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Abstract:

 This study describes how to make stainless steel hybrid micro-nano-powders (a mixture of micro-powder and nano-powder) using an in situ one-step process via radio frequency (RF) thermal plasma treatment. Nano-particles attached to micro-powders were successfully prepared by RF thermal plasma treatment of stainless steel powder with an average size of 35 μm. The ratio of nano-powders is estimated with a two-dimensional fluid simulation that calculates the temperature profile influencing the rate of surface evaporation. The simulation is conducted to determine the variation of the input power and the distance from the plasma torch to the feeding nozzle. It was demonstrated experimentally that the nano-powder ratio in the micro-nano-powder mixture can be controlled by adjusting the feeding rate, plasma power, feeding position and quenching effect during plasma treatment. The ratio of nano-particles in the micro-nano-powder mixture was controlled in a range from 0.1 (wt. %) to 30.7 (wt. %).
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1. Introduction

Components for microelectronics are mostly fabricated by powder metallurgy (PM) processes, such as metal injection molding (MIM), hot isostatic pressing (HIP) and three-dimensional printing (3DP), because of their complicated shapes and small sizes [1,2,3,4,5,6,7]. In the past, micro-sized metal-powders were mainly used for these PM processes [8]. However, as component size is gradually decreasing, micro-powder can no longer satisfy the requirements of dimensional accuracy or surface roughness [8,9]. Thus, investigations of MIM, HIP and sintering processes with nano-powder have been actively performed [10,11,12,13]. However, if only nano-powder is used, the particle size is very small, and the surface area is large. It is then very difficult to control the extent of oxidation of the powder and to prepare samples with full density. Furthermore, the high price of metal nano-powder, which is related to the productivity of the finished components, is also a problem.

Recent investigations have reported that the enhancement of MIM characteristics and the use of a bimodal-type powder mixture, including a micro-nano-powder, are closely related in Cu, Fe and W systems [10,11,12,13]. If MIM products are prepared from mixtures of micro- and nano-powders, molding properties can be improved due to the solid binder effect of the nano-particles; the sintered density will increase due to a nano-powder effect located among the micro-powders, and the grain growth will also be suppressed [10,11,12]. Surface roughness, an important characteristic of MIM products, can also be improved, and ideally, isostatic shrinkage will be realized [11,13].

As radio frequency (RF) plasma treatment is performed at a very high temperature (>10,000 °C), it is a suitable method to prepare nano-sized metal/ceramic powders [14,15,16,17,18]. RF plasma treatment has been used for the synthesis of inorganic nano-powders or the modification of particle shape (spheroidization); however, in the present study, we sought to make a mixture of micro- and nano-powder using this process. Micro-nano-mixed stainless steel (316L) powders can be prepared by in situ RF thermal plasma treatment, and passivation and atmosphere control in the reaction chamber can prevent severe oxidation of nano-powders.

In order to predict the experimental results, a two-dimensional fluid simulation was conducted for an RF plasma torch. The important features in the thermal plasma synthesis are the heat transfer between the plasma and the precursor powders and the residence time in the plasma region, which influence the rate of the surface evaporation for the production of nano-particles. Therefore, the plasma temperature and velocity fields are important parameters for the synthesis of nano-powders to control the nano-particle ratio and the size distribution. The simulation code is DCPTUN [19,20], which was developed at Seoul National University. This is a single fluid method with magneto-hydro-dynamics (MHD) that is generally used in thermal plasma simulation. The simulation is conducted to determine the variation of the power and the distance from the plasma torch to the feeding nozzle with a fixed gas flow rate and frequency at atmospheric pressure.

The purpose of this study is to make stainless steel hybrid micro-nano-powders using RF plasma treatment and to control the nano-powder ratio by adjusting the process parameters. It is expected that these hybrid micro-nano-powders will be widely used in the powder metallurgy industry, including MIM, HIP and 3DP processes. As this study was performed using a metal model system of stainless steel, the results can be applied to various metal alloys. Furthermore, in this study, we examined the influence of various process parameters (feeding rate, distance from plasma torch to feeding nozzle, plasma powder and quenching effect) on the variation of the nano-powder ratio in micro-nano-mixed powders.



2. Methods


2.1. Simulation Methods

The electromagnetic field generated by a coil current and plasma is calculated using Maxwell’s equation of the magnetic vector potential. As the coils are assumed to be parallel, only the azimuthal component of the magnetic vector potential is considered. The governing equation for the magnetic vector potential A is:
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(1)




where μ0 is the permeability of a vacuum and Jcoil and Jinduced are the current density of the coil in the coil region and the induced current density of the plasma in the plasma region, respectively. The boundary condition of A near the coil is used for the analytic solution of a circular current loop [21,22]. Based on the analytic solution, A is equal to zero both at the axis boundary and at the boundary far from the coil [22].
Local thermalized equilibrium (LTE) is assumed for the RF plasma torch, which means that the electron and the ion temperatures in the plasma are the same. Thus, the single fluid equation can be used in this case. The MHD equations are used for the conservation of mass, momentum and energy. Moreover, there are several assumptions in this simulation.


	(a)

	Axisymmetric at the cylindrical coordinate for 2D modeling.



	(b)

	Steady-state plasma flow.



	(c)

	The plasma is considered to be an incompressible fluid.



	(d)

	The pressure and viscous dissipation work are neglected in the conservation of energy.



	(e)

	The [image: there is no content] model of turbulence is adopted [23].





The governing equations are as below.


	(a)

	Conservation of mass:
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	(b)

	Conservation of momentum:
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	(c)

	Conservation of energy:
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[image: there is no content], ρ, p, [image: there is no content], [image: there is no content], [image: there is no content], h, k, Cp, [image: there is no content] and SR are the flow velocity, density, pressure, stress tensor, current density, magnetic flux density, enthalpy, thermal conductivity, specific heat, electric field and radiation loss, respectively.



2.2. Experimental Methods

316L stainless steel powders, which are widely used in MIM, exhibit excellent mechanical and corrosion properties, as well as biocompatibility. On this basis, 316L stainless steel was chosen as a model system for this study. For plasma treatment, spherical stainless steel powders (D10 = 26 μm, D50 = 35 μm, D90 = 44 μm, Gaussian distribution) produced using a gas atomization method were used as precursor materials. Production of micro- and nano-mixed powders was carried out with an RF thermal plasma system (PL-35LS, Tekna, Sherbrooke, QC, Canada). The plasma system was operated at 3 MHz. Ar gas, vaporized from liquid Ar, was used as a plasma forming gas and carrier gas. The experimental conditions for the plasma treatment are listed in Table 1. Figure 1 shows a schematic diagram of the RF thermal plasma system. Interestingly, the feeding position of the precursor powder can be adjusted up to about 20 cm below the center of the plasma torch. The powder feeding position can be controlled by changing the length of the feeding probes, and it is possible to inject the precursor powders into the desired temperature regions. Furthermore, installation of 12 quenching gas ports in the reaction chamber affords control over the temperature of the plasma region. Helium (He) was used as the quenching gas. If the He gas exits at a high flow rate (flow rate (He) = 200–600 liters per minute (Lpm)) from the quenching gas ports, the plasma region cools down with the heat absorption of helium gas. Exploiting the gas cooling effect, it is possible to control the temperature in the reaction chamber or plasma region. The feeding rate of precursor powders was 10–80 g/min. To prevent severe oxidation of the nano-powders, a passivation process was conducted.

Figure 1. Schematic illustration of precursor feeding probe and quenching ports in the RF thermal plasma system.
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Table 1. Experimental variables for the preparation of stainless steel 316L hybrid micro-nano-powders using RF plasma treatment.


	Experimental parameter
	Value





	Central gas for plasma (L/min)
	15 (Ar)



	Sheath gas for plasma (L/min)
	95 (Ar)



	Precursor carrier gas (L/min)
	5 (Ar)



	Quenching gas (L/min)
	200 (He)



	Passivation gas (L/min)
	0.5 (O2)



	Feeding rate (g/min)
	10–80



	Chamber pressure (MPa)
	0.1013



	Plate voltage (kV)
	5.32–7.16



	Plate current (A)
	2.83–4.22



	Power (kW)
	15–30



	Distance from plasma torch to feeding nozzle (cm)
	0–6.5












The size of the powders was measured using the laser light scattering method (LS13320 MW, Beckman Coulter, Brea, CA, USA); powders with diameter smaller than 100 nm were defined as nano-powders. The ratio of the nano-powders was determined by measuring the weight of the powder passed through a cyclone trap. The crystal structure of the powders was analyzed using an X-ray diffractometer with Cu Kα radiation (XRD; D-Max 2200, RIGAKU, Tokyo, Japan). The microstructures of the powders were observed by scanning electron microscopy (SEM; JSM-5800, JEOL, Tokyo, Japan), and the contents of alloy elements were analyzed using inductively-coupled plasma atomic emission spectroscopy (ICP-AES; Optima 5300 DV, Perkin Elmer, Waltham, MA, USA).




3. Results and Discussion

Figure 2 shows the simulation results of the temperature profile along the axis line for the variation of the distance from the plasma torch to the feeding nozzle fixed power of 28 kW in Figure 2a and for the variation of input power fixed at 0 cm of the nozzle distance in Figure 2b. The flow rates of argon gas at the central, sheath and carrier regions are 15, 95 and 5 standard liters per minute (sLpm), respectively, as can be seen in Table 1. The frequency of the RF plasma system is 3 MHz in the simulation, and no quenching gas is applied.

Figure 2. Simulation results showing the temperature profile along the axis line with the variation of (a) the distance from the plasma torch to the feeding nozzle and (b) the plasma power.
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If the distance from the plasma torch to the feeding nozzle increases, the plasma temperature decreases (Figure 2a) because the nozzle is far from the high temperature region near the coil. The temperature influences the surface evaporation of the precursor powders, which means that the high temperature leads to a high ratio of nano-powders. Therefore, we expect a high ratio of nano-powders when there is a short distance between the plasma torch and the feeding nozzle. In Figure 2b, it can be seen that with a power increase, the temperature also increases. The ratio of the nano-powders is expected to increase at high power. Additionally, the temperature profiles for a nozzle distance of 2 cm, shown in Figure 2a, and the temperature profile for the case in which the power is 20 kW, shown in Figure 2b, are similar. Therefore, the experimental results of for these two temperature profiles are expected to be similar.



As can be seen in Figure 3a,b, the size of the precursor stainless steel powder prepared for plasma treatment was about D50 = 35 μm, and the particle shape was spherical. When RF plasma treatment of this precursor powder was conducted under certain experimental conditions (feeding rate: 10 g/min; plasma power: 28 kW; distance from the plasma torch to the feeding nozzle: 0 cm), hybrid micro-nano-powders consisting of nano-particles (below 100 nm) adhering to the surface of the micro-powders, as can be seen in Figure 3c,d, were successfully prepared. The residence time of the precursor powders in a low vacuum plasma state is very short, on the order of microseconds (μs), but the temperature of the reaction zone is more than 10,000 °C. Thus, the stainless steel micro-powder passes through the plasma region, and surface evaporation occurs. Then, as the evaporated particles are again condensed, nano-powders are formed. The micro-sized powders may decrease slightly in size as a result of surface evaporation. Nano-particles adhering to the surface of micro-particles were ultra-fine particles having a size of less than about 100 nm.

Figure 3. SEM images of the stainless steel 316L powders (a) before and (c) after RF plasma treatment; (b,d) their magnified images.
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To assess the phase transition before and after plasma treatment, XRD analysis was performed. As can be seen in Figure 4, the XRD patterns of the precursor powder and the plasma treated powders are very similar. It is thus surmised that the unique composition of stainless steel (316L) is maintained after the RF plasma treatment. However, the melting point, vaporization temperature and vapor pressure of the alloy elements are different, and the composition ratio of each element after plasma treatment may differ slightly. As can be seen in the results of the ICP-AES analysis before and after plasma treatment (Table 2), the composition ratios of the elements (Ni, Cr, Mo) show slight differences in the case of nano-particles, but are all within the composition range of stainless steel 316L in the micro-nano-hybrid powders.

Figure 4. XRD patterns of the powders before and after treatment using RF plasma.
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Table 2. Results of the ICP-AES analysis of the powders before and after treatment using RF plasma.



	
Elements

	
Composition (wt. %)




	
Reference (Stainless Steel 316L)

	
Atomization

	
Plasma Treated




	
Precursor

	
Micro Powder

	
Nano Powder

	
Mixture (Micro + Nano)






	
C

	
Max. 0.03

	
0.023

	
0.013

	
0.029

	
0.015




	
Si

	
Max. 0.75

	
0.46

	
0.48

	
0.38

	
0.48




	
Mn

	
Max. 2.00

	
1.18

	
0.67

	
1.95

	
1.05




	
P

	
Max. 0.045

	
0.037

	
0.028

	
0.025

	
0.032




	
S

	
Max. 0.03

	
0.013

	
0.009

	
0.023

	
0.011




	
Ni

	
10-14

	
10.28

	
12.12

	
9.05

	
10.5




	
Cr

	
16-18

	
16.94

	
16.43

	
19.06

	
16.6




	
Mo

	
2-3

	
2.03

	
2.68

	
0.65

	
2.28




	
Fe

	
Balance

	
Balance

	
Balance

	
Balance

	
Balance













The effects of the experimental parameters on the nano-powder ratio during plasma treatment were examined. First, when the feeding rate was increased from 10 to 80 g/min, the weight percentage of nano-powders decreased from 19.3 to 0.1 wt. % (Figure 5a). If the feeding rate is increased, as the heat absorbed by particles decreases, the evaporation rate at the particle surface will decrease [24,25]. Therefore, the amount of nano-particles formed by the evaporation-condensation reaction will relatively decrease [24,25]. From another viewpoint, if the feeding rate is higher, the amount of non-plasma-treated powder will, in all probability, increase. It is thus reasonable that the amount of nano-powder decreases [26]. Therefore, to increase the nano-powder ratio, the feeding rate should be reduced.

Figure 5. Weight ratio of stainless steel 316L nano-powders with respect to various experimental variables, i.e., (a) feeding rate, (b) distance from the plasma torch to the feeding nozzle, (c) plasma powder and (d) quenching effect, after RF plasma treatment.
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To examine the relationship between the nano-powder ratio and the feeding position of the precursor powders, the distance from the center of the plasma torch to the feeding nozzle was increased. As can be seen in Figure 5b, a decrease of the nano-powder ratio occurred as the distance between the plasma torch and the feeding nozzle increased. The reason for this is that the powders can be injected into the higher temperature plasma region when the feeding nozzle is situated closer to the plasma torch. On the contrary, if the feeding nozzle is located farther from the plasma torch, powder will be injected into the low temperature region near the plasma tail; the surface evaporation rate will decrease; and the nano-powder ratio will also decrease.

As the plasma power is increased from 15 to 30 kW, the ratio of nano-powder increases from 6.8 to 30.7 wt. % (Figure 5c). If the plasma power increases and the temperature of the plasma region increases, the rate of surface evaporation significantly increases, and the nano-powder ratio increases. These results were also predicted by the simulation shown in Figure 2b. In other words, as the plasma power increases, the amount of non-plasma-treated powder decreases, and thus, the surface evaporation reaction actively occurs. As can be seen in Figure 1, the helium (He) gas flows into 12 quenching ports, and the plasma region in the reaction chamber can cool down; that is, it is possible to control the temperature range in the plasma region. If the temperature of the plasma region is decreased due to the release of He gas (flow rate (He) = 200 L/min), a decrease of the nano-powder ratio (Figure 5d) occurs. If the precursor powders are provided in the low temperature plasma region, the evaporation ratio will decrease, and thus, the nano-powder ratio will decrease. Although the formation ratio of the nano-powders was substantially affected by the four experimental parameters, the effect on the size and morphology of the nano-powders was insignificant. The size of the nano-powders was mostly lower than about 100 nm, and the nano-powders showed spherical shapes.

The influence of the distance from the plasma torch to the feeding nozzle on the nano-powder ratio can be identified in the microstructure. If the feeding position of the precursor powder is moved closer to the plasma torch, the temperature of the plasma region increases. Accordingly, evaporation occurs actively on the surface of the micro-powder exposed to high temperature, and the formation ratio of the nano-powder increases. As can be seen in Figure 6, as the position of the feeding nozzle approaches the center of the plasma torch, the amount of nano-powder (<100 nm) in the micro-powder increases. These results demonstrate that the nano-powder ratio in the hybrid micro-nano-powder mixture can be controlled by adjusting the process parameters; the microstructural evolutions shown in Figure 6 are experimental evidence of this.

Figure 6. SEM images of the RF plasma-treated stainless steel 316L powders when the distance from the plasma torch to the feeding nozzle is (a) 0, (b) 2, (c) 4.5 and (d) 6.5 cm.
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4. Conclusions

A novel process to prepare a stainless steel micro- and nano-powder mixture using in situ RF plasma treatment was introduced. The composition of the plasma-treated powders was almost identical to that of the precursor powders. The effect of the process parameters, such as the feeding rate, distance from the plasma torch to the feeding nozzle, plasma powder and quenching effect on the nano-powder ratio, was examined. Before the experiment, the nano-powder ratio is estimated by the calculated temperature field using a two-dimensional single fluid simulation for the variation of the plasma power and the distance from the plasma torch to the feeding nozzle. A high ratio of nano-particles is expected in the high temperature region; such a result was obtained using a high power and a short distance between the plasma torch and the feeding nozzle. By adjusting these process parameters, it was possible to control the nano-powder ratio in a range from 0.1 (wt. %) to 30.7 (wt. %). The feeding position and the quenching effect are dominant factors that significantly affected the formation ratio of nano-particles. It is anticipated that it will be possible to apply the present findings to the preparation of hybrid micro-nano-powders in other alloy systems.
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