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A B S T R A C T   

In this work, (Zr0.5Ta0.5) B2 and (Zr0.5Hf0.5) B2 solid solutions are produced in dense form by coupling the Self- 
propagating High-temperature (SHS) and Spark Plasma Sintering (SPS) routes. A single boride phase solid so-
lution is formed in both cases by SPS (1850 ◦C, 20 min) from the multiphasic ceramic powders preliminarily 
obtained by SHS. The use of small amounts of graphite during SPS is highly beneficial to eliminate oxide con-
taminants (from 14.5–16.0 wt% to 2.1–2.8 wt%), improve powder consolidation (from 87-90 % to 97.5–98 %), 
and make the operating conditions milder. Better mechanical properties are exhibited by the binary ceramics 
with respect to ZrB2 produced by SHS-SPS. The presence of Ta makes the performance of (Zr0.5Ta0.5)B2 superior 
compared to the Hf-containing system, with hardness, Young’s modulus, and fracture toughness equal to 22.1 
GPa, 636.9 GPa, and 2.46 MPa m1/2, respectively. On the other hand, (Zr0.5Hf0.5) B2 shows higher oxidation 
resistance in flowing and stagnant air at elevated temperatures.   

1. Introduction 

It is well recognized that the unusual combination of desirable 
chemical and physical properties (including high melting points, good 
thermal stability, elevated hardness, high thermal conductivity, etc.) 
make Ultra-High Temperature Ceramics (UHTCs) based on transition 
metal diborides very attractive for various high-temperature applica-
tions [1,2]. Such interest prompted several research groups to propose, 
develop and optimize different processing routes to produce them in 
bulk form and to characterize in detail the obtained products [1,2]. 
These studies were mostly addressed to individual diborides, either 
additive-free or secondary phases-containing, particularly ZrB2- [3,4], 
HfB2- [3,5], and TaB2- [4] based ceramics. More recently, the novel class 
of High Entropy Borides (HEBs), where four to five metal cations are 
combined in near-equimolar proportions to form thermodynamically 
stable single-phase crystalline solid solutions, have also gained a sig-
nificant attention [6]. In contrast, binary and ternary metal diborides 
have been relatively much less explored. In this context, (Zr,Me)B2 solid 
solutions (with Me = Hf or Ta) are very promising as materials for 

extreme environments. 
By virtue of the prominent role played by Zr- and Hf-diborides in this 

field, in addition to the displayed mutual solubility in the whole 
compositional range, (ZrxHf1-x)B2 represents the most investigated bi-
nary system [7–10]. A nearly full dense (Zr0.97Hf0.03)B2 solid solution 
was obtained by a multistep HP process (Tmax equal to 2150 ◦C) starting 
from ball milled ZrB2, and HfB2 powders [7]. The latter precursors were 
also co-milled in different proportions for 3 h (CR = 10) by Sitler et al. 
[8,9] and the resulting mixtures consolidated by Spark Plasma Sintering 
(5 kN, 1700 ◦C, 10 min) to obtain bulk (Zr0.2Hf0.8)B2 (relative density, ρ 
= 76.5 %), (Zr0.5Hf0.5)B2 (ρ = 76.2 %), and (Zr0.8Hf0.2)B2 (ρ = 82.9 %) 
solid solutions. More recently, flash sintering of (Hf0.5Zr0.5)B2 was 
accomplished by Belisario et al. [10] starting from powders synthesized 
either from carbothermal reduction (CTR) or borohydride reduction 
(BHR). The latter method was considered preferable in terms of product 
densification (about 70 and 95 % dense, for CTR and BHR, respectively), 
hardness (8.23 ± 0.10 and 23.01 ± 0.37 GPa, respectively), and 
oxidation resistance. 

The synthesis of (Zr1− xTax)B2 solid solutions (x from 0 to 1) was first 
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attempted by arc melting starting from ZrB2, and TaB2 [11]. Based on 
the XRD analysis, it was concluded that the stable compositional range 
for this system was Ta ≤8 % mol. Consistently, a single phase 
(Zr0.97Ta0.03)B2 solid solution was obtained by McClane et al. [12] using 
a multistep program by HP (Tmax equal to 2150 ◦C) while starting from 
ball milled ZrB2, and Ta powders. Furthermore, Zr-rich (Zr1− xTax)B2 
products (x = 0.03 and 0.06) have been also prepared via a multistep 
reactive HP method (Tmax = 2200 ◦C) preceded by a hydride-based 
synthesis technique from ZrH2, amorphous B, phenolic resin, and 
Ta2H precursors [13]. The resulting products possessed relative den-
sities of 99.2 and 99.0 %, respectively, and consisted of the desired solid 
solutions with small amounts of ZrC and ZrO2. The same processing 
route was also subsequently adopted for the preparation of (Zr0.5Ta0.5) 
B2 [14]. The resulting 95.9 % dense ceramic was not single-phase, while 
a core–shell microstructure, consisting of ZrB2 cores surrounded by 
shells of (Zr,Ta)B2 solid solutions, was formed. More recently, the 
preparation of (Zr1-xTax)B2 in a wide compositional range (x = 0–0.95) 
was investigated by Vorotilo et al. [15] by HP (1900◦С, 50 MPa, 10 min) 
of powders obtained by Self-propagating High-temperature Synthesis 
(SHS) after a 4 h long ball milling treatment (CR = 6) of Zr, Ta, and B 
precursors. It was found that the highest Ta content allowable to form a 
single-phase product was 25–27 at.%, whereas, above the latter limit 
(for instance the (Zr0.5Ta0.5)B2 system), a multiphasic product was ob-
tained. Therefore, based on the information provided above and to the 
best of our knowledge, the equiatomic (Zr,Ta)B2 solid solution was not 
obtained so far in the literature as single boride phase. 

In the present work, the fabrication of nearly full dense and single 
boride phase (Zr0.5Hf0.5)B2 and (Zr0.5Ta0.5)B2 solid solutions is attemp-
ted using the SHS-SPS route, consisting in the processing by SPS of the 
powders preliminarily synthesized by SHS. The latter two-step approach 
was demonstrated to be very effective for the obtainment not only of 
standard MeB2 (Me = Zr, Hf, Ta, and Ti) in bulk form [4,5,16] but also 
for the production of different dense quinary HEBs [17–20]. In the latter 
regard, following the beneficial influence deriving from the introduction 
of small amounts of graphite to the SHS powders prior to SPS, to remove 
O-contaminants and concurrently improving HEBs consolidation, the 
effect of this additive will be also examined for the case of the two binary 
diboride systems above. The optimal sintered products will be finally 
characterized from the mechanical and oxidation points of view and the 
obtained results will be compared. 

2. Experimental materials and methods 

2.1. Self-propagating high-temperature synthesis and Spark Plasma 
Sintering 

Zirconium (Alfa Aesar, cod 00847, APS 2–3 μm), hafnium (Alfa 
Aesar, cod. 10,201, 99.6 % pure, <44 μm), tantalum (Alfa Aesar, cod 
00337, particle size <44 μm, 99.9 % pure), and amorphous boron 
(Sigma-Aldrich, cod 15,580, ≥99 % pure) powders were used for the 
synthesis by SHS of (Zr0.5Ta0.5)B2 and (Zr0.5Hf0.5)B2, according to the 
following reaction stoichiometry:  

0.5Zr + 0.5Me + 2B → (Zr0.5Me0.5)B2, Me = Ta, Hf                           (1) 

A 10 mol.% excess of boron was used to compensate its additional 
consumption for the borothermal reduction of oxides present on the 
powder precursors surface. The two batches were first mixed under very 
mild conditions (20 min, ball to powder weight ratio equal to about 0.2, 
plastic vials and alumina balls) in a SPEX 8000 (SPEX CertiPrep, USA) 
shaker mill and then uniaxially cold-pressed with no binder to form 
cylindrical pellets to be reacted by SHS. Once locally ignited by an 
electrically heated tungsten filament (R.D. Mathis, USA), the synthesis 
process occurred in few seconds inside a stainless-steel chamber, under 
Argon environment. 

After SHS, the obtained porous products were processed, without or 

in presence of 1 wt% graphite (Sigma-Aldrich, cod 282,863, <20 μm), 
for 1 h by ball milling (SPEX CertiPrep, USA, ball to powder weight ratio 
of 2, hardened steel milling media). 

Particle size distribution of the SHS powders was evaluated by laser 
light scattering analysis (CILAS 1180, France). 

Additive free and graphite containing mixtures were consolidated by 
SPS (515S model apparatus, Fuji Electronic Industrial Co., Ltd., Kana-
gawa, Japan) under vacuum conditions (about 20 Pa). The process was 
conducted under temperature-controlled mode using an infrared py-
rometer (CHINO, mod. IR-AHS2, Japan) focused on the lateral surface of 
a cylindrical graphite die (30 mm external diameter; 15 mm inside 
diameter; 30 mm height). The dwell temperature (TD), heating rate, 
holding time, and applied pressure values during SPS runs were 1850 ◦C 
(1 wt%C) or 1950 ◦C (0 wt%C), about 200 ◦C/min, 20 min, and 20 MPa, 
respectively. The resulting sintered samples were cylindrical disks of 
about 15 mm diameter and 3 mm height. Further details on SHS and SPS 
experiments can be found in previous works [18,19,21]. 

2.2. Products composition and microstructure 

Phases identification in SHS and SPS products was carried out by X- 
ray diffraction using a SMARTLAB diffractometer with a rotating anode 
source of copper (λCu Kα = 1.54178 Å) working at 40 kV and 100 mA 
over a range of scattering angles 2ϑ from 20◦ to 80◦, in steps of 0.05◦

with 15 s acquisition time per angle step. The diffractometer is equipped 
with a graphite monochromator and a scintillation tube in the diffracted 
beam. The Rietveld method was used to estimate phases amount (wt.%) 
and the corresponding structural parameters by analyzing the XRD 
patterns with the MAUD program [22]. 

The Archimedes’ method, using distilled water as immersion me-
dium, was employed to determine the absolute density of SPS samples. 
The corresponding relative densities were calculated by considering the 
crystallographic values (ρc) of 9.10 and 8.59 g/cm3 for (Zr0.5Ta0.5)B2 
and (Zr0.5Hf0.5)B2, respectively, estimated according to the Rietveld’s 
analysis results by using the following formula:  

ρc = (Z⋅M/Vc)⋅(1024/NA)                                                                        

where Z is the stoichiometry of each element, M the corresponding 
molar mass, Vc the volume of the lattice cell, and NA the Avogadro 
constant. The presence of graphite (2.26 g/cm3) in 1 wt%C samples was 
also accounted for the evaluation of their theoretical densities, as 
described elsewhere [18]. 

SHSed powders and sintered samples microstructures were examined 
by high resolution scanning electron microscopy (HRSEM) (mod. S4000, 
Hitachi, Tokyo, Japan) equipped with an UltraDry EDS Detector 
(Thermo Fisher Scientific, Waltham, MA, USA). 

2.3. Oxidation resistance and mechanical properties 

Thermogravimetric analysis tests (NETZSCH, STA 409 PC Luxx 
Simultaneous DTA-TGA Instrument, Germany) were conducted under 
0.1 L/min air flow to evaluate the oxidation behavior of the two binary 
metal diborides. Specifically, the optimal products of both systems were 
subjected to non-isothermal (dynamic) experiments, consisting of slowly 
heating (2 ◦C/min) small parallelepiped sized pieces, from room tem-
perature to 1450 ◦C. The resulting normalized weight changes, 
expressed as mg

cm2, are compared with those relative to dense ZrB2 [4], 
TaB2 [4], and HfB2 [23] ceramics produced by SHS-SPS or reactive SPS. 
Additional oxidation experiments on sintered samples were carried out 
in a muffle furnace in stagnant air (LT 24/11/B410, Nabertherm, Lil-
ienthal, Germany). During these tests, samples were heated at a rate of 
4 ◦C/min from room temperature to a maximum value, in the range of 
600–1200 ◦C, followed by an isothermal step of 1 h duration. The sur-
face changes of heat-treated specimens were then examined by XRD and 
SEM. 
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2.4. Mechanical properties 

The Young’s modulus and hardness of the different samples were 
assessed using the micro-indentation technique. The evaluations were 
conducted utilizing the Open Platform equipment (CSM Instruments, 
Peseux, Switzerland), employing a Vickers indenter tip. The indentation 
process applied a 1 N load with a loading/unloading rate of 2 N/min, 
and the maximum load was sustained for 15 s. A minimum of 15 mea-
surements were taken for each sample, and an automatic recording of 
the load-penetration depth curve was made for each indentation. Sub-
sequently, the elastic modulus was determined using the Oliver and 
Pharr method, which relies on the indentation load-unloading curves 
[24]. Additionally, fracture toughness was evaluated using a load of 3 N 
in order to make cracks propagate from the indent tips. Fracture 
toughness was then calculated based on the crack lengths according to 
widely used equations available in the literature [25,26]. 

3. Results and discussion 

3.1. Processing and microstructural characterization 

3.1.1. The (Zr0.5Ta0.5)B2 system 
As for the corresponding ZrB2 and TaB2 constituents [4], the syn-

thesis reaction for the formation of (Zr0.5Ta0.5)B2 according to Eq. (1) 
displayed an SHS behavior. However, in the present study, reactants 
were not fully converted into the desired binary phase, as shown in Fig. 1 
and Supplementary Table S1, with the resulting product consisting of 
ZrB2 and TaB2, and a mixture of binary solid solutions with different 
Zr/Ta stoichiometric molar ratio. The latter values were nominally 
estimated by applying the Vegards’ law. More specifically, a good 
agreement between experimental and calculated fit was obtained by 
considering (Zr0.26Ta0.74)B2, (Zr0.35Ta0.65)B2, and (Zr0.08Ta0.92)B2, other 
than the individual diborides. Additional secondary phases, in particular 
metal oxides, are also most likely present, even though they were not 

clearly detectable by this analysis, due to the corresponding XRD pattern 
complexity. 

SHS powders were also examined by SEM and EDS, and the obtained 
results are shown in Supplementary Fig. S1a. The SEM micrograph ev-
idences that powders consist of aggregates of very fine grains. Moreover, 
in accordance with the XRD analysis results described above, elemental 
maps proved that Tantalum and Zirconium are not uniformly distributed 
in the SHS product, as confirmed by the small spots present in the 
elemental maps showing higher concentration of one of the two metallic 
constituents. Despite this, the latter ones are quite well mixed across 
each grain, which is expected to favour the formation of the prescribed 
binary diboride phase during the subsequent SPS stage. EDS analysis 
also evidenced the presence of oxides on the particles surface. 

Apparently, the SHS process takes place too fast to allow Zr and Ta 
elements to properly diffuse across the sample volume and, finally, form 
the prescribed equiatomic solid solution. To this aim, as observed for the 
case of quinary metal diborides [18,19,21], prolonged heat treatments 
at high temperatures are needed. 

Prior to their consolidation, the SHS powders were subjected to a ball 
milling treatment for 1 h and the resulting particle size parameters were 
d10 = 0.30 ± 0.08 μm, d50 = 1.18 ± 0.08 μm, d90 = 9.26 ± 2.72 μm, and 
d43 = 3.09 ± 0.46 μm. 

As reported in Fig. 1 and Supplementary Table S1, all secondary 
diboride phases were transformed to (Zr0.5Ta0.5)B2 when the additive 
free powders were processed for 20 min at 1950 ◦C by SPS. As a draw-
back, the sintered samples were rich of oxide contaminants, namely 
ZrO2 (tetragonal and monoclinic) and TaO2 (tetragonal). The latter ones 
are also responsible for the scarce powder densification level, only 87 %, 
achieved during SPS. Thus, following the positive effects deriving from 
the addition of small amounts (1 wt%) of graphite to the SHS powders 
before the sintering step, as observed for the case of HEBs [18,19], the 
same procedure was adopted also in the present investigation. Corre-
spondingly, 99 % dense products were obtained when operating at TD =

1950 ◦C. Furthermore, since the presence of graphite was found bene-
ficial not only for reducing undesired oxides and improving samples 
consolidation, but also to enhance powders reactivity thus making the 
required SPS conditions milder [20], the dwell temperature was lowered 
to 1850 ◦C. A 97.5 % dense sample consisting of (Zr0.5Ta0.5)B2 with only 
small amounts of ZrO2, about 2.5 wt% (cf. Fig. 1 and Supplementary 
Table S1), was correspondingly produced. 

The results above are confirmed by the SEM micrographs and the 
related elemental EDS maps shown in Fig. 2a–b, where the samples 
sintered at 1950 ◦C (0 wt%C) and at 1850 ◦C (1 wt%C) are compared. 
Despite the obtained uniform elements’ distribution, the ceramic sin-
tered at TD = 1950 ◦C with no graphite is characterized by a marked 
residual porosity and the presence of a significant amount of metal ox-
ides, mostly confined inside the pores, as seen in Fig. 2a. On the other 
hand, Fig. 2b shows that the specimen produced at TD = 1850 ◦C with 
1.0 wt%C is nearly full densified with Zr and Ta homogeneously 
distributed across the sample volume, with a marked reduction of O- 
contaminants. The latter statement is also supported by EDS patterns 
reported in Supplementary Fig. S2. 

It should be emphasized that, based on the state of the art, the 
(Zr0.5Ta0.5)B2 solid solution is obtained for the first time in the present 
work as a single boride phase. The latter goal was not achieved in the 
literature even when considering this ceramic system in powder form. 
For instance, the molten salt synthesis route was used by Wen et al. [27] 
to prepare various binary metal diborides, including (Zr0.5Ta0.5)B2. In 
the latter case, the resulting product was characterized by multiple 
phases of metal diborides. Furthermore, their experimental findings 
agreed with a theoretical criterion based on combinatorial methods the 
same authors developed to predict the formation of binary metal 
diboride solid solutions. The fact that the results obtained in our work 
are in contradiction with such prediction means that the adopted cri-
terion unequivocally presents some limitations. Therefore, more 
detailed theoretical studies are required to establish a priori the 

Fig. 1. XRD patterns of (Zr0.5Ta0.5)B2 products: SHS powders (a), and SPS bulk 
samples obtained with no additive at TD = 1950 ◦C (b) and in presence of 1 wt% 
graphite at TD = 1850 ◦C (c). Red dots are experimental data, the continuous 
lines are the calculated best fit. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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formation of this type of binary solutions. 

3.1.2. The (Zr0.5Hf0.5)B2 system 
As for the previous system, also the synthesis of (Zr0.5Hf0.5)B2 from 

elemental powders showed an SHS character upon local ignition. The 
XRD pattern of the resulting powders is reported in Fig. 3, whereas the 
related phases’ amount and microstructural parameters estimated by the 
Rietveld method are listed in Supplementary Table S2. A multiphasic 
ceramic is also obtained in this case: other than the expected (Zr0.5Hf0.5) 
B2 solid solution (21.3 wt%), the additional detected phases by XRD 
were HfB2 (31.2 wt%), ZrB2 (43.0 wt%), and unreacted Zr (4.5 wt%). 

SEM/EDS observations of SHS powders agree with XRD outcomes. As 
for the case of (Zr0.5Hf0.5)B2, elemental maps reported in Supplementary 
Fig. S1b evidenced a good but not homogeneous distribution of the two 
metallic constituents in the synthesized powders. Furthermore, O-con-
taminants are also detected on particles surface. 

After being ball milled for 1 h (d10 = 0.18 ± 0.03 μm, d50 = 1.1 ± 0.1 
μm, d90 = 7.3 ± 0.3 μm, and d43 = 2.6 ± 0.1 μm), the SHS powders were 
then sintered either with no graphite or after being combined with 1 wt 
% of this additive. In the first case, the consolidation by SPS at 1950 ◦C 
led to a 90 % dense sample consisting of the desired binary phase, with 
neither additional diborides nor residual reactants, but with a significant 
content on metal oxides (ZrO2 and HfO2), estimated to be about 14.5 wt 
% in total (cf. Fig. 3 and Supplementary Table S2). As evidenced by the 
corresponding SEM micrograph shown in Fig. 4a along with the related 

elemental maps, various large pores, up to 4–5 μm sized, are present in 
this samples. A marked removal of oxide impurities (down to 2.1 wt%) is 
produced, along with the simultaneous increase of sample densification 
(up to 98 %), when SHS powders were processed at 1850 ◦C by SPS with 
1 wt% graphite. Traces of ZrC (0.6 wt%) and residual graphite (0.7 wt%) 
were also detected in the sintered product. The decreased residual 
porosity is confirmed by the related cross-sectional SEM image reported 
in Fig. 4b. In addition, pores size is significantly reduced, compared to 
the sample produced at 1950 ◦C with no graphite, to about 1 μm. A very 
homogeneous Zr and Hf distribution is also achieved, as demonstrated 
by the elemental maps shown Fig. 4b. The significant reduction of oxides 
content in the sintered products is also confirmed by EDS analysis (see 
also Supplementary Fig. S3). 

While the (Zr0.5Ta0.5)B2 system was obtained as a single boride phase 
for the first time in the present investigation, other authors already 
succeeded, as mentioned in the Introduction, in the fabrication of bulk 
(Zr0.5Hf0.5)B2, with no additional secondary diborides [7–10]. None-
theless, except for the investigation conducted by Belisario et al. [10], 
who make use of Flash Sintering to obtain about 95 % dense ceramics, 
more severe temperature levels, compared to the optimal (1850 ◦C) 
considered in the present study, were required to achieve adequate 
consolidation levels. In particular, a maximum temperature of 2150 ◦C 
was needed to McClane et al. [7] for the obtainment of 99.5 % dense 
(Zr0.5Hf0.5)B2. On the other hand, the very mild conditions (1700 ◦C) 
tested by Sitler et al. [8,9] corresponded to scarcely densified samples 
(76.2 %). The recognized high sintering ability of SHS powders [28,29], 
the utilization of the efficient SPS technology for processing highly re-
fractory ceramics [30], and the beneficial use of graphite as carbo-
thermal reductant and solid lubricant agent [18], are the main factors 
responsible for such outcome. 

Fig. 2. Cross sectional SEM micrographs and related EDS elemental maps of 
(Zr0.5Ta0.5)B2 samples obtained by SPS at (a) TD = 1950 ◦C with no graphite, 
and at (b) TD = 1850 ◦C in presence of 1 wt% graphite. 

Fig. 3. XRD patterns of (Zr0.5Hf0.5)B2 products: SHS powders (a), and SPS bulk 
samples obtained with no additive at TD = 1950 ◦C (b) and in presence of 1 wt% 
graphite at TD = 1850 ◦C (c). Red dots are experimental data, the continuous 
lines are the calculated best fit. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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3.2. Oxidation behavior 

The oxidation resistance of the two binary diborides can be prelim-
inarily deduced from the results obtained by dynamic TGA experiments 
conducted in air flow up to 1450 ◦C. Fig. 5a–b shows the normalized 
weight gain as a function of the temperature recorded for the (Zr0.5Ta0.5) 
B2 and (Zr0.5Hf0.5)B2 systems, respectively. Literature data relative to 
the corresponding individual diborides prepared either by the SHS-SPS 
(ZrB2, and TaB2) [4], or reactive SPS (HfB2) [23] routes are also re-
ported, for comparison. These graphs indicate that, up to 1200–1300 ◦C, 
the oxidation curves of both binary diborides are very close to those of 
the related diboride constituents. As for (Zr0.5Ta0.5)B2, ZrB2, and TaB2 
systems (Fig. 5a), mass changes lower than ±1 mg

cm2 were measured up to 
about 700 ◦C, above which the three diborides start to gain weight at 
rates in the range of 4.8–6.0⋅10− 3 mg

cm2◦C which remained about constant 
until a temperature of approximately 1200 ◦C was reached. As the test 
proceeded, these ceramics oxidized at higher rates, with the TGA curves 
of (Zr0.5Ta0.5)B2, and ZrB2 almost overlapped. On the other hand, TaB2 
was much more sensitive to the oxidizing environment, as proven by the 
corresponding sudden raise of the related curve (Fig. 5a). This fact is 
responsible for the superior oxidation resistance of the (Zr0.5Ta0.5)B2 
system with respect to the average performances of ZrB2 and TaB2, as 
evidenced in Supplementary Fig. S4a. However, it should be pointed out 
that the lower relative density (higher porosity) of the latter sample 
(93.9 %), compared to those of ZrB2 (98.5 %) and (Zr0.5Ta0.5)B2 (97.5 

%), is expected to negatively affect its oxidation behavior. 
Fig. 5b shows that the normalized weight changes of (Zr0.5Hf0.5)B2, 

ZrB2, and HfB2 samples is quite modest, i.e. within ±1 mg
cm2, up to about 

1000 ◦C. As temperature exceeded the latter level, an increased mass 
gain rate was recorded during the test, with the oxidation curve of the 
binary system in between to those ones corresponding to the individual 
constituents. The oxidative behavior displayed by the (Zr0.5Hf0.5)B2 
sample produced in this work is in line with the results of TGA-DSC tests 
in flowing air conducted on the bulk sample (95 % relative density) 
fabricated by Flash Sintering (FS) from powders synthesized by boro-
hydride reduction (BHR) [10]. Indeed, the weight gain recorded at 

Fig. 4. Cross sectional SEM micrographs and corresponding EDS elemental 
maps of (Zr0.5Hf0.5)B2 samples obtained by SPS at (a) TD = 1950 ◦C with no 
graphite, and at (b) TD = 1850 ◦C in presence of 1 wt% graphite. 

Fig. 5. Specific weight changes during TGA oxidation test in air of (a) 
(Zr0⋅5Ta0.5)B2 and (b) (Zr0.5Hf0.5)B2 samples produced in this work by SPS (TD 
= 1850 ◦C, 1 wt%C) as a function of temperature (heating rate equal to 2 ◦C/ 
min). Literature data of individual diborides, i.e. HfB2 (ρ = 98.8 %) [23], ZrB2 
(ρ = 98.5 %) [4], and TaB2 (ρ = 93.9 %) [4] are also reported for comparison. 
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1440 ◦C in the latter study (about 2.8 wt%) was only slightly lower than 
that measured in the present investigation (approximately 3.5 wt% at 
1450 ◦C). As a main difference, a weight loss of about 0.5 % was 
observed in the temperature range 800–1000 ◦C in Belisario et al. [10], 
ascribed by the authors to the evaporation of some amorphous phases 
formed during the BHR-FS processing steps. Moreover, a significantly 
lower thermal oxidation resistance (about 9 wt% gain at 1440 ◦C) was 
exhibited by the 70 % dense product also obtained by Belisario et al. 
[10] when starting from powders produced by carbothermal reduction. 

Interestingly, as shown in Supplementary Fig. S4b, the weight gain of 
(Zr0.5Hf0.5)B2 is nearly coincident to the average value of the two indi-
vidual metal diborides. By comparing the three competitors, HfB2 was 
found to display the lowest mass change (highest thermal stability) in 
the entire temperature range. This outcome agrees with literature 
findings [31], where HfB2 is typically found to be the most stable 
transition metal diboride. In addition, this is also consistent with the 
superior oxidation resistance displayed by (Zr0.5Hf0.5)B2 compared to 
(Zr0.5Ta0.5)B2, whose normalized weight gain values achieved at 
1450 ◦C equal to approximately 9.5 (Fig. 5a) and 12 mg

cm2 (Fig. 5b), 
respectively. Such hierarchical order can be considered representative of 
the oxidative behavior of the two binary systems, as the relative den-
sities of the two samples subjected to TGA tests were nearly the same, i.e. 
about 98 and 97.5 %, respectively. 

Additional oxidation tests, based on the heat treatment in a furnace 
of the two systems investigated in this work, have been also carried out. 
During these experiments, samples were exposed to stagnant air for 1 h 
at different temperature conditions, in the range 600–1200 ◦C. As shown 
in Supplementary Fig. S5, the resulting weight gains are consistent with 
TGA outcomes (Fig. 5) and confirm that (Zr0.5Hf0.5)B2 is more stable 
under oxidative environments with respect to the Ta-containing ceramic 
counterpart. This statement is also supported by XRD analysis results 
reported in Fig. 6a and b. First, the latter ones provide the evidence that 
the incipient oxides formation occurred at 600 ◦C. However, although 
oxidation phenomena proceeded in both systems with the increasing 
temperature, major effects are produced on (Zr0.5Ta0.5)B2 samples, 

particularly at 800 ◦C (Fig. 6a). Indeed, XRD peaks of the diboride phase 
can be barely detected in the corresponding pattern of the latter system. 
Conversely, the analysis relative to the other binary product indicates 
that the original boride phase is still significantly present at 800 ◦C 
(Fig. 6b). Finally, only metal oxides were detected on the surface of 
materials heat treated at 1000 and 1200 ◦C. 

The annealed samples were also examined by SEM-EDS. These ob-
servations confirmed that an oxide layer, with a progressively growing 
thickness as the temperature was raised from 600 to 1200 ◦C, was 
formed on the sample surface. As an example, the cross-sectional SEM 
micrographs of (Zr0.5Ta0.5)B2, and (Zr0.5Hf0.5)B2 specimens processed at 
1200 ◦C are shown in Figs. 7 and 8, respectively, along with the corre-
sponding elemental maps and EDS patterns. The oxide layers formed in 
both cases under such conditions are characterized by a thickness in the 
range 40–50 μm. It is also important to note that no changes in the 
distribution of metallic species is observed upon the annealing process. 

The observed higher oxidation resistance of (Zr0.5Hf0.5)B2 compared 
to (Zr0.5Ta0.5)B2 depends on kinetic and thermodynamic features. 
Indeed, a high transport rate through the formed oxide layer would 
enhance the oxidation of the underlying boride phases. On the contrary, 
a continuous (i.e., pore-free) layer and a low oxygen diffusivity would 
provide a passive oxidation protection. Moreover, the thermodynamic 
stability of the oxide phases also contributes to determine the different 
oxidation behavior shown by the materials synthesized in this work. 
However, a clear identification of each contribution which plays a role 
in this context cannot be provided, at least at this stage, due to the lack of 
reliable data on oxygen diffusion through tantalum and hafnium oxides. 
Moreover, the oxidation reaction mechanism needs to be clearly iden-
tified in order to draw reliable conclusions. All these aspects will be 
investigated in more detail in a dedicated future work. 

3.3. Mechanical properties 

Vickers hardness, Young’s modulus, and fracture toughness proper-
ties measured on the (Zr0.5Ta0.5)B2 and (Zr0.5Hf0.5)B2 samples obtained 
under different processing conditions are reported in Table 1, along with 

Fig. 6. XRD patterns of (a) (Zr0⋅5Ta0.5)B2, and (b) (Zr0.5Hf0.5)B2 samples surface after being heat treated in air furnace at different temperatures.  
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the corresponding density values. 
It is seen that, the improved densification level (from 87 to 97.5 %) 

produced, at lower temperature (1850 instead of 1950 ◦C), with the 
addition of 1 wt% of graphite to (Zr0.5Ta0.5)B2 powders, is also accom-
panied by a marked increase of both hardness (from 11.37 to 22.08 GPa) 
and, above all, Young’s modulus (from 222.2 ± 9.3 to 636.9 ± 32.9 
GPa) in the SPS ceramics. Furthermore, Table 1 indicates that a modest 
effect was observed when considering KIC values. The mechanical 
properties obtained for (Zr0.5Ta0.5)B2 are quite consistent with those 
reported in literature for its individual constituents also produced by 
SHS-SPS [4]. In particular, the combination of ZrB2 (11.0 ± 0.4 GPa) 
with the harder TaB2 made the hardness of the corresponding binary 
metal diboride product (22.08 ± 0.77 GPa) superior. The fact that the 
TaB2 sample displayed a lower HV value (17.5 ± 0.4 GPa) compared to 
that of (Zr0.5Ta0.5)B2 can be readily ascribed to the related modest 
densification level (93.9 %) [4]. Moreover, the fracture toughness of the 
binary system (2.46 MPa m1/2) was in between to those of ZrB2 (2.1 
MPa m1/2) and TaB2 (3.2 MPa m1/2) samples [4]. 

Similar outcomes were also found when considering the (Zr0.5Hf0.5) 
B2 system, even though less improvements of the mechanical properties 
are obtained in this case, compared to the Ta-containing diboride. 

Nonetheless, an increase of both HV and Young’s modulus from 15.56 ±
0.49 to 18.40 ± 0.60 GPa and from 428.9 ± 32.1 to 528.2 ± 35.6 GPa, 
respectively, is achieved with the introduction of graphite and the 
concurrent decrease of the SPS temperature from 1950 to 1850 ◦C. The 
measured HV value of the ceramic produced at 1850 ◦C/1 wt%C is su-
perior to that of ZrB2 sample (11.0 ± 0.4 GPa) obtained by SHS-SPS at 
1900 ◦C [4], while it is very close to that of monophasic HfB2 (18.1 ±
0.4 GPa) prepared by reactive SPS [23]. As for fracture toughness, it 
should be noted that it was not possible to measure the value for the 
sample sintered at 1950 ◦C/0%C, because such sample cracked without 
the formation of the four cracks at the indent tips. This can be probably 
ascribed to the residual porosity and local defectiveness. 

Based on the results above, lower mechanical properties are dis-
played by the (Zr0.5Hf0.5)B2 system compared to (Zr0.5Ta0.5)B2. This 
finding agrees with the results obtained with HEBs fabricated following 
the same SHS-SPS processing route [19]. Accordingly, the latter study 
evidenced that, even if the presence of Ta made the fabrication of fully 
dense quinary metal borides more difficult, the corresponding ceramics 
showed superior mechanical properties. 

Fig. 7. (Zr0.5Ta0.5)B2 sample after heat treatment in air furnace at 1200 ◦C: (a) 
cross sectional SEM micrograph, (b) O, (c) Zr, (d) Hf elemental maps, EDS 
analysis results carried out on (e) the oxide layer, and (f) the bulk material. 

Fig. 8. (Zr0.5Hf0.5)B2 sample after heat treatment in air furnace at 1200 ◦C: (a) 
cross sectional SEM micrograph, (b) O, (c) Zr, (d) Hf elemental maps, EDS 
analysis results carried out on (e) the oxide layer, and (f) the bulk material. 
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4. Concluding remarks 

In this work, equimolar single boride phase (Zr,Ta)B2 and (Zr,Hf)B2 
solid solutions are produced in bulk form through the SHS-SPS route. 
The SHS method led in both cases to multiphasic products also con-
taining large amounts of individual borides and other secondary phases. 
However, when the SHS powders were processed for 20 min by SPS at 
1850 ◦C, with the beneficial presence of 1 wt% graphite, 97.5–98 % 
dense products basically consisting of the desired (Zr0.5Ta0.5)B2 and 
(Zr0.5Hf0.5)B2 phases, with only traces of residual oxides (2.8 and 2.1 wt 
%, respectively), were obtained. 

Both the binary systems displayed superior mechanical properties 
compared to bulk ZrB2 produced following the same approach. In 
particular, (Zr0.5Ta0.5)B2 sintered at 1850 ◦C with 1 wt%C was found to 
exhibit better mechanical properties, with respect to the Hf-containing 
system, with hardness, Young’s modulus, and fracture toughness equal 
to 22.1 GPa, 636.9 GPa, and 2.46 MPa m1/2, respectively. The opposite 
outcome is obtained when comparing their oxidation behavior, based on 
the related results of TGA and furnace experiments in flowing and 
stagnant air, respectively. Indeed, (Zr0.5Hf0.5)B2 displayed better 
oxidation resistance at high temperature compared to (Zr0.5Ta0.5)B2, in 
agreement with the superior performance, under such conditions, shown 
by HfB2 with respect to TaB2. 

In conclusion, in this work it has been demonstrated that the equi-
molar combination of ZrB2 with TaB2 or HfB2 can provide thermody-
namically stable binary diboride solid solutions with improved 
properties. To this, the consolidation by SPS of powders preliminarily 
prepared by SHS with the addition of small amounts of graphite repre-
sents an efficient route for the fabrication of such multi-element dibor-
ides in highly dense form, which have been barely investigated in the 
literature so far. Work is underway to exploit the same approach for the 
obtainment of other binary, but also ternary and quaternary, metal 
diborides with tailored properties. 
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