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Abstract

The direct synthesis and consolidation by SPS (1950°C, 20min, 20MPa) of high-entropy
(Hfo.2Mo0g 2Zrp2Nbo 2 Tip2)B2 from elemental powders resulted in a multiphase product. An increase of
the heating rate determined a change of the mechanism governing the synthesis reaction from gradual
solid-state diffusion to rapid combustion regime, while the final conversion degree was 67wt.%. The
sintered product displayed a non-uniform microstructure with the presence of 10-15um sized pores, due
to volatilization phenomena occurring during the combustion synthesis reaction. In contrast, when the
SPS process was preceded by powder synthesis via SHS, a homogeneous single-phase ceramic was
obtained. Clear benefits are derived by the use of SHS, able to provide very shortly powders with
elemental species very well intermixed, so that the obtainment of (Hfy2M0¢2Zro2Nbg »Tig2)B, during the
subsequent SPS stage is strongly promoted. The resulting 92.5% dense product shows superior oxidation

resistance with respect to individual borides prepared with the same method.

Keywords: High-entropy ceramics; Borides; Spark Plasma Sintering; Self-propagating High-

temperature Synthesis; Resistance to oxidation.
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1. Introduction

Due to their recent discovery and the huge potential they might provide in several emerging or
traditional application areas, high-entropy (HE) ceramics have immediately gained a significant
attention of the scientific community from both the experimental and theoretical points of view [1-27].

As for the general class of high-entropy alloys, HE ceramics are the result of the combination of
different (at least four) individual constituents in near-equimolar percentages, where metal cations are
incorporated into the lattice to generate single-phase crystalline solid solutions with maximum
configurational entropy [28,29]. The corresponding decrease of the Gibbs free energy makes the
resulting material thermodynamically more stable at high temperatures. Besides the intrinsic interest for
such novel ceramic’s family, different studies have reported that members of HE materials exhibit
superior hardness [4,5,9,10,16], elastic modulus [10] and oxidation resistance [4,23] properties as
compared to the individual binary constituents.

The HE ceramic systems investigated so far include different oxides [1-3,7,8,12,17], carbides
[5,6,10,12,16,23-27], borides [4,9,11,14,18,20-22], and silicides [15,19]. These studies are mostly
devoted to the fabrication and characterization of these materials in bulk form, although few
investigations are also specifically dedicated to the obtainment of HE ceramics as powders [13,18,27],
or films [9]. In this context, Spark Plasma Sintering (SPS) has been largely considered for the
preparation of massive bodies, due to the well know advantages associated to this technology [30,31].

The first study available in the literature on the synthesis of High-Entropy Borides (HEBs) was
conducted by Gild and co-workers at the University of California, San Diego (USA) [4]. In the latter
work, six different five-components HEBs were prepared via a double-stage process. The corresponding
metal diborides (ZrB,, HfB,, TaB,, TiB,, MoB;, NbB,, and CrB;) were first co-milled in equimolar
proportions and the resulting powders consolidated for 5 min by SPS at 2000°C under an applied

pressure of 30 MPa. The final samples displayed relative densities up to about 92.4%, with superior
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hardness and oxidation resistance properties with respect to the individual components processed under
the same conditions. The contamination of some oxides was also reported to occur in most of the
processed materials, for instance when considering (Hfp2Mo002Zrp2Nbo2Tip2)B,. More recently, the
same group of authors proposed an alternative two-stage process for the preparation of
(Hfo2Zro2Tag2Nbg 2 Tig2)B, [14]. The initial powders were first pre-sintered for 5 min at 1600°C and
30MPa and the resulting compact was processed by Flash-SPS with no die, using different electric
power conditions (from 30 to 100% of the maximum level provided by their equipment). The addition of
3 wt.% graphite to the initial mixture was reported to reduce oxides content and improve product density
up to 99.3% of the theoretical level, being the latter one evaluated by assuming no loss of carbon during
sintering. The obtained material consisted of the single hexagonal diboride phase along with small
amounts of cubic carbide phase, formed due to graphite addition.

The fabrication of dense (Hfo2Zrp2Tag2Cro2Tio2)B2,  (Hfg2MO0g22Zro2Nbo2Tig2)B2, and
(Hfo2Mog2Tag2Nbg 2 Tip2)B, was very recently accomplished by Zhang et al. [21]. Mixtures of
transition metal oxides (HfO,, ZrO,, TaO,, etc.) and boron were first heat treated for 1h at 1600°C in
vacuum, and the resulting product was processed in Argon by SPS for 10 min at 2000°C, and 30MPa.
The resulting materials displayed relative densities above 95.5%, although the compositional
homogeneity was not fully reached, particularly when considering the (Hfy2M0g2Zro2Nbg 2 Tip2)B>, and
(Hfo2Mo0g2Tag2Nbo 2 Tip2) B> systems. The fabrication of (Hfo.2Zro2Tag 2Nbg 2 Tio2)Ba,
(Hfo.2Zro2M0g 2Nbo 2 Tip2)B2, and (Hfp2Moo 2 Tag 2Nbo 2 Tip2) B, was also investigated by the same authors
using B4C and C as reducing agents instead of B [22]. The materials obtained after SPS were reported to
display relative densities of 96.3, 98.1 and 98.5%, respectively. Nonetheless, the weight fraction of the
desired HEB phase was 94 % at most, while amounts of HfO, up to 7.0 wt.% were also found in the
products. In addition, despite the XRD analysis results, the EDS maps clearly show that the

agglomeration of certain species is often present across of the sintered samples [21,22]. Thus, the studies
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conducted so far evidenced that the fabrication of pure HEBs in massive form still represents a crucial
Issue.

In the present work, the reactive SPS (R-SPS) route is first considered for the synthesis and
simultaneous consolidation of (Hfy2Mo0g2Zrp2Nbg2Tip2)B, from elemental reactants. The effect
produced by a change of the heating rates applied during the sintering process is also examined. As an
alternative method, the same reaction promoters were first processed by Self-propagating High-
temperature Synthesis (SHS) technique [32] for the preparation of the HE boride powders to be
subsequently consolidated by SPS, thus considering the so-called SHS-SPS route. It should be noted that
both the R-SPS and the SHS-SPS methods have been successfully employed in the last two decades by
our research group for the fabrication of various standard metal diborides in dense form, such as ReB,
[33], TaB, [34,35], HfB, [36,37], ZrB, [35,38] and TiB, [39]. Very recently, preliminarily results
obtained when the SHS-SPS approach was attempted for the preparation of bulk
(Hfo.2Mo0o2Zrp2Nbo 2 Tip2)B2 were also reported in the literature [20]. In the present paper, the effect
produced by various process parameters (dwell temperature, holding time, heating rate, mechanical load,
etc.) on density, composition and microstructure of products obtained by R-SPS and SHS-SPS are
addressed in detail. The oxidation resistance of the optimal massive HEB material is then compared with
that one of individual diborides prepared following the same processing route and displaying similar

relative density.

2. Materials and methods
The commercial powders used for R-SPS and SHS experiments are reported in Table 1 along with
the related characteristics provided by the suppliers. Mixing of reactants was performed according to the

following reactions stoichiometry:

0.2 Hf+0.2Mo0+0.2Ta+0.2Nb+0.2T1 + (2+X)B — (HfoleOolzTaolzNbolgTiolg)Bz (1)
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The use of an excess of B (x>0) was also considered, based on previous outcomes found when
synthesizing standard transition metal diborides following the same routes [25,35,38]. In addition, the

effect produced by the reduction of Mo particles size was examined.

Powder mixing was carried out for 20 min in a SPEX 8000 (SPEX CertiPrep, USA) shaker mill
using plastic vials and alumina balls. The obtained mixture was first cold-pressed to form cylindrical
pellets, to be reacted inside a stainless-steel chamber filled with Argon, using an electrically heated
tungsten filament as ignitor. Details of the SHS set-up and procedure can be found elsewhere [40]. The
synthesis product was crashed in a mortar to convert it in powder form. The obtained powders were
subsequently milled for different time intervals (tsw = 5-60 min) using the milling device above, with
stainless steel vial and two steel balls (13 mm diameter, 8 g weight), being the resulting ball-to-powder
weight ratio equal to 2. Particle size of the resulting powders was determined by laser light scattering

analysis (CILAS 1180, France).

Reactive sintering experiments and the densification of SHS powders were both performed using
a SPS apparatus (515S model, Fuji Electronic Industrial Co., Ltd., Kanagawa, Japan) under temperature-
controlled mode and vacuum (20 Pa) conditions. About 4.4 g of powders were placed inside a hollow
cylinder (30 mm external diameter; 15 mm inside diameter; 30 mm height) equipped with two punches
(14.7 mm diameter, 20 mm height), all made of AT101 graphite (ATAL Srl., Italy). The temperature
during SPS was measured by a C-type thermocouple (Fuji Electronic Industrial Co., Ltd., Kanagawa,
Japan) inserted inside a small hole drilled on the lateral surface of the graphite die. An infrared
pyrometer (CHINO, mod. IR-AHS2, Japan) focused on the lateral surface of the die was also used. The
imposed thermal cycle consists of increasing the temperature from the room value to the maximum level
(Tp) with a prescribed heating rate (HR), i.e. 100 or 200°C/min. The Tp value was then maintained
constant for different dwell time periods (tp) up to 20 min. The effect of Tp on the density and
composition of the sintered product was investigated in the range 1800-1950 °C. The applied

5
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mechanical pressure was varied in the range 20-70 MPa. For the sake of reproducibility, each

experiment was repeated at least twice.

Important information on the dynamics of the SPS process can be provided by the temporal changes
of the recorded sample displacement. However, although the latter one is generally regarded as the
degree of powder compact densification, thermal expansion of the sample, as well as that of both

electrodes, graphite blocks, spacers and plungers, are also responsible for the variation of this parameter.

After SPS, the bulk samples were cut, ground and polished using progressively finer abrasive paper
for further characterization. Their relative densities were evaluated by the Archimedes’ method using

distilled water as immersing medium and 8.67 g/cm? as theoretical value [4].

Phases identification and structural characteristics of the synthesized powders and sintered products
was carried by X-ray diffraction analysis (Philips PW 1830, Netherlands) using Cu K, radiation, over a
range of scattering angles 29 from 20 to 130, in steps of 0.05° with 15 s acquisition time per angle.
Phases content and the corresponding microstructural parameters were evaluated with the Rietveld

method by analyzing the XRD patterns with the MAUD program [41].

The obtained SHS powders, R-SPS and SHS-SPS samples were also examined by high resolution
scanning electron microscopy (HRSEM) (mod. S4000, Hitachi, Tokyo, Japan) equipped with a UltraDry

EDS Detector (Thermo Fisher Scientific, Waltham, MA, USA).

The oxidation resistance of the (Hfy2Mog,Tag2Nby,Tig2)B, product was evaluated by
thermogravimetric analysis (NETZSCH, STA 409PC Luxx Simultaneous DTA-TGA Instrument,
Germany) under 0.1 L/min air flow. Non-isothermal (dynamic) measurements, consisting of slowly
heating (2 °C/min) the HEB sample from room temperature to 1450 °C, as well as isothermal runs at

1200 °C for about 4 h, have been carried out. For the sake of comparison, some individual diborides,
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namely HfB,, TaB,, and TiB,, prepared by SPS and characterized by similar relative densities, were also

tested by DTA-TGA.

3. Results and discussion
3.1. Bulk HEBs via Reactive Spark Plasma Sintering

In principle, the most convenient and direct way to produce massive ceramic bodies is to perform
material synthesis and densification in a single processing step. Accordingly, this approach was first
attempted in this work for the preparation of bulk (Hfy2Mog2Tag2Nbo2Tio2)B,. To this, elemental
reactants mixed in stoichiometric ratio (x=0 in Eqg. 1) were first processed by R-SPS under the
conditions of Tp = 1950°C, tp = 20 min, P=20 MPa and HR = 100°C/min. The temperature time profile
imposed during the process is plotted in Fig.1la along with the related sample displacement. Fig.1b
shows the corresponding gas pressure evolution inside the SPS chamber during the process which
provides important information, as discussed subsequently. Negative values in the displacement data are
obtained at the initial stage of the R-SPS process. This outcome can be readily motivated by the thermal
expansion contribution of the entire system (sample/die/plungers/spacers/electrodes) to the recorded
displacement, which overcomes, during this period, that one (positive) due to powder densification. On
the other hand, the displacement starts to increase after about 12 min from the beginning of the electric
current application, when the temperature is approximately 1200°C. Afterward, this parameter is
observed to raise in a gradual manner, first with a nearly constant rate and then with a decreasing one,
until the end of the process. The absolute density of the final R-SPS product was 8.07+0.01 g/cm?®,
corresponding to a relative density of about 93%.

The compositional changes of the powders undergoing R-SPS was monitored by XRD analysis. In
particular, the corresponding patterns of the product obtained for tp = 20 min is plotted in Fig. 2 with

that of the starting mixture. The (Hfy2Mo0o2Tag2Nbo 2 Tip2)B, content in the sintered material at the end
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of the process (tp = 20 min) was about 63.7% (Table 2), to indicate that reaction (1) does not go to
completion. As also reported in Table 2, the weight percentage of the desired high-entropy boride phase
in the product when tp =5 min (t=t; in Fig. 1) was approximately 54 wt.%, suggesting that the chemical
transformation of initial reactants takes place gradually during the process. As shown in supplementary
Table S1, where details of the different phases content as well as the related microstructural parameters
are reported, various metal borides, along with small amount (about 2 wt.%) of HfO,, are also detected
by XRD analysis.

The effect produced by an increase of the heating rate from 100 to 200°C/min is then examined. The
SPS output shown in Fig. 3a-3b evidences that a different behavior is displayed by the reacting system
with respect to the case when the dwell temperature is approached at a slower rate (Fig. 1a). Indeed, a
sharp sample displacement takes place after approximately 3.2 min (t) during the non-isothermal stage
conducted at 200 °C/min (Fig. 3a). This event is observed to occur when the measured temperature was
slightly above 600°C. The inset in Fig. 3a also evidenced that a slight local temperature increase, with
respect to the scheduled thermal cycle, is correspondingly recorded. Moreover, after t* the 6 parameter
decreases for a certain period. Furthermore, during such short time interval, the gas pressure inside the
sintering chamber raised rapidly to relatively high levels (Fig. 3b), if compared to the case when the R-
SPS process was performed at 100°C/min (Fig. 1b) where, albeit some changes of this parameter were
observed in the course of the experiment, its value did not exceed 80 Pa. Based on all these features, it is
apparent that a combustion synthesis-like reaction, accompanied by a local heat release with a
subsequent sample expansion, took place at t". The latter statement is undoubtedly supported by the
corresponding sudden compositional change, as evidenced by XRD analysis, whose results are shown in
Fig. 4. In particular, as shown in Table 2, the Rietveld analysis indicated that the product
correspondingly obtained for x = 0 is composed of 58.8% of (Hfy Moo 2Tag2Nbo2Tig2)B,, with various

secondary boride phases and HfO, (see supplementary Table S1). According to previous studies
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addressed in the literature to the preparation of standard diborides (ZrB,, HfB,, etc.) by R-SPS
[35,36,38], where the use of a slight excess of boron (5-10 mol%) is usually beneficial to compensate
the loss of this reactant due of the presence of some oxides and impurities in the raw powders, the x
parameter in EqQ. 1 was increased up to 0.2. Consistently, as shown in Fig. 4, the latter x value is found
to improve the composition of the R-SPS product, being the yield in the desired HEB in the product at t~
equal to 64.5%. Very important is the fact that no oxides are detected in the product prepared using such
excess of boron (see supplementary Table S1). It is also found that the progress of the R-SPS process up
to tp = 20 min determined only a slight improvement in product composition, with a
(Hfo2Mog2Tag2Nbg 2 Tip2)B, content equal to 66.7 wt.%.

As far as powder densification is concerned, rather low densities (about 5.7 g/cm®) were reached at
the end of the R-SPS process, if the applied pressure was maintained equal to 20 MPa during the entire
process duration. On the other hand, the initial application of higher mechanical loads is not appropriate,
for safety and other reasons, when strongly exothermic systems prone to react under the combustion
synthesis regime are processed [38]. Following the approach suggested in the literature for similarly-
behaving systems [34,36,42], a two-stage mechanical load cycle, where the mechanical load is
augmented nearly after the occurrence of the combustion synthesis reaction (t"), is therefore considered.
The effect of such change in the applied pressure is investigated in the range 20-70 MPa and the
obtained results are shown in Fig. 5. As the mechanical pressure is augmented from 20 to 40 MPa, the
average value of the density rises significantly, up to 7.6 g/cm®, while a further increase to 70 MPa
determines a relatively lower effect. Approximately 8 glcm® dense samples are correspondingly
accomplished. It should be noted that the variation of the x parameter was found to produce a very
modest effect on sample density.

Phases distribution and the microstructure of the sintered materials were also examined by SEM

coupled with EDX analysis. The obtained results agree with the XRD analysis and density
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measurements. Indeed, as shown in Fig. 6a, despite the reasonably good consolidation level reached at
the end of the R-SPS process conducted under low heating rates (100°C/min), the non-uniform
elemental distribution shown by EDS maps provides a clear indication that a single-phase product is
very far from being achieved. Apparently, a slightly improvement in the distribution of Hf, Mo and Ta
elements can be observed across the sample prepared at higher heating rates (200°C/min), albeit zones
with higher local concentrations of Nb and Ti can be clearly seen (cf. Fig. 6b). In addition, product
microstructure is characterized by the presence of some large isolated pores 10-15 um sized (indicated
by the arrow in Fig. 6b), along with several smaller ones. Such pores can be likely ascribed to the gases
suddenly liberated during the occurrence of the combustion synthesis event. Indeed, the volatilization of
some impurities initially present in the powders and/or generated during synthesis reactions takes place
inside a nearly closed container, so that the produced gases could hardly escape and remain entrapped
within the bulk product. Another negative aspect worth to be mentioned when considering the
preparation of HEBs by R-SPS is the observed sample weight loss, which was found to reach values
even exceeding 10 wt.%, for the case of synthesis reactions evolving under the combustion regime. Both
these drawbacks above could be readily associated to the gases liberated in a very short time interval,
which determine a marked pressure increase inside the die, as shown in Fig. 3b. Consequently, part of
the powders undergoing R-SPS are forced out of the die.

Another parameter that could play a beneficial role for promoting reaction completion during the R-
SPS process is represented by particles size of initial reactants. Based on the data provided by the
vendors (Table 1), Ti and Mo powders are relatively coarser with respect to the other ones used in this
work. In addition, while Ti is expected to melt under the adopted R-SPS condition, the use of finer Mo
powder could provide more valuable indication in this regard. Accordingly, additional R-SPS
experiments using < 44 um sized Mo powders, obtained after sieving the original commercial ones,

were carried out. The cross-sectional SEM micrograph and the related EDX elemental maps of the

10
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corresponding sample produced by R-SPS (HR = 100 °C/min, Tp = 1950A, tp = 20 min, P = 20 MPa) is
reported in supplementary Fig. S1. It is clearly seen that, a slight improvement in term of elemental
distribution is attained with respect to the sample achieved under the same conditions, except for the use
of coarser Mo powders (Fig. 3a). However, the sintered product appears still rather porous and not
homogeneous, so that powder consolidation and, above all, the completeness of the reaction to provide

the desired dense high-entropy single phase material by R-SPS, is far from being reached.

3.2. Powder preparation by SHS

Once the mixture of reactants combined according to Eq. (1) was locally ignited, a self-sustaining
combustion front was generated. This behavior was typically observed when the same approach was
considered for the synthesis of individual transition metal diborides, like TaB, [34], HfB, [37], TiB;
[39] and ZrB, [35], and is readily due to their strong exothermic character, i.e. (—AH?) = 209.200,
335.975, 323.800, and 322.586, kJ/mol, respectively [43]. The reaction front associated to Eq. (1) was
found to propagate very fast (about 2 sec in a 20 mm high pellet), with an average velocity of 4.75+0.25
mm/s, whereas the measured combustion temperature was 2150+100 °C. The transformation of the
initial reactants to the expected HEB phase was verified by analyzing the SHS product by XRD. The
obtained results are shown in Fig. 7 for different x values and the corresponding percentage of the
detected phases are listed in supplementary Table S2 along with the corresponding microstructural
parameters. From the yield in (Hfy2Mog2Tag2Nbo2Tig2)B, summarized in Table 2, it is seen that a
significant improvement in term of material composition was achieved when operating with an excess of
boron equivalent to x=0.2 in Eqg. 1. Indeed, under the latter condition, about 96 wt.% of elemental

reactants are converted to the desired phase, as revealed by the Rietveld analysis. Minor amounts of

11
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other secondary phases, namely (TaosTios)B2, (Hfo5Tios)B2, HfB,, as well as traces of HfO,, are also
detected in the end product.

The produced powders were also examined by SEM and EDX analysis. Fig. 8 evidenced that a good
mixing level between the different elements is reached inside each grain. Nonetheless, some regions
with relatively higher/lower metals content can be seen, to confirm that a single-phase product was not

attained at the end of the SHS process.

3.3. Consolidation by Spark Plasma Sintering of SHS powders

Three sets of powders were prepared after ball milling the SHS product for 5, 20 and 60 min,
respectively. The resulting particle size characteristics, as measured by laser scattering analysis, are
reported in Table 3. The relatively coarse particles attained after 5 min are markedly refined when the
treatment was prolonged to 20 min. In contrast, only minor changes were observed when the milling
period duration was extended to 1 h.

The temporal sample displacement changes plotted in Fig. 9 for the case of tgy = 20 min along with
the corresponding temperature profile indicate that SHS powders exhibits a gradual consolidation
behavior during SPS (Tp = 1950°C, P = 20 MPa, HR = 200°C/min, and tp = 20 min). It is seen that only
negligible changes of the & parameter are recorded up to 7 min, when the corresponding measured
temperature was about 1200°C. The compact is observed to mostly densify during the non-isothermal
stage, while, after the Tp value is reached, sample consolidation continues at a lower rate until the end of
the process (tp = 20 min). A similar qualitative behavior was shown by the differently milled powders.

The effect of the dwell temperature on the density of SPS specimens resulting from these three
groups of powders can be deduced from Fig. 10. As expected, product densification is progressively
enhanced as the sintering temperature was augmented. The effect of milling time is mainly observed at

relatively lower Tp values, whereas it tends to vanish when operating at 1950°C, particularly when the

12
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milling treatment was prolonged from 20 to 60 min. This outcome is consistent with the similar particles
size of these two groups of powders (Table 3). It should be mentioned the fact that all the experiments
described so far were carried out under an applied pressure of 20 MPa. Nonetheless, as reported in
supplementary Fig. S1-S2, an increase of the latter parameter up to 45 MPa did not provide valuable
beneficial effects.

Apart from the densification issue, the other relevant aspect to consider is represented by the
composition of the sintered material, since the SHS powders to be consolidated did not consist
exclusively of the desired HEB phase. From the XRD analysis of the SPS product obtained 1950°C,
whose results are reported in Fig. 11 along with those ones corresponding to the starting SHS powders
milled for 20 min, it is seen that the synthesis reaction went to completion during SPS. Indeed, as
summarized in Table 2 (details can be found in supplementary Table S2), a single-phase product is
finally achieved with no evidence of the presence of secondary borides, oxides, etc., species.

Important features can be deduced when examining the SEM micrographs and related EDS maps
reported in Fig. 12 for different holding temperatures and milled powders. First, from Fig. 12a it is
apparent that samples sintered at 1850°C are characterized by a marked residual porosity, other than a
non-uniform elements distribution across the sample. While, in accordance with data reported in Fig. 11,
an increase of the Tp value to 1900°C determines a marked improvement in term of product
densification, the homogenization of the high-entropy phase is still not adequate (Fig. 12b). The
temperature needs to be further raised to 1950°C for achieving a satisfactory uniformity in composition
across the SPS sample (Fig. 12c), in addition to a reduction of residual porosity. Finally, Fig. 12d
evidences that the prolonged milling treatment from 20 to 60 min is accompanied by a further
improvement of product microstructure. This is likely due to the reduction of the diffusion distances
between the various phases during the mechanical treatment, so that the distribution of elemental species

within the sample volume is facilitated during SPS and product homogenization enhanced.
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3.4. Oxidation behavior of sintered samples

The oxidation behavior of the optimal HEB samples obtained in this work, i.e. about 92.5% dense
and consisting exclusively of (Hfy2Mo0o2Tag2Nbo 2 Tip2)B2, was examined by performing dynamic and
isothermal TGA experiments in air flow. The corresponding curves, expressed as normalized weight
gain, are compared in Fig. 13a-13b, respectively, with the results relative to standard individual
diborides prepared according the SHS-SPS route and characterized by similar relative densities, namely
HfB, (92.8%), TaB, (94.4%), and TiB, (93.1%). The dynamic tests conducted up to 1450°C clearly
indicated that the system more sensitive to the oxidizing environment is TiB;, whose curve starts to raise
at about 450°C and displayed the larger weight gain, with respect to the other diborides, during the
entire temperature interval investigated (Fig. 13a). Also TaB, shows, although at a lower level
compared to TiB,, scarce resistance to oxidation, since its mass progressively increases for temperature
higher than 600°C. In contrast, both HfB, and HEB specimens exhibit only moderate weight changes for
temperature lower that 1200-1300°C. On the other hand, the HE ceramic oxidized markedly for
temperatures exceeding 1300°C, as proven by the corresponding sudden raise of the related curve.

Based on the latter outcome, the isothermal TGA tests were conducted at 1200°C. In addition, the
TiB, sample was not considered for such experiments, due to the behavior manifested by this system
during oxidation experiments carried out under dynamic conditions. The corresponding results reported
in Fig. 13b are fully consistent with those ones obtained from non-isothermal tests. Indeed, while the
TaB, sample was subjected to a significant mass gain during the test, both HfB, and the high entropy
ceramic exhibited low and thermally stable oxidation rate. In this regard, it should be noted that the
latter two specimens are both characterized by relatively lower relative densities with respect to TaB,

and TiBy, so that they are, in principle, more exposed to oxygen diffusion.
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On the basis of the results described above, it is possible to conclude that the oxidation up to 1200°C
of the monophasic UHTC materials taken into account in the present work occurs according to the
following hierarchical order: TiB, > TaB, > HfB, > (Hfy2M0g,Tag2Nbg»Tig2)B,. These finding agrees
with the oxidation test results conducted for the same systems by Gild et al. [4] using a tube furnace at
different temperatures under flowing dry air. In particular, the high-temperature oxidation performances
of the high-entropy, hafnium-, tantalum-, and titanium diborides investigated by Gild et al. [4] followed

the order obtained, as indicated above, in the present work.

4. Concluding remarks

The identification of efficient processing routes for the fabrication of pure and dense high-entropy
diborides certainly represents a crucial problem for the development of this novel class of ceramics.
However, since the pioneering work by Gild et al. [4], various difficulties were encountered for their
synthesis and consolidation. Accordingly, the same authors recently pointed out that the originally
proposed intense mechanical treatment of the individual diborides constituents before their processing
by SPS is not convenient, to avoid significant product contamination and oxidation [14].

In the present work, the one-step synthesis and consolidation by reactive SPS of
(Hfo2Moo2Tag2Nbo 2 Tip2)B, using elemental powders was first investigated. The sintering process was
conducted for 20 min at 1950°C under different heating rate conditions. When the temperature was
increased to the maximum level at 100°C/min, the transformation of reactants occurred through a
gradual solid-state diffusion mechanism. In contrast, if heating rates equal to 200 °C/min are set, the
synthesis reaction evolved under the combustion regime. In both cases, the synthesis reaction did not go
to completion, with a conversion of reactants to the desired high-entropy phase of about 67 wt.%, at
most, although a good densification level was achieved, i.e. 91.3-93% relative density. SEM and EDS

analysis confirmed that the obtainment of a single-phase product is far from being reached. In addition,
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isolated large pores were found in the sintered material when combustion synthesis reactions took place
during the R-SPS process.

Significant improvement in the high-entropy material characteristics are obtained when the
elemental powders were first reacted in few seconds by SHS and subsequently processed by SPS. As for
the first step, the best result was reached when using 10 mol% excess of boron, with respect to the
stoichiometric value, which allowed us to achieve about 96% conversion of initial reactants to
(Hfo2Mog2Tag2Nbg 2 Tip 2)B,. Moreover, when the resulting powders were then processed by SPS for 20
min at 1950°C and 20 MPa, a 92.5% dense single-phase material was produced. The obtainment of a
homogeneous material was clearly proven by accurate XRD analysis coupled with the Rietveld
analytical procedure, SEM observations and EDS. Currently, work is on progress to further increase the
densification level of the sintered product. In this regard, but also with the aim of promoting the
completeness of the synthesis reaction during SHS and R-SPS processes, the use of finer reactants
powder will be considered in further investigations. Nonetheless, the fact that no trace of secondary
phases was found in the bulk material produced in this work represents a very important achievement, if
compared with the results reported so far in the literature for the HEB taken into account. For instance,
the oxides contamination was reported in the 92.2% dense (Hfy2Mo0o,Tag2Nbo2Tip2)B, material
obtained by Gild et al. [4]. In addition, despite of the higher density level (98.5%) recently reached by
Zhang et al. [22] for the same system, the yield in the high-entropy phase was 93 wt.% only, with about
7 wt.% hafnium oxides. The latter impurity was also detected by XRD analysis in the 95% dense
material prepared by the same authors, using B, instead of B,C and C, as precursors for the boro-thermal
reduction of metal oxides [21]. Furthermore, EDX compositional maps evidenced that some species,
mainly Nb, are not homogeneously distributed across the sample volume.

The results deriving from dynamic and isothermal oxidation tests carried out on the

(Hfo2Moo2Tag2Nbg 2 Tip2)B, material obtained by SHS-SPS are rather promising, if compared to those
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ones relative to individual Ta-, Ti-, and Hf diborides produced with the same processing method and
displaying slightly higher relative densities. In this regard, it is well recognized that metal borides are
not able to withstand oxidative environments at high temperature, unless appropriate, generally Si-
containing, additives are introduced in the matrix. Nonetheless, the high-entropy ceramic was shown to
exhibit, similarly to HfB,, very low and stable oxidation rate up to 1200°C, whereas TiB, and TaB, gain
markedly their weight at lower temperatures, i.e. about 450 and 650°C, respectively. This outcome is
very promising in view of the possible utilization of this ceramic for high temperature applications in
aggressive conditions. Further improvements on this property are certainly expected, if samples with

higher relative densities are made available.
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Table 1. Characteristics of powder reactants used for reactive SPS and SHS experiments

Reactant Vendor, code Particle size (um) Purity (%)
Hf Alfa Aesar, cod. 10201 <44 99.6
Mo Aldrich, cod 26.689-2 <149 >99
Ta Alfa Aesar, cod 00337 <44 99.9
Nb Alfa Aesar, cod 010275 <44 99.8
Ti Aldrich, cod 26.849-6 <149 99.7
B, amorphous Aldrich, cod 15580 - >99
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Table 2. HEB yields and related experimental conditions adopted in this work for the fabrication of (Hfy2Mo0g2Tag 2Nbg 2 Tig2)B,. Details of

the secondary phases content and microstructural parameters are reported in supplementary Table S1 and S2.

Method Sample type  B/Me ratio SPS conditions Yield in HEB
() (HR, Tp, t /tp, P) (Wt.%)

R-SPS Bulk 0 100°C/min, 1950°C, tp = 5 min, 20 MPa 54.1
R-SPS Bulk 0 100°C/min, 1950°C, tp = 20 min, 20 MPa 63.7
R-SPS Powder 0 200°C/min, 1950°C, t', 20 MPa 58.8
R-SPS Powder 0.2 200°C/min, 1950°C, t', 20 MPa 64.5
R-SPS Bulk 0.2 200°C/min, 1950°C, tp = 20 min, 20-70 MPa 66.6
SHS Powder 0 - 36.7
SHS Powder 0.1 - 47.1
SHS Powder 0.2 - 96.2
SHS-SPS Bulk 0.2 200°C/min, 1950°C, tp = 20 min, 20 MPa 100
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Table 3. Particle size characteristics, as determined by laser scattering analysis, of differently ball-milled HEB powders prepared by SHS.

tgm (Min) d10 (um) d50 (um) d90 (um) daverage (M)
5 0.53+0.12 7.41%1.43 35.69+5.21 13.31+1.90
20 0.22+0.03 1.94+0.14 9.83+0.38 3.72+0.19
60 0.20+0.04 1.49+0.13 8.76+0.53 3.16+0.26
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Fig. 1 Temperature and sample displacement (a) time profiles and gas pressure (b) during reactive SPS

of (Hfo,zMOo_zTaolzNbo,zTio,z)Bz (TD = 1950A, P=20 MPa, HR = 100°C/min, b= 20 min).
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Fig. 2 XRD patterns of (a) reactants and (b) related SPS products (Tp = 1950 A, P 20 MPa, HR =

100°C/min, tp

= 20 min) obtained during reactive sintering of (Hfy2Mo0o2Tag2Nbo2Tip2)B,, and

corresponding to to, and t, in Fig. 1, respectively.
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Fig. 3 Temperature and sample displacement (a) time profiles and gas pressure (b) during reactive SPS

of (Hfo,zMOo_zTaolzNbo,zTio,z)Bz (TD = 1950 A P= 20to 70 MPa, HR = 200°C/min, b= 20 min).
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Fig. 4 XRD patterns of (a) reactants and related SPS products (Tp = 1950A, P = 20MPa, HR =
200°C/min, tp = 20 min) obtained for (b) x =0, (¢) x = 0.1 and (d) x = 0.2 immediately after (t = t*) the

sharp sample displacement (Fig. 3a) occurring during reactive sintering of (Hfp 2Mo0o 2Tag2Nbg 2Tl 2)B>.
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Fig. 5 Densities of sintered products as a function of the mechanical pressure applied after synthesis

occurrence during R-SPS (HR = 200°C/min, Tp = 1950A, tp = 20 min) of (Hfo_zMOolzTao,szolzTiolz)Bz.
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Fig. 6. Cross sectional SEM micrograph and corresponding EDX elemental maps of the
(Hfo2Mog2Tag2Nbg 2 Tip 2)B, samples produced by R-SPS: (a) (HR = 100 °C/min, Tp = 1950A, tp = 20

min, P =20 MPa) and (b) (HR = 200°C/min, Tp = 1950A, tp = 20 min, P = 20 to 70 MPa).
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Fig. 7 XRD patterns of products obtained by SHS when (a) x=0, (b) x =0.1 and (c) x=0.2.
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Fig. 8. SEM micrograph and corresponding EDX elemental maps of the SHS powders prepared

according to Eq. (1).
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Fig. 9 Example of temperature and sample displacement time profiles during the consolidation by SPS
(Tp = 1950°C, P = 20 MPa, HR = 200°C/min, tp = 20 min) of SHS powders produced according to Eq.

(D).
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Fig. 10 Effect of the dwell temperature on the density of products obtained by SPS (P = 20MPa, HR =

200°C/min, tp = 20 min) from differently milled SHS powders.

8.5

Density (g/cms)

] — [ 5 min
6.5 — tB_\l:20 min j
j —a— IBM=60 min
6 | T T T T T L R R LA A |
1800 1850 1900 1950

36



O©CO~NOOOTA~AWNPE

Fig. 11 XRD patterns of (a) the SHS powders (x = 0.2, tsm = 20 min) and (b) the corresponding SHS-

SPS bulk product (Tp = 1950°C, tp = 20 min, P = 20 MPa, HR = 200°C/min).

(Hf, Mo

Ta Nb_ Ti

0.2 0.2 02 02

)B,

Intensity (a.u.)

20

40 50 60 70 80

Diffraction Angle, 20 (degree)

(Hf Ti )B,
(TaO.STIO.S) BZ
HfB

2

HfO,



O©CO~NOOOTA~AWNPE

Fig. 12. Cross sectional SEM micrographs and corresponding EDX elemental maps of the
(Hfo2Mog2Tag2Nbg 2 Tip2)B, samples produced by SPS (HR = 200°C/min, tp = 20 min, P = 20 MPa)
from SHS powders at different conditions: (a) Tp = 1850°C, tgm = 20 min; (b) Tp = 1900°C, tgm = 20

min; (¢) Tp = 1950°C, tgv = 20 min; (d) Tp = 1950°C, tgm = 60 min.
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Fig. 13. Comparison of

(Hfo,zMOolzTao,zNbo_zTio,z)Bz (HEB) and selected individual diborides (HfBz, TaB,, and TIBz) as a

specific weight changes during TGA oxidation

in

air

of

function of (a) temperature (non-isothermal run with the heating rate equal to 2 °C/min) and (b) time

(isothermal run at 1200 °C).

20

15

Normal mass gain (mg/cmz)

—e—TaB, ——TiB,

——HfB, —=—HEB

1200 400 600 800 1000 1200 1400

Temperature, T (°C)
50
| | —+—TaB, ——HMB, —=—HEB (b)!

Normal mass gain (mg/cmz)

Time (min)

(Do) 1, vamyeaaduray,



*Revised Unmarked Supplementary Material
Click here to view linked References

©CO~NOOOTA~AWNPE

Supplementary Material for

High-Entropy Transition Metal Diborides by Reactive and Non-Reactive Spark Plasma

Sintering: a comparative investigation

Giovanna Tallarita, Roberta Licheri, Sebastiano Garroni,

Simone Barbarossa, Roberto Orril”, and Giacomo Cao

Supplementary Tables S1-S2

Supplementary Figures S1-S2

Corresponding author: Roberto Orru (roberto.orru@dimcm.unica.it)


http://ees.elsevier.com/jecs/viewRCResults.aspx?pdf=1&docID=46430&rev=1&fileID=893548&msid={BD134403-42CE-4AA7-87EE-71AB40430CAE}

O©CoO~NOOOTA~AWNPER

Table S1. Phases and quantitative phase analysis results of the initial reactants mixture and R-SPS bulk products (Tp = 1950°C) obtained using

different stoichiometries (x in Eq. 1), sintering time intervals (tp or t*) and heating rate (HR) conditions. t* represents the time interval immediately

after the combustion synthesis reaction during the R-SPS occurs.

Initial Reactants

Phase % a(A) b(A) c(A) PB() Symmetry Space Group Crystallitesize (A) Microstrain Unit cell volume (A%)
Ti 21.0 3.3075 3.3075 3.3075 90.00 Cubic Im-3m 1985 0.0008 36.1826
Ta 20.9 3.3185 3.3185 3.3185 90.00 Cubic Im-3m > 3000 0.0034 36.5448
Mo 20.2 3.1476 3.1476 3.1476 90.00 Cubic Im-3m 1441 0.0002 31.1845
Hf 19.1 3.2006 3.2006 5.0705 90.00 Hexagonal P63/mmc 1125 0.0013 44.9826
Nb  18.8 3.3404 3.3404 3.3404 90.00 Cubic Im-3m 232 0.0001 37.2731
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R-SPS product (x =0, HR = 100°C/min, tp = 5 min, P = 20 MPa)

Phase % a(A) bA) cA PO Symmetry Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 54.1 3.1187 3.1187 3.3230 90 Hexagonal P6/mmm 180 0.0083 27.9903
(NbTiB4)os 10.4 3.0428 3.0428 3.2466 90 Hexagonal P6/mmm 1115 0.0014 26.0319
(HfosTios)B2 23.1 3.1131 3.1131 3.3964 90 Hexagonal =~ P6/mmm 2855 0.0068 28.5060

NbB; 3.4 3.0852 3.0852 3.2026 90 Hexagonal P6/mmm 1203 0.0065 26.3998

TaB, 0.4 3.0986 3.0986 3.2626 90 Hexagonal P6/mmm 600 0.0006 27.1285

HfB, 3.5 3.1541 3.1541 3.4907 90 Hexagonal P6/mmm 2519 0.0030 30.0742

MoB 0.8 3.1418 8.4961 3.0721 90 Orthorhombic ~ Cmcm 1000 0.0006 82.0037

HfO, 4.3 5.2841 5.0846 5.2843 99.3367  Monoclinic P21/c:bl 544 0.0008 140.0952
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R-SPS product (x =0, HR =100 °C/min, tp = 20 min, P = 20 MPa)

Phase % a(A) bA) cA PO Symmetry Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbg 2 Tip2)B, 63.7 3.1207 3.1207 3.3221 90 Hexagonal P6/mmm 577 0.0086 28.0187
(NbTiB4)os 8.6 3.0504 3.0504 3.2557 90 Hexagonal P6/mmm 904 0.0009 26.2355
(HfosTios)B2 8.8 3.1236 3.1236 3.3846 90 Hexagonal =~ P6/mmm 2872 0.0059 28.5989

NbB; 11.5 3.0927 3.0927 3.2644 90 Hexagonal P6/mmm 1128 0.0075 27.0402

TaB, 0.5 3.1094 3.1094 3.2558 90 Hexagonal P6/mmm 600 0.0006 27.2610

HfB, 46 3.1371 3.1371 3.4654 90 Hexagonal P6/mmm 2562 0.0082 29.5353

MoB 0.2 3.1418 8.4961 3.0721 90 Orthorhombic ~ Cmcm 1000 0.0006 82.0037

HfO, 2.1 53211 5.0766 5.3062 99.6422 Monoclinic P21/c:bl 576 0.0022 141.3120




O©CoO~NOOOTA~AWNPER

R-SPS product (x = 0, HR = 200 °C/min, t’, P = 20 MPa)

Phase % a(d) b@A) c@A) PpE Symmetry  Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbp 2 Tip2)B, 58.8 3.1053 3.1053 3.2981 90 Hexagonal ~ P6/mmm 16 0.0111 27.5424
(NbTiB4)os 12.7 3.0648 3.0648 3.2505 90 Hexagonal ~P6/mmm 1376 0.0033 26.4414
(HfosTios)B2 9.1 3.1001 3.1001 3.3976 90 Hexagonal ~ P6/mmm 2867 0.0055 28.2784
(HfosTags)B2 0.7 1.2467 1.2467 3.3468 90 Hexagonal P6/mmm 1737 0.0100 4.5049

NbB, 10.6 3.0818 3.0818 3.2791 90 Hexagonal ~P6/mmm 1239 0.0040 26.9708

TaB, 0.4 3.0770 3.0770 3.2677 90 Hexagonal P6/mmm 600 0.0006 26.7934

HfB, 5.0 3.0886 3.0886 3.5377 90 Hexagonal P6/mmm 2543 0.0085 29.2264

HfO, 3.1 5.2635 5.0707 5.2735 99.2303 Monoclinic P21/c:bl 795 0.0019 138.9253
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R-SPS product (x = 0.2, HR = 200 °C/min, t’, P = 20 MPa)

Phase % a(d) b@A) c(A) B Symmetry  Space Crystallite size  Microstrain Unit cell
) Group (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 64.5 3.1216 3.1216 3.3419 90 Hexagonal P6/mmm 69 0.0080 28.2019
(NbTiB4)os 13.7 3.0878 3.0878 3.2798 90 Hexagonal P6/mmm 1434 0.0041 27.0817
(HfosTios)B2 9.6 3.1125 3.1125 3.4131 90 Hexagonal P6/mmm 2886 0.0063 28.6351
(HfosTags)B2 0.7 15327 15327 3.3737 90 Hexagonal P6/mmm 1725 0.0043 6.8636
NbB, 10.9 3.1046 3.1046 3.3222 90 Hexagonal P6/mmm 1596 0.0052 27.7311

TaB, 0.4 3.0989 3.0989 3.2971 90 Hexagonal P6/mmm 600 0.0006 27.4207

HfB, 0.2 3.1669 3.1669 3.5031 90 Hexagonal P6/mmm 2541 0.0020 30.4265
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R-SPS product (x = 0.2, HR = 200 °C/min, tp = 20 min, P = 20-70 MPa)

Phase % a(d) b@A) c(A) B Symmetry  Space Crystallite size  Microstrain Unit cell
) Group (A) volume (A%

(Hfo2Mo0gp2Tag2Nbg 2 Tip2)B, 66.7 3.1326 3.1326 3.3569 90 Hexagonal P6/mmm 327 0.0030 28.5285
(NbTiB4)os 12.3 3.0977 3.0977 3.3039 90 Hexagonal P6/mmm 1367 0.0034 27.4559
(Hfo5Tios)B2 8.7 3.1282 3.1282 3.4017 90 Hexagonal P6/mmm 2846 0.0053 28.8281
(Hfo5Taos)B2 0.7 1.2695 1.2695 3.3691 90 Hexagonal P6/mmm 1737 0.0032 4.7023

NbB, 9.9 3.1137 3.1137 3.3370 90 Hexagonal P6/mmm 1693 0.0045 28.0182

TaB, 0.3 3.1230 3.1230 3.2843 90 Hexagonal P6/mmm 600 0.0006 27.7407

HfB, 1.4 31532 3.1532 3.4448 90 Hexagonal P6/mmm 2539 0.0045 29.6618
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Table S2. Phases and quantitative phase analysis results of the SHS powders and SHS-SPS bulk products (Tp = 1950°C, HR = 200 °C/min, tp = 20

min, P = 20 MPa) obtained using different stoichiometries (x in Eq. 1).

SHS powders (x = 0)

Phase % a(A) bA) cd) B(°)  Symmetry  Space Crystallite  Microstrain  Unit cell
Group size (A) volume (A%

(Hfo2Moo2Tag2Nbo 2 Tip2)B, 36.7 3.1000 3.1000 3.2762 90 Hexagonal ~P6/mmm 258 0.0121 27. 2662
(NbTiB4)os 18.6 3.0542 3.0542 3.2496 90 Hexagonal ~P6/mmm 1397 0.0037 26.2516
(Hfo5Tios5)B2 26.0 3.0998 3.0998 3.4122 90 Hexagonal ~P6/mmm 2832 0.0052 28.3944
(Hfp5Tags)B2 0.8 1.3194 1.3194 3.3687 90 Hexagonal ~ P6/mmm 1680 0.0081 5.0786

NbB; 125 3.1054 3.1054 3.2954 90 Hexagonal P6/mmm 921 0.0012 27.5216

TaB, 1.6 3.0720 3.0720 3.2745 90 Hexagonal P6/mmm 600 0.0006 26.7620

HfB; 29 3.1446 3.1446 3.4778 90 Hexagonal ~ P6/mmm 2534 0.0014 29.7828

HfO, 0.9 5.0852 5.2192 5.1792 103.8943 Monoclinic P21/c:bl 610 0.0107 133.4375
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SHS powders (x =0.1)

Phase % a(d) b@A) cd) B(°)  Symmetry  Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 47.1 3.0927 3.0927 3.3099 90 Hexagonal P6/mmm 273 0.0048 27.4171
(NbTiB4)os 30.9 3.0608 3.0608 3.2531 90 Hexagonal ~ P6/mmm 1318 0.0048 26.3936
(Hfo5Tios5)B2 13.2 3.1024 3.1024 3.4107 90 Hexagonal P6/mmm 2833 0.0045 28.4295
(HfosTags)B2 0.7 1.3204 1.3204 3.3760 90 Hexagonal ~P6/mmm 1673 0.0031 5.0973

NbB, 45 3.1050 3.1050 3.3029 90 Hexagonal ~ P6/mmm 1295 0.0010 27.5771

TaB, 0.6 3.0600 3.0600 3.2930 90 Hexagonal ~P6/mmm 600 0.0006 26.7033

HfB, 1.7 3.1435 3.1435 3.4770 90 Hexagonal ~P6/mmm 2524 0.0017 29.7552

HfO, 14 51338 5.2346 5.1300 102.9661 Monoclinic P21/c:bl 700 0.0094 134.3455
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SHS powders (x =0.2)

Phase % a(d) b@A) c@A) P() Symmetry  Space Crystallite  Microstrain Unit cell

Group size (A) volume (A%
(Hfo2Moo2Tag2Nbg 2 Tip2)B, 96.2 3.1001 3.1001 3.3127 90.00 Hexagonal P6&6/mmm; 300 0.0044 275717
(TagsTigs)B2 2.3 3.0819 3.0819 3.2526 90.00 Hexagonal P6/mmm; 1000 0.0073 26.7546
(Hfo5Tips)B> 0.9 3.1098 3.1098 3.4063 90.00 Hexagonal P6/mmm; 1057 0.0052 28.5285
HfB, 0.5 3.1480 3.1480 3.4831 90.00 Hexagonal P6/mmm; 1126 0.0014 29.8928
HfO, 0.1 5.1135 5.1345 5.4033 99.35 Monoclinic P21/c:bl 248 0.0019 139.9803
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SPS product (x =0.2)

Phase % a(A) b@A) c(A) PB() Symmetry Space  Crystallite size Microstrain Unit cell
Group (A) volume (A%
(Hfo2Mog2Tag2Nbo,Tip2)B, 100 3.0878 3.0878 3.3099 90.00 Hexagonal P6/mmm 869 0.0015 27.3303
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Fig. S1. Cross sectional SEM micrograph and corresponding EDX elemental maps of the
(Hfo2Mog2Tag2Nbg 2 Tip 2)B, sample produced by R-SPS (HR = 100 °C/min, Tp = 1950A, tp = 20
min, P = 20 MPa) using finer Mo particles (< 44 um) with respect to the as received commercial

powder (cf. Table 1).
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Fig. S2 Densities of sintered products as a function of the mechanical pressure applied during the

consolidation by SPS (HR =200 °C/min, Tp = 1950 A, tp= 20 min) of SHS powders (tgm = 60 min).
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Tables_1-3

Table 1. Characteristics of powder reactants used for reactive SPS and SHS experiments

Reactant Vendor, code Particle size (um) Purity (%)
Hf Alfa Aesar, cod. 10201 <44 99.6
Mo Aldrich, cod 26.689-2 <149 >99
Ta Alfa Aesar, cod 00337 <44 99.9
Nb Alfa Aesar, cod 010275 <44 99.8
Ti Aldrich, cod 26.849-6 <149 99.7
B, amorphous Aldrich, cod 15580 - >99




Table 2. HEB yields and related experimental conditions adopted in this work for the fabrication of (Hfy2Mog2Tag 2Nbg 2 Tig2)B,. Details of

the secondary phases content and microstructural parameters are reported in supplementary Table S1 and S2.

Method Sample type  B/Me ratio SPS conditions Yield in HEB
() (HR, Tp, t /tp, P) (Wt.%)
R-SPS Bulk 0 100°C/min, 1950°C, tp = 5 min, 20 MPa 54.1
R-SPS Bulk 0 100°C/min, 1950°C, tp = 20 min, 20 MPa 63.7
R-SPS Powder 0 200°C/min, 1950°C, t', 20 MPa 58.8
R-SPS Powder 0.2 200°C/min, 1950°C, t', 20 MPa 64.5
R-SPS Bulk 0.2 200°C/min, 1950°C, tp = 20 min, 20-70 MPa 66.6
SHS Powder 0 - 36.7
SHS Powder 0.1 - 47.1
SHS Powder 0.2 - 96.2

SHS-SPS Bulk 0.2 200°C/min, 1950°C, tp = 20 min, 20 MPa 100




Table 3. Particle size characteristics, as determined by laser scattering analysis, of differently ball-milled HEB powders prepared by SHS.

tem (min) d10 (Hm) d50 (pm) d90 (Iim) daverage (Hm)
5 0.53+0.12 7.41+1.43 35.69%5.21 13.31+1.90
20 0.22+0.03 1.94+0.14 9.83+0.38 3.72+0.19

60 0.20+0.04 1.49+0.13 8.76%0.53 3.16+0.26




Tables_S1-S2

Table S1. Phases and quantitative phase analysis results of the initial reactants mixture and R-SPS bulk products (Tp = 1950°C) obtained using
different stoichiometries (x in Eq. 1), sintering time intervals (tp or t*) and heating rate (HR) conditions. t* represents the time interval immediately

after the combustion synthesis reaction during the R-SPS occurs.

Initial Reactants
Phase % a(A) b(A) c(A) PB() Symmetry Space Group Crystallitesize (A) Microstrain Unit cell volume (A%)

Ti  21.0 3.3075 3.3075 3.3075 90.00 Cubic Im-3m 1985 0.0008 36.1826
Ta 209 3.3185 3.3185 3.3185 90.00 Cubic Im-3m > 3000 0.0034 36.5448
Mo 20.2 3.1476 3.1476 3.1476 90.00 Cubic Im-3m 1441 0.0002 31.1845
Hf 19.1 3.2006 3.2006 5.0705 90.00 Hexagonal P63/mmc 1125 0.0013 44.9826

Nb 18.8 3.3404 3.3404 3.3404 90.00 Cubic Im-3m 232 0.0001 37.2731




R-SPS product (x =0, HR = 100°C/min, tp = 5 min, P = 20 MPa)

Phase % a(A) bA) cA PBE Symmetry Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 54.1 3.1187 3.1187 3.3230 90 Hexagonal P6/mmm 180 0.0083 27.9903
(NbTiB4)os 10.4 3.0428 3.0428 3.2466 90 Hexagonal P6/mmm 1115 0.0014 26.0319
(HfosTios)B2 23.1 3.1131 3.1131 3.3964 90 Hexagonal ~ P6/mmm 2855 0.0068 28.5060

NbB; 3.4 3.0852 3.0852 3.2026 90 Hexagonal P6/mmm 1203 0.0065 26.3998

TaB, 0.4 3.0986 3.0986 3.2626 90 Hexagonal P6/mmm 600 0.0006 27.1285

HfB, 3.5 3.1541 3.1541 3.4907 90 Hexagonal P6/mmm 2519 0.0030 30.0742

MoB 0.8 3.1418 8.4961 3.0721 90 Orthorhombic ~ Cmcm 1000 0.0006 82.0037

HfO, 4.3 5.2841 5.0846 5.2843 99.3367 Monoclinic P21/c:bl 544 0.0008 140.0952




R-SPS product (x =0, HR =100 °C/min, tp = 20 min, P = 20 MPa)

Phase % a(A) bA) cA PBE Symmetry Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 63.7 3.1207 3.1207 3.3221 90 Hexagonal P6/mmm 577 0.0086 28.0187
(NbTiB4)os 8.6 3.0504 3.0504 3.2557 90 Hexagonal P6/mmm 904 0.0009 26.2355
(HfosTios)B2 8.8 3.1236 3.1236 3.3846 90 Hexagonal ~ P6/mmm 2872 0.0059 28.5989

NbB; 11.5 3.0927 3.0927 3.2644 90 Hexagonal P6/mmm 1128 0.0075 27.0402

TaB, 0.5 3.1094 3.1094 3.2558 90 Hexagonal P6/mmm 600 0.0006 27.2610

HfB, 46 3.1371 3.1371 3.4654 90 Hexagonal P6/mmm 2562 0.0082 29.5353

MoB 0.2 3.1418 8.4961 3.0721 90 Orthorhombic ~ Cmcm 1000 0.0006 82.0037

HfO, 2.1 53211 5.0766 5.3062 99.6422 Monoclinic P21/c:bl 576 0.0022 141.3120




R-SPS product (x = 0, HR = 200 °C/min, t’, P = 20 MPa)

Phase % a(d) b@A) c@A PpE) Symmetry  Space Crystallite  Microstrain ~ Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbp 2 Tip2)B, 58.8 3.1053 3.1053 3.2981 90 Hexagonal ~ P6/mmm 16 0.0111 27.5424
(NbTiB4)os 12.7 3.0648 3.0648 3.2505 90 Hexagonal ~P6/mmm 1376 0.0033 26.4414
(HfosTios)B2 9.1 3.1001 3.1001 3.3976 90 Hexagonal ~ P6/mmm 2867 0.0055 28.2784
(HfosTags)B2 0.7 1.2467 1.2467 3.3468 90 Hexagonal P6/mmm 1737 0.0100 4.5049

NbB, 10.6 3.0818 3.0818 3.2791 90 Hexagonal ~P6/mmm 1239 0.0040 26.9708

TaB, 0.4 3.0770 3.0770 3.2677 90 Hexagonal P6/mmm 600 0.0006 26.7934

HfB, 5.0 3.0886 3.0886 3.5377 90 Hexagonal P6/mmm 2543 0.0085 29.2264

HfO, 3.1 5.2635 5.0707 5.2735 99.2303 Monoclinic P21/c:bl 795 0.0019 138.9253




R-SPS product (x = 0.2, HR = 200 °C/min, t’, P = 20 MPa)

Phase % a(d) b@A) c(A B Symmetry  Space Crystallite size  Microstrain Unit cell
) Group (A) volume (A%

(Hfo2Mo0g2Tag2Nbp 2 Tip2)B, 64.5 3.1216 3.1216 3.3419 90 Hexagonal P6/mmm 69 0.0080 28.2019
(NbTiB4)os 13.7 3.0878 3.0878 3.2798 90 Hexagonal P6/mmm 1434 0.0041 27.0817
(HfosTios)B2 9.6 3.1125 3.1125 3.4131 90 Hexagonal P6/mmm 2886 0.0063 28.6351
(HfosTags)B2 0.7 15327 15327 3.3737 90 Hexagonal P6/mmm 1725 0.0043 6.8636
NbB, 10.9 3.1046 3.1046 3.3222 90 Hexagonal P6/mmm 1596 0.0052 27.7311

TaB, 0.4 3.0989 3.0989 3.2971 90 Hexagonal P6/mmm 600 0.0006 27.4207

HfB, 0.2 3.1669 3.1669 3.5031 90 Hexagonal P6/mmm 2541 0.0020 30.4265




R-SPS product (x = 0.2, HR =200 °C/min, tp = 20 min, P = 20-70 MPa)

Phase % a(d) b@A) c(A B Symmetry  Space Crystallite size  Microstrain Unit cell
) Group (A) volume (A%

(Hfo2Mo0p2Tag2Nbg 2 Tip2)B, 66.7 3.1326 3.1326 3.3569 90 Hexagonal P6/mmm 327 0.0030 28.5285
(NbTiB4)os 12.3 3.0977 3.0977 3.3039 90 Hexagonal P6/mmm 1367 0.0034 27.4559
(Hfo5Tios)B2 8.7 3.1282 3.1282 3.4017 90 Hexagonal P6/mmm 2846 0.0053 28.8281
(Hfo5Taos)B2 0.7 1.2695 1.2695 3.3691 90 Hexagonal P6/mmm 1737 0.0032 4.7023

NbB, 9.9 3.1137 3.1137 3.3370 90 Hexagonal P6/mmm 1693 0.0045 28.0182

TaB, 0.3 3.1230 3.1230 3.2843 90 Hexagonal P6/mmm 600 0.0006 27.7407

HfB, 1.4 31532 3.1532 3.4448 90 Hexagonal P6/mmm 2539 0.0045 29.6618




Table S2. Phases and quantitative phase analysis results of the SHS powders and SHS-SPS bulk products (Tp = 1950°C, HR = 200 °C/min, tp = 20

min, P = 20 MPa) obtained using different stoichiometries (x in Eq. 1).

SHS powders (x = 0)

Phase % a(A) bA) c) B(°)  Symmetry  Space Crystallite  Microstrain  Unit cell
Group size (A) volume (A%

(Hfo2Moo2Tag2Nbo 2 Tip2)B, 36.7 3.1000 3.1000 3.2762 90 Hexagonal ~P6/mmm 258 0.0121 27. 2662
(NbTiB4)os 18.6 3.0542 3.0542 3.2496 90 Hexagonal P6/mmm 1397 0.0037 26.2516
(Hfo5Tios5)B2 26.0 3.0998 3.0998 3.4122 90 Hexagonal ~P6/mmm 2832 0.0052 28.3944
(Hfp5Tags)B2 0.8 1.3194 1.3194 3.3687 90 Hexagonal ~ P6/mmm 1680 0.0081 5.0786

NbB; 125 3.1054 3.1054 3.2954 90 Hexagonal ~P6/mmm 921 0.0012 27.5216

TaB, 1.6 3.0720 3.0720 3.2745 90 Hexagonal ~P6/mmm 600 0.0006 26.7620

HfB; 29 3.1446 3.1446 3.4778 90 Hexagonal ~ P6/mmm 2534 0.0014 29.7828

HfO, 0.9 5.0852 5.2192 5.1792 103.8943 Monoclinic P21/c:bl 610 0.0107 133.4375




SHS powders (x =0.1)

Phase % a(d) b@A) cd) B(°)  Symmetry  Space Crystallite  Microstrain  Unit cell
Group size (A) volume (A%

(Hfo2Mo0g2Tag2Nbo 2 Tip2)B, 47.1 3.0927 3.0927 3.3099 90 Hexagonal P6/mmm 273 0.0048 274171
(NbTiB4)os 30.9 3.0608 3.0608 3.2531 90 Hexagonal ~ P6/mmm 1318 0.0048 26.3936
(Hfo5Tios5)B2 13.2 3.1024 3.1024 3.4107 90 Hexagonal ~P6/mmm 2833 0.0045 28.4295
(HfosTags)B2 0.7 1.3204 1.3204 3.3760 90 Hexagonal ~P6/mmm 1673 0.0031 5.0973

NbB, 45 3.1050 3.1050 3.3029 90 Hexagonal ~ P6/mmm 1295 0.0010 27.5771

TaB, 0.6 3.0600 3.0600 3.2930 90 Hexagonal ~P6/mmm 600 0.0006 26.7033

HfB, 1.7 3.1435 3.1435 3.4770 90 Hexagonal ~P6/mmm 2524 0.0017 29.7552

HfO, 14 51338 5.2346 5.1300 102.9661 Monoclinic P21/c:bl 700 0.0094 134.3455




SHS powders (x =0.2)

Phase % a(d) b@A) c@A) P() Symmetry  Space Crystallite  Microstrain Unit cell

Group size (A) volume (A%
(Hfo2Moo2Tag2Nbg 2 Tip2)B, 96.2 3.1001 3.1001 3.3127 90.00 Hexagonal P6/mmm; 300 0.0044 27.5717
(TagsTigs)B2 2.3 3.0819 3.0819 3.2526 90.00 Hexagonal P6/mmm; 1000 0.0073 26.7546
(Hfo5Tips)B> 0.9 3.1098 3.1098 3.4063 90.00 Hexagonal P6/mmm; 1057 0.0052 28.5285
HfB, 0.5 3.1480 3.1480 3.4831 90.00 Hexagonal P6/mmm; 1126 0.0014 29.8928
HfO, 0.1 5.1135 5.1345 5.4033 99.35 Monoclinic P21/c:bl 248 0.0019 139.9803




SPS product (x =0.2)

Phase % a(A b@A) c(A) PB() Symmetry Space  Crystallite size Microstrain Unit cell
Group (A) volume (A%

(Hfo.2Mo0g2Tag2Nbg 2 Tig2)B, 100 3.0878 3.0878 3.3099 90.00 Hexagonal P6/mmm 869 0.0015 27.3303
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Revised Figure Captions
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Captions for figures
Fig. 1 Temperature and sample displacement (a) time profiles and gas pressure (b) during reactive SPS

of (Hfo,zMOo_gTao,zNbo,zTio,z)Bz (TD = 1950A, P=20 MPa, HR = 100°C/min, tp= 20 min).

Fig. 2 XRD patterns of (a) reactants and (b) related SPS products (Tp = 1950 A, P 20 MPa, HR =
100°C/min, tp = 20 min) obtained during reactive sintering of (Hfy2Mo0o2Tag2Nbo2Tip2)B2, and

corresponding to to, and t, in Fig. 1, respectively.

Fig. 3 Temperature and sample displacement (a) time profiles and gas pressure (b) during reactive SPS

of (Hfo.zMOo.zTaolzNbo.zTio.z)Bz (TD = 1950 A, P= 20to 70 MPa, HR = 200°C/min, b= 20 min).

Fig. 4 XRD patterns of (a) reactants and related SPS products (Tp = 1950A, P = 20MPa, HR =
200°C/min, tp = 20 min) obtained for (b) x =0, (¢) x = 0.1 and (d) x = 0.2 immediately after (t = t*) the

sharp sample displacement (Fig. 3a) occurring during reactive sintering of (Hfp2Mo0o 2Tag 2Nbg 2Tio2)B>.

Fig. 5 Densities of sintered products as a function of the mechanical pressure applied after synthesis

occurrence during R-SPS (HR = 200°C/min, Tp = 1950A, tp = 20 min) of (Hfy2M0o2Tag2Nbg 2 Tio 2)Bs:.

Fig. 6. Cross sectional SEM micrograph and corresponding EDX elemental maps of the

(Hfo_zMOo,zTao_zNbo,zTio_z)Bz samples pYOdUCEd by R-SPS: (a) (HR =100 °C/min, Tp = 1950A, tp = 20

min, P =20 MPa) and (b) (HR =200°C/min, Tp = 1950A, tp = 20 min, P = 20 to 70 MPa).

Fig. 7 XRD patterns of products obtained by SHS when (a) x=0, (b) x =0.1 and (c) x=0.2.
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Fig. 8. SEM micrograph and corresponding EDX elemental maps of the SHS powders prepared

according to Eq. (1).

Fig. 9 Example of temperature and sample displacement time profiles during the consolidation by SPS
(Tp = 1950°C, P = 20 MPa, HR = 200°C/min, tp = 20 min) of SHS powders produced according to Eq.

(D).

Fig. 10 Effect of the dwell temperature on the density of products obtained by SPS (P = 20MPa, HR =

200°C/min, tp = 20 min) from differently milled SHS powders.

Fig. 11 XRD patterns of (a) the SHS powders (x = 0.2, tgm = 20 min) and (b) the corresponding SHS-

SPS bulk product (Tp = 1950°C, tp = 20 min, P = 20 MPa, HR = 200°C/min).

Fig. 12. Cross sectional SEM micrographs and corresponding EDX elemental maps of the
(Hfo2Mog2Tag2Nbg 2 Tip2)B, samples produced by SPS (HR = 200°C/min, tp = 20 min, P = 20 MPa)
from SHS powders at different conditions: (a) Tp = 1850°C, tgm = 20 min; (b) Tp = 1900°C, tgm = 20

min; (c) Tp = 1950°C, tgm = 20 min; (d) Tp = 1950°C, tgm = 60 min.

Fig. 13. Comparison of specific weight changes during TGA oxidation in air of
(Hfo2Moo2Tag2Nbo2Tip2)B, (HEB) and selected individual diborides (HfB,, TaB,, and TiB,) as a
function of (a) temperature (non-isothermal run with the heating rate equal to 2 °C/min) and (b) time

(isothermal run at 1200 °C).
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Fig. S1. Cross sectional SEM micrograph and corresponding EDX elemental maps of the
(Hfo2Mog2Tag2Nbg 2 Tip 2)B, sample produced by R-SPS (HR =100 °C/min, Tp = 1950A, tp = 20 min, P
= 20 MPa) using finer Mo particles (< 44 um) with respect to the as received commercial powder (cf.

Table 1).

Fig. S2 Densities of sintered products as a function of the mechanical pressure applied during the

consolidation by SPS (HR =200 °C/min, Tp = 1950 A, tp= 20 min) of SHS powders (tgm = 60 min).
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