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(Nbg 5Tigp.5)B2 and (Nbg sHfp 5)Bs in bulk form were produced by Spark Plasma Sintering (SPS) from powders
obtained by Self-propagating High-temperature Synthesis. The carbothermal reduction of oxide contaminants
with graphite promoted the conversion of secondary phases into equimolar diborides, and improved samples
densification, particularly for (Nbg sHfp 5)B2 (from 89.7 % to 97.4 %). A single-phase solid solution was obtained
for both systems at 2050 °C by SPS, while longer holding times (40 instead of 20 min) were needed for the Hf-

containing ceramic. The latter system showed Vickers hardness (18.47 GPa) and Young’s modulus (586 GPa)
slightly better than HfB,. NbB, and (Nbg sHfj 5)B2 were the most sensitive systems to the oxidation environment,
with the formed oxide scales detached from samples at 600 and 800 °C, respectively, due to volume changes
accompanying phase transitions in the generated niobium oxides. Conversely, the formation of a stable mixed
oxide (TiNb07) made (Nbg 5Tip 5)B2 more resistant to oxidation, compared to TiB, and NbB,.

1. Introduction

Their high melting points and other exclusive physical-chemical
properties make Ultra High Temperature Ceramics (UHTCs) based on
transition metal diborides very suitable for structural applications under
severe environmental conditions [1,2]. Such interest prompted the sci-
entific community to investigate them in detail, first by focusing on
individual systems (MB,, with M=Zr, Hf, Ta, Nb, etc.) while, in the last
decade, various multicomponent ceramics, in particular quinary High
Entropy Borides (HEBs), have been considered [3-11].

In this framework, ZrB,-, HfB,-, and TiBs-based UHTCs are the most
investigated diboride ceramics [1,2], although studies have been also
addressed to the fabrication and characterization of NbB; [12-16]. The
latter system is also one of the base constituents often involved in the
various HEBs investigated so far [3-11]. In particular, the effect of the
Nb content on the densification behavior, composition, microstructure
and mechanical properties of (Hf,Zr,Ti,Ta,Nb)By ceramics was investi-
gated by Feng et al. [11]. Only a fraction of the Nb added was observed
to dissolve into the main HEB phase, while a Nb-rich secondary phase
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was also formed in all the compositions investigated. The presence of the
latter phase was considered responsible for the reduction of grain size
(from 13.9 +5.5 to 5.2 £2.0 pm, as the Nb content increased from O to
20 at%), and the corresponding increase of Vickers hardness and
Young’s modulus properties. More recently, the oxidation resistance of
ZrB, ceramics was improved after covering their surface with metallic
Nb-coatings by means of magnetron sputtering [17]. This outcome was
explained by the increased stability of the protective glass at the ceramic
surface caused by liquid NbyOs formed during the oxidation test.
Despite the potential benefits deriving by the use of Niobium, only a
little attention has been paid so far to two-components (transition
metals) systems, hereafter also named as binary diborides, containing
this element. For instance, to the best of our knowledge, the obtainment
of (NbyHf; 5)B> has been considered only in two recent studies, where
controversial results are reported [18,19]. Specifically, the preparation
of (Nb()_ngo'])Bz, (Nb(),sto.s)Bz, and (Nbo.leolg)Bz powders failed
when using the high throughput molten salt synthesis method [18].
Such experimental findings agree with theoretical results provided by
the formation criterion developed by the same authors. A different
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outcome arose from Kurbatkina et al. [19], who were able to obtain
(Nbovzﬂfo'g)Bz, (Nb0'4Hf0_6)B2, and (Nbo_st0.5)B2 samples in bulk form
by Hot Pressing (HP) using powders previously prepared by
Self-propagating High-temperature Synthesis (SHS). The latter pro-
cessing step was preceded by a 12 h duration ball milling treatment
(ball-to-powder weight ratio, BPR=6) of initial Nb, Hf, and B reactants.
XRD analysis revealed that the sintered samples mainly consisted of the
desired solid solutions with minor secondary phases (unidentified).

Analogously, only very few studies have been dedicated to the
(NbxTi;.x)By system [18,20,21]. Specifically, Demirskyi et al. [20]
investigated the (sz/gTil/g)Bz, (NbO.STiO.S)BZ; and (Nbl/gTiz/g)Bz for-
mulations using TiB,, and NbBy, as precursors. A multistep Spark Plasma
Sintering (SPS) approach was applied and, depending on the processing
conditions adopted, either (Nb,Ti)By solid solutions or two-phase com-
posites consisting of TiB; and NbB, were obtained. The high throughput
molten salt synthesis method mentioned previously was also employed
by Wen et al. [18] for the preparation of (NbyTi;x)Bo powders with
different composition (x = 0.1, 0.5, 0.7, 0.8, 0.9). While (Nbg ¢Tig.1)B2,
and (Nby gTig 2)B2 were synthesized as single-phase products, multiple
phases resulted when considering the other three compositions. As for
the case of (Nb,Hf)B,, the experimental outcomes obtained with (Nb,Ti)
B, were supported by the formation criterion proposed by the authors.
More recently, and in contrast to Wen et al. [18], the synthesis of
(Nbyg.75Tip.25)B2, (Nbo5Tip.5)B2, and (Nbg 25Tig 75)B2 was successfully
accomplished at 1850 °C by SPS from TiB; and NbB, powders [21]. The
resulting sintered samples, with relative densities of 95.4 (x = 0.75),
97.5 (x = 0.5) and 98.6 % (x = 0.25), consisted of the expected solid
solutions.

Based on the studies conducted so far, few and contradictory results
are available regarding the possibility of synthesizing (NbxHf; x)B2 and
(NbyTi;.x)Ba solid solutions. In addition, the characterization of the
produced ceramics was rather incomplete. For instance, the oxidation
behavior of (Nb,Hf)B; is totally unexplored. As for the (Nb,Ti)B; system,
oxidation tests have been carried out by Kaplan Akarsu et al. [21] only
for the (Nbg 25Tig.75)B2 composition, while no results are available for
the equimolar and other formulations.

This situation opens the door for additional and more comprehensive
studies on these ceramics, which will be able to provide a valuable
contribution to fill such gap. As for their synthesis, benefits could be
obtained using the two-step SHS-SPS approach, which was recently
employed with success for the fabrication of dense and single-phase
(Zrg sHfp.5)B2 and (ZrgsTags)Ba [22,23] as well as quinary diborides
[7,8,24,25]. The powders preliminarily synthesized during the SHS step
generally consisted of multiple phases. However, the expected solid
solutions were formed, with neither residual reactants nor secondary
boride phases, during the subsequent SPS stage conducted under
appropriate operating conditions.

Along this line, bulk (Nbg sHf 5)B3 and (Nbyg 5Tig 5)B solid solutions
are prepared in this work by SHS-SPS. In particular, this study focuses on
the influence of the holding temperature and dwelling time on the
composition and density of the two binary diboride products. The other
operating parameters, in particular the applied pressure and heating
rate, also affecting the SPS process and the characteristics of resulting
ceramics [26,27] are kept constant. In addition, following the beneficial
effect observed in previous studies (oxide impurities removal, improved
powders reactivity and densification) when small amounts of graphite
were added to the SHS powders before SPS [7,8,22,23,25], such a
reducing agent is also employed in the present investigation.

Optimal bulk ceramics are exposed to flowing and stagnant air at
high temperatures to provide a preliminary indication of their oxidation
behavior under such conditions. Hardness, Young’s modulus and frac-
ture toughness properties are also measured. For the sake of comparison,
individual diboride (NbBy, HfB,, and TiB,) samples are also produced by
SHS-SPS and properly characterized.
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2. Experimental section
2.1. Powder synthesis and sintering

Commercial Nb (Alfa Aesar, < 44 um, 99.8 % purity), Hf (Alfa Aesar,
< 44 pm, 99.6 % purity), Ti (Thermo scientific, < 44 um, 99 % purity),
and B (amorphous, Sigma Aldrich, > 95 % purity) powders were used as
starting materials for the preparation of metal diborides. NB, TB, HB,
NTB, and NHB abbreviations indicate samples obtained either by SHS or
SPS when Considering Nsz, TiBz, HfBz, (Nbo_sTi0.5)B2, and (NbO.SHfO.S)
B systems, respectively.

As reported in previous works [7], where the synthesis of other
diborides was accomplished using the same route, an excess of B
(B/Me=2.2) was utilized to consider the presence of metal oxides, ByO3
and boric acid impurities in raw powders, and compensate for losses of
this reactant generally occurring during the SHS step. Elemental pre-
cursors were mixed for 20 min (BPR=0.2) using a SPEX 8000 (SPEX
CertiPrep, USA) shaker mill device, plastic vials, and agata balls. Mix-
tures were cold-pressed, and the obtained cylindrical pellets reacted into
the SHS chamber, first evacuated and then filled with Argon, using an
electrically heated tungsten filament to initiate the reaction. Synthesis
products were ball milled for 1 h (SPEX CertiPrep, USA, BPR= 2,
hardened steel vial and balls) without or in presence of 1 wt% graphite
(Sigma-Aldrich, < 20 pm) to obtain powders for Spark Plasma Sintering
experiments.

Proper amounts (from 2.3 to 5.7 g, depending on the system) of these
powders were loaded into 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). Powders were then processed under vacuum conditions
(20 Pa) by SPS (515S model, Fuji Electronic Industrial Co., Ltd., Kana-
gawa, Japan) following a prescribed thermal cycle, where temperature
was measured by an infrared pyrometer (CHINO, mod. IR-AHS2, Japan)
focused on the lateral surface of the die. The dwell temperature (Tp) and
holding time (tp) values to produce the bulk samples were varied,
depending on the system, in the range 1850-2050 °C and 10-40 min,
respectively. Higher temperature levels and longer dwelling times were
not applicable due to the limitations of the SPS apparatus used in this
work. The heating rate and applied pressure were maintained the same,
200 °C/min, and 20 MPa, respectively. For the sake of reproducibility,
each experiment was repeated at least twice. Before characterization,
SPS samples were properly ground and polished to remove residual
graphite.

2.2. Compositional and structural characterization

Particle size of SHS powders after the ball milling treatment was
measured by laser light scattering analysis (CILAS 1180, France).

Phases identification and microstructural characteristics of the syn-
thesized powders and sintered products was performed by X-ray
diffraction analysis using a SMARTLAB diffractometer with a rotating
anode source of copper (ACu Ka = 1.54178 A working at 40 kV and
100 mA over a range of scattering angles 28 from 20 to 130, in steps of
0.05° with 15 s acquisition time per angle. Phases amount (wt%) and
related structural parameters were evaluated with the Rietveld method
by analyzing the XRD patterns with the MAUD program [28]. For the
estimation of crystallite size and microstrain, the isotropic model was
applied. Regarding the line broadening, a pseudo-Voigt function was
employed.

Microstructure and elemental distribution of SHS and SPS products
were investigated by high-resolution scanning electron microscopy (HR-
SEM, mod. S4000, Hitachi, Tokyo, Japan) equipped with a UltraDry EDS
detector (Thermo Fisher Scientific, Waltham, MA, USA).

Samples density was determined by the Archimedes’ method, using
distilled water as immersing medium. The theoretical values of 6.97
[29], 4.50 [30], 11.21 g/cm3 [29], were used for NbBy, TiB,, and HfBs,
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respectively, to calculate the corresponding relative densities. The
values (po) of 5.77 and 9.11 g/cm® for (Nbg 5Tig 5)Bg, and (Nbg sHfo 5)Bg,
respectively, were estimated according to related lattice parameters
from CIF files (COD-1510775 and COD-1510708) by using the following
formula:

pe = (Z-M/V)-(10%/Np)

where Z is the stoichiometry of each element, M the corresponding
molar mass, V. the volume of the lattice cell, and Np the Avogadro
constant [22].

2.3. Mechanical properties

The micro-indentation technique was used to evaluate the hardness
and Young’s modulus of the samples. Testing was carried out with the
Open Platform system (CSM Instruments, Peseux, Switzerland), utilizing
a Vickers indenter tip. A 3 N load was applied, with a loading/unloading
rate of 6 N/min, and the maximum load was held for 15 seconds. For
each sample, a minimum of 15 measurements were taken, and the load-
penetration depth curve was automatically recorded for each indenta-
tion. The elastic modulus was then calculated using the Oliver and Pharr
method, based on the load-unloading curves [31]. Fracture toughness
was also assessed by applying a 5 N load to generate crack propagation
from the indent tips; the loading/unloading rate was 10 N/min. The
toughness was calculated from the crack lengths using well-established
equations from the literature [32,33].

2.4. Oxidation behaviour

The oxidation resistance of optimal sintered products was evaluated
in air by thermogravimetric analysis (NETZSCH, STA 409PC Luxx
Simultaneous DTA-TGA Instrument, Germany) as well as using a muffle
furnace (LT 24/11/B410, Nabertherm, Lilienthal, Germany). Non-
isothermal (dynamic) TGA tests were conducted from room tempera-
ture to 1450 °C (2 °C/min) and 0.1 L/min air flow. Furnace experiments
consisted in heating the specimens in stagnant air 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
resulting samples were examined by XRD (Bruker D8 Advance diffrac-
tometer, copper source ACu Ka = 1.54178 A, working at 40 kV and
40 mA over a range of scattering angles 29 from 20° to 130°, in steps of
0.05° with 5 s acquisition time per angle) and SEM/EDS.

3. Results and discussion
3.1. Individual diborides

According to the high enthalpy of formation of the three individual
diborides from their elements, i.e —251.040 (NbB,), —323.800 (TiB>),
—335.975 kJ/mol (HfBy) [34], the related mixtures exhibit, upon igni-
tion, a self-propagating character. The measured average velocities were
about 2, 9, and 8 mm/s, respectively. The slower propagation front
observed when reacting the NB mixture is in accordance with the rela-
tively lower heat of formation of NbBs.

As shown in Figs. 1a-3a, where the XRD patterns of the resulting
products are reported, elemental reactants are almost completely con-
verted during SHS into the expected hexagonal phases. Indeed, while no
other phases were detected by XRD analysis on NB powders, only low
amounts of TiBO3 (~1.6 wt%), and HfO, (~0.6 wt%), were found in TB
and HB samples, respectively (supplementary Tables S1-S3). The crys-
tallite size of the diboride products in the ball milled SHS powders, also
estimated by the Rietveld analysis, was at the nanoscale, i.e. about 53
(NDbB5), 88 (TiBy), and 52 nm (HfB,).

The three batches of powders were also examined by SEM and EDS
analysis (Figures Sla-S1c), which evidenced a uniform metal content, to
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Fig. 1. XRD patterns and related Rietveld profiles of NB samples: (a) SHS
powders, SPS products obtained at Tp= 1950 °C with (b) no graphite, and (c)
after the addition of 1 wt% C. Experimental data (black dots) and NbB, refined
phase (light green solid line) are reported. The light green Bragg’s positions for
NbB, are provided. The related structural parameters are reported in Supple-
mentary Table S1.
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Fig. 2. XRD patterns and related Rietveld profiles of TB samples: (a) SHS
powders, SPS products obtained at Tp= 1950 °C with (b) no graphite, and (c)
after the addition of 1 wt% C. Experimental data (black dots), calculated in-
tensity (red line), TiB, refined phase (orange solid line), TiBO3 refined phase
(green solid line) and TiC refined phase (brown solid line) are reported. Bragg’s
positions for all the phases are provided. The related structural parameters are
reported in Supplementary Table S2.

support the fact that the expected product composition was attained by
SHS, except for the minor oxide phases mentioned above.

Particle size parameters for these three sets of powders are reported
in Table 1. Slightly coarser powders (d43 = 7.46um) are obtained for the
case of the HB system, while NB and TB showed more similar particle
size, with d43 values of 4.86 and 3.24 pm, respectively.

Since the desired individual diboride phases were already obtained
by SHS, there is no need to further transform residual reactants or
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Fig. 3. XRD patterns and related Rietveld profiles of HB samples: (a) SHS
powders, SPS products obtained at Tp= 1950 °C with (b) no graphite, and (c)
after the addition of 1 wt% C. Experimental data (black dots), calculated in-
tensity (red line), HfB, refined phase (dark cyan solid line), HfO, refined phase
(purple solid line) and HfC refined phase (brown solid line) are reported.
Bragg’s positions for all the phases are provided. The related structural pa-
rameters are reported in Supplementary Table S3.

secondary products by SPS. Therefore, the different operating conditions
adopted during the sintering step, which are summarized in Table 1,
were aimed at maximizing the densification of the three batches of
powders.

Let’s consider first the case when no graphite was added to the SHS
powders. As reported in Table 1, only the TB product reached a high
densification level (98.2 %) after SPS at 1950 °C/20 min/20 MPa. In
contrast, under the same conditions, NB and HB samples were scarcely
consolidated, with relative densities equal to 90.7 and 88.3 %, respec-
tively. The latter value is consistent with Musa et al. [35], who achieved
densification levels of approximately 90 % when using the SHS-SPS
method to obtain bulk HfB,. On the other hand, the fabrication of
NbB; utilizing this two-step route is investigated for the first time in this
work.

As for their composition, no other phases, compared to the corre-
sponding SHS powders, were detected by XRD analysis, whose results
are reported in Figs. 1b-3b and supplementary Tables S1-S3. The pres-
ence of TiBO3 and HfO, as secondary phases in TB and HB products, is
therefore confirmed.

The Rietveld analysis also evidenced the crystallite size of NbB,,
TiBy, and HfB; phases increased from 53, 88, and 52 nm to 120, > 200,
and 155 nm, respectively, after SPS.

As shown in Figs. 4a, 4c, and 4e, the outcomes above are consistent
with SEM/EDS observations. Indeed, the TB sample is highly consoli-
dated (Fig. 4c), whereas NB and, above all, HB are not. Nonetheless,
metals appear to be uniformly distributed into each ceramic. EDS
analysis spectra performed in different regions, including pores, of the
three samples are reported in supplementary Figures S2-S4. Even if no
oxides were detected by XRD in the NB sample, EDS analysis evidenced
the presence of some O-impurities inside pores (region (b) of Figure S2).
The latter phase could be either amorphous or its amount is below the
detection limit of XRD analysis. The low O-signals in both bulk and pore
regions revealed by EDS for the case of TB (Figure S3), could be ascribed
to the small amount of TiBOj3 identified by XRD analysis. Finally, no
doubts regarding the presence of HfO5 inside pores of HB specimens, as
evidenced by EDS analysis results shown in Figure S4.
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Table 1

Characteristics of SHS powders and related SPS products obtained in this work
for the preparation of bulk single-phase NbB,, TiB», HfB,, (Nbg sTio.5)B2, and
(Nbg sHfy 5)B, at different conditions.

System  SHS powders

composition

SHS particle
size parameters
(pm)

SPS conditions Tp
(°C)/tp (min)/P
(MPa)/xC (wt%)

Relative
density p,
(%)

NB Single phase

TB Single phase

HB Single phase

d10: 0.32
+0.10
d50: 2.29
+0.33
d90: 14.27
+1.53
d43: 4.86
+ 0.52
d10: 0.24
+0.09
d50: 1.42
+0.29
d90: 9.11
+0.93
d43: 3.24
+0.43
d10: 0.24
+0.04

1850/20/20/0
1950/20/20/0
1950/20/20/1
2050/20/20/1

1950/20/20/0
1950/20/20/1

1950/20/20/0
1950/20/20/1

88.3+ 0.6
90.7 £ 0.6
92.2+ 1.0
92.4+0.7

98.2+ 0.3
98.9 + 0.9

88.3+0.1
97.2+1.3

d50: 1.84
+0.45
d90: 26.88
+4.88
d43: 7.46
+1.58
d10: 0.40
+0.10
d50: 1.99
+0.31
d90: 17.36
+2.09
d43: 5.52
+0.71
d10: 0.37
+0.12
d50: 2.02
+0.18
d90: 11.83
+ 0.86
d43: 412
+0.28

NHB Multiple
phases

2050/40/20/1 97.4+0.2

NTB Multiple
phases

2050/20/20/1
2050/40/20/1

93.6 + 0.8
93.5+ 0.6

The oxides found on sintered samples, particularly for the case of HB,
are thought to be the main responsible for the low densification level
achieved during SPS. To remove them, graphite was added (1 wt%) to
SHS powders prior to SPS, according to the beneficial effect observed
when investigating other metal diboride systems on the base of the same
strategy [7,8].

However, as reported in Table 1, the relative density of the NB
sample was only slightly improved, from 90.740.6 to 92.24+1.0%, with
the use of graphite. This outcome is also testified by the SEM micrograph
shown in Fig. 4b. No detectable compositional differences were corre-
spondingly evidenced by XRD analysis (Fig. 1¢). Moreover, the attempt
made to further reduce residual porosity by increasing the sintering
temperature to 2050 °C only provided minor changes of NB sample
density (92.4 £+ 0.7 %).

Table 1 and Fig. 4d show that the already high densification achieved
in the TB sample at 1950 °C with no additive (98.2 + 0.3 %) was almost
unaffected by the introduction of graphite (98.9 + 0.9 %). Nonetheless,
titanium borate was not detected anymore in the product, while a small
amount of TiC (1.3 wt%) is correspondingly formed (Fig. 2¢ and sup-
plementary Table S2).

TiBO3 was also found as an intermediate product formed during the
carbothermal synthesis of TiB; assisted by high-energy milling [36]. The
transformation of TiBOs to TiBy was postulated to occur in the two
following steps:
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Fig. 4. SEM micrographs and associated EDS metal maps of individual dibor-
ides produced by SPS: NB obtained at 1950 °C/20 min/20 MPa with no
graphite (a) and with 1 wt%C (b); TB prepared at 1950 °C/20 min/20 MPa
with no graphite (c¢) and with 1 wt%C (d); HB produced at 1950 °C/20 min/
20 MPa with no graphite (e) and with 1 wt%C (f).

TiBO3 + 3 C — TiB + 3 CO(g) (€8]
2TiB + B203 + 3C — 2TiBs + 3CO(g) (2)
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which are likely to take place also in our study with the addition of
graphite and the possible presence of B2O3 (in glassy form).

The major effect produced by graphite was observed when process-
ing HB powders. Table 1 and Fig. 4f evidence the significant improve-
ment obtained in sample density (from 88.3+0.1 to 97.2+1.3%).
Furthermore, XRD analysis (Fig. 3c and supplementary Table S3) shows
that HfO, was fully reduced by graphite and that HfC (3.1 wt%) was
formed.

The small quantities of TiC and HfC detected in TB and HB products,
respectively, affect only marginally the calculated values of relative
densities, which remain roughly the same (TB) or slightly decrease, from
97.2 % to 97.1 % (HB), if these carbides are also considered. In addition,
their presence is in line with similar results reported in the literature [4,
22], where secondary carbide phases were formed when graphitic car-
bon was used to remove O-contaminants in metal diborides. As
explained elsewhere [7], the following reactions can be considered
responsible for the carbothermal reduction of TiO3 and HfO,, as well as
for the corresponding formation of TiC and HfC, respectively:

MO; +2C — M + 2CO 3
MO, + 3 C - MC + 2CO @

where M=Ti or Hf.

Based on the results reported above, it is possible to state that the
synthesis of the three individual diborides can be successfully obtained
by SHS but only the resulting TiB, powders were highly densified by SPS
at 1950 °C/20 min/20 MPa. The consolidation of the HB system was
strongly promoted with the addition of 1 wt% of graphite, which was
able to remove oxides contaminant originally present in SHS products.
On the other hand, the introduction of such an additive determined only
a modest improvement of the relative density of the NB ceramic. As
evidenced by XRD analysis (cf. Fig. 1 and supplementary Table S1) and
SEM/EDS results (Fig. 4), the latter system contained relatively lower
amounts of oxide impurities, so that the major role played by graphite is
to act as a solid lubricant rather than as a reducing agent [7,8], which
apparently was not sufficient to achieve high consolidation levels. In any
case, the obtained relative densities were adequate to provide samples
for evaluating the oxidation and mechanical properties to be compared
with those of the corresponding NHB and NTB ceramics.

3.2. Binary diborides

As for the cases of individual diborides, also the reaction fronts
generated during the combustion synthesis of (NbgsTips)B2 and
(NbgsHfy5)By from their elemental precursors were able to self-
propagate across the related pellets. The measured average values of
combustion wave velocity were both in the range 5-6 mm/s, i.e. in
between to those obtained for the corresponding diboride constituents,
as described in Section 3.1. Such values are also fairly consistent with
those measured by Kurbatkina et al. [19] for (Nbg sHfg 5)B,, in the range
of 3-7 mm/s.

However, differently from individual borides, the SHS process was
unable to lead to the desired phases. For instance, when the NHB system
was investigated, a multiphase product was obtained after SHS, with
significant amounts of HfB, (27.6 wt%), and NbB, (18.7 wt%) also
formed, along with the dominant (Nbg sHfy 5)B2 phase (53.1 wt%) (cf.
Supplementary Figure S5 and supplementary Table S4). Traces of HfOy
(0.6 wt%) were also detected. SEM/EDS observations further proved
that Nb and Hf were not homogeneously distributed into the SHS
powders (Figure S1d). Table 1 shows that particles’ size after 1 h BM
treatment (d43 = 5.52 pm) was in between to the values obtained for
their individual counterparts.

Likewise, the SHS process did not succeed in fully converting initial
precursors into (Nbg sTip5)Bz. More specifically, according to the XRD
analysis (Supplementary Figure S5 and supplementary Table S5), the
resulting product contained, other than the equimolar phase (62.9 wt
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%), also a NbB, (23.6 wt%), and a TiB, (13.5 wt%). The obtainment of a
multiphase product reflects the inhomogeneous Nb and Ti distribution
observed by SEM/EDS in SHS powders (Figure Sle). As for particle size
(Table 1), slightly finer particles, compared to the NHB ones, were
produced for the Ti-containing system (d43 = 4.12 pm), which is
consistent with data obtained for the individual diborides.

Therefore, differently from the individual systems examined in Sec-
tion 3.1, the role of the SPS stage for the fabrication of NHB and NTB
ceramics must be considered twofold, i.e. not only aimed at consoli-
dating SHS powders but also to transform secondary boride phases into
the expected equimolar solid solutions. This was also the case of pre-
vious studies addressed to the preparation of binary [22,23] and quinary
diborides [7,8], by SHS-SPS.

With the aim of identifying the milder sintering temperature and
holding time conditions for achieving the latter goal, the effect produced
when varying these two parameters on the resulting SPS products
composition was systematically investigated.

The XRD patterns of samples obtained when processing NHB pow-
ders under different SPS conditions and in presence of graphite are
shown in Fig. 5. The amount of each phase and the corresponding
microstructural parameters evaluated by the Rietveld analysis are
summarized in supplementary Table S4. These data evidence that an
increase of either the sintering temperature from 1850 °C to 2050 °C
(tp=40 minutes) or the holding time from 20 to 40 minutes
(Tp=2050 °C) determined a progressive improvement in the composi-
tion of the NHB product. On the other hand, secondary Nb-rich and Hf-
rich (Nb,Hf)B, phases are detected in samples produced at Tp values
lower than 2050 °C. This holds also true when operating at the latter
temperature level but with tp values shorter than 40 minutes. Therefore,
the desired (NbgsHfps)Bo phase with no secondary borides was
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achieved under the temperature/time conditions of 2050 °C/40 min.

Asreported in Table 1, the resulting ceramic was 97.4 + 0.2 % dense
and also contained a low amount of (NbgsHfps)C (2 wt%)
(supplementary Table S4). Relative densities of all NHB samples,
including those ones consisting of multiple phases after SPS, are sum-
marized in supplementary Table S6.

The influence of the dwell temperature and the holding time on
product composition was also examined for the case of the NTB system.
Fig. 6 shows the XRD patterns of the sintered samples obtained with 1 wt
%C when the dwell temperature increased from 1950 to 2050 °C
(tp=40 min) and the holding time was extended from 10 to 40 min
(Tp=40 min). The corresponding phases content and microstructural
parameters are listed in supplementary Table S5. The composition of the
NTB product obtained after 40 min by SPS at 1950 °C with 1 wt%C was
highly improved compared to that of SHS powders, but a relevant
amount of a Nb-rich phase (8.7 wt%) was still found. Fig. 6 and sup-
plementary Table S5 also reveal that the expected single-phase product
was obtained as the dwell temperature increased to 2050 °C. Moreover,
the study of the effect of the holding time at Tp= 2050 °C showed that
an extension of this parameter from 10 to 20 minutes was sufficient to
lead to the (Nbg 5Tig 5)B2 solid solution with no secondary boride phases
(Fig. 6 and supplementary Table S5).

The beneficial role played by graphite to promote the formation of
the equimolar solid solutions in NHB and NTB systems is unequivocal.
Indeed, when the additive-free SHS powders were directly exposed to
the SPS conditions (2050 °C/40 min and 2050 °C/20 min for the NHB
and NTB systems, respectively) that guarantee, with graphite, that the
latter goal was achieved, a multiphase ceramic was produced
(supplementary Figure S6 and related Tables S4 and S5). In particular,
for the case of the NHB system, a Nb-rich phase (~20 wt%) was present
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in the 89.7 % dense ceramic produced by SPS at 2050 °C/40 min
(supplementary Table S4). Inhomogeneities and the presence of O-
contaminants inside pores of graphite-free NHB sample are better
proven in supplementary Figure S7, where the corresponding EDS
analysis spectra are reported. SEM micrographs and related EDS maps
shown in Figs. 7a-7b evidence that pores and Nb-richer zones (with no,
or poorer in Hf) were nearly eliminated with the introduction of the
reducing agent.

A Nb-rich phase (7.3 wt%) was also still found in the bulk NTB
product obtained by SPS at 2050 °C/20 min with no graphite
(supplementary Figures S8a-8b and related Table S5). Similarly to the
case of the individual NB system, the use of such an additive provided
only moderate benefits in terms of product consolidation, with an in-
crease of the sample density from 92.8 4+ 0.4 % (2050 °C, 0 wt%C) to
93.6 + 0.8 % (2050 °C, 1 wt%C). As seen in Figs. 8a-8b, the results
above, particularly product homogeneity, are confirmed by SEM/EDS
outcomes. The SEM micrograph also shows that some large surface
pores, and various cracks are present on the sample. This feature is ex-
pected to negatively affect mechanical properties, as discussed in Sec-
tion 3.3.

It is worth mentioning that, when the fabrication by SHS-SPS of Nb-
containing HEBs was carried out without using graphite as an additive
[6], Niobium was one of the most difficult elements to solubilize into the
ceramic matrix. Nb-rich zones were also observed by other authors in
HEB ceramics fabricated using alternative processing methods [3,11,
37]. Their presence was ascribed to the slow diffusion of Nb during the
formation of the solid solution [11]. Thus, to promote the dissolution of
this element, more severe sintering conditions were needed, which is
also the case of binary diborides investigated in the present work.
However, as discussed above, the use of graphite played also a favorable

Fig. 7. SEM micrographs and associated EDS metal maps of NHB products
obtained by SPS at 2050 °C/40 min/20 MPa: with no graphite (a) and with 1 wt
%C (b).
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Fig. 8. SEM micrographs at different magnitudes and associated EDS metal
maps of NTB products obtained by SPS at 2050 °C/20 min/20 MPa: with no
graphite (a) and with 1 wt%C (b).

role in achieving this goal in the present study.

Grain size of diboride phases in NHB and NTB products varied from 5
to 30 pm, similarly to the individual boride samples, and in line with the
values reported by Kurbatkina et al. [19] for the (Nb,Hb)B; solutions
obtained in their work, in the range of 2-30 pm.

3.3. Mechanical properties

The measured Vickers hardness, Young’s modulus and fracture
toughness values of samples fabricated in this work under the SPS
conditions which guaranteed the obtainment of the relatively denser
and single-phase products are reported in Table 2.

Among the individual diborides, the TB sample displayed superior
hardness (24.52 + 1.99 GPa), while the HB sample exhibited the highest
Young’s modulus (581 + 29 GPa). In contrast, the low densification
level (92.2 + 1.0 %) of the NB ceramic was detrimental for the corre-
sponding mechanical properties. This is consistent with Maity et al. [14]
findings, who measured Vickers hardness of 3.3 GPa for the 82.8 %
dense NbB, sample they produced. On the other hand, values equal or
above 20 GPa could be obtained for this system when reaching relative
densities equal or exceeding 97 % [2,11,15]. The measured Kj¢ values of
NB samples, for instance 4.01 + 0.81 MPa m'/2 when using the Evans
and Charles formula (Table 2), are in line with literature data reported
for the same system, in the range of 3.76-4 MPa m'2[2,11,15]. TB and
HB showed rather high elastic moduli, i.e. 548 + 38 and 581 + 29 GPa,
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Table 2

Mechanical properties of bulk NB (p, =92.2 + 1.0 %), TB (p, =98.9 + 0.9 %),
HB (p; =97.2 1.3 %), NTB (p; =93.6 % 0.8 %), and NHB (p,; =97.4 + 0.2 %)
samples produced by SPS in this work. EC: Evans and Charles; LF: Lawn and
Fuller; EW: Evans and Wilshaw; L: Lankford; n.d.: not determined.

System Hardness (GPa) Young’s Modulus (GPa) Kic (MPa m'/?) Method

NB 15.47 £+ 0.99 361 + 21 4.01 £ 0.81 (EQ),
2.51 + 0.5 (LF),
3.71 + 0.6 (EW),
6.8 +£1.42 (L)
3.28 + 1.16 (EQ),
2.05 £+ 0.73 (LF),
3.01 + 1.1 (EW),
4.49 £+ 1.66 (L)
3.87 + 0.99 (EQ),
2.42 £+ 0.62 (LF),
3.58 &+ 0.74 (EW),
7.09 +1.88 (L)
n.d.(*)

2.71 £+ 1.06 (EQ),
1.69 £ 0.67 (LF),
2.42 + 1.12 (EW),
4.85 +1.98 (L)

TB 24.52 +1.99 548 + 38

HB 17.38 £ 0.72

581 + 29

NTB 10.21 £ 2.01
NHB 18.47 £ 0.60

324 + 34
586 + 68

(*) Multiple cracks formed on the samples’ surface during indentation test.

respectively, which are similar to or even exceed the values obtained in
previous investigations for such ceramics, in the range of 500-565 [2,
30] and 445-480 GPa, respectively [2,38,39]. Nonetheless, higher
hardness values were measured in the latter studies, up to 35 (TB) and
28 GPa (HB), respectively [2], whereas the Kj¢ values measured in the
present work fall within the ranges of data reported in the literature for
TiB, and HfB, [2,35,40].

Regarding the mechanical properties of binary diborides, the 97.4 %
dense NHB ceramic exhibited Vickers hardness and Young’s modulus
equal 18.47 + 0.60 GPa and 586 + 68 GPa, respectively (Table 2). The
latter values are very close, even slightly better, than those ones
measured for the HB sample obtained in this work, 17.38 + 0.72 GPa
and 581 + 29 GPa, respectively. A relatively lower elastic modulus
(510 GPa) and a nanohardness (Berkovich tip) of 34.2 GPa were re-
ported very recently by Kurbatkina et al. [19] for a 94 % dense
(Nbg sHfy.5)B2 sample. No further studies are available in the literature
on mechanical properties of (Nbg sHfj 5)Bo.

Similarly to the case of NB, the modest powder consolidation (p;
=93.6 + 0.8 %) achieved when processing NTB powders by SPS
(2050 °C, 20 min, 20 MPa) can be considered responsible for the low
values of Vickers hardness (10.21 + 2.01 GPa) and Young’s modulus
(324 + 34 GPa) correspondingly measured (Table 2). Moreover, for this
sample, multiple cracks were generated on the samples’ surface during
indentation test, so that no reliable Kic data could be obtained.

3.4. Oxidation resistance

Sintered NTB (2050 °C, 20 min, 1 %C) and NHB (2050 °C, 40 min,
1 %C) samples were exposed at high temperatures to flowing or stagnant
air and their behavior was compared to those of the corresponding in-
dividual constituents also produced by SHS-SPS. Weight gain, compo-
sitional and structural changes occurring during oxidation tests,
including the thickness of the formed oxide layer as well as its stability,
were examined.

From the TGA curves reported in Fig. 9a, it is seen that the NTB
sample (blue line) started to gain weight at about 800 °C, i.e. at a higher
temperature compared to NB (green line, about 600 °C) and TB (orange
line, about 700 °C) specimens. The relatively lower mass change of the
binary specimen was kept up to about 1300 °C, above which the curve
grew in an exponential manner.

Fig. 10a shows a different behavior for the NHB sample (magenta
line), which began to gain mass at temperature slightly higher
(approximately 650 °C) than that observed with the NB constituent
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(green line), whereas a very little weight change took place in the HB
ceramic (ochre line) for temperature below 1000 °C. Such performance
was kept for the entire temperature range investigated, with the TGA
curve of the binary system which follows, albeit staying slightly un-
derneath, that of NB. In contrast, HB displayed much higher thermal
stability, with a gradual and slower mass increase up to 1450 °C.

Outcome deriving from oxidation experiments in air furnace were
consistent with TGA tests. Changes in samples appearance after the test
conducted at different temperatures can be observed from the related
optical images shown in supplementary Figures S9a-S9b. As for the in-
dividual systems, the oxide layer (white-yellow colored) formed on the
NB ceramic processed at 800 °C separated from the sample, and this
negative feature became progressively more relevant when more severe
temperature conditions were applied. In contrast, no oxide scale exfo-
liation took place when heat treating TB samples, while their original
gray-brown color turned to yellow-orange at 1000 °C, due to composi-
tional transformations occurring on their surface, as discussed after-
wards. Finally, HB samples were much less altered by the received
treatment in air furnace.

Interestingly, the solid solution formed from the equimolar combi-
nation of NbB, and TiB; behaved like the latter diboride rather than the
former one, with no detachment of the oxide layer (Figure S9b). In
contrast, the presence of Niobium apparently played a prominent,
negative, influence on the oxidation behavior of the NHB system, as
demonstrated by the separation of the oxide scale from the bulk in
samples exposed to 1000 °C or higher temperatures. In this regard, it
should be considered that the NHB sample had a higher relative density
compared to that of the NTB specimen, i.e. 97.4 and 93.6 %, respec-
tively. Therefore, the oxidation behavior cannot be attributed to dif-
ferences in samples’ porosity since the less resistant sample also

possessed higher relative density.

As shown in Fig. 9b, during tests in air furnace, NB samples increased
their weight progressively up to 1000 °C, above which a significant mass
gain is generated. The value of 28.9 mg/cm? measured at 1200 °C in the
present work is reasonably in line with results obtained by Akin et al.
[15], who reported, for the same temperature, an increase of mass gain
from about 28 to approximately 50 mg/cm? as the exposure time was
raised from 90 to 360 min, respectively. The marked rise in the NB
weight as the temperature increased can be readily ascribed to the
separation of the oxide layer (Figure S9a). Indeed, the latter cannot offer
a protective barrier for the diffusion of oxygen, which can then reach
more easily the sample bulk. On the other hand, lower changes were
observed in TB and NTB products, the latter being apparently less
affected by the oxidative environment, in accordance with the images
depicted in Figures S9a-S9b.

As reported in Fig. 10b, a peculiar situation is encountered with the
NHB system, which manifested, for temperatures exceeding 1000 °C, a
lower rate in mass gain increase compared to that provided by TGA.
Such discrepancies can be likely ascribed to the active role played by air
flow during the latter test to enhance oxidation phenomena with respect
to the case of furnace experiments conducted in stagnant air.

In what follows, the results above will be correlated with outcomes
provided by XRD analysis performed on the surface of the annealed
samples and SEM/EDS observations of the corresponding cross sections.
Fig. 11(a) shows that NbyOs (orthorhombic) represents the major phase
present on the surface of NB samples heat treated at 600 °C, with the
original diboride phase still detected. This fact agrees with Ma et al. [41]
who observed the onset of the oxidation of NbB, powders occurring at
about 500 °C. The transformation of niobium pentoxide from the
orthorhombic to monoclinic configuration occurred when the annealing
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temperature increased to 800 °C. This is consistent with Nico et al. [42],
who reported that any NbyOs polymorph is transformed to m-NboOs
after a heat treatment in air. The only difference is that, in the present
study, such a transformation was observed to occur at a lower temper-
ature (800 °C) rather than for temperature exceeding 1000 °C [42].
Such discrepancy might be due to the systems undergoing oxidation
being different, i.e. NbB; instead of elemental Niobium, respectively. In
any case, the phase transition of NbO; from the orthorhombic to the
monoclinic structure is accompanied by a marked cell volume expan-
sion, from 706 to 1358 (A)B, respectively [42]. This feature could be
then considered the main responsible for the separation of the oxide
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layer from the bulk occurred correspondingly (cf. Figure S9).

A niobium borate phase, ascribed to Nb3BOg (3 NbyOs-B203), was
also formed at 800 °C during the oxidation of NB sample. Its presence
was also observed by Akin et al. [15] who postulated the occurrence of
the following reaction:

3Nb,05 (s)+B203 (1) - 2Nb3BOg (s) (5)

According to XRD analysis, the relative content of niobium borate
progressively increases as the temperature was raised up to 1200 °C.

The heat treatment at 600 °C of the TB sample resulted in the
incipient formation of TiO5 (Fig. 11b), which is congruent with the fact
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Patterns of NHB_ox_1000, and NHB_ox_1200 systems are related to the oxide layers separated during the test from the corresponding samples (cf. Figs. S9a and S9b).
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that the beginning of TiB, oxidation in air occurs in the range
400-500 °C [40]. XRD peaks intensity of the latter phase becomes
notably higher in samples exposed at 800 °C, with lower amounts of
TiB; still found. Finally, when the test was conducted at higher tem-
peratures (1000 or 1200 °C), TiO5 was the only phase evidenced by this
analysis.

XRD patterns shown in Fig. 11c indicate that no oxidation occurred
on HB samples annealed at 600 °C. In addition, while HfO, was detected
on samples processed at 800 °C, HfB, still represented the dominant
phase. As the temperature was further increased, the latter one was
progressively replaced by HfO5, which was the only phase found in
samples heat treated at 1200 °C.

The substitution of 50 at% Nb with Ti apparently provided a delay in
the oxidation of the diboride phase. Indeed, in contrast with the NB
system, no oxides were detected by XRD analysis on the surface of the
NTB sample at 600 °C (Fig. 12a). However, a mixed oxide and a B-poor
titanium borate, associated to TiNbyO; and TiBg 2402, respectively,
were found at 800 °C, along with the original (Nbg 5Tip.5)B2 phase. The
latter one completely disappeared at temperatures equal to or exceeding
1000 °C. Based on XRD analysis (Fig. 12a), and in agreement with the
TiO2-NbyOs phase diagram [43,44], TiNbyO7 once formed, did not
undergo any structural transformation as temperature was raised to
1200 °C. Moreover, no NbyOs was detected, differently from the case of
individual NB sample, where volume changes associated to its ortho-
rhombic to monoclinic phase transition were considered responsible for
the observed detrimental oxidation behaviour. Consequently, the for-
mation of the more stable mixed oxide made the oxide layer generated
on NTB ceramics relatively less stressed, i.e. less prone to exfoliate,
differently from that formed on the NB sample, where the o- to m-NbyOs5
phase transition took place (Figure S9).

Consistently with the higher thermal stability of HfB, in air
(Fig. 11c), the replacement of 50 at% Nb with Hf also produced bene-
ficial effects, at least at low temperatures, as testified by the absence of
oxides in the XRD pattern of NHB sample annealed at 600 °C (Fig. 12b).
Nonetheless, an increase of the temperature to 800 °C was accompanied
by remarkable compositional changes, with the ceramic surface mainly
consisting of two niobium oxides, i.e. NbyOs (monoclinic) and Nbjg 042
(orthorhombic), along with HfO,. A residual amount of (Hfy 5Nbg 5)B2
was also found. As the temperature in the furnace was raised to 1000 °C,
the original diboride was not detected on the sample surface, and the
formed oxide layer separated (Figure S9b), whereas a new niobium
oxide, associated to Nbj2029 (orthorhombic), was detected together
with Nb2Os, Nbyg gO42, and HfO,. No further compositional changes
were observed at 1200 °C. The cell volume of 0-Nb;5059 (303 (A)B)
formed at 1000 °C is significantly smaller than those of m-NbyO5 (1358
(A)P’) and 0-Nbyg 8042 (708 (1°\)3 [42], already present at 800 °C.
Therefore, as for the case of the NB system described previously, the
oxide detachment in the NHB sample at 1000 °C observed in Figure S9
can be attributed to the corresponding volume changes accompanying
such phase transformation. Although the formation of mixed oxides in
the Nb-Hf-O system is possible [45], their presence was not detected in
our experiments, differently to the case of the NTB sample, where the
stable TiNb,O; phase was produced.

SEM/EDS investigations evidenced the formation of an oxide layer
on the surface of each diboride ceramic. As reported in Figs. 9c and 10c,
the thickness of such layers monotonically increased as the oxidation
temperature was augmented. In particular, the oxide covering the NB
ceramic heat treated at 600 °C, above which it separated from the rest of
the sample (Figure S9a), was 9 & 1 pm thick whereas, consistently with
XRD findings, SEM/EDS observations confirm TB and NTB samples were
not, or only barely, affected by the oxidizing environment at 600 °C. At
800 °C or higher values, an oxide layer with a growing and comparable
thickness was formed on the latter two ceramics. For instance, the layers
produced at 1200 °C on TB and NTB samples were 115 + 7 and 110 + 2
pm thick, respectively. Based on the outcomes described above, the less
resistant system during oxidation experiments was undoubtedly NB
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followed by TB, while their equimolar combination produced a solid
solution with relatively higher stability compared to its constituents.

Fig. 10c shows that the thickness of the oxide layer formed on the Hf-
containing binary sample (magenta line and dots) is in between to those
of its individual constituents (green and ochre lines-dots for NB and HB,
respectively). Due to the separation of the oxide formed on NB and NHB
samples for temperatures equal to or above 800 and 1000 °C, a complete
comparison of these data is not possible in the whole temperature range.
Nonetheless, these data and the corresponding mass gain measured after
the same test (Fig. 10b) allow us to state that the three systems exhibited
higher sensitivity to the oxidizing environment in the following order:
NB>NHB>HB.

The cross sections of samples relative to the temperature conditions
above which the separation of the oxide layers occurred were examined
in more detail by SEM/EDS, as shown in Fig. 13. Local EDS analysis
spectra performed on the bulk side and on the oxide layer of the various
samples are also reported in supplementary Figure S10.

It is seen that the exposition of the NB ceramic to air at 600 °C
determined a significant sample degradation. In particular, the gener-
ated oxide layer was very porous and friable, so that it was significantly
removed during polishing. This is the reason why EDS signals on this
layer are very weak (cf. Figure S10) and the O-map irrelevant (not re-
ported in Fig. 13). Fig. 13 also evidences that the 115 + 7 um thick oxide
product formed at 1200 °C on the TB sample is apparently well attached
to the bulk, but it is also very irregular and porous. In contrast, under the
same annealing condition, a very thin (13 + 2 um) and compact layer of
HfO, is produced on the surface of the HB ceramic. This finding confirms
the superior oxidation resistance of HfB,, as a consequence of the fact
that the volume contraction accompanying phase transition of the
formed HfO, from the monoclinic to tetragonal structure, and the
consequent formation of cracks and other defects, takes place at high
temperatures, near to 1800 °C [17], i.e. well above of the conditions
adopted in this work.

Let’s consider now the behavior of the two-components ceramics.
The oxide layer formed at 1200 °C on the NTB sample displays an
irregular microstructure while it is more compacted compared to that
generated at the same condition on the TB ceramics. This finding is
coherent with the relatively lower mass gain exhibited at 1200 °C by the
first system with respect to the second one, as shown in Fig. 9b. It is then
confirmed that the solid solution resulting when coupling Nb and Ti
diborides in equimolar proportion is thermally more resistant compared
to the individual constituents.

As for the NHB product heat treated at 800 °C, a beneficial effect was
provided by the replacement of 50 at% Nb with Hf, which allowed the
oxide layer to resist at higher temperatures (200 °C above) with respect
to that formed on the NbB, sample. Nonetheless, such benefit ceased as
the temperature was raised to 1000 °C, under which the oxide layer
separation occurred (Figure S9b). As discussed previously, the latter
event corresponded to the phase transformations involving niobium
oxides formed in both NB and NHB samples as the oxidation tempera-
ture was progressively raised. These compositional changes are
accompanied by volume expansion/contraction phenomena and,
consequently, thermomechanical stresses are generated in the oxide
scales, which make them less stable and prone to detach from the
sample, as experimentally observed. The latter statement is supported
by the fact that such an event was not observed when heat treating TB,
HB, and NTB ceramics (Figures S9a-S9b), since the related oxides did not
undergo any phase transition as the temperature increased from 600 to
1200 °C (Figs. 11b, 11c, 12a).

4. Concluding remarks

Equimolar (Nb,Ti)By and (Nb,Hf)B, solid solutions are successfully
produced in this work by the SHS-SPS method starting from elemental
powders and using graphite as additive. Differently from the case of
individual diboride constituents, SHS was unable to lead to single phase
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Fig. 13. Cross sectional SEM micrographs and corresponding EDS elemental maps of samples after receiving 1 h heat treament in air furnace under the highest
temperature condition where no separation of the formed oxide layer was observed: NB (600 °C), TB (1200 °C), HB (1200 °C), NTB (1200 °C), and NHB (800 °C).
The corresponding EDS spectra carried out on the bulk side and the oxide layer are reported in supplementary Fig. S10.

binary diborides. The latter goal was reached after processing the two
SHS powders by SPS at 2050 °C/20 MPa, while a longer holding time
was requested by NHB (40 min) as compared to NTB (20 min). Graphite
played a relevant role to promote, during SPS, the conversion of sec-
ondary phases found in SHS powders into the desired equimolar
diborides. NHB powders consolidation was also highly facilitated by the
introduction of such an additive, with an increase of the relative density
from 89.7 % to 97.4 %. On the other hand, a modest effect (relative
density from 92.8 % to 93.6 %) was observed when considering the NTB
sample. This fact was consistent with the behaviour displayed by indi-
vidual diborides and it could be ascribed to the major beneficial effect
produced by graphite to reduce oxide contaminants in Hf containing
systems.

Measured Vickers hardness (18.47 GPa) and Young’s modulus
(586 GPa) of (Nbg sHfy 5)By were slightly better than those ones of the
HfB; ceramic, i.e. 17.38 GPa and 581 GPa, respectively. In contrast, the
mechanical properties of NTB sample were negatively affected, similarly
to the NbB; product, by its inadequate densification level.

The oxidation behaviour of (Nbg sHf( 5)B, was in between to those
manifested by HfB, and NbB; product. Interestingly, a relatively lower
mass gain, accompanied by a smaller oxide scale thickness, compared to
its constituents, was observed after oxidation tests of (NbgsTig 5)B2
specimens. On the other hand, NB and NHB appeared to be the most
sensitive systems to the oxidation environment, with the formed oxide
layers which separate from the bulk when the two samples were exposed
to 600 and 800 °C, respectively. Such feature can be associated to the
compositional changes occurring in the oxide layer formed on the
samples surface. In particular, during oxidation of NbBjy, the phase
transition from o- to m-Nb,Os took place at 800 °C. Analogously, the o-
Nby2029 phase was formed at 1000 °C, in addition to m-NbyOs and
Nb;6.8042 already present in the (Nbg sHfj 5)Bo sample heat treated at
800 °C. Such chemical transformations are accompanied by significant
volume contraction/expansions, and the resulting thermomechanical
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stresses in the oxide layers provoke their separation from the samples.
Conversely, more stable oxide scales were generated on the surface of
TB, HB, and NTB ceramics, where the types of oxide did not change in
the whole temperature range investigated (600-1200 °C). In particular,
the formation of a mixed oxide (TiNb3O7), which did not undergo any
phase transition, during the oxidation of the NTB sample was highly
beneficial to generate a more stable oxide scale.

More detailed studies, including quantitative XRD analysis, required
to evaluate the amount of each oxide phase formed at increasing tem-
peratures, thus clarifying the extent to which the transforming phases
contribute to volume changes, will be provided in future works. Possible
improvements on the characteristics of these ceramics, will be also
investigated soon. For instance, following Feng et al. [11] work, the
effect deriving by the presence of a Nb-rich secondary solid solution for
the suppression of grain growth and the concurrent improvement of
Vickers hardness and Young’s modulus is worth to be examined.
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