Ultra-high elevated temperature strength of TiB2-based ceramics consolidated by spark plasma sintering
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Abstract
Spark plasma sintering of TiB2 – boron ceramics using commercially available raw powders is reported. The B4C phase developed during reaction-driven consolidation at 1900 °C. The newly formed grains were located at the grain junctions and the triple point of TiB2 grains, forming a covalent and stiff skeleton of B4C. The flexural strength of the TiB2 – 10 wt.% boron ceramic composites reached 910 MPa at room temperature and 1105 MPa at 1600 °С. Which is the highest strength reported for non-oxide ceramics at 1600 °C. This was followed by a rapid decrease at 1800 °C to 480–620 MPa, which was confirmed by increased number of cavitated titanium diboride grains observed after flexural strength tests.
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1. Introduction
Titanium diboride (TiB2) is an important ceramic material which is extensively used as a cutting tool material, wear components and lightweight armour for ballistic protection. High elastic modulus and good strength at room temperature is often reported for monolithic TiB2 and TiB2-based ceramic composites [1–6]. In view of its refractory nature, high temperature applications are also within reach. In the latter case the significant decrease of strength after 1400 °C is expected due to activation of the high-temperature plastic deformation mechanisms such as grain-boundary sliding and creep [6].
An obvious solution to this problem is the consolidation of composites [6–14]. TiB2–TaC composites have demonstrated a flexural strength of 480 MPa at 1600 °C, which is twice of that for monolithic TiB2 ceramics [6]. It was summarized that even in TiB2–TaC case a decrease in strength is expected at higher temperatures owing to electro-covalent nature of bonding in titanium diboride. Therefore in order to reach higher strength values TiB2-based ceramics armored with covalent compounds is proposed.
This class of TiB2-based composites is naturally restricted to TiB2–AlN [8,9], TiB2–SiC [10,11] and TiB2–B4C [12–17] ceramic composites, which show high room-temperature strength and toughness. High-temperature performance of these TiB2-based composite is scarcely reported and is limited to the TiB2–B4C eutectic composites [14–17].
The latter composites are known to have a complex preparation route, and have a certain size limitation. This study suggests a simple route for manufacturing TiB2–B4C composites by the reaction spark plasma sintering [18–20] of commercially available powders of TiB2 and amorphous boron. This approach allows homogeneous distribution of secondary phase mimicking that for eutectic composites. Moreover, the 90 wt.% of TiB2 in original powder mixture of TiB2 and amorphous boron, is far above than of 77 B4C – 23 TiB2 vol.% (60/40 wt.%) eutectic composition [17], hence, the results of the present study demonstrate the high-temperature flexural strength limit of ceramics with TiB2 as a matrix.

2. Materials and Methods
Commercially available TiB2 (dav = 1.0–2.4 µm) and amorphous boron (dav = 0.1–1.0 µm) (Wako Pure Chemicals, Osaka, Japan) powders were used as starting materials. A powder mix of TiB2 + 10 wt.% aB was prepared by wet-chemical mixing in alcohol with low temperature drying (~100 °C) to remove moisture. The resultant powder was screened through a 60 and 400 mesh screens.
The SPS experiments were performed using the ‘Dr. Sinter’ machine produced by Sumitomo, Japan. Initially, a pressure of 20 MPa was applied to ensure the proper electric contact between the powder tablet and the graphite die and then pressure was increased to 40 MPa at 800 °C. A dwell time of 1 min at 800 °C was adopted for setting up the pyrometer. The heating rate was 140 °C·min-1 from room temperature up to 800 °C followed by a heating rate of  50 °C·min-1 up to sintering temperatures of 1900 °C, with a dwell time of 15 min. SPS was performed in argon gas medium with a flow rate of 2 L·min-1.
Sintered specimens were first surface-ground flat with #600-800-1000-grit SiC paper, followed by diamond disks of up to 0.5 µm. The three-point flexural strength was determined using rectangular blocks (2 × 2.5 × 20 mm3) cut from specimens with diameters of 30 mm using electric discharge machining. Their lateral surfaces were grounded and polished using diamond pastes. Three-point flexural strength tests were conducted at room temperature and at high-temperature up to 1800 °С in argon flow using a Shimadzu AG-X plus (Shimadzu, Japan). Testing of specimens was performed in the direction parallel to the pressing directions in SPS. The loading speed was 0.5 mm·min-1. Six samples were tested at each temperature, and the measurement accuracy was taken as the standard deviation. For the tests at 1800 °С, only three samples were tested. For the high-temperature flexural tests, the following heating schedule was used: room temperature to 200 °С in 10 min and from 200 °С to testing temperature at a speed of 18 °С·min-1. A dwell time of 5 min was employed before the flexural test at a testing temperature. After testing, cooling from the testing temperature to room temperature was performed at a rate of 20 °С·min-1.
Microstructural observations and analyses were carried out on the fracture surfaces by scanning electron microscopy (SEM) SU 8000 (Hitachi, Japan) in secondary electrons, using low-angle back scattered electrons filter for specimens tested at room temperature and at 600 °C.

3. Results and Discussion
[bookmark: _GoBack]TiB2 – boron ceramics show good flexural strength at room temperature (25 °C) ranging from 740 to 910 MPa, with a mean value among six tested specimens of 820 MPa, (Fig. 1) [3–6,12–14,21,22]. Figure 1 shows data for three point (open figures) and four point (closed figures) configurations obtained for TiB2, B4C and TiB2-based composites at room and elevated temperatures. Among TiB2-based ceramics the results of the present study are one of the best values reported so far. Only Huang et al. [13] for TiB2–B4C (60/40 vol.%) showed higher mean value of 867 MPa at room temperature.
There are two possible reasons for such high values: (i) a complex composite structure with even distribution of newly formed secondary boron carbide phase (Fig. 2); and (ii) interfacial microcracking [23] as result of large difference in the linear thermal expansion between TiB2 matrix and B4C inclusion. Finally, (iii) small value of the grain size, which corresponds to the initial particle size of raw TiB2 powder (i.e. 2–5 µm). Recent analysis in [6] showed that strength of monolithic titanium diboride ceramic have a peak in strength for a grain size between 3 and 5 µm. This shows a good correlation with data obtained in the present study. 
In case of composites, there is no obvious interdependence between the TiB2 grain size in TiB2–B4C ceramic composites, since in the majority of these ceramic composites titanium diboride was added as the reinforcement phase, while in the present study it serves as a matrix. One noticeable observation is that microcracking [23] was observed after room temperature and in part at 600 °C flexural strength test.
This situation may be attributed to the residual stresses formed during the cooling process. In case of TiB2-B4C system consolidated at temperature of 1900 °C, the mismatch in the coefficients of thermal expansion (CTE) between TiB2 and B4C will result in formation of the residual stresses in the bulk ceramic composite [23,24]. Using the Taya’s [24] model and data of [12] one may evaluate that residual stresses on the diboride matrix σm and boron carbide σi are 348 MPa and -1165 MPa, respectively. Negative value of the residual stress at matrix indicates compression, while positive value of the residual stress at matrix suggests tension. 
Finite elements calculations of residual stresses formed upon cooling in B4C-TiB2 were presented in [25]. An average compressive stress of 424 MPa was found has a good agreement with the results of B4C-TaB2 eutectics prepared by SPS (336 MPa with ΔT of 2000 °C or 391 MPa with ΔT of 2325 °C) [26].
One may see that the main difference between eutectic composite of B4C-MeB2 and that in the present case is that the TiB2-boron ceramics after reactive SPS consolidation, constrains TiB2 matrix in tension, while stiffer boron carbide inclusions are in tension. This may cause the different toughness behavior of these composites: since the crack will be deflected around boron carbide inclusions, using more energy for fracture of the TiB2/B4C bonds. Hence, observed increase in flexural strength may be also accompanied only by slight decrease in toughness (increase of stress intensity factor ΔKI = 0.58 MPa m1/2 was evaluated). Further investigation of this behavior is necessary.
It is well known that the thin film of oxygen-rich layer consisting from TiO2 or B2O3 that is on the surface of TiB2 powders also affects effects titanium diboride densification [27]. In the present study, the addition of amorphous boron allowed solving this problem during the densification process. Furthermore, B4C grains were formed during the reactive SPS consolidation. These were usually located in the triple points and in between relatively large size titanium diboride grains and are clearly viewed in Fig. 2. The fracture of newly formed B4C phase largely affected the flexural behavior of TiB2-boron ceramics at different temperatures, these are highlighted as solid arrows in Fig. 3.
An intergranular fracture of B4C grains was noticed at room temperature and at 600 °C, generally suggesting a brittle fracture at the TiB2/B4C interface. The voids resulted by intergranular fracture of B4C grains were seldom observed with increase in the flexural strength test temperature, however it was noted that majority of the fine boron carbide grains remains in the triple points or in the inter-TiB2 grains space preserving the general structure of titanium diboride composite.
Titanium diboride grains were fractured intergranularly, some transgranular fracture was observed at low testing temperatures. Above 1400 °C two general trends were noted (a) thermal argon etching of the grain surfaces and as result the mate color of thereof, and (b) cavitation of titanium diboride grains which indicate higher contribution of creep mechanisms with increase in temperature (see open arrows in Fig. 3). It is believed that cavitation of the TiB2 grains is the main reason for the fall in strength at 1800 °C, however it should stressed that the number of such cavitated TiB2 grains observed at 1800 °C was a minor, but higher than that observed at 1400 or 1600 °C.
The strength above 1400 °C is controlled by the number of the titanium diboride grains affected by the stress and temperature induced cavitation. Bellow the certain ratio between non-cavitated and cavitated TiB2 grains, there is a minor contribution of these phenomena to the decrease in fracture energy or flexural strength, hence an additional deformation mechanism such as grain-boundary sliding is operating. However, above a critical ratio between non-cavitated and cavitated TiB2 grains the rapid strength decrease is observed. Without a doubt a further increase of flexural strength test temperature will lead to further increase in number of cavitated TiB2 grains and ultimately will lead the strength to the level observed for monolithic MeB2 ceramics [6,28]. 
A special notice should be addressed strength behavior of pure B4C [21,22,29] or B4C–TiB2 eutectic composites [14–17]. For the high-density polycrystalline bulk samples of B4C at temperatures of 900–1500 °C, the flexural strength was found to be constant or decrease slightly with increasing temperature [21,28]. This increase was attributed to the increase in contribution of plastic deformation to the fracture stress above 1500 K, which could be one of the reasons of the observed increase in strength for 1400 and 1600 °C, which is similar to the recent study on bulk boron carbide [22].
Furthermore, the flexural strength obtained in the present study is the highest among non-oxide ceramics at 1600 °C, which suggests that further increase in strength of other metal diborides by forming a similar type of composites is anticipated. The grain size in the consolidated ceramic specimens should be identical to that for initial powder size of metal diboride. Hence the described method should result in bulk ceramic originated from metal diboride with even relatively ‘coarser’ particle size (up to 10 µm). Moreover, due to the even character of distribution of secondary B4C phase should be beneficial to the elastic properties as well as thermal conductivity. 

4. Conclusions
Reactive spark plasma sintering of the TiB2–boron ceramics enabled consolidation of high-strength ceramics. TiB2 –10 wt.% boron ceramics composites had high room temperature strength ranging from 740 to 910 MPa have been attributed to the formation of a fine boron carbide and titanium diboride grains that were located in the triple points and intergrains voids of the original powder system. The development of these phases during SPS consolidation resulted in the formation of ceramics with grain sizes equal to those of the initial powders. This yielded higher the strength twice higher than that reported for monolithic TiB2. Increase in flexural test temperature up to 1600 °C resulted in almost linear increase in the flexural strength of TiB2 – boron specimens to the values of 850–1100 MPa, which followed by a rapid decrease at 1800 °C to 480–620 MPa. This is explained by a plastic deformation active in this temperature range, which is confirmed by the presence of creep-induced cavities at the TiB2 grains above 1400 °C. We anticipate that the composites of MeIV–VB2 with amorphous boron will be beneficial in strength increase in composites with other important metal diboride improving both room and high-temperature performance.
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Figure 1. Temperature dependence of strength for TiB2–boron ceramic composites consolidated by SPS and data on high-temperature flexural behavior of TiB2 [3–6], B4C [21,22] and TiB2–B4C [12–14] ceramics. Closed figures indicate that four point flexural strength test was performed, while open figures are for three-point strength tests.
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Figure 2. Structure formation during reactive SPS consolidation of TiB2 – boron ceramics. Lower images show structure of the bulk composite obtained using SEM in different observation modes.
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Figure 3. SEM images of TiB2–boron ceramic composites after the three-point flexural strength test at different temperatures, the value of the flexural strength for observed sample is provided alongside with the flexural strength test temperature. Open arrows indicate places of plastic deformation. Closed arrows show effect of B4C phase formed during reaction SPS.
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