

⚫ Magnetic field analysis to understand magnetization distribution 

⚫ Temperature analysis to understand temperature changes due to heat dissipation 

 

In this chapter, each of these analysis methods is described, followed by the coupling method. 

2.1 Fluid analysis and temperature analysis 

2.1.1 Fluid analysis 

The governing equations for fluid analysis are the law of conservation of mass (Eq.1) and 

the law of conservation of momentum (Eq.2) for an incompressible fluid. where 𝒖  is the 

velocity of the fluid, 𝜌 is the density, 𝑷 is the pressure, 𝜈 is the kinematic viscosity, 𝒈 is the 

acceleration due to gravity, and 𝒇  is the acceleration due to external forces. 𝐷/𝐷𝑡 represents the 

Lagrange differential operator, which is the time derivative from the point of calculation 

moving with the fluid. The time derivative is the time derivative as seen from the computational 

point moving with the fluid. In the calculation, it can be treated as a normal time derivative. 

When the MPS method is used for fluid analysis, the particle number density becomes small 

near the surface, and the pressure distribution is easily disturbed. Therefore, in this analysis, the 

high-precision MPS method[5],[6],[7],[8] , which is an improved version of the MPS method, was 

used to solve this equation in order to suppress the turbulence in the pressure distribution.  

 

𝛻 ∙ 𝒖 = 0 (1) 

𝐷𝒖

𝐷𝑡
= −

1

𝜌
𝛻𝑷 + 𝛻 ∙ (𝜈𝛻𝒖) + 𝒈 +

𝒇

𝜌
 

(2) 

2.1.2 Temperature analysis 

The governing equation for the temperature analysis is the heat conduction equation shown 

in Eq.3. where 𝐶𝑝 is the specific heat at constant pressure, 𝑇 is the temperature at the calculation 

point, and 𝑘 is the thermal conductivity. 

 In the temperature analysis, this equation was discretized and solved using the high-

precision MPS method as in the fluid analysis. 
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𝜌𝐶𝑝

𝐷𝑇

𝐷𝑡
= 𝑘𝛻2𝑇 

(3) 

2.2 Magnetic field analysis 

As described in the previous chapter, the magnetic field analysis used the magnetic moment 

method[9], which does not require setting air calculation points or boundary conditions. 

Consider a source in space with a magnetization of 𝑴 (T), and consider the magnetic field 

intensity 𝑩𝒄 (T) at an arbitrary point P at a distance 𝒓 (m) away from it. In this case, when the 

magnetization 𝑴 is constant in a closed domain𝐕, the magnetic field intensity 𝑩𝒄 created by the 

magnetization 𝑴 in the closed domain 𝐕 at any point P can be calculated as follows. (Eq.4)  

𝑩𝒄 = −
1

4𝜋
𝛻 {∫ 𝑴 ∙ 𝛻 (

1

𝑟
) 𝑑𝑉

 

𝑉

} + 𝑀𝑃 
(4) 

However, 𝑀𝑃 is as follows (Eq.5) 

𝑴𝑷 = {
𝑴 (𝑷 ∈ 𝑽)
𝟎 (𝑷 ∉ 𝑽)

 
(5) 

Then by calculating the sum of the magnetic field contributions from all magnetic elements 

(each volume 𝑉𝑖) the magnetic flux density 𝐁 at any point in that space can be calculated as 

follows (Eq.6) 

𝑩 = 𝑩𝑪 −
𝟏

𝟒𝝅
∑ 𝜵 ∫ 𝑴𝒊 ∙ 𝜵 (

𝟏

𝒓𝒊

) 𝒅𝑽𝒊

 

𝑽𝒊

𝒏

𝒊=𝟏

 
(6) 

However, 𝑴𝑖 is the magnetization in each magnetic element, and the magnetic field of the 

system can be calculated by superimposing the magnetization of each magnetic element and 

the magnetic field created by the source. However, each magnetic field cannot be calculated 

explicitly because the magnetizations excited within a magnetic body interact with each other. 

Therefore, we consider that the magnetization generated within a magnetic body is the 

magnetization generated by adding the effect of the magnetization of each element to the 

magnetization within an element of a magnetic body. Based on the above, the following integral 

equation (Eq.7) is solved to show the effect that magnetic element i receives from magnetic 

body j with volume 𝑉𝑖. 

𝑴𝒊 −
𝝌

𝟒𝝅
∑ 𝜵 {∫ 𝑴𝒋 ∙ 𝜵 (

𝟏

𝒓𝒊𝒋

) 𝒅𝑽𝒋

 

𝑽𝒋

}

𝒏

𝒊=𝟏

= 𝝌𝑩𝒄𝒊 
(7) 

2.3 Viscosity calculation 

The viscosity coefficient of molten resin, 𝜇 , is obtained by applying the shift factor of 

temperature based on the W.L.F. rule[10] to the power-law model[11] as shown in Eq.8 and 

Eq.9[12] where 𝑎𝑇 is the shift factor of temperature, 𝜇0 is the viscosity coefficient when the shear 

rate is set to 0 m/s, |γ|̇ is the shear rate, 𝑛 is a power number, 𝑇 is the temperature of the melted 

resin, 𝑇𝑠  is the reference temperature, and 𝐶1  and 𝐶2  are parameters. The shear rate |γ|̇  is 

obtained using the deformation rate tensor 𝑫 as in Eq.10. The deformation velocity tensor 𝑫 is 

obtained using the velocity gradient ∇𝒖 as in Eq.11. Dividing the obtained viscosity coefficient 
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𝜇 by the density 𝜌 as in Eq.12 yields the kinematic viscosity coefficient ν,which is substituted 

into the kinematic viscosity coefficient ν in Eq.2 to combine the fluid analysis and temperature 

analysis. 

𝝁 = 𝒂𝑻𝝁𝟎|�̇�̇|𝒏−𝟏 (8) 

𝒂𝑻 = 𝒆𝒙𝒑 [−
𝑪𝟏(𝑻 − 𝑻𝒔)

𝑪𝟐 + 𝑻 − 𝑻𝒔

] 
(9) 

|�̇�̇| = √𝟐𝑫: 𝑫 (10) 

𝑫 =
𝟏

𝟐
{〈𝜵𝒖〉 + 〈𝜵𝒖𝑻〉} 

(11) 

𝝂 =
𝝁

𝝆
 (12) 

2.4 Coupling methods 

The injection molding process of bonded magnets was modeled by dividing it into four 

categories: injection, compression, magnetization, and cooling and hardening, as shown in Fig. 

1. Injection and compression are simulated by making the molten resin flow from the inflow 

boundary in the fluid analysis. Magnetization was simulated by magnetizing the molten resin 

in the magnetic field analysis. Cooling was simulated by obtaining the temperature of the 

molten resin through temperature analysis. Curing was simulated by setting the velocity of the 

molten resin to 0 m/s when the resin cools and reaches a certain temperature. 

 Fig. 2 shows a flowchart of the analysis of the injection molding of a bond magnet. 

Temperature analysis, magnetic field analysis, and fluid analysis are performed in this order. 

Injection molding of a bonded magnet is simulated by the following procedure. 

[1] Obtain each initial value. 

[2] Update the temperature of the molten resin using temperature analysis. 

[3] Calculate the magnetization of the molten resin and the magnetic force acting on the molten 

resin using magnetic field analysis. 

[4] Perform a fluid analysis using the viscosity coefficient and magnetic force to update the 

position of the molten resin. 

[5] Update the viscosity coefficient of the molten resin based on the updated temperature and 

shear rate. 

Repeat steps [2] to [5] until the analysis is completed. 
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Figure 1: Injection molding process of bonded magnet. 

 

Figure 2: Flowchart of analysis. 

3 ANALYSIS MODEL 

3.1 Mold shape and dimensions 

Fig. 3 shows the mold conditions. The mold was modeled so that the finished injection-

molded product would be 10 mm × 4 mm × 80 mm (Fig. 3, red area). The molten resin is 
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injected from the left side of Fig. 3. The molten resin flows into the mold from the gate in the 

direction of the orange arrow from the left side of Fig. 3. The xy-section of the gate was modeled 

as 4 mm × 2 mm. The temperature measurement points for graphing the analysis results are 

indicated by light blue dots. There are four magnets (10 mm × 19 mm × 19 mm) for 

magnetization. The magnetizing magnets are arranged as shown in green on the upper side of 

Fig. 3. The direction of magnetization of the magnetization magnets is indicated by yellow 

arrows in Fig. 3. The direction of magnetization of the magnets is indicated by yellow arrows 

in Fig. 3.  

 

Figure 3: Mold conditions 

3.2 Analysis conditions 

The analysis conditions are as follows. 

 

Table 1: Analysis conditions 

Initial distance between particle [mm] 0.25 

Initial particle number density [/mm3] 26 

Initial time interval [s] 1.0×10-5 

Density of molten resin [kg/m3] 3650 

Initial viscosity coefficient of molten resin [Pa･s] 160 

Thermal conductivity of molten resin [W/(m･K)] 1.02 

Melting point of resin [℃] 180 

Relative permeability of molten resin 1.07 

Density of the mold [kg/m3] 7480 

Thermal conductivity of the mold [W/(m･K)] 16.3 

Specific heat of the mold [J/(kg･K)] 500 

Magnetization of magnet [T] 1.1 

Temperature of molten resin at the injection gate  [℃] 300 

Temperature of the mold [℃] 80 

Injection speed [m/s] 2.5 

 

4 VERIFICATION OF SKIN LAYER FORMATION PROCESS 

This chapter clarifies the skin layer formation process in this simulation by comparing the 
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results of temperature analysis with the behavior of particles on the mold surface. 

4.1 Temperature history 

Fig. 4 shows the temperature history of the analysis results. Although there is a gradual 

decrease in temperature overall, a moment of rapid temperature increase can be observed at the 

40 mm point. In the subsequent sections, the trend of particles on the mold surface at this 

particular point will be examined in detail. 

 

 

Figure 4: Temperature history. 

4.2 Skin layer formation process 

As described in the previous section, a temperature rise can be seen in a portion of the 

temperature history at the 40 mm point, as indicated by the red circle in Fig. 4. The behavior of 

the resin in this area is shown in Fig. 5. First, as shown in Fig. 5 (a), the particles in contact 

with the mold dissipate heat and the temperature of the resin falls and as shown in Fig. 5 (b), 

the resin that has reached the solidification temperature solidifies and adheres to the mold. Next, 

as shown in Fig. 5 (c), a gap is created between the resin that has solidified and remains in place 

and the resin that continues to flow without solidifying. This phenomenon is called "skin layer 

cracking" in the text. As shown in Fig. 5 (d), relatively hot resin penetrates into the cracks in 

the skin layer. The temperature rise is considered to be caused by the above phenomenon 

occurring at the 40 mm point. It is highly likely that this cracking of the skin layer also occurs 

as a real phenomenon. 
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(a)  

 

(b) 

 

(c) 

 

(d) 

 

  
Figure 5: Snapshot of skin layer cracking. 

5 SUMMARY 

In this study, he were able to follow the detailed behavior of skin layer cracking during the 

skin layer formation process in injection molding into a rectangular mold by using a coupled 

analysis method based on the particle method. In the future, he will further elucidate the 

behavior of skin layer formation and its effect on molded products through comparison with 

actual equipment and analysis of different geometries and injection conditions. 
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