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Abstract 

In this study, flexural strength measurements and microstructural studies have been combined to 

evaluate the effect of elevated temperatures on the fracture behavior of B4C–TaB2 ceramic 

composites that have a eutectic structure. Mechanical characterization was carried out at 

1600 °C, 1800 °C and 2000 °C. The B4C–TaB2 eutectic composites were prepared in situ using a 

spark plasma sintering technique. The eutectic composites exhibited strengths of 483±17 MPa 

and 525±12 MPa at 1600 °C and 1800 °C, respectively, which is higher than the strength of 

430±25 MPa measured at room temperature. The flexural strength of the B4C–TaB2 eutectic 

composites was 511±16 MPa at 2000 °C (i.e., 0.86 of the melting point of the B4C–TaB2 

eutectic), indicating plastic behavior. Analyses of the high-temperature flexural strength behavior 

of this non-oxide eutectic are reported. 

Keywords: boron carbide; high-temperature strength; eutectic composite; tantalum diboride; 

spark plasma sintering. 

 

1. Introduction 

Eutectics are the multi-phase composites formed during liquid-phase solidification processes. 

Both ordered and disordered eutectics are prepared by different methods and involve using 
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metallic, oxide and non-oxide ceramic systems [1–12]. Unlike other ceramic composite 

fabrication processes, the synthesis of eutectic composites in situ during melt solidification 

provides the advantage that the resulting structures are not dependent on the properties of the 

starting materials such as particle size or shape but are instead related to solidification 

conditions. Interest in non-oxide eutectic composites comes from the unique hardness, creep 

resistance and strength of these composites at room and elevated temperatures. These aligned 

composites exhibit enhanced bonding between phases as a direct result of the in situ growth 

process. Hence, eutectics of boron carbide with transition metal diborides are receiving special 

attention due to the high hardness and elevated flexural strength behavior of the B4C matrix [4–

12]. 

Recent studies by Demirskyi et al. [7–11] revealed that eutectic composites of boron carbide 

with transition metals in group 5 of the periodic table can be prepared in situ by spark plasma 

sintering (SPS). This method provides an opportunity to study non-oxide eutectic composite 

samples large enough for strength characterization measurements, thus overcoming one of the 

disadvantages of the directional solidification (DS) method [2–6], where specimen size is limited 

to the order of millimeters in a direction perpendicular to that used for solidification. Initial work 

on the B4C–TaB2 system showed that eutectic composition ceramics with strengths comparable 

to those of metal diboride can be produced [11]. 

Furthermore, previous reports on eutectic composites based on boron carbide prepared using the 

DS and SPS methods [4–6] suggest that flexural strength is quite sensitive to the processing 

routes, which can result in different room temperature strengths ranging from 190 to 420 MPa. 

Moreover, at elevated temperatures as high as 1600 °C, the additional increase in strength can be 
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gained from a positive contribution of plastic deformation to the fracture process by activating, 

for instance, the fibril pull-out mechanism. 

Whether there is a similar variation in flexural strength for other B4C-based systems is of 

practical importance. Knowledge of how the flexural strength varies with contribution of 

plasticity of the matrix phase and diboride fibrils is of theoretical interest. Hence, the present 

study is an extension of a previous investigation on the B4C–TaB2 system [9,11] and focuses on 

the high-temperature flexural behavior of the B4C–TaB2 system. In particular, the strength and 

plastic behavior of these eutectic composites at 2000 °C is reported for the first time. 

Furthermore, we provide an analysis of flexural strength behavior of other non-oxide eutectic 

systems at high temperature and present our interpretation of the deformation behavior of this 

unique class of composites at temperatures of approximately 0.8 of their melting point. 

 

2. Materials and Methods 

B4C–composites with a eutectic composition of 33 mol.% TaB2 were prepared in situ using spark 

plasma sintering from commercially available TaB2 (dav = 1–5 µm, <0.5 wt.% C, <0.5 wt.% N, 

<0.7 wt.% O, Lot # T301160, Japan New Metals Co., Ltd., Japan) and B4C (dav = 1.5–5.0 µm, 

B2O3 < 0.75 wt.%, C-free < 2 wt.%, Sinopharm Chemical Reagent Co., Ltd., Singapore) powders 

as starting materials (Fig. 1). The mixture and consolidation routine is described in depth 

elsewhere [11]. SPS was performed at 2350 °C with a nominal dwell time of 1 min using a Dr. 

Sinter Model 1050 (Sumitomo Coal Mining Co. Ltd., Japan) [13–17]. After SPS was completed, 

samples were cooled under a constant pressure of 10 MPa to 1800 °C at a rate of 150 °C·min
-1

 

and a dwell time of 1 min at this temperature; then, cooling to room temperature was continued 
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at a rate of 150 °C·min
-1

. SPS was performed in an atmosphere of argon gas maintained at a flow 

rate of 2 l·min
-1

. 

After SPS consolidation, a flat surface was formed on the specimens using SiC paper, followed 

by grinding with diamond disks to produce a 0.5-µm finish. Crack-free ceramic bar specimens 

were selected for flexural strength tests. 

Three-point flexural strength tests were performed on type A bars (1.5×2.0×20 mm) using semi-

articulated fixtures according to ASTM Method C1161-11. Electric discharge machining was 

used to cut specimens with diameter of 30 mm from the bars. Lateral surfaces on the bars were 

ground and polished using diamond paste to produce a 1-µm surface finish. The three-point 

flexural strength tests were conducted using Shimadzu AG-X plus (Shimadzu, Japan) equipped 

with a specially designed high-temperature enclosure (NEMS, Japan) housing W heating 

elements and capable of temperatures up to 2000 °С. Figure 2 shows the details of the high-

temperature strength apparatus available at NIMS. The temperature inside the hot-zone was 

controlled by two thermocouples and an IR pyrometer. The pyrometer was used to control of 

temperatures above 1800 °С. 

The vacuum space was pumped to 4·10
-3

 Pa and backfilled with high-purity argon at least 3 

times for the elevated temperature tests. A protective atmosphere was maintained by flowing 

ultra-high purity argon through an internal enclosure. 

For the high-temperature flexural strength tests, the following heating schedule was used: 

heating from room temperature to 200 °С over 10 minutes, and from 200 °С to the testing 

temperature at a rate of 18 °С·min
-1

. A dwell time of 5 min at the testing temperature was 

employed prior to flexural test. After testing, cooling from the testing temperature to room 

temperature was performed at a rate of 20 °С·min
-1

. For the linear portion of the load-
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displacement curve, we evaluated the elastic modulus (Ef) using the procedure described in 

[11,17]. 

A span of 16 mm was used during flexural tests. Measurements were performed using a loading 

speed of 0.5 mm·min
-1

. Three to four samples were tested at each temperature. Microstructural 

observations and analyses were carried out on polished sections using an SU 8000 cold-emission 

FE-SEM (Hitachi, Japan). X-ray diffraction (XRD) analysis (Rigaku RINT 2500 HLR, Japan) 

using Cu Kα radiation was performed on fractured specimens after the high-temperature flexural 

tests to identify crystalline phases. 

 

 

3. Results and Discussion 

The bulk densities of the spark plasma sintered specimens were 5.01±0.01 g/cm
3
. The resulting 

relative density of the specimens was greater than 99%. This is consistent with data from our 

previous study [11]. Furthermore, examination of polished surfaces indicated some pores that 

usually occurred near unreacted tantalum diboride grains 1–5 µm in size were usually located at 

the edge of the eutectic colonies. The diameter of TaB2 eutectic inclusions of were 1.3±0.4 µm. 

Both regular and irregular eutectic structures were observed as in [11] (see Fig. 1 (c)). 

 

3.1 Flexural behavior of B4C–TaB2 eutectic composites at elevated temperatures 

Figure 2 shows loading curves for boron carbide–tantalum diboride eutectic ceramics recorded 

during the three-point flexural strength tests at different temperatures. Changes in fracture 

behavior between the room temperature and 1600 °C tests were not observed. For the tests 

performed at 1800 °C, a change in the testing curve slope was observed, indicating a change in 

the elastic modulus during testing (Table 1). The elastic modulus decreased more rapidly at 
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2000 °C to 317±13 GPa. At this temperature, all specimens showed a deviation from the ‘linear’ 

elastic part of the loading curve, suggesting plastic fracture of the B4C–TaB2 eutectic 

composites. 

A change in the elastic modulus during flexural strength tests at elevated temperatures is a 

natural process reported for metals, alloys, and eutectic or particulate composites [17,18]. In the 

case of well-studied particulate ZrB2 ceramics, a similar change in the elastic modulus was 

attributed to softening of grain boundaries of secondary phases isolated in the triple grain 

junctions [18]. In the case of B4C–TaB2 eutectic composites, previous investigations using SEM, 

EDX and XRD [9,11] suggested that only B4C and TaB2 phases were present in the eutectic 

composite. Similar to the DS of non-oxide ceramics [4–6], secondary phases were eliminated 

during eutectic composite processing. 

In general, the fracture behavior of the B4C–TaB2 eutectic specimens subjected to flexural testing 

at elevated temperatures was similar to that observed at room temperature (Fig. 3) [11]. The 

distinctive difference in structure was due to the thermal etching in argon and becomes clearer at 

1800 °C or at 2000 °C.  Some macroscopic cracks were found after testing in all inspected 

specimens. The presence of cracks was indirectly indicated by ‘zig-zag’-like areas on the loading 

curves (see arrows in Fig. 3). These areas underline the intercrystalline (intergranular) fracture 

mechanism that eutectic composites undergo [5] and are the result of crack initiation and crack 

propagation that occurs naturally during testing [11]. To confirm that the appearance of zig-zags 

on the loading curves was not associated with hardware, reference tests of boron carbide 

monoliths were performed using a 0.5 mm/min loading speed. These loading–force curves were 

free of steps or zig-zag areas. 
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Figures 4–6 suggest that cracks formed during the flexural tests were less straight at 1600 °C 

and 1800 °C and had the same characteristics as microscopic cracks induced during room 

temperature fracturing and Vickers indentation described in [8–11]. Some crack deflections near 

the interface between the B4C matrix and TaB2 fibrils are clearly visible for the specimens 

fractured at 1600 °C. For specimens tested at 2000 °C, the fracture analysis suggested that a 

number of fibril pull-outs occurred, and such fracturing was confirmed from the number of holes 

with sharp edges. Some TaB2 fibrils that were pulled out during fracture can be clearly identified 

at the other side of the crack (Fig. 6). These observations suggest that initial fracturing at 

2000 °C occurred mainly through the boron carbide matrix, which fractured in a quasi-brittle 

manner [2]. Furthermore, we did not observe any clear evidence of degradation of the boron 

carbide matrix during tests at 2000 °C. 

Another important observation is that during flexural strength tests at 1600 °C, we observed a 

small section of brittle-fractured eutectic (see Fig. 7 (e)) in the area of the bar that experienced 

the maximum compressive stress (below the top roller) in specimen #47-III (Table 1). In 

general, it was seen that specimens fractured at 1600 °C had different fractures than observed at 

room temperature, where fracturing occurred via fibrils: see uneven chipped fibrils shown in Fig. 

7 (a) or a mixed mechanism where fracturing occurred along different slip planes in the eutectic 

composite (Fig. 7 (c)) [17]. On the tensile side of the bar, and for other specimens tested twice at 

1600 °C, we observed fractures identical to those in Fig. 4 (which was taken in the center of the 

bar after flexural testing). In the latter case both matrix and fibrils contributed to the fracture 

process; the fibril pull-out mechanism also contributed to the increase in strength at 1600 °C 

[3,6,17]. 
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The experimental data collected on flexural strength behavior of B4C–TaB2 eutectics (Table 1) 

suggest that the strength increases between room temperature and 1800 °C, followed by a slight 

decrease at 2000 °C. Figure 8 illustrates data on the high-temperature strength of B4C-based and 

TiB2-based ceramics reported in [4,6,16,19–22]. It is apparent that despite high strength values 

of the TiB2 – B composites, there is an unavoidable decrease in flexural strength at 1800 °C due 

to an increased contribution of plastic deformation [16]. After SPS consolidation, the TiB2–B 

composite had a peculiar structure in which the TiB2 grains were surrounded by the rigid B4C 

matrix. Unlike most studies of the B4C–TiB2 system, where composites had a composition 

similar to the eutectic composition (70/30 mas% B4C/TiB2), only 10 wt.% of boron were added 

before consolidation in study [16]. Hence, the volume occupied by the boron carbide phase after 

SPS consolidation was significantly lower than that for the eutectic one. A previous study [16] 

shows the high-temperature limit of TiB2 ceramics and demonstrates that smart composition 

engineering can produce particulate composites with good strength up to 1600 °C, but at 

temperatures equal to or higher than 1800 °C, the high-temperature intergranular fracture is 

dominant, and the strength essentially is governed by inter-grain bonding. In this respect, 

previous studies on the flexural strength behavior of eutectic composites indicated that bonding 

between the matrix and fibrils is different compared to that reported for particulate composites 

[11,17]. 

 

3.2 Phase analysis of bars after flexure at elevated temperatures 

Phase analyses performed on the fractured surfaces of bars after flexural tests by XRD (Fig. 9) 

revealed that the main phases were boron carbide (B13C2) and tantalum diboride. For the latter 

phase, the hexagonal AlB2 structure is built of hexagonal nets of Ta and triangular nets of pure 
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boron atoms (Fig. 9 (c)). A graphitic network of boron atoms is sandwiched by the metal layers 

in bulk.  

Because the crystal structure of TaB2 is layered, the physical properties are expected to be highly 

anisotropic. However, mainly because of the inherent difficulty in growing single crystals of 

transition metal diborides, in general, due to their high melting points, almost nothing is known 

how their physical properties vary with crystallographic directions (i.e., internal crystal 

anisotropy). 

We should note that XRD analysis of a bar after a flexural test at room temperature (Fig. 9 (a)) 

showed that the composite is highly anisotropic. Hence, grinding only part of the bar into fine 

powder allowed us to detect the presence of the boron carbide phase by observing the (021) 

peak. In this case, the intensity, position and shape of TaB2 peaks were also changed when 

compared with the fractured surface of the bar. The d-spacing of the TaB2 peaks in tested 

specimens (Fig. 9 (b)) were slightly shifted to lower 2θ values at elevated temperatures, which 

corresponds to a larger d-spacing and higher tensile stress. A change in the d-spacing of the 

Zr
11

B2 phase (110) peaks in the ZrB2–SiC composite by neutron diffraction was evaluated in 

[23]. The change in d-spacing during heating and cooling exhibited a hysteresis-like behavior. 

Furthermore, evaluation of the tensile stresses in the Zr
11

B2 phase suggested the minimum stress 

was in the (002) direction, while the maximum stress was in the (110) direction. 

Nakano et al. suggested that the hardness of TaB2 single crystals at high-temperature [24] was 

higher along the [11-20] direction than along the [10-10] direction on the (0001) plane (see the 

corresponding plane projection in Fig. 9 (c)). 

Hunter et al. studied the slip behavior of ZrB2 [25] and suggested that the low temperature slip 

systems were found to include c-prismatic slip – 1/3 [0001] (-1010) – and an a-pyramidal slip – 
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1/3 [11-20] (-1101), whereas the elevated temperature sample revealed an a-basal slip – 1/3 [11-

20] (0001). 

A study of HfB2 suggested that the (0001) surface will relax inwards during heating to 2000 °C 

[26]. This indicates that crystal structures undergo a change at high temperature because of boron 

desorption. The latter finding agrees with the fact that boron is easy to sublimate at elevated 

temperatures during single-crystal growth. Thus, intrinsic changes in TaB2 fibrils can be caused 

by relaxation of the diboride lattice. Hence, changes in the shape and position of the (100) and 

(002) XRD peaks shown in Fig. 9 may serve as a confirmation that both plastic deformation and 

structural changes are active during the tests conducted at elevated temperatures. At this point it 

is impossible to confirm that these processes have a direct influence on each other, and reliable 

data on bulk poly- and single crystals of TaB2 or B4C may provide additional insight. 

 

3.3 Analysis of the temperature dependence of flexural strength of non-oxide eutectic composites 

To summarize and analyze data on the flexural strength behavior of eutectic and respective 

monoliths such as TiB2 or B4C, one should keep in mind that physical properties of matter such 

as flexural strength depend on many factors, in particular, on porosity, grain size and impurities. 

However, for bulk monoliths flexural strength at elevated temperatures may be directly related to 

the compounds melting point [17,27]. Hence, in comparing temperature dependent properties it 

would be more correct to keep the ratio of the testing temperature to the meting point (Tmelt) on 

the absolute scale. Therefore, the results on flexural behavior of some non-oxide compounds 

(eutectics and bulk monoliths) are summarized in Figures 10 and 11 as a function of 

homologous temperature. 
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The high-temperature behavior of the flexural strength of B4C–TiB2 eutectic composites [4] has 

two extremes: a maximum at 0.65 Tmelt and a clear minimum at 0.4 Tmelt. First, flexural 

strength decreases due to the anisotropy in the coefficients of thermal expansions (CTE) for the 

boron carbide matrix. This is followed by an increase in flexural strength, which is attributed to 

the plastic behavior of boron carbide matrix and titanium diboride inclusions. Finally, at 

1600 °C, the different plasticities of TiB2 and B4C phases cause a slight decrease in strength. 

Data for the flexural strength of boron carbide ceramics are scarce; most noticeably, data for the 

flexural behavior of B4C above 1800 °C are yet to be reported [20–22].  For the high-density 

polycrystalline bulk samples of B4C at temperatures of 900–1600 °C, the flexural strength was 

found to have a complex behavior: first, it decreases due to the anisotropy of CTE, which is 

followed by increase in strength with increasing temperature. This increase was attributed to the 

increase in the contribution from plastic deformation to the fracture stress above 1500 K [20] and 

is discussed in depth in [17].  

Data on monolithic titanium diboride ceramics suggest a 40% increase in strength can be 

achieved at 0.45 Tmelt [15,28,29]. An increase in flexural strength was attributed to an increased 

contribution from plastic deformation to the fracture process. Nevertheless, a further increase in 

testing temperature over 0.5 Tmelt resulted in a rapid decrease in strength [15]. In this case, TiB2 

monoliths fractured in a quasi-plastic manner and a decrease in flexural strength and elastic 

modulus was observed. Hence, analysis of data on the flexural strength behavior of monolithic 

boron carbide and titanium diboride ceramics confirms the initial observations made for B4C–

TiB2 eutectic composites [4]. 

Another interesting observation was made in [3] for the LaB6–ZrB2 eutectics prepared by DS. 

These ceramics showed a continuous strength increase with temperature increase (Fig. 11). It 
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was suggested that this behavior was due to increased bonding forces between the matrix and 

fibers and the development of stress relaxation processes inside ceramic composite. An increase 

in strength from 630 MPa at room temperature to 950 MPa at 1600 °C was reported. An identical 

tendency for the increase of flexural strength with temperature was also reported for LaB6–TiB2 

eutectics [30], although unfortunately, the ceramics bars were too brittle to be tested at room 

temperature; hence, the data for [30] are not present in Fig. 11. 

The flexural strength behavior of the B4C–TaB2 system seems to follow the trends observed for 

B4C–TiB2 and LaB6–ZrB2 eutectic composites. Unfortunately, the flexural strength behavior of 

the monolithic TaB2 was never previously reported for such high temperatures. Currently, it is 

hard to judge whether B4C–TaB2 ceramics would experience a decrease in flexural strength at 

0.3–0.4 Tmelt of B4C matrix or would be compensated for by the plasticity of diboride. Hence, 

additional flexural testing in this peculiar temperature interval is suggested as a topic for 

upcoming studies. Nevertheless, the primary goal of this study was to evaluate flexural behavior 

above 1600 °C, and the maximum temperature used for the flexural strength tests in this study is 

0.86 of the melting point of the B4C–TaB2 system [12]. At such a high temperature, the fracture 

behavior of polycrystalline specimens of B4C and TaB2 phases is expected to be controlled by 

their plasticity, as was reported in [17] for SiC–NbB2 eutectics. The SiC–NbB2 composites 

showed a decrease of only 10–20% in flexural strength at 1900–2000 °C, only 100–150 °C 

below their hypothetical melting point [17]. 

As analyzed in [17] and summarized in a systematic study [27], the plastic fracture should be 

observed at temperatures between 0.58–0.7 of Tmelt for transition metal carbides and diborides. 

In addition, according to Kalish et al. [31], fracturing at 1400 °C occurs mainly through an 

intergranular fracture mechanism. Hence, at temperatures exceeding 0.58 Tmelt, bulk metal 
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diboride fractures occur by a plastic intergranular mechanism (see data for TiB2 and TiB2-B 

composite in Fig. 10). 

Results of the present study suggest that components produced from B4C–TaB2 eutectic 

composites can be used at working temperatures of 1800–2000 °C, where these composites 

fracture in quasi-brittle manner and possess high strength (525 MPa). Furthermore, the B4C–

TaB2 system has the second highest melting point for B4C–MeB2 composites (Tmelt ~ 2640 K) 

[12]. The B4C–HfB2 ceramics with a slightly higher melting point (~ 2650 K) may show a 

similar flexural strength behavior. Moreover, the results of [6] for Si-doped B4C–TiB2 eutectic 

composites at 1600 °C suggest that further strength increases are anticipated if appropriate 

modification of the boron carbide matrix is performed. Alternatively, the further generation of 

complex B4C–TaB2–HfB2/TiB2 composites may additionally increase the elevated temperature 

performance of these ceramic composites due to the formation of interstitial solid solution 

compounds [15,32,33]. 

 

4. Conclusions 

B4C–TaB2 eutectic composites produced by SPS showed a strength increase from 430±25 MPa 

at room temperature to 483±17 MPa at 1600 °C. Fractographic analyses suggest that composites 

fracture in the same manner at room temperature via numerous micro- and macro-cracks that 

have distinctive crack deflections. An unexpected strengthening of B4C–TaB2 eutectic 

composites occurs at 1800–2000 °C, in the temperature range where most monolithic ceramics 

experience a decrease in strength. Analysis suggests that the increase in strength is associated 

with an increased contribution of plasticity from diboride fibrils and the boron carbide matrix, 

which is consistent with earlier findings on high-temperature behavior non-oxide eutectics. 
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Tables 

Table 1. Evaluation of physical and mechanical properties of B4C–TaB2 ceramic composites 

Specimen, 

designation 

Temperature, °C Crosshead 

rate, 

mm·min
-1

 

Flexural 

strength, σ, 

MPa 

Elastic modulus, 

E(f), GPa, (within an 

error of ±10 GPa) 

TB-RT [11] 25 0.5 430 424 

47-I 1600 0.5 468 420 

47-II 1600 0.5 482 423 

47-III 1600 0.5 502 425 

45-I 1800 0.5 521 380 

45-II 1800 0.5 512 371 

45-III 1800 0.5 529 375 

45-IV 1800 0.5 540 362 

61-I 2000 0.5 519 -* 

61-II 2000 0.5 498 -* 

61-III 2000 0.5 518 -* 

Notes 

* B4C–TaB2 eutectic composites exhibited plastic behavior (see Fig. 3) and the elastic modulus 

evaluated from the linear slope was 317±13 GPa. 
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Figure Captions 

Fig. 1. SEM images of initial powders (a) B4C and (b) TaB2. (c) shows the structure of a eutectic 

composite formed in situ during SPS. Both regular and irregular eutectic structures can be clearly 

identified. 

Fig. 2. High-temperature strength test apparatus used in the present study for the characterization 

of the flexural strength of B4C–TaB2 eutectic composites. (1) Flexural test machine capable of 

loads up to 5 kN, (2) high temperature enclosure, (3) controlling unit, (4) thermocouple and (5) 

IR pyrometer 

Fig. 3. Typical loading diagrams of the B4C–TaB2 eutectic ceramic composite tested at room 

temperature and at elevated temperatures by the three-point flexural strength test. Arrows 

indicate places where non-linear zig-zag-like areas of the load–displacement curves are 

observed. 

Fig. 4. Typical microstructure of the B4C–TaB2 eutectic ceramic composite tested at 1600 °C by 

the three-point flexural strength test. Note the complex nature of the crack propagation that is 

formed during flexural testing: fibril pull-out, crack deflection and crack bridging mechanisms 

are active during fracture. 

Fig. 5. Fracturing of the B4C–TaB2 eutectic ceramic composite tested at 1800 °C by the three-

point flexural strength test. Note that markings on the boron carbide matrix are a consequence of 

thermal etching by the argon gas. 

Fig. 6. Cracking and microstructure of the B4C–TaB2 eutectic ceramic composite subjected to 

the three-point flexural strength test at 2000 °C. Note the difference in crack propagations 

observed at 1600 °C (Fig. 4). At 2000 °C, crack opening is easier due to a greater contribution 

from the plastic deformation to flexure process. The separation between fibrils and the matrix 
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interface, i.e., intergranular fracture mechanism for particulate composite systems, becomes the 

main mechanism of fracture. 

Fig. 7. Difference in fracture behavior of the B4C–TaB2 eutectic ceramic composite fractured by 

the three-point flexural strength test at room temperature (a–c) and at 1600 °C (d–f). Note that 

some typical brittle fracture features such as fine cleavage was observed for (e), and are marked 

by arrows. (e) is taken in the compressive region (i.e., under the top roller), while (d) and (f) are 

from the tensile region of the bar after the flexural strength test. Dashed lines are used to show 

the areas of the fiber pull-out.  

Fig. 8. Temperature dependence of the flexural strength of B4C–TaB2 eutectic and other high-

temperature ceramics reported in [4,6,16,19–22]. The dashed line for TiB2–B composite data is 

used to illustrate the trend observed in the original study. Note that in some cases, the 

experimental error bars are smaller than the symbol sizes. 

Fig. 9. Phase analysis of the specimens after flexural testing at different temperatures. (a) shows 

XRD data for initial powders and for the fractured surface of the specimen of after testing at 

room temperature. Data on a finely ground part of the bars demonstrate the anisotropy of the 

eutectic ceramic. (b) contains data collected from the flexural surface of bars at 1600 °C and 

2000 °C. Note the widening of peaks (100) and (002) identified as TaB2 with increasing 

temperature in the tests. (c) shows the crystal structure of TaB2 and the projection along the 

[0001] direction. 

Fig. 10. Flexural strength behavior of the B4C–TiB2 eutectic [4], TiB2–B composite [16] and 

B4C [20–22] and TiB2 [15,28,29] monoliths as a function of homologous temperature. 
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Fig. 11. Flexural strength behavior of B4C–TaB2, B4C–TiB2, SiC–NbB2 and LaB6–ZrB2 eutectics 

as a function of temperature [3,4,17]. Dashed lines in the case of the B4C–TiB2 and LaB6–ZrB2 

systems highlight trends observed in the original studies. 
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