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Abstract 

ZrB2 is one of the most promising materials for extreme environment applications, especially in the aerospace 

field, due to the combination of superior thermophysical properties and low density. Nevertheless, pure ZrB2 

is intrinsically hard to sinter, requiring either the application of intense external pressure or the use of 

sintering aids.  

In the present work, the feasibility of ultrafast high-temperature sintering (UHS) for the densification of 

commercial ZrB2 was explored. Thanks to the addition of B4C as a sintering aid, Densities up to 92-98% could 

be obtained in just 2 min. Hardness of 16.3-17.8 GPa was obtained for the UHS ZrB2-based ceramics, similar 

to what is reported in the literature using slower, more sophisticated and energy-consuming sintering 

approaches like spark plasma sintering. These first results show that UHS could provide a quick and simple 

way to produce high-performance ZrB2-based components with just a few minutes of processing time in 

pressure-less conditions. 
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1. Introduction 

Transition metals diborides (such as TiB2, ZrB2 and HfB2) are characterized by high melting temperature 

combined with excellent mechanical and physical properties (high thermal and electrical conductivity, 

chemical inertness against molten metals and great thermal shock resistance) [1–3]. These compounds 

belong to the group of Ultra-High-Temperature-Ceramics, a class of materials suitable for extreme 

applications such as high-temperature electrodes, crucibles for molten metal and structural or thermal 

protection components for hypersonic flight vehicles. Among them, ZrB2 is characterized by the lowest 

density, making it the best candidate for aerospace applications. 

Nonetheless, the widespread use of ZrB2 has been limited by the difficulty in obtaining dense ceramic parts, 

due to its intrinsic low sinterability. This originates from the strong covalent bonding of ZrB2, which results in 

limited self- and grain boundary diffusion coefficients. Moreover, the presence of oxides (B2O3 and ZrO2) on 

the particle surfaces promotes coarsening over sintering at temperatures below which considerable 

densification can take place.[4] 

Therefore, a combination of high sintering temperature and applied pressure is needed for producing dense 

ZrB2 components, like in hot pressing (HP).[1,5] Typically, temperatures above 2000°C and pressures above 

30 MPa are needed to exceed a final relative density of 95%.[1,6,7] Similar results can be obtained by spark 

plasma sintering (SPS)[8] and flash spark plasma sintering (FSPS)[9]. However, all these techniques are limited 

to produce specimens of relatively simple shapes. In order to achieve comparable densities via pressureless 

sintering, the starting ZrB2 powder has to be milled and/or mixed with sintering aids. Ball milling of the 

commercial powders effectively enhances sinterability by lowering the particle size, but quickly wears the 

milling balls making it relatively expensive (frequent replacement of expensive carbide balls) and 

contaminating the original powder [2,10,11]. The advantages of the particle size reduction through ball 

milling, therefore, overlap with those of doping: the addition of compounds reacting with the oxide surface 

layer, such as WC (used as typical milling media), B4C and C, results in the removal of these oxides and in the 

effective densification of ZrB2 without the application of external pressure [11–14]. In particular, the 

additions of WC and B4C were shown to give further advantages to the final ZrB2-based composites: the 



inclusion of W improves the oxidation resistance of ZrB2[1], while the addition of B4C results in better final 

mechanical properties[12,15] and lighter components (thanks to the low density of B4C) which is of pivotal 

relevance in aerospace applications. Another strategy is the activation of liquid phase sintering by the 

addition of liquid phase formers, such as MoSi2[16], or low melting temperature transition metals (Cr, Fe, 

Ni)[17,18]. Overall, the addition of B4C yields multiple advantages thanks to the eutectic at 2200 ± 20°C in 

the Zr – B – C phase diagram [19,20].  

The high temperatures required in said processes can be reached also using ultrafast high-temperature 

sintering (UHS), a recently developed technique allowing the densification of ceramic samples within a couple 

of minutes [21]. In brief, green components are placed within a graphite felt that is Joule heated by a current 

flow, reaching temperatures exceeding 2000°C with heating rates in the order of 103 K min-1. This technique 

enables the densification of specimens even with complex shapes, by using a relatively simple setup if 

compared to SPS or FSPS. So far it has been applied to different oxide systems [22–31], glasses[32], carbides 

[33,34], nitrides [35] and high-entropy borides[36]. 

The present work aims at exploring the applicability of ultrafast high-temperature sintering for the 

consolidation and densification of ZrB2 with and without the addition of B4C as a sintering aid.  

 

2. Experimental procedure 

Sample preparation 

The ZrB2 powder used in this work was acquired from Höganäs (Grade B, D50 = 1.5–3 µm, containing Fe and 

Hf impurities and max 1.5% O). Samples of about 225 mg of powder were uniaxially pressed into green disks 

(diameter = 6 mm) under 500 MPa, resulting in a thickness of 2 mm (green relative density ≈ 60%). In order 

to increase the final density of the sintered material, some of the original ZrB2 powder was mixed with 10 

wt% B4C (TETRABOR® 3000F by ESK Ceramics GmbH, particle size around 0.8 µm). A batch of 10 g of 

composite powder was mixed for 30 min in ultrasonic bath with the addition of 10 mL of Methylethylketone 

as solvent, and the resulting slurry was dried overnight at 150°C. Considered the lower density of B4C with 



respect to ZrB2 (2.52 and 6.09 g cm-3 respectively), the mass of the ZrB2-B4C composite disks was lowered to 

200 mg to preserve the same volume of the green disks under the same pressing conditions. 

UHS was performed using a 6 x 16 x 73 mm3 (thickness x width x length) graphite felt (Sigratherm® GFA), 

leaving 23 mm of span between the electrodes. Based on our previous tests, such dimensions were chosen 

so to have a relativelly homogeneous temperature profile in the position of the sample. A larger span 

between the electrodes would increase the volatage needed for the process without improving much the 

temperature homogeneity and the maximum temeprature in the sample region. As can be seen in the 

scheme reported in Figure 1A, 2 x 25 mm of felt were needed at the electrodes, leading to the total length 

of 73 mm. The samples were placed in the middle of the felt by opening a hole roughly of the same size of 

the green disks. All treatments were performed under Ar atmosphere. The current was applied using a Agilent 

6674A power supply limited to a maximum of 35 A in current and 60 V in voltage. Considered the low 

sinterability of ZrB2, only the most extreme sintering conditions were applied, namely 32 A and 35 A, with 

holding times from 15 s to 120 s. In all the experiments, the power source worked in current control mode, 

the applied voltage being always lower than the set voltage limit. Higher temperatures could be reached by 

decreasing the cross section of the graphite felt, thus increasing the current density. However, some tests 

performed with a 11 mm wide felt showed no improvement in the final density, while resulted in less 

reproducible samples (less error margin for the placement of the sample in the felt) and quicker degradation 

of the graphite. 

UHS thermal model 

The UHS setup used in this work does not allow the measurement of the exact temperature reached by the 

sample within the graphite felt; for this reason it was calculated by finite elements modeling (FEM). The felt 

conductivity and specimen convection heat losses were calibrated by melting some known pure compounds 

(Cu, Ni, Pt). Small specimens were placed inside and above the felt, and a sequence of treatments was 

performed by gradually increasing the input current until melting of the specimens occurred. The input 

voltage was also measured with a Keithely 2100 multimeter directly on the extremes of the felt, in order to 

account for the losses due to the wires. These parameters are detailed in a previous work(article under review). The 



simulation focussed on the ZrB2/10 wt% B4C composite, whose electro-thermal properties were extracted 

from closest composite properties available in the literature and reported in Table 1. The simulated felt 

configuration can have a high impact on the effective temperature of the specimen. Depending on the 

experimental conditions, the electrical current distribution, the contact with the felt, the surface to surface 

thermal exchanges and the heat removal by convection (chimney effect) can also influence the specimen 

temperature. Consequently, three different configurations were considered, detailed and justified in the 

Results and discussion section. The first configuration is the heating of the felt without the sample, the second 

assumes that the sample surfaces are completely in contact with the felt, while in the latter there is no 

contact with the felt. The last configuration (“minimum contact”) simulates the experimental case where the 

irregular shape of the felt implies contact points and convection heat losses. These three configurations are 

reported in the in Figure 1A. The simulated current lines in Figure 1B show the electric current concentration 

in full-contact configuration and the regular deviation of the current lines in the “minimum contact” 

configuration.  

 

Figure 1: (A) Scheme of the three simulated configurations with the main felt and sample dimensions and (B) simulation of the 
current line distributions in the “full contact” and “minimum contact” configurations showing different electrical current flow. 



Table 1: Electro-thermal properties of ZrB2-B4C composite 

Property Units Value / dependence on temperature 

Thermal conductivity of ZrB2-5wt%B4C[37] W m-1K-1 4.37E-06T2 – 1.68E-02T + 8.27E+01 

Specific heat capacity of ZrB2-5wt%B4C[37] J kg-1K-1 1.85E+02ln(T) – 5.57E+02 

Electrical resisitivty of ZrB2[38] S m-1 1/((7.8+0.01(T-298))E-08) 

Density of ZrB2[38] kg m-3 6100 

Emissivity of ZrB2[39] - 0.9 

 

Characterization 

The real density of the compounds was measured by He pycnometry using a Micromeritics AccuPyc 1330TC 

instrument (Micromeritics Instrument Corp., Norcross, GA, USA) on pure powders and on the ZrB2-B4C 

mixture. The apparent density of the sintered samples was measured by Archimedes’ method according to 

the ASTM C 830 standard, thus allowing to calculate the relative density.  

The microstructural characterization was performed both on polished and fracture surfaces by using a JEOL 

model JSM-5500 scanning electron microscope (SEM). The samples did not require metallization before 

analyses due to the conductive nature of ZrB2. Energy-dispersive X-ray spectroscopy (EDXS) was carried out 

separately on a JEOL JSM-IT300 LW equipped with a Bruker XFlash 630M detector operating at 20 keV. 

X-ray diffraction (XRD) was performed on polished surfaces using a Rigaku IIID Max diffractometer, equipped 

with Cu-Kα (λ = 1.5405 Å) X-ray source (40 kV; 30 mA). The diffraction patterns were fitted using the 

crystallographic data provided by Mandal et al.[40] with the software package Jana2006[41]. 

Vickers hardness was measured using Future-Tech FM-310 microhardness tester and load of 9.8 N; the values 

presented in this work are the averages of 10 measurements per sample. The samples were preliminarily 

embedded in resin and then polished using SiC grinding papers (up to grit 4000). 



3. Results and discussion 

Figure 2 shows the relative density of the different samples as a function of the UHS treatment time and 

current. The consolidation of pure ZrB2 powder is clearly limited, the relative density not exceeding 86%. 

Nevertheless, such value appears remarkable considering the ultra-refractory nature of the compound, the 

extremely limited treating time, the relatively large particle size and the absence of any sintering additive. 

The result is somehow promising as it shows that densification can take place in pressureless conditions using 

UHS. For comparison, Fahrenholtz et al. [15] reported densities limited to only 78% for commercial ZrB2 

powder after 2 h sintering at 2100°C. The relatively good densification achieved by UHS might be a result of 

the rapid heating schedule, which was shown to be beneficial for the densification in many ceramic 

systems[42–46] as it favors densification over grain coarsening. An increase of the UHS current (from 32 to 

35 A) does not affect substantially the final density (i.e., after 120 s), although densification is clearly 

anticipated, i.e., pure ZrB2 reaches a relative density of 84 % and xxx after 60 s under 35 and 32 A, espectivelly. 

On the other hand, sintering under the maximum current (35 A) results in coarser microstructure, as shown 

in Figure 3, where the coarsening phenomena are probably promoted by the residual surface oxide layer as 

it has been already reported in SPS [8]. 

 

Figure 2: Relative density of ZrB2 and ZrB2-B4C samples as a function of UHS holding time 



 

Figure 3: SEM micrographs of fresh fracture surfaces of the densest ZrB2 and ZrB2-B4C samples (produced with holding times of 120 

s). 

B4C addition causes a substantial densification improvement by a two-fold mechanism that can be 

appreciated by analyzing the density data in Figure 2 and the micrographs in Figure 3 (additional micrographs 

are available in Figure S1-S5 of the Supplementary material). At 32 A for 120 s, the ZrB2-B4C composite 

reached a density of 91.7%, while undergoing only limited coarsening if compared to the pure ZrB2 sample 

produced in the same conditions (top row of Figure 3). No evidence of B4C melting can be observed in the 

micrographs, where B4C equiaxial grains appear to be distributed within the ZrB2 matrix. The improved 

densification can be then attributed to the removal of the surface oxides of the as-purchased ZrB2 powder 

by solid-state reaction with B4C, as already documented by other authors [11,12,14]. 

By increasing the current from 32 A to 35 A, the final density increases further, reaching 94.5% after 60 s and 

97.5% after 120 s, this being due to a variation in the sintering mechanism. In such condition, the temperature 

is also high enough to melt B4C inducing liquid phase sintering and quicker densification. B4C melting is 

supported by clear microstructural evidences (Figure 3). In particular, round-edged grains usually associated 



with liquid phase sintering[47] can be appreciated. The rounded grain shape is consistent with their growth 

by Ostwald ripening within an isotropic (liquid) matrix, without any clear evidence of equilibrium triple points 

at the ZrB2-B4C interface that would be expected for solid-state sintering. Moreover, the carbide phase (dark 

region of the micrograph) becomes interconnected and located at the grain boundaries between the boride 

grains as a result of an efficient wetting process (Figure 3 and higher magnification micrographs in Figure S4). 

It is worth noting that, while pure carbide melts at about 2350°C, the ZrB2-B4C system presents a eutectic at 

a significantly lower temperature (just above 2200°C)[40,48]. The solidification microstructures observed in 

this work do not support the eutectic formation as the typical lamellas formed during solidification were only 

very sporadically and locally observed (Figure S6). In general, the microstrucutural evidences bake the 

hypothesis that liquid phase did not reach the eutectic composition (about 35 mol% of ZrB2).  

When liquid phase sintering is active, the accelerated densification is a result of a generalized faster mass 

transport through the grain boundary liquid film. As such, not only densification but also grain coarsening 

takes place in a matter of seconds. The microstructure obtained after 2 min, therefore, consists of large 

boride grains whose size is in the order of 30 μm. While exaggerated grain coarsening is in many cases 

undesired, in some applications of interest for ZrB2 it could be beneficial since, for instance, large-grained 

materials typically exhibit higher creep resistance [49]. 

The absence of secondary phase formation during the high-temperature treatment was verified by XRD on 

all samples, both pure ZrB2 and ZrB2-B4C composites (Figure S7, Supplementary materials). The patterns show 

the presence of only ZrB2 crystalline phase (a = b = 3.169 Å, c = 3.531 Å; α = β = 90°, γ = 120°) in good 

agreement with the literature, where the presence of B4C is reported to be observable by XRD only for 

concentrations in excess to 20 wt%.[40,48]  

FEM simulation was carried out to estimate whether the temperature reached during UHS could reasonably 

lead to B4C melting. Figure 4 shows that the maximum felt temperature and the average sample temperature, 

as well as the duration of the transient before reaching the temperature plateau, are affected by the 

considered configuration. In all conditions, the felt reaches the maximum temperature very quickly (less than 

20 s in the worst case), while the temperature in the sample increases more slowly and stabilizes only after 



20-30 s (heating rate ≈ 4000-7000°C min-1). This seems in good agreement with the fact that no substantial 

densification was observed in all cases after 15 s treatment (Figure 2). The system modeled with the presence 

of a hole around the sample shows lower temperatures for both the sample and the felt, due to the heat 

losses by convection and radiation. 

To understand which modelled configuration represents more closely the real case, a calibration test was 

performed. A pure B4C sample (Tm ≈ 2350°C) was treated under 35 A for 120 s and it melted. The real 

temperature in the sample position might therefore slightly exceed that of the full contact model (2333 °C). 

This simple test also backs up the possibility of having pure B4C as liquid phase at 35 A. At 32 A for 120 s, B4C 

did not melt, meaning the sample temperature did not reach 2350 °C, in agreement with the “full contact” 

model (sample temperature around 2236 °C). In summary, the FEM simulations suggest that the UHS 

conditions can actually approach the melting point of pure boron carbide without the need for an eutectic 

reaction, this being quite in agreement with the microstructural evidence. A further hint towards the absence 

of any massive eutectic liquid formation comes from the sample treated at 32 A. It is worth remembering 

that the sample temperature at 32 A should also exceed that of the ZrB2-B4C eutectic (but not that of pure 

B4C), however no evidence of massive liquid phase sintering can be found in this sample. If the liquid phase 

present during sintering at 35 A were some eutectic composition, it should have occurred probably also 

during sintering at 32 A. The absence of an equilibrium euthectic liquid might related to the fast treatment, 

in this regar, further investigation will be carried out in the near future . 

 

 



 

Figure 4: On the top, the three boundary conditions modeled for the temperature estimation: graphite felt without sample, graphite 

felt embedding the sample, and the sample placed within a hole in the graphite felt. On the bottom, the temperature profiles obtained 

by FEM of the three different geometries, for an applied current of 32 A and 35 A. 

 

The maps recorded by EDXS on the samples obtained using the most “severe” conditions (35 A, 120 s) (Figure 

5) confirm that the big equiaxial grains observed in the composite are Zr-rich being associated to ZrB2. On the 

other hand, the “dark phase” does not contain substantial zirconium, thus indicating that it originates from 

molten boron carbide. 



Remarkably, EDXS linescan on pure ZrB2 samples also revealed the presence of limited secondary grain 

boundary phase, rich in uranium (Figure 5), not detectable by XRD. Uranium segregation has already been 

reported in hot-pressed ZrB2-B4C-SiC by Neuman et al.[50], who observed the formation of different U-

bearing phases for temperatures above 1600°C. In the present case, differently from the cited work, no Co 

or Fe could be detected in combination with U, but rather Y (Figure S8 of the Supplementary material). The 

formation of U-enriched grain boundaries is not totally surprising as U and Zr have very similar oxide 

chemistry (same coordination, same valence and fluorite structures); therefore, small U contamination in Zr 

seems reasonable. The effect of this substantial modification of the grain boundary composition by massive 

impurities segregation on sintering and grain coarsening of ZrB2 has not been deeply investigated yet and 

could be a matter of future studies by UHS (which provides an effective tool to achieve ultra-high 

temperatures). 

 

Figure 5: EDS mapping of UHSed ZrB2-B4C sample produced at 35 A for 120 s (top panel); SEM micrograph and Zr- U linescan of pure 

ZrB2 sample UHSed in the same conditions (35 A for 120 s). 

The Vickers hardness of the UHS samples was measured to qualitatively assess whether the mechanical 

properties of ZrB2 composites are comparable to that of materials produced by more conventional methods. 



Figure 6 shows the Vickers hardness of ZrB2 and ZrB2-B4C samples as a function of density. As expected, in 

the considered range hardness increases almost linearly with density, reaching the maximum value of 17.8 

GPa for 97.5% dense ZrB2-B4C sample obtained using 35 A for 120 s. 

 

Figure 6: Vickers hardness of ZrB2 and ZrB2-B4C samples as a function of the density. Indents were performed with a load of 1 Kg, 

and only samples above 80 % were tested. 

Some values from the literature, together with the results obtained in the present work, are summarized in 

Table 2. The hardness of ZrB2-B4C composites ranges between 15 and 20.5 GPa, depending final density 

achieved, and generally increasing with the B4C content. Our values also fall in this range, showing 

performances comparable to those of ZrB2-B4C produced by SPS or even hot pressing. It is worth noting that, 

while these techniques generally result in finer grain size, they do not allow densification of complexly shaped 

objects. UHS therefore presents itself as an extremely convenient time- and energy-saving alternative for the 

consolidation of high-performance ZrB2-based components. 

Table 2: Vicker hardness (in GPa) values for ZrB2-based samples of different densities and compositions available in the literature. 

Source Doping Density 

[% TD ] 

Hardness 

[GPa] 

Produced by Milled 

 

Sintering conditions 

Swab 2023[51] 1 % wt B4C >99 15.3 hot pressing yes 2100 °C 30 min 32 MPa 

Dorner 2021[52] 2 % vol B4C 98 16.4 hot pressing no 2100 °C 30 min 32 MPa 



Chamberlain 

2006[11] 

3 % wt WC* 98 14.5 pressureless yes 2150 °C 180 min 

Fahrenholtz 

2008[15] 

4 % wt B4C 94 17.9 pressureless no 1900 °C 120 min 

Mandal 2022[48] 5 % wt B4C 96.1 15.4 SPS  no 2000 °C 15 min 50 MPa 

 15 % wt B4C 97.5 16.3 SPS no 2000 °C 15 min 50 MPa 

 20 % wt B4C 97.7 18.9 SPS no 2000 °C 15 min 50 MPa 

 25 % wt B4C 97.8 20.5 SPS no 2000 °C 15 min 50 MPa 

This study 10 % wt B4C 97.5 17.8 UHS no 35 A 120 s 

 10 % wt B4C 94.5 16.3 UHS no 35 A 60 s 

 * contamination coming from wearing of the WC milling media. 

4. Conclusions 

Ultrafast high-temperature sintering (UHS) was used to densify commercial ZrB2 powder, reaching maximum 

densities of 84.4 and 85.8% after 120 s under 32 and 35 A respectively. To overtake these values, 10%wt B4C 

was added to ZrB2 as a sintering aid, resulting in 91.7 and 97.5% in the above-mentioned UHS conditions. 

When 32 A is applied, the addition of B4C efficiently enhances densification, likely due to the removal of the 

surface oxides present on the ZrB2 particles. At 35 A, the temperature is high enough to lead to form a boron 

carbide-rich liquid phase, triggering liquid phase sintering. The Vickers hardness values measured on the UHS 

ZrB2-B4C samples are in line with values present in the literature, being equally or better than pressureless 

sintered or spark plasma sintered ZrB2-based components. The overall results prove that UHS is an effective 

tool to densify ultra-high temperature ceramics within a few minutes time scale. 
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Supplementary material 
 

 

Figure S1: lower magnification SEM SE micrograph of the ZrB2-B4C sample treated at 32 A for 120 s. 



 

 

Figure S2: higher magnification SEM SE micrograph of the ZrB2-B4C sample treated at 32 A for 120 s. 

 

 

Figure S3: lower magnification SEM SE micrograph of the ZrB2-B4C sample treated at 35 A for 120 s. 

 



 

Figure S4: higher magnification SEM SE micrograph of the ZrB2-B4C sample treated at 35 A for 120 s. 

 

 

Figure S5: SEM SE micrographs of the outer surface of the ZrB2-B4C samples as function of the sintering 

conditions.  

 



 

Figure S6: SEM SE image of a eutectic solidification structure found in a localized spot of the ZrB2-B4C sample 

treated sintered with 35 A for 120 s. 

 

 

 

Figure S7: XRD patterns of the ZrB2 and ZrB2-B4C samples treated at 35 A for 120 s. 

 

 



 

Figure S8: SEM BSE image and EDS mapping (Zr, Y, and U) of a U-rich region of the ZrB2 sample treated with 

35 A for 120 s.  

 


