Investigation on microstructural characterization of
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Abstract
In this paper, the influence of titanium nitride as a sintering aid on the relative density and microstructure of TiB2 ceramic was examined. Monolithic TiB2 and TiB2 doped with 5 wt% TiN were sintered at 1900 ˚C for 7 min under the pressure of 40 MPa by spark plasma. The addition of TiN affected the microstructure of TiB2-based sample considerably depicting the finer grains in the as-sintered ceramic. Detail investigation by the map analysis and energy dispersive spectroscopy results revealed the formation of in-situ nano-sized hBN secondary phase in the TiN-doped TiB2. In addition, TiN played a remarkable role on increasing the relative density of TiN-doped TiB2 ceramic producing a nearly fully dense ceramic with relative density of 99.9% in comparison with the monolithic ceramic having 96.7% relative density.
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1. Introduction
Titanium diboride has recently attracted remarkable attention due to having combined inimitable characteristics such as high melting point (3225 ˚C), considerable elastic modules (<500 GPa), super high hardness (~25 GPa), high electrical conductivity, fairly low thermal expansion coefficient (4.6×10-6 K-1), excellent wear resistance, appreciable chemical stability, and high oxidation resistance [1]–[4]. These excellent characteristics have made this ceramic as a unique potential material for high temperature applications including ceramic cutting tools, impact-resistance armors, and corrosion resistance parts [5]–[8]. However, due to the relatively low self-diffusion coefficient, strong covalent bonding and the surface covered with oxide layers (mostly TiO2 and B2O3), the sinterability of monolithic titanium diboride is not satisfactory [9]–[12]. To overcome the aforementioned problems, sintering aids are generally used to decrease the sintering temperature [13]–[15]. Non-metallic sintering aids e.g. TaC, MoSi2, TiSi2, TiC, WC, SiC, ZrB2, Si3N4, B4C, AlN and multi-walled carbon nanotubes have been applied to lower the sintering temperature and hinder the grain growth [16]–[18]. As an alternative strategy, spark plasma sintering (SPS) is an effective technique for the production of fine microstructures thanks to its rapid heating and short dwell time in comparison with conventional methods. In this method, materials are charged into a graphite die using a high pulsed electrical current under an external pressure for sintering process [19]–[21]. In this study, the effect of TiN sintering aid on the relative density and microstructure of TiB2 ceramic was investigated. Two different monolithic TiB2 and TiB2 doped with 5 wt% TiN ceramics were fabricated using SPS method at the temperature of 1900 ˚C for holding time of 7 min under 40 MPa pressure. The as-sintered samples were investigated by X-ray diffraction (XRD) for the possibility of new phase formation and scanning electron microscopy (SEM) for the microstructural studies. 

2. Experimental procedure
2.1. Materials and process
Commercially available TiB2 and TiN powders were used as matrix substance and sintering aid, respectively. The materials were weighed for preparation of two ceramics: monolithic TiB2 and TiB2 doped with 5 wt% TiN. The initial powders were mixed in ethanol medium for half an hour under sonication. Then, the produced slurry, denoted as TiB2/TiN mixture, was heated at 120 °C for 3 h while stirring using a hot plate magnetic agiator. For the complete moisture removal, the sample was kept in an oven at 120 °C for 24 h. Finally, the obtained powders were placed into a die made of graphite (inner diameter of 30 mm) to produce a disk-shaped specimen (~5 mm height). The SPS process was performed using an SPS-20T-10, China apparatus at the temperature of 1900 ˚C and 7 min dwell time under vacuum condition and a pressure of 40 MPa. The sintering procedure of monolithic TiB2 was also carried out at the same conditions using initial TiB2 powder.
2.2. Characterization
The ratio of the as-sintered and theoretical densities were used to calculate the relative density of the prepared ceramics. For measuring the density of the as-sintered samples, Archimedes principles were employed and the theoretical density was measured through the role of mixtures. The microstructural investigations on the polished and fracture surfaces were carried out by a SEM. In addition, ImageJ software was utilized for estimating grain size of the as-sintered samples. Furthermore, an energy dispersive spectroscopy (EDS) analyzer (DXP-X10P) equipped in the SEM instrument was utilized for the elemental analysis. The phase analysis was acquired by an XRD (Philips PW1730). 

3. Results and discussion
Fig. 1 indicates the backscattered SEM micrographs of the polished surfaces of the as-prepared monolithic TiB2 and TiB2-5 wt% TiN ceramics. The relative density of 96.7% is calculated for the monolithic sample using Archimedes principles. The remaining 3.3% porosity is shown in the Fig. 1a as marked by white arrows. The presence of pores shows that the consolidation stage was not completed due to the short sintering temperature or short dwell time. The addition of TiN as an additive had a significant influence on the densification of the doped ceramic as it is seen in Fig. 1b. The calculated relative density of the doped sample by the Archimedes principles and ImageJ software shows that nearly fully dense ceramic could be obtained after the SPS process. Although the same process conditions were applied for the both samples, only TiN-doped TiB2 ceramic presented a noticeable relative density (99.9%). The dark phases marked by black arrows belongs to TiN which were initially existed or perhaps formed in-situ as secondary phases.
	[image: ]

	Fig. 1. Backscattered SEM images of the polished surfaces of (a) undoped TiB2, and (b) TiB2-5 wt% TiN ceramics.




Fig. 2 illustrates the backscattered SEM images of TiB2 and the sample doped with 5 wt% TiN. The grains in the monolithic sample shown in Fig. 2a are much bigger compared with the doped ceramic. A mean grain size of 9.3µm was calculated for the undoped ceramic by the image analysis software which is larger in comparison with the initial TiB2 powders used as starting material (<8 µm). Fig. 2b shows a finer microstructure. The mean grain size measured for the doped sample is ~4.8µm showing the remarkable role of TiN as an additive on hindering the grain growth.
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	Fig. 2. Backscattered SEM images of the fracture surfaces of (a) undoped TiB2, and (b) TiB2-5 wt% TiN ceramics.



The phase analysis of SPSed monolithic TiB2 and TiB2-5 wt% TiN ceramics was scrutinized through their XRD patterns. The results for both samples are presented in Fig. 3. As it can be seen in Fig. 3a, the TiB2 phase was formed as the only crystalline phase indicating no transformation in the sample. Moreover, according to Fig. 3b, the only peaks related to the starting materials were detected in the as-sintered TiB2 doped with 5 wt% TiN. It can be concluded that no chemical interaction was occurred between the initial powders or the in-site produced phases are so rare which were not-detectable by the XRD diffractometer. 
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	Fig. 3. XRD patterns of the as-prepared samples: (a) TiB2, and (b) TiB2 doped with 5 wt% TiN ceramics SPSed at the temperature of 1900 ˚C for 7 min holding time under the pressure of 40 MPa.



Fig. 4 shows another SEM fractograph of TiB2 sample doped with TiN. Besides the TiB2 matrix, two other different phases can be observed namely the bright and gray colored phases marked by white and black arrows, respectively. Based on the EDS analysis, the former phase is attributed to unreacted TiN due to its high chemical stability. Most TiN remained unchanged and dispersed between TiB2 grains hindering the exaggerated grain growth. The latter phase (the gray one) can be attributed to the in-situ formation of hBN. As it was discussed before, due to the trace formation of this phase, it could not be detected in XRD pattern (Fig 3b). Kitiwan et al. [22] studied TiN-TiB2 composites and reported the possible reactions led to the formation of hBN phase under the SPS process. It was explained that while both TiN and TiB2 are available, TiN and TiB2 lose nitrogen and boron at the high temperature, respectively, making the formation of hBN possible.
	(1)
		(2)
	(3) 
Based on Fig. 4, two different kinds of fracture modes are feasible. As it is known, the large TiB2 particles are broken during the crack propagation as the predominant fracture mode in the ceramic. The lines marked by light-gray arrows, presenting on the broken grains illustrate the brittle fracture happened in this ceramic. In addition, the role of secondary phase on crack deflection, marked by dark-gray arrow, is observed in this figure.
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	Fig. 4. Backscattered SEM image of the fracture surface of TiB2 doped with 5 wt% TiN.



Fig. 5 shows another backscattered SEM image of TiB2-5 wt% TiN ceramic and the attributed EDS point analysis. Fig. 5a presents a closer view of in-situ formed nano-platelets of hBN phase. This secondary phase has been produced due to the interaction between TiN particles and the TiB2 matrix, as discussed earlier. Although the most proportion of titanium nitride was remained unreacted, the EDS analysis (Fig. 5b) proved the formation of such in-site formed nano-platelets of hBN.  
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	Fig. 5. Backscattered SEM fractograph of TiB2-based ceramic doped with 5 wt% TiN, 
and the corresponding EDS point analysis.



Conclusions
The effect of TiN as a sintering additive on the microstructure and sinterability of TiB2 ceramic produced by spark plasma sintering at the temperature of 1900 ˚C for 7 min holding time under the pressure of 40 MPa was investigated in this research. The characterization results were compared with the monolithic sample fabricated at the same conditions. Including the sintering additive of TiN improved the relative density of TiB2 ceramic by 3.2%. Furthermore, TiN additive hindered the aggregative grain growth of TiB2 matrix yielding a finer microstructure. Although no evidence could be detected in the XRD pattern, the scanning electron microscopy fractographs revealed the formation of in-situ hBN in the TiN-doped TiB2 ceramic indicating the negligible content of hBN secondary phase in the modified ceramic.
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