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Abstract

:

A titanium nitride (TiN) coating using microwaves can be accomplished in air, and satisfies the required conditions of an on-demand TiN coating process. However, the coating mechanism using microwaves is not completely clear. In this study, to understand the detailed mechanism of microwave titanium nitridation in air, the quantity of nitrogen and oxygen in reacted TiN powder has been investigated by an inert melting method. Titanium powders were irradiated with microwaves by a multi-mode type 2.45 GHz microwave irradiation apparatus, while also being held at various temperatures for two different dwell times. X-ray diffraction (XRD) results revealed that nitridation of the powder progressed with increasing process temperature, and the nitridation corresponds to the powder color after microwave irradiation. The nitrogen contents of the samples increased with increasing processing temperature and dwell time, unlike oxygen. It is postulated that the reaction of convected air with titanium is a key role to control nitridation in this system.
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1. Introduction


Titanium nitride (TiN) has a rock salt structure and exhibits high electrical conductivity, high chemical stability and a low diffusion coefficient [1,2,3,4,5,6,7,8,9,10,11,12]. Therefore, it is used as a diffusion barrier to prevent electromigration, which is a deterioration phenomenon between wiring materials on semiconductor substrates [13,14,15,16]. In addition, it has high Vickers hardness, a beautiful gold color and excellent wear resistance, and as a coating film it is widely applied to cutting tools, clinical dentistry and decorative products [17,18,19,20,21].



Recently there has been a market for on-demand processing in small lots for the TiN coating of drills, cutting tools and dental implant materials [22]. However, conventional TiN coating processes, such as chemical vapor deposition (CVD) or physical vapor deposition (PVD), are difficult to apply as a small lot process, due to high processing costs and long processing times. Moreover, CVD and PVD processes are not suitable for the uniform coating of materials with complex shapes. Takizawa et al. have developed a new TiN coating technique in which substrate materials embedded in metallic titanium powder are irradiated with microwaves [23]. This technique can be performed in air using a general-purpose device such as a microwave oven. Consequently, this microwave TiN coating method could be utilized as an on-site TiN coating process.



Nitridation of titanium powders using 28 GHz microwaves in air [24] is the underlying technique of microwave TiN coating. Similarly, Ti–Cr alloy nitriding at atmospheric pressure by 2.45 GHz microwaves has been reported [25]. However, the mechanism of titanium nitridation using microwaves in air is not completely clear.



Metal powders can absorb microwaves [26,27,28] and the temperature of titanium powders may reach several hundred degrees Celsius in a few minutes. At high temperatures, a gas–solid reaction proceeds in a self-combustion manner, as the heat of formation is large. The change of the Gibbs free energy is negative when titanium metal reacts with nitrogen at room temperature; thus, the reaction progresses spontaneously with sufficient energy exceeding the activation energy. However, the absolute value of the change of the Gibbs free energy of oxidation is larger than that of nitridation. In particular, under thermal equilibrium conditions, titanium powder forms titanium oxides. However, in the microwave process, titanium powder become TiN under air conditions, and these reaction conditions are different from the equilibrium state.



To understand the detailed mechanism of nitridation mechanism, it is necessary to quantify the amount of nitrogen and oxygen in reacted TiN powder. In this study, the nitrogen and oxygen content in titanium nitride were investigated by an inert melting method, and the mechanism of microwave titanium nitridation is discussed.




2. Materials and Methods


2.1. Sample Setting


Figure 1 shows a schematic view of the sample setting. Unprocessed titanium powder (2.0 g; 45 μm pass, Kojundo Chemical Laboratory Co., Ltd., Saitama, Japan) was lightly packed into a quartz tube (⌀10 mm OD and ⌀8 mm ID) sealed at each end with silica wool. Carborundum (SiC) coarse particles were used as the susceptor. The size of the quartz tube is enough to apply a TiN coating to a dental abutment.




2.2. Microwave Processing


A multi-mode type 2.45 GHz microwave irradiation apparatus (μ Reactor Ex, Shikoku Keisoku Kogyo Co., Ltd., Kagawa, Japan) was used as a microwave furnace. Titanium nitride was synthesized at various temperatures and dwell times. The heating rate was set to 100 °C/min up to 450 °C and 50 °C/min after that to prevent thermal runaway of the titanium powder. The temperature was measured using a thermocouple in contact with the center of the test tube. After heating, the quartz tube was immediately removed from the microwave furnace and cooled in air.




2.3. Sample Analysis


The phase of the synthesized samples was analyzed using X-ray diffraction (XRD), and the amount of oxygen and nitrogen contained in the sample was quantitatively analyzed by an inert gas melting method.



Oxygen and nitrogen in titanium metal were quantified by an inert gas melting method (TC600, manufactured by LECO Japan Co.). In the inert gas melting method, titanium metal was heated and melted in an inert gas atmosphere, and released oxygen and nitrogen are quantified (where oxygen detection was conducted by infrared absorption method (JIS H1620), nitrogen detection by heat conduction method (JIS H1612)). The titanium nitride obtained in this study has a nitrogen content higher than the quantitative range defined by JIS (0.005–0.03%). Therefore, the weight of the sample was reduced to ensure the accuracy of the measurement results, and the accuracy was 0.001 wt %.





3. Results


Figure 2 shows the time dependence of the temperature and microwave output power in an experiment at a holding temperature of 950 °C, for a microwave power level of approximately 200 W. The microwave power was Proportional-Integral-Derivative (PID)-controlled, and the sample temperature was controlled as well. However, the microwave power profile exhibited a pulsed behavior, as the microwaves are radiated from a rotary antenna; thus, the microwave distribution in the furnace, the power profile and the heating efficiency, also oscillated.



Figure 3 shows photographs of the Ti powder for ten samples after microwave irradiation for either 1 min or 10 min while held at one of five temperatures between 800 °C and 1000 °C. The powders became golden colored, indicating that the samples include titanium nitride at each temperature. As the holding temperature increased, the golden color became darker. In contrast, the color of the powders in contact with the silica wool was gray to purple. This suggests that the top and bottom regions of the powders were exposed to convective air and oxidized.



Figure 4a shows the X-ray diffractometry (XRD) results for each sample after microwave irradiation for 1 min. At 800 °C, the main phase consisted of titanium nitride with a low nitrogen content, and the peak intensity of titanium (at around 40 °C) was also large. The sample also included Ti2N and TiN, but with small peak intensities. The intensity of the titanium and Ti2N peaks decreased with increasing process temperature. In contrast, the intensity of the TiN peaks increased with increasing process temperature. At a holding temperature of 950 °C or higher, the peak of the pristine titanium almost disappeared. Figure 4b shows the XRD result for each sample after holding for 10 min. As with the 1 min holding duration, the TiN peaks increase in intensity with increasing process temperature. Unlike the 1 min hold time samples, the peak of pristine titanium disappeared completely, and TiN became the main phase in the samples held for 10 min at 950 °C or higher.



Figure 5 shows the oxygen and nitrogen content of the post-experiment samples under each processing condition. The analyzed powder was from the center of the cylindrical sample, in the longitudinal direction. Figure 5a,c indicate that the oxygen content was not significantly different even when the holding temperature and the dwell time increased. In contrast, the nitrogen content tended to increase as the temperature or dwell time increased. The results are consistent with the color analysis—the powder color was darker with increasing temperature and time.



The correlation coefficients between the O or N content and temperature are also indicated in Figure 5. The correlation between the oxygen content and the temperature for the 10 min samples was negative, while there was no significant correlation for the 1 min samples. The correlation coefficient between the nitrogen content and temperature was 0.8 or more for both dwell times, indicating that they have a strong correlation. In brief, the nitrogen content of the powder around the center of the test-tube increased as the temperature increased, but the oxygen content either did not change, or it decreased as the temperature and time increased.



The weight ratios of the oxygen and nitrogen in the samples are summarized in Table 1. For the samples with 10 min dwell times, the oxygen (wt %): nitrogen (wt %) proportion was approximately 1:5 for temperatures up to 850 °C. In air, the oxygen (wt %): nitrogen (wt %) proportion is 2:7. Thus, the nitrogen content was higher than for air’s composition, even when processing at a relatively low temperature. Above 850 °C, the ratio of the nitrogen content increased as the holding temperature increased. This is due to the increasing nitrogen content and decreasing oxygen content with increasing processing temperature. For the samples with 1 min dwell times, the ratio of oxygen (wt %): nitrogen (wt %) at 800 °C was approximately 2:17, but decreased to 2:9 at 850 °C. Above 900 °C, no temperature dependence of the ratio of nitrogen and oxygen content was observed. As the variation in oxygen content was large for the 1 min dwell times, it indicates that the ratio of nitrogen and oxygen content varied at each temperature.



Comparing the weight ratios of the 1 min and 10 min hold time samples, the nitrogen content ratio for the 10 min samples was larger at all temperatures except 800 °C. This is mainly because the nitrogen content increased with increasing dwell time. In contrast, at 900 °C or lower the oxygen content (wt %) increased with increasing dwell time. In particular, the oxygen content (wt %) at 800 °C for 1 min was larger than with the 10 min dwell time. At 900 °C or higher, the nitrogen content (wt %) increased notably due to an increasing reaction rate at elevated temperatures. Regardless, the ratio of nitrogen content was larger than the atmospheric composition ratio, suggesting that the powder from the center of the sample preferentially reacted with nitrogen in the convected air.




4. Discussion


Based on the above results, we consider the mechanism of the nitridation reaction in this system. It appears that all of air remaining between the powder grains reacted below 800 °C, as the ratio of nitrogen content in the powder at 800 °C was already larger than that of air. Then, convected air was throughout the quartz tube, but the results show that longer dwell times resulted in a decreasing amount of oxygen. Under thermal equilibrium conditions, titanium oxides systems are more stable than titanium nitrides, and thus it is considered that the amount of oxygen increases with longer dwell times. This contradictory result is due to the experimental setup for the powder.



Convected oxygen is presumed to react with titanium powder at the uppermost or the lowermost parts of the test tube; therefore, the nitrogen partial pressure is higher than that of the air, and the nitrogen content of the powder at the central part of the test tube increased. Furthermore, it is postulated that convected nitrogen could reach the center through the powder, as the reaction rate of nitridation is relatively slow compared to oxygen. Further, since the nitridation ratio increased with increasing process temperature, the nitrogen content at the center increased as the holding temperature increased. Accordingly, the natural convection velocity is not thought to be large, as no dramatic increase of the nitrogen content was observed for the 1 min dwell time. With longer dwell time, the nitrogen content of the sample increased due to the increase in the amount of convected nitrogen. The nitridation of titanium powder in this system proceeds as shown in Figure 6.



Conversely, the oxygen content of the sample reduced with increasing temperature for the 10 min dwell time samples. The oxygen partial pressure at the center of the test tube was lower as oxygen reacted with the titanium powder at the uppermost or the lowermost parts of the test tube. In addition, reduction of TiO2 is promoted under microwave irradiation [29,30] and the reduction of other transition-metal contained oxides was enhanced [31,32], which is due to specific microwave effects [33]. Thus, titanium oxides were reduced, and the reduction rate increased when the processing temperature increased. From the above, the main mechanism for the increase of the nitrogen content ratio in this system is that the nitrogen content increased through reactions with convected nitrogen, and the oxygen content decreased under low oxygen pressure due to oxidation of the titanium powder at the uppermost or the lowermost part of the test tube. Although the above conditions can be obtained by using a conventional furnace, microwaves can rapidly heat the titanium powders via internal heating. In addition, the heated sample can easily be removed from the microwave furnace and quenched in air. These features of microwave processing result in an efficient nitridation of titanium powders.




5. Conclusions


This study investigated the nitrogen and oxygen contents of microwave-irradiated titanium powder at various temperatures and times by an inert melting method. The oxygen contents of the sample powder had no correlation with processing temperature for a 1 min duration irradiation, but the nitrogen contents had a positive correlation. In contrast for a 10 min duration irradiation, the nitrogen contents also had a positive correlation, but the oxygen content decreased with increasing process temperature. In this system, convected air first reacted with the titanium powder at the uppermost or the lowermost parts of the test tube, and the partial pressure of nitrogen and oxygen changed from the equilibrium condition. It is postulated that this is the main mechanism responsible for increasing the nitrogen content ratio in this system with increasing process temperature.
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Figure 1. Schematic view of the titanium powder and the SiC susceptor setting within the alumina crucible. 
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Figure 2. Time dependence of temperature and microwave output power versus time in an experiment at a holding temperature of 950 °C, as shown by the red curve with the red arrow pointing to the left ordinate. The microwave power is shown by the blue curve with the blue arrow pointing to the right ordinate. 
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Figure 3. Photographs of the Ti powder after microwave irradiation, for ten samples. 
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Figure 4. (a) X-ray diffraction (XRD) results of the sample after microwave irradiation for 1 min. (b) XRD results of the sample after microwave irradiation for 10 min. 






Figure 4. (a) X-ray diffraction (XRD) results of the sample after microwave irradiation for 1 min. (b) XRD results of the sample after microwave irradiation for 10 min.



[image: Processes 08 00020 g004]







[image: Processes 08 00020 g005 550] 





Figure 5. Oxygen and nitrogen content of the post-experiment samples under each processing condition: (a) oxygen for 1 min; (b) nitrogen for 1 min; (c) oxygen for 10 min; (d) nitrogen for 10 min. 
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Figure 6. Nitridation behavior of titanium powders under microwave irradiation in this system. 
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Table 1. Weight ratio of oxygen and nitrogen in the samples.






Table 1. Weight ratio of oxygen and nitrogen in the samples.





	Time (min)
	Temperature (°C)
	Oxygen (wt %)
	Nitrogen (wt %)
	O:N





	1
	800
	0.692
	5.82
	2:16.8



	1
	850
	1.03
	4.26
	2:8.3



	1
	900
	0.835
	6.57
	2:15.7



	1
	950
	1.29
	6.97
	2:10.8



	1
	1000
	0.675
	7.99
	2:23.7



	10
	800
	0.996
	4.84
	2:9.7



	10
	850
	0.956
	4.49
	2:9.4



	10
	900
	0.927
	7.95
	2:17.2



	10
	950
	0.78
	7.79
	2:20.0



	10
	1000
	0.624
	9.65
	2:30.9











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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