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Abstract 

The influence of two different spark plasma sintering-based processing routes (i.e., reactive 

SPS (RSPS) and non-reactive SPS) on the properties of TaB2-TaC composites was investigated. 

Ta2O5 and B4C powders were used as starting materials in the RSPS method, and synthesis and 

densification of TaB2-TaC composites were accomplished in a facile single step. The effect of 

sintering temperature and time on the microstructure and densification of the in-situ RSPS were 

investigated. The obtained results were compared with non-reactive spark plasma sintered 

TaB2-TaC composites. The highest densification (~ 99.5 %) was achieved for the TaB2-TaC 

composite with 6.64 vol% TaC after reactive sintering at 1550 °C under 40 MPa with a 5 min 

holding time. Although lower SPS temperature was used in the RSPS method, better 

densification and higher Vickers hardness were obtained compared to the non-reactive SPS. 

While platelet-shaped TaC formation was observed in both processes, the average grain size 

was smaller in the sample produced by the RSPS method. On the other hand, no significant 

difference was detected in fracture toughness and oxidation behavior of the composites 

produced by RSPS and non-reactive SPS.  

Keywords: TaB2; TaC; Reactive spark plasma sintering; Densification 

1. Introduction  

Transition metal borides in groups IVB and VB are members of a family known as ultra-high-

temperature ceramics (UHTCs) [1]. The high melting temperatures, excellent chemical 

stability, high electrical and thermal conductivities, and good corrosion resistance make ultra-

high-temperature borides potential candidates for use in extreme chemical and thermal 

environments [2]. The potential application areas for diborides include the thermal protective 

structures on the leading-edge components of hypersonic re-entry space vehicles, propulsion 

systems, furnace elements, refractory crucibles, and plasma-arc electrodes [3]. Various studies 
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have investigated other borides such as titanium boride (TiB2), zirconium boride (ZrB2), and 

hafnium boride (HfB2), but tantalum boride (TaB2) has not been studied widely [1]. 

TaB2 is a hard (~20 GPa) UHTC with a melting point of 3037°C and its properties include a 

density of 11.7 g/cm3, thermal conductivity of 16 W/m·K, coefficient of thermal expansion of 

8.2  10–6 K–1, enthalpy of –209 kJ/mol, and free energy of formation of –206.7 kJ at 25°C. 

TaB2 has a hexagonal AlB2 structure and it belongs to the space group of P6/mmm (space 

number 191). The unit cell contains three atoms with specific positions at (0, 0, 0), and the 

boron atoms are located at Wyckoff positions of (1/3, 2/3, 1/2) [4]. According to Peshev et al. 

[5], several methods have been described for the preparation of diborides, including the direct 

interaction between elements, electrolysis of molten oxides and salts, reducing a mixture of 

metal oxide and B2O3 with carbon, reducing metal oxides with boron carbide under vacuum, 

and the borothermic reduction of the pure-metal oxides under vacuum. The reactions between 

oxides and B4C are endothermic, and they are favorable at temperatures lower than the 

corresponding carbon reactions [2]. Generally, the B4C phase is used to promote sintering by 

removing the residual impurities such as MeO2 from the surface of MeB2. You et al. [6] 

synthesized sub-micrometric TaB2 powders via the reduction of Ta2O5 using B4C in a mild 

vacuum (~15 Pa) with starting molar ratios of 1.57 and 1.90 for B4C/Ta2O5. With a molar ratio 

of 1.57, the reactants were converted into a TaB2 and B2O3 mixture at 1100C for 2 h. When 

the molar ratio was fixed and the temperature increased to 1550C, 38 wt. % TaB2 and 62 wt. 

% Ta-rich compounds formed due to the formation of gaseous boron-rich oxides. Guo et al. [7] 

also investigated the borothermal reduction process for Ta2O5 with boron under vacuum where 

the various borides obtained depended on the molar ratio of boron/Ta2O5 and the temperature. 

Zhang et al. [8] synthesized pure TaB2 powder by reducing Ta2O5 with B4C and graphite at 

1600C under an argon atmosphere, and then hot pressed with a relative density of ~98% at 

2100C. 

Strong covalent bonding and low self-diffusion rates make it difficult to sinter UHTCs [9]. This 

poor sinterability and the requirement for the high-temperature consolidation of TaB2-based 

ceramics limit their applications, where external pressure or an electric field is necessary to 

overcome this problem. The commonly used techniques for processing UHTCs are pressureless 

sintering, hot pressing, hot isostatic pressing, and spark plasma sintering (SPS). However, hot 

pressing and hot isostatic pressing alone are not sufficient to achieve high densification. In 

addition, unwanted grain growth was reported previously. It is also possible to overcome these 
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problems by producing composite structures. In the sintering of boride-based UHTCs, various 

carbides (SiC, TaC etc.) are used as sintering additives to remove the oxide layer on the surface 

by evaporation-condensation mechanism. It is also known that many carbides added for this 

purpose lower sintering temperatures by producing eutectic structures. To improve 

densification of TaB2, the introduction of small amounts of grain growth inhibitors such as ZrC, 

TaC, etc. might provide an additional contribution to the densification [10]. Since sintering 

occurs above 50 % of the melting point, it is also difficult to sinter TaC due to its high melting 

point of 3880 ℃ which is the highest for stoichiometric compounds [11]. Zhang et al. [12] 

reported an enhanced densification for TaC-TaB2 composite due to physical pinning of grain 

growth by the second phase addition. Moreover, Demirskyi et al. [13] reported a finer 

microstructure for the spark plasma sintered TiB2-TaC composite than that of monolithic TiB2 

and TaC. 

The TaC-TaB2 composites with unique phases and microstructure have advantageous 

properties in different potential applications [14]. However, the production of dense TaB2-based 

ceramics requires both a high processing temperature and high-purity starting powders which 

are expensive and difficult to obtain. From this point of view, it was aimed to produce TaB2-

TaC composites by facile synthesis at lower sintering temperatures with better densification 

behavior. TaB2-TaC composites were produced by RSPS in situ using Ta2O5 and B4C as 

precursors, which undergo boron carbide reduction reaction and release B2O3(l). The properties 

of reactively sintered TaB2-TaC composites were compared with the non-reactively sintered 

TaB2-TaC. The maximum densification behavior associated with RSPS was determined as a 

criterion for success. This is the first study that investigates the production parameters and 

mechanical properties of the bulk form of reactively sintered TaB2-TaC composites.  

2. Materials and methods  

The starting materials were commercially available Ta2O5 (99.99%, Inframat, USA), B4C 

(Grade HS, H.C. Starck Corp., Germany), TaB2 (99%, American Elements, USA), and TaC 

(99.7%, Inframat, USA) respectively. The average particle sizes of the starting Ta2O5, B4C, 

TaB2, and TaC powders were measured as ~39.5 µm, ~1.78 µm, ~45 µm, and ~2.3µm, 

respectively, using a laser particle size analyzer (Malvern Mastersizer 2000). The starting 

powders of RSPSed composites were prepared from a molar ratio of 1.57 for B4C/Ta2O5. 

Powders were ball milled in a polythene bottle with SiC balls in ethanol for 24 h. A magnetic 

stirrer was applied for 5 h to disperse the powders well before evaporating the ethanol. The 

powder mixture was dried in an oven at 100 C for 24 h. The mixture was then pounded in an 
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agate mortar to obtain a soft and non-agglomerated starting powder. A cylindrical graphite die 

with a diameter of 50 mm was used for the sintering process. The entire contact zone of the 

powder on the punches and die was covered with a graphite sheet to ensure better conductivity. 

Sintering was conducted using an SPS apparatus (7.40 MK-VII, SPS Syntex Inc.). A pulsed 

direct current (12 ms/on, 2 ms/off) was applied throughout the entire SPS process under a 

vacuum atmosphere. A blank run was used (with the sintering conditions) to determine the 

effects of the thermal expansion of the graphite die and punches. The sintering temperature, 

time, and pressure were summarized in Table 1. The heating rate of 100 ℃/min was used in all 

experiments. The sample names were coded for clarity, where RS, P, and C corresponds to 

reactive sintering, ready to press powder, and composite structure. The numbers designated the 

experimental order (Table 1). During experiments, the die temperature was measured and 

controlled using an optical pyrometer (Chino, IR–AH), which was focused on a small hole in 

the graphite die. The sintering process was conducted in the temperature-controlled mode while 

monitoring the shrinkage behavior of the specimens.  

The sintered samples were ground with diamond disks before obtaining the density 

measurements. The Archimedes method was used to determine the density of the sintered 

samples where distilled water was employed as the immersion medium. The theoretical density 

was calculated with the rule of mixtures based on TaB2 and TaC contents. The relative density 

of the TaB2 -TaC composites was determined by the ratio of bulk density and theoretical 

density. The phase compositions of the samples were determined by XRD (MiniFlex, Rigaku 

Corp.) in the 2θ range 20°–80° at a scanning rate of 2°/min with CuKα radiation. The Rietveld 

refinement of X-ray diffraction data was used to determine the relative amounts of the phases. 

The lattice parameter a for cubic TaC was calculated by Eq. (1) to determine the y in the TaCy 

[15].  𝑎(𝑦) = 4.3007 + 0.1563𝑦                                                                                          (1) 

Microstructural analyses were conducted on the fractured surfaces using a scanning electron 

microscope (SEM, JSM 7000 F, JEOL). Before SEM analysis, the sintered samples were 

polished to remove the graphite sheet and coated with gold by sputtering. The compositional 

analysis was carried out using energy dispersive X-ray spectroscopy (EDS, JEOL 5410, Noran 

2100). The microhardness of the samples was measured using a microhardness tester (VHMOT, 

Leica Corp.) fitted with a Vickers indenter. The samples were ground and polished before 

obtaining the measurements. Indentations were produced on the polished surfaces under a load 
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of 9.8 N. The indentation fracture toughness of each sample was calculated using the Anstis 

equation [16] based on the half-length of the crack formed around the indentations under a load 

of 19.6 N. Thermogravimetric (TG) analysis was performed in air using a TG/DTA analyzer 

(PerkinElmer Diamond TG DTA). The samples were heated from 25 °C to 1100 °C at a heating 

rate of 5 °C/min. 

3. Results and discussion 

3.1. Densification behavior and phase analysis 

In this study, RSPSed composites were produced using Ta2O5 and B4C as precursors, which 

undergo a solid-state reaction that leads to pore formation. Thus, it was approached to the 

densification process of RSPSed composites in three stages: formation of TaB2 and TaC phases, 

densification, and elimination of pores. In the standard state, Ta2O5 and B4C reactions are 

favorable above 85 ℃ based on Eq. (2). However, due to more negativity in Gibbs free energy, 

Eq. (3) is much easier to occur because it is favorable at all temperatures. In the standard state, 

Eq. (4) also becomes favorable above 1436 ℃ [6]. According to Eq. (3), reaction products are 

TaB2(s), TaC(s), and B2O3(l), and enthalpy of mixing of the compounds can be sorted as B2O3(l)< 

TaC(s)< TaB2(s). The formation tendency of B2O3 is higher than that of TaC and TaB2 due to 

high negativity. 7𝑇𝑎2𝑂5(𝑠) + 11𝐵4𝐶(𝑠) → 14𝑇𝑎𝐵2(𝑠) + 8𝐵2𝑂3(𝑙) + 11𝐶𝑂(𝑔)                                           (2) 9𝑇𝑎2𝑂5(𝑠) + 11𝐵4𝐶(𝑠) → 7𝑇𝑎𝐵2(𝑠) + 11𝑇𝑎𝐶(𝑠) + 15𝐵2𝑂3(𝑙)                                                           (3) 7𝑇𝑎𝐶(𝑠) + 2𝐵4𝐶(𝑠) + 3𝐵2𝑂3(𝑙) → 7𝑇𝑎𝐵2(𝑠) + 9𝐶𝑂(𝑔)                                                       (4) 

Table 1 shows the relative densities and volume fractions of the reactive and non-reactive (PC-

1) sintered TaB2 -TaC composites. It was observed that the sintering parameters had different 

effects on the obtained phase ratios and density results. Only TaB2 and TaC phase formation 

was obtained in all RSPSed and SPSed samples. According to Rietveld analysis (Table 1), in 

the reactive SPS process, it was determined that the volume fraction of TaB2 increased from 

~82.1% for RSC-1 to ~93.3% for RSC-3 with an increase in reactive SPS temperature under 40 

MPa with a holding time of 5 min. The bulk and relative densities of the samples also increased 

with an increase in reactive SPS temperature.  

 



8 

 

 

Table 1 Sintering parameters, relative density, and quantitative phase analyses of sintered 

TaB2-TaC composites obtained from the Rietveld refinement method based on their XRD 

patterns (SPS pressure is 40 MPa. Theoretical densities of TaB2 and TaC are 11.7 g/cm3 and 

14.3 g/cm3, respectively.)  

Sample 

SPS 

Temperature 

(℃) 

Holding 

Time 

(min) 

TaB2 

(vol%) 

TaC 

(vol%) 

Bulk 

Density 

(g/cm3) 

Relative 

Density 

(%) 

RSC-1 1250 5 82.14 17.86 4.96 40.77 

RSC-2 1350 5 84.77 15.23 9.21 76.14 

RSC-3 1550 5 93.36 6.64 11.82 99.55 

RSC-4 1550 10 91.67 8.33 9.78 82.07 

RSC-5 1550 15 89.96 10.04 5.40 45.14 

PC-1 1550 5 93.36 6.64 10.35 87.26 

The best densification was achieved in RSC-3 (~99.5%). The sintering process was conducted 

by both Eqs. (3) and (4) that proved based on the sintering temperature and C/Ta ratio of RSC-

3. The residual impurity removal by the B4C phase could be the main factor that provides the 

highest densification. Yuan et al. [17] have reported that B2O3 has a high vapor pressure in the 

temperature range used to densify ZrB2 ascribe to the removal of B2O3 by evaporation on the 

surface of ZrB2 powder. Herein, the removal of B2O3 by evaporation from the surface of TaB2 

could be another reason for the improved densification of RSC-3. A significant decrease in 

oxygen by the evaporation of B2O3 at 1500 ℃ was reported previously [17]. Moreover, Zhang 

et al. [18] calculated the ∆𝐺𝑟𝑥𝑛°  for vaporization of B2O3 (given in Eqs. (5) and (6)):  𝐵2𝑂3(𝑙) → 𝐵2𝑂3(𝑔)                                                                                                                       (5) ∆𝐺𝑟𝑥𝑛° = 368314 − 157.85𝑇(𝐽)                                                                                               (6) 

Corresponding to the grain rearrangement due to the formation of a liquid phase, vaporization 

of B2O3 enhanced the densification of TaB2, and the volume fraction of TaB2 increased in 

consequence of reaction as ~ 11 % in the RSPSed composite structure. To investigate the effect 

of liquid phase formation on densification behavior, ready-to-sinter TaB2 and TaC powders 

were consolidated by SPS with the same composition (6.64 vol% TaC) and same process 

parameters with RSC-3. It was observed that the sintered composite (PC-1) only achieved ~87.2 

% relative density (Table 1). An increase in SPS temperature from 1550 to 1800 ℃ (not given) 

slightly increased the density (~4.3%), whereas the density of RSC-3 was even higher. 

Furthermore, only 90 % relative density was achieved for monolithic TaB2 after sintering at 
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1750 °C under 40 MPa with a 5 min holding time. The densification behavior of the reactive 

(RSC-3) and non-reactive (PC-1) sintered TaB2-TaC composites was evaluated using the 

displacement curves shown in Fig. 1. The shrinkage starting temperatures of non-reactive 

sintered PC-1 was 1280 ℃. The shrinkage for RSC-3 and PC-1 finished at 1510 ℃. Two 

specific temperatures were detected for the accelerated shrinkage at ~980 and ~1350 C for 

reactive sintered RSC-3. The first temperature (~980 °C) corresponded to the beginning of the 

conversion of the reactants to the products according to Eq. (3). The second shrinkage (at ~1350 

°C) could be attributed to the gas release from the system as a consequence of Eq. (5). The 

displacement curves of RSC-3 supported the effective sintering of the liquid phase formation. 

In addition, the two-step shrinkage behavior of the RSC-3 provided better densification than 

that of PC-1. Different mechanisms of reaction during RSPS could be possible explanations of 

such behavior. The sharp sample displacement of the synthesis promoted product densification 

[19].  

 

Fig. 1 Displacement curves of RSC-3 and PC-1. 

In contrast to change in SPS temperature, longer holding time at 1550 °C led to a significant 

decrease in the relative density of TaB2 -TaC composites (Table 1). B2O3 phase boils above 

1405.6 ℃ when no other gases were present, otherwise if CO presents, it suppresses B2O3 

pressure and lowers the boiling point  [17]. The increase in holding time negatively affected the 

densification due to the complete transformation of B2O3(l) to B2O3(g). A more liquid phase may 

have transformed into a gas phase during a longer holding time at 1550 °C. Therefore, a certain 

amount of porosity forms in RSC-4 and RSC-5 samples as a consequence of B2O3 evaporation 

[17,20]. The action of evaporation of B2O3 caused porosities in the structure and a longer 

holding time promoted the formation of a higher amount of TaC [8]. The quantitative phase 

analyses of sintered samples obtained from the Rietveld refinement method based on their XRD 
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patterns revealed that the volume fraction of TaC increased when the holding time increased 

from 5 min to 10 and 15 mins. The volume fraction of TaC increased from ~6.6 to ~8.3 and 

~10.0 vol% for RSC-3, RSC-4 and RSC-5, respectively, with an increase in holding time at 

1550 °C under 40 MPa. The favorability of equation (3) under vacuum could be the reason for 

the higher amount of TaC through the reaction [8]. The high negativity in the enthalpy of the 

mixing of TaC makes it more favorable than TaB2. Also, the fast carbon diffusion, which is a 

characteristic feature of SPS could be another reason. Demirskyi et al. [21] reported that an 

increased carbon diffusion rate could be beneficial if the layered carbon structures are required 

in the final structure. Although a higher amount of TaC phase formed in RSC-4 and RSC-5, the 

remained porosities due to evaporation of B2O3 caused lower bulk density.  

Considering the high amount of gas released as a consequence of the RSPS, herein sintering 

temperature was limited up to 1550 ℃. Strong exothermic reactions in the formation of TaB2 

lead to several inconveniences. B2O3 and CO gases produced are not allowed to escape from 

the confined environment (graphite die/punches) during RSPS that revealed safety problems, 

especially during the combustion regime synthesis reactions [10].  

The XRD patterns of reactive spark plasma sintered composites are shown in Fig. 2. The XRD 

patterns of all the reactive sintered composites contained the characteristic peaks of TaB2 

(JCPDS 03-065-3385) and TaC0.95 (JCPDS 03-065-8145). The liquid B2O3 phase was not 

identified in the XRD pattern of the samples due to its amorphous nature. The carbon amount 

in the TaCy was calculated using Eq. (1) as 0.9954 and 0.9849 for RSC-3 and PC-1, respectively 

(Table 2). The XRD patterns of PC-1 before and after sintering are shown in Fig. 3. The XRD 

patterns of sintered PC-1 contained the same characteristic peaks of phases as RSC-3. Although 

PC-1 contains TaC as a starting powder, the TaC0.95 phase was detected after sintering at 1550 

°C. The XRD peaks of TaC phases shifted to lower angles after sintering at 1550° C, which 

indicated enlargement of TaC lattice. Previously, Liu et al. [22] reported that the various 

impurities in the starting powders can incorporate into TaC lattice as a consequence of reaction. 

Accordingly, C/Ta ratio changes could be attributed to the oxide impurities of TaB2 powder 

(the oxygen impurity information provided by the supplier is 0.32 wt.%). The oxide impurities 

can be removed by the presence of TaC. In addition, the C/Ta ratio was affected by C loss that 

forms CO (Eq. (4)) [23]. None of the RSPS samples denoted peak shift, which corresponds to 

solid solubility. TaB2-TaC system components are virtually insoluble in each other up to 

2100℃ [24]. Owing to the difference in the crystal structure of hexagonal TaB2 (AlB2 type) 

and cubic TaC (B1), TaB2 is insoluble in TaC [12]. The peak intensity of the TaC phase 
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decreased with increasing SPS temperature (Fig. 2a-c), which is consistent with the SEM 

images of the samples (Fig.4). Increasing SPS temperature decreased the amount of TaC 

platelets and their thickness (Fig.4b and d).  

 

Fig. 2 XRD patterns of reactive sintered TaB2-TaC composites a) RSC-1, b) RSC-2, c) RSC-3, 

d) RSC-4, and e) RSC-5. 

 

Fig. 3 XRD patterns of PC-1 a) before sintering, and b) after sintering. 

3.2. Microstructural characterization 

SEM images of the fracture surfaces of reactive and non-reactive sintered TaB2-TaC composites 

are shown in Fig.4. Microstructural investigations and EDS analysis of the samples supported 

the XRD results. Neck formation between TaB2 grains (Fig. 4b) in RSC-2 was detected after 

reactive sintering at 1350 ℃. A previous study reported that the evaporation temperature of 

B2O3 is above 1300C [25]. Porosities formed in RSC-2 as a consequence of the rapid 

evaporation of the liquid B2O3 during reactive sintering. In addition, slight grain coarsening of 

TaB2 was observed in RSC-2 (Fig.4b). TaC grains became more visible and took place in the 

boundaries of the TaB2 grains (indicated by yellow circles in Fig. 4b). At 1550 ℃, an almost 

fully dense TaB2 -TaC composite (RSC-3) with residual porosity in the order of ~ 0.5 % was 
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achieved with grain coarsening (Fig.4c and d). The formation of more uniform TaB2 grains was 

observed in RSC-3. Both rounded shape TaB2 and TaC platelets were detected in the 

microstructure for all reactive (Fig.4c and d) and non-reactive (Fig. 4f) sintered composites. 

TaC grains were located at the grain boundaries (indicated by yellow circles in Fig. 4d). In 

addition, fracture surface SEM images of monolithic TaB2 were given in Fig.S1 in the ESM. 

No secondary phase or TaC formation was observed due to carbon diffusion after the sintering 

process of monolithic TaB2 at 1750 °C. Microstructural investigations of the fracture surface of 

the monolithic sintered TaB2 support the ~10% porosity measured in the structures. Most of the 

pores were detected in the triple junction points of the grains (Fig.S1b in the ESM). Fig. S1c 

and d in the ESM also show the fracture surface of the TaB2-TaC composite sintered at 1800 

℃. Similar to PC-1, TaC platelets were located at the grain boundaries of the TaB2 grains.   

 

Fig. 4 Fracture surface micrographs of TaB2-TaC composites (a) RSC-2 (x2k), (b) RSC-2 (x5k), 

(c) RSC-3 (x2k), (d) RSC-3 (x5k), (e) PC-1 (x550), and (f) PC-1 (x20k). 
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EDS analysis was performed to investigate the composition of the TaC phase in RSC-5. EDS 

spectrum of the grain (indicated by the yellow dot in Fig. 5a) was shown in Fig. 5b. EDS 

analysis determined the composition of 56.3% Ta and 43.6% C (in at.%).  

 

Fig. 5 (a) Fracture surface micrograph of RSC-5, and b) EDS analysis of TaC platelet from the 

yellow dot.  

The changes in the C/Ta ratio have an impact on the morphology of TaC grains. Namely, 

equiaxed grains are formed in the single-phase TaC. Nevertheless, changes in the C/Ta ratio 

resulted in either equiaxed grains with secondary-phase laths in a crisscross pattern or acicular 

grains were reported [26].  The opportunity to produce different morphologies by phase content 

regulates mechanical properties such as tensile strength, creep, and fracture toughness.  [27]. 

Previously, Zhao et al. [28] produced in-situ growth TaC whiskers toughened Al2O3 ceramic 

matrix composites in two steps: (1) production of in-situ TaC whiskers in Al2O3 powder that 

includes raw powders as Ta2O5 and carbon black for the synthesis of TaC whiskers, and (2) hot 

pressing the composite. The authors reported an improvement in the mechanical properties of 

Al2O3 matrix composite by the toughening effects (such as crack deflection, interface 

debonding, whisker fracture, and whisker pullout) of TaC particles and whiskers. Herein, the 

C/Ta ratio of both RSPSed and SPSed samples was less than 1. Thus, platelet-like TaC grains 

were obtained instead of equiaxed grains. Similarly, increasing the sub-stoichiometric C/Ta 

ratio enhanced the fracture toughness.  

The non-reactive sintered PC-1 displayed a coarser microstructure (Fig. 4f and Fig. 6d) than 

that of RSC-3. The larger grain size of TaB2 and TaC could be another reason for the lower 

densification of PC-1. The grain sizes of TaC in RSC-3 and PC-1 were in the range between 

0.5-1 µm and 0.7-1.8 µm, respectively. Talmy et al. [29] reported that the grain size of TaC is 

a strong function of carbon stoichiometry, and sub-stoichiometric TaC increased the average 
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grain size. C/Ta ratio of PC-1 (0.9849) was less than that of RSC-3 (0.9954); therefore, due to 

higher sub-stoichiometry of PC-1, TaC grains were much bigger than that of RSC-3. This result 

is consistent with the observations of previous studies [13] that transition metal carbides of 

group VB exhibited rapid grain growth during high temperature SPS.   

Increasing the holding time from 5 to 15 min decreased the relative density of the samples. The 

decline in the relative density from ~99.5% to ~45.1% could be related to the levels of porosity 

according to the SEM images (Fig.6). Longer holding time produces more TaC phase due to 

the evaporation of B2O3 (Table 1), which was also detected in Fig.6. From Fig. 6a to c, while 

the amount of TaC and porosity increase in the microstructure, the amount of TaB2 decreases, 

and the microstructure become finer.  

 

Fig. 6 Fracture surface micrographs of (a) RSC-3, (b) RSC-4, (c) RSC-5and (d) PC-1. 

3.4. Mechanical properties  

The mechanical properties of RSC-3 and PC-1 were evaluated. The average Vickers hardness 

values were obtained as ~18.1 and ~16.5 GPa for RSC-3 and PC-1, respectively (Table 2). 

Vickers hardness of monolithic sintered TaB2 was ~19 GPa. Previously, Vickers hardness of 

the spark plasma sintered TaB2 (~ 96% relative density) was reported as ~25 GPa [30]. The 

relative density and average Vickers hardness were reported as ~94.6% and ~18 GPa, and ~94% 

and ~14 GPa for reactive spark plasma sintered TaB2 [10] and hot-pressed TaC [12], 

respectively. Moreover, Vickers hardness of the spark plasma sintered TaC-11 wt% TaB2 
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composite (~ 95.8% relative density) was reported as ~21.8 GPa [23]. The hardness of the RSC-

3 is compatible with RSPSed monolithic TaB2, monolithic TaC, and composites structures. 

Also, owing to RSPS, the process temperature was lowered to 1550 ℃, which is quite below 

the sintering temperature of the aforementioned studies. This is the first study on TaC 

reinforcement to TaB2 matrix. Thus, mechanical properties were not reported previously. Poor 

densification with ~ 13% porosity and large grain size in the PC-1 could be the reason for the 

lower hardness.  

Table 2 Vickers hardness, indentation fracture toughness, and C/Ta ratio of the RSC-3 and PC-

1.  

 C/Ta ratio 
Vickers hardness 

(GPa) 

Fracture toughness 

(MPa·m1/2) 

RSC-3 0.9954 18.1±0.52 3.84±0.22 

PC-1 0.9849 16.5±0.34 3.94±0.25 

Indentation fracture toughness was calculated based on the crack length in the Vickers 

indentations by using a volumetric rule of mixtures for a composite containing TaB2 (E=551 

GPa) [8] and TaC (E=537 GPa) [31]. In this study, indentation fracture toughness was 

calculated as ~3.84 and ~3.94 MPa·m1/2 for RSC-3 and PC-1, respectively (Table 2). In the 

previous studies, fracture toughness was reported as ~4.7 MPa·m1/2 for TaB2, based on the 

reactive sintering of Ta and 2B [32], ~3.5 MPa·m1/2 (94 % relative density) for hot-pressed TaC 

[12], and ~3.4 MPa·m1/2 (98.6 % relative density) for hot-pressed TaC-10 wt% TaB2 composite 

[12]. The fracture toughness of the PC-1 was slightly higher than that of RSC-3. This could be 

related to the larger size of TaC platelets in PC-1, as explained in section 3.3. Fracture toughness 

of ~3.3 MPa·m1/2 was obtained for monolithic sintered TaB2. Although PC-1 had better fracture 

toughness than that of monolithic sintered TaB2, it is slightly lower than that of some previously 

reported values for monolithic TaB2. This situation could be attributed to the agglomeration of 

TaC platelets (indicated by the dotted yellow circle in Fig. 6a) and the fracture mode of the 

composite structure. The combination of intergranular and transgranular fracture modes was 

detected in RSC-3. In addition, cleavage planes (indicated by yellow arrows in Fig. 6a) were 

detected in the fracture surface, which is characteristic of the brittle transgranular fracture mode. 

Demirskyi et al. [21] stated that when the monolithic TaB2 specimens were approaching full 

densification, the majority of the specimens were fractured in intergranular mode and weaker 

bonding between grains was observed. Moreover, Zhang et al. [33] reported intergranular 

fracture mode for TaC, and both intergranular and transgranular fracture modes for TaC with 
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B4C additions. The authors reported that intragranular fracture did not result in a higher strength 

for multiphase TaC, owing to the thermal expansion coefficient mismatch that causes tensile or 

compressive stress near two-phase boundaries. 

3.4. TG analysis 

The oxidation behavior of the samples was examined using TGA up to 1100 °C at a heating 

rate of 5 °C/min. All samples retained their structural integrity after the oxidation tests. The 

variation in the mass as a function of temperature is shown in Fig. 7. Weight gains of 1.74% 

and 1.50% were obtained for RSC-3 and PC-1, respectively. The fact that the PC-1 mass gain 

is lower than that of RSC-3 may be ascribed to the relative density difference. Although no 

significant difference was detected between mass gains of RSC-3 and PC-1, oxidation paths 

were different. The change of RSC-3 tends to increase exponentially. A mass loss was observed 

for PC-1 up to ~ 500 ℃. The weight started to increase at ~ 600 ℃ for RSC-3 and ~ 500 ℃ for 

PC-1. The oxidation of TaB2 and TaC starts at ~ 600 ℃ and 400 ℃, respectively [34,35]. Both 

composites exhibited passive oxidation behavior that formed a protective oxide film on the 

surface according to oxidation of TaB2. Desmasion-Brut et al. [36] reported that TaC does not 

form an oxide layer. A carbon diffusion occurred from the center to the surface of the sample 

that limits the oxide layer formation. Even if the oxide film forms it is not protective due to the 

evolution of gaseous products  [37]. TaB2 and TaC oxidize according to Eqs. (7) and (8) [36,38]:  2𝑇𝑎𝐵2(𝑠) + 11/2𝑂2(𝑔) → 𝑇𝑎2𝑂5(𝑠) + 2𝐵2𝑂3(𝑙)                                                                            (7) 2𝑇𝑎𝐶(𝑠) + 9/2𝑂2(𝑔) → 𝑇𝑎2𝑂5(𝑠) + 2𝐶𝑂2(𝑔)                                                                                  (8) 

 

Fig. 7 Mass gain in the air for RSC-3 and PC-1. 
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4. Conclusions 

A near fully dense reactive spark plasma sintered TaB2-TaC composite with 6.64 vol% TaC 

was produced by using Ta2O5 and B4C as reactants. To investigate the effect of the sintering 

route, ready-to-press TaB2 and TaC powders were sintered using the same process parameters. 

However, similar densification was not achieved. The characterization of the composites 

revealed that reactively sintered TaB2-TaC composite exhibited better densification and higher 

hardness than that of non-reactively sintered composite. While platelet-shaped TaC formation 

was observed in both processes, the average grain size was smaller in the reactive sintering 

method. No significant difference was detected in fracture toughness and oxidation behavior of 

the composites produced by reactive and non-reactive SPS. Overall, good mechanical 

properties and high densification at low process temperature make the reactively sintered TaB2-

TaC composites potential candidates for use in ultra-high temperature applications.  
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