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Abstract Experiments were conducted by hot-pressing to
densify HfB, commercial powders using HfSi, (5 vol%) or
B4C (7 vol%) as sinter additives. The former was very
effective as sintering enhancer: 15 min at 1,600 °C was a
sufficient condition to achieve near full density. The occur-
rence of a liquid phase sintering, which substantially
enhanced densification during hot-pressing, was found out.
The HfB,-B,C powder mixture, hot-pressed at 1,900 °C for
40 min, achieved a relative density of 94%. Aside the key
role of sintering enhancer, B,C also allowed the development
of a uniform microstructure, preventing an excessive growth
of the diboride matrix (2 pum mean size). On the contrary,
thanks to the liquid phase that sustained substantial transfer of
mass during heating, the HfSi,-doped composition had an
uneven and more obvious grain growth (4 pm mean size),
with faceted diboride grains up to 10 um.

Introduction

The development of a new generation of space vehicles is
currently reviving an impressive interest into a special class
of highly refractory materials such as the ultra-high tem-
perature ceramics (UHTCs) for use in advanced aerospace
[1], as well as in critical ground-based applications [2].
Diborides of group IVb transition metals are being
attracting considerable attention, with HfB, and ZrB, as
the most studied candidates [2].
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In the majority of studies reported, the densification of
HfB, compacts was undertaken through hot-pressing: due
to the covalent character of chemical bondings as well as
low grain boundary/volume diffusion rates, densification of
undoped diboride powders has been satisfactory only under
sustained conditions of temperature and pressure. An early
attempt to densify HfB, by hot-pressing was carried out by
Kalish and Clougherty [3]: they obtained fully dense
samples only when the temperature exceeded 1,840 °C
under a pressure of 800 MPa. Wuchina and co-workers
coupled reactive sintering and hot-pressing using elemental
powders of Hf and B [4]: although this approach had
beneficial effects on densification with residual porosity
between 5 and 10%, it nevertheless required sustained
processing conditions of temperature (i.e., 2,160 °C) and
dwell time (i.e., 180 min). More recently, Loehman R.
et al. processed pure HfB, powders by hot-pressing at
2,000 °C for 60 min (34 MPa of applied pressure), reach-
ing a fractional relative density not exceeding 70% [5].
Others groups are currently evaluating the feasibility
of “in-situ” low-temperature reactions using organic—
inorganic precursors which allow for the formation of
structures to be processed under pressureless or mild-
pressure conditions at more suitable processing tempera-
tures [6]. Attempts to densify undoped HfB, by spark
plasma sintering were unsuccessful as well [7, 8].

The oxygen contamination has been recognized as the
primary serious detriment for the densification of HfB,
powders. Oxide impurities located upon the diboride par-
ticles surfaces promote neck formation and particle
coarsening at high temperature by vapor/surface transport
mechanisms that are scarcely effective for densification.
Sinter additives expected to enhance densification have
been used. Refractory metals [9] and metal silicides [10],
used with the function of liquid phase formers (LPFs),
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clearly aided densification and reduced processing tem-
peratures. Differently from LPFs, reactive agents may act
as densification aid by removing oxygen through solid state
reactions at the reacting interfaces. Only attempts to den-
sify ZrB, with reactive additives like carbon [11] or B4C
[12] were reported.

In this perspective, the present work addressed the
suitability of B4C (i.e., reactive agent) and HfSi, (i.e., LPF)
as effective sinter enhancers for commercial HfB, powders
through hot-pressing. As for the selection of similar sin-
tering aids, bases were given in the Results/Discussion
section.

Experimental

In order to verify the suitability of two different sinter
enhancers for HfB, commercial powders, the following
powders mixtures (vol%)

HfB, + 5HfSi, (composition HFHS)
HfB, + 7B4C (composition HFBC)

were ball-mixed in absolute ethyl alcohol using SiC balls,
dried in a rotating evaporator, and sieved through a
mesh screen with 250 pm openings. Powders of HfB,
(11.18 g/cm® density, 99.5% pure, 325-mesh type, FSSS
1.7 pm, Cerac Inc.—USA) and B,C (2.52 g/em® density,
97% pure, grade HS, 15-20 m?/g specific surface area,
H.C. Starck—Germany) were used. For the HfSi, synthesis
(7.97 glem® density), commercial solid precursors of Hf
(99.8% pure, FSSS 2.1 um, Neomat Co.—Latvia,) and Si
(grade AX05 99.9% pure, FSSS 3.5 um, H.C. Starck—
Germany) were selected. While purity values are those
declared by the producers, the total content of oxygen and
carbon in the processed powder mixtures was measured by
combustion technique. According to the expected Si to Hf
atomic ratio of HfSi,, the correspondent mixture of Hf +
24wt%Si was ball-mixed for 2 days in n-hexane (SiC
balls) to favor intimate mixing of reactants. Individual heat
treatments were conducted in flowing Argon, adjusting the
end-temperature in the range 900-1,350 °C (50 °C

Table 1 Processing conditions and typical parameters during hot-
pressing: total content of oxygen (O £ 0.02wt%) and carbon
(C £ 0.02wt%), onset temperature of some measurable shrinkage
(Tons, °C), peak temperature (Tp, °C), dwell time (dvw, min), shrinkage

increasing step), 10 °C/min of heating rate and 45 min of
dwell time, using a furnace (Astro Industries Inc.—USA)
heated with graphite elements. Compacted pellets of the as-
mixed Hf-Si powder (about 2.5 g in weight, 15 mm in
diameter) were isostatically cold-pressed at 350 MPa, and
then placed inside a graphite crucible. The heat treated
pellets were then finely crushed in an agate mortar, and
analyzed through X-ray diffraction (XRD, Ni-filtered CuK«
radiation, mod. D500, Siemens—Germany). A detailed
description of the HfSi, powder batched in the HFHS for-
mulation is reported in the Results/Discussion section.

The powder mixtures HFHS and HFBC were uniaxially
hot-pressed in an actively pumped vacuum (1.5 mbar) using
an inductively heated graphite die, 30 MPa of applied pres-
sure. For each composition, a quantity of about 90 g was put
inside the graphite die (44 mm inner diameter) lined with a
BN-sprayed graphitized sheet. The average heating rate was
about 20 °C/min. Peak temperatures and dwell times are
listed in Table 1. Only for the hot-pressing associated to
composition HFBC, an intermediate hold of 30 min at
1,450 °C was done. The temperature was measured by means
of an optical pyrometer focused on the graphite die. Bulk
density was determined using the Archimedes’ method,
water as an immersing medium. The phase composition was
analyzed with an X-ray diffractometer together with a scan-
ning electron microscope (SEM, mod. S360, Leica
Cambridge—UK) combined with an energy dispersive X-ray
microanalyser (EDS, mod. INCA Energy 300, Oxford
Instruments—UK). Polished sections of the as-sintered
materials were prepared with successively finer diamond-
based abrasives down to 0.25 pm. According to the standard
procedure ENV 623-5, the amount of the residual porosity, as
well as of some secondary phases, was determined using
SEM images.

Results and discussion
The synthesis of HfSi,

Based on the XRD outputs, the formation of HfSi, (ICDD
38-1373) proceeded to a certain extent at 1,000 °C, until

rate (Vp, min/min) at Tp, shrinkage rate (Vg, mm/min) at the dwell
end, bulk density (pg £ 0.02, g/cm3), residual porosity (P £ 0.5%)
and mean grain size (mgs, pm)

Label Additive a0 ac Ton Tp dw Vp Vi OB p mgs
HFHS HfSi, 0.71 0.07 1,340 1,600 15 0.08 <0.005 10.8 ¢ 4+1
HFBC B.C 0.65 - 1,700 1,900 40 0.36 0.01 10 6 2402

4 By combustion technique (LECO); b By image analysis; © Not measurable; —not determined
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the consumption of Silicon, according to the XRD resolu-
tion, seemed complete at 1,150 °C (45 min dwell time).
The heat treatment at 1,150 °C ensured the lowest process
temperature in conjunction with an easy-to-crush final
product. Only the HfSi, powder synthesized at 1,150 °C
was further comminuted for 20 min using a planetary agate
mill using SiC milling media, and sieved (25 pm openings)
to remove coarse hard agglomerates. This powder was used
for further hot-pressing.

Hot-pressed materials: densification and microstructure
development

While B4C [12] and some metal silicides [13, 14] displayed
a valuable potential as sinter additive for developing dib-
oride-based materials designed to high temperature
applications, only one attempt to process a powder mixture
of HfB, + 7 vol% HfSi, via hot-pressing was reported
[10]. Aside the effective role of the silicide as sintering
enhancer for metal diborides, the present HfB,-HfSi,
system showed the potential to transform the oxide impu-
rities of the original processed HfB, powders into HfB,
(see further discussion). In addition, the oxidation resis-
tance of metal diboride matrices (not object of this work) is
expected to take advantage from the presence of Si-con-
taining phases because at high temperatures they generate a
silica-based glassy barrier against the oxygen diffusion [13,
15]. On the contrary, although separate authors showed the
ability of B4,C to convert the metal oxide impurities of
some metal diboride powders into the same metal diboride
constituting the powder [12, 16], any published data relate
to the addition of B,C to HfB,.

In the present work, densification behaviors during hot-
pressing are shown in Fig. 1: compared to B4C, the impact
of HfSi, as effective additive at much lower temperature on
the densification of HfB, is apparent. The onsets of some
measurable shrinkage of HFHS and HFBC compositions
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0 1 1 1 1 1 1 1 1 1 1
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T, °C

occurred at 1,340 and 1,700 °C, respectively. The sudden
rise just above 1,340 °C in the shrinkage pattern of the
HFHS composition was associated to the occurrence of a
liquid phase sintering (see further discussion). On the
contrary, the addition of B4C started having an appreciable
effect on the sample shrinkage only for temperatures in
excess of 1,750 °C (Fig. 1a) and for a longer dwell time
(Fig. 1b). For the HFHS composition, the isothermal stage
of 15 min at 1,600 °C was sufficient to achieve nearly full
density. However, the HFBC composition required a pro-
longed exposure to much higher temperatures to achieve an
acceptable level of densification (Table 1).

SEM investigations revealed a differing development of
the resulting microstructures (Fig. 2). In the HFHS com-
position residual porosity was not seen; however, although
a (moderate) peak temperature of 1,600 °C was applied, an
appreciable grain growth took place, and diboride grains up
to 10 um were found. In addition, contrary to the HFBC
material which exhibits a transgranular fracture, the typical
fracture of the HFHS material is intergranular (Fig. 2). The
XRD analysis, the hexagonal HfB, phase apart in both the
hot-pressed  samples, identified monoclinic HfO,
(3.7 £ 0.3 vol%) and cubic HfC in the only HFHS sample.
By using SEM-EDS, other secondary phases were found in
the HFHS sample (Fig. 3): discrete Si-based pockets
(4.5 £ 04 vol%) and residual HfSi, (<1 vol%). The
quantities of these secondary phases were determined
through SEM image analyses. In the case of HfC, its phase
contrast very similar to that of the diboride matrix did not
allow to count it appropriately. Such a carbide, according
to the reaction HfO, + 3C = HfC + 2CO(g) having a
negative Gibbs free energy above 1,000 °C (1.5 mbar of
total pressure), formed during hot-pressing, thanks to the
carbon impurity introduced during powder processing
(Table 1). The wear involving inner surfaces of the poly-
ethylene jar and hard media/powders particles is expected
to introduce C-based adsorbates in the processed batches
[17].

(b) 03

dL/dt, mm/min

t, min

Fig. 1 Hot-pressing of HFHS and HFBC compositions: shrinkage dL vs. temperature T (a, heating stage), and shrinkage rate dL/dt vs. time t

(b, isothermal hold)
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Fig. 2 Fracture surfaces of materials HFHS and HFBC (SE-SEM micrographs)

Fig. 3 Material HFHS (BSE-SEM micrograph, polished section):
Si-based pockets (LP) and residual HfSi, are indicated

The Si-based compound remaining upon cooling very
likely discloses the occurrence of a liquid-phase sintering.
The formation of a liquid phase at temperatures above
1,340 °C readily provided diffusion paths for an enhanced
mass transport. It can first be stressed that the Hf-Si phase
diagram has an eutectic point at 1,350 °C when the mole
fraction of Silicon exceeds 0.9: this is consistent with an
onset temperature of about 1,340 °C lower than the melting
point of Si (1,414 °C). Hafnium found in the Si-based

pockets (Fig. 4) strengthens the inference of a liquid phase
sintering as consequence of the partial dissolution of HfB,
into the Si-based liquid phase. EDS spectra in Fig. 4 were
acquired at 4 keV of electron beam energy: this condition
ensures an enhanced sensitivity to light elements and a
maximum beam broadening of 0.2 um inside the selected
areas [18]. Such a value results lower than the typical size
of the Si-based pockets (i.e., a few microns). An eventual
residue of Boron falls below the detection limit of the
technique used.

In addition, the finding of a residual intergranular thin
film between adjacent diboride grains (Fig. 5) further
consolidates the reasoning that a liquid phase sintering has
contributed to densification not only by re-arranging grains
through a capillary action, but also via a substantial mass
transfer. Actually, the liquid phase sintering promoted the
growth of relatively large grains at expenses of the original
smaller ones: the resultant microstructure in fact exhibits a
broad grain size distribution. Due to the AlB,-type crystal
structure of HfB,, the grain coarsening (boosted by the
liquid-phase) facilitated faceted grains to grow rapidly,
leaving sometimes trapped pores within the larger grains
(Fig. 3).

A melting point of HfSi, (close to 1,700 °C) lower than
the peak temperature operated during hot-pressing, the
major portion of shrinkage in the temperature range 1,300—
1,500 °C (see Fig. 1), shape and little amount of the

Fig. 4 EDS spectra of Si-based )
pockets (left), or of residual i Sika
HISi, (right) ;
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HfMa
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Fig. 5 HFHS material (BSE-SEM micrograph, polished area): an
intergranular thin phase is indicated

residual HfSi, particles: these remarks tend to exclude a
major contribution to liquid phase sintering from the
melting of HfSi,. Instead, the origin of the liquid phase was
looked into the reaction involving HfSi, and the oxygen-
bearing species typically present on the diboride particle
surfaces. In fact, the existing Hf-Si—B phase diagram [19]
shows compatibility between HfB, and HfSi, at 1,300 °C.
Therefore, the reaction

5HfSi, + 2B,03 = 2HfB, + 10Si + 3HfO,

(negative Gibbs free energy in the temperature processing
range) was hypothesized to occur. According to other
authors [2, 17], surface oxides impurities were postulated to
exist as a mixture of B,O5 and HfO,. However, supported by
Bronson and co-workers [10] which found HfSi,/HfO,
interface not moving (i.e., not reacting) at 1,600 °C, a con-
tribution from the HfO, component in the origin/formation
of the liquid phase has not found valuable confirmations.
The incorporation of B4,C as additive in the HFBC
composition influenced densification and grain growth of
HfB,. Pure HfB, powders, hot-pressed at 2,000 °C and
35 MPa for 60 min [5] or spark plasma sintered at
1,900 °C at 95 MPa for 10 min [7] reached relative den-
sities not exceeding 70 and 87%, respectively. In the case
herein discussed, compared to HFHS material, a finer and
more regular final texture was obtained. Residual porosity
(6 & 0.5%) and isolated B,C particles (3 & 0.5%) were
also seen (Fig. 6). Similarly to other metal diborides like
ZrB, [12] or TiB, [20], the presence of B4C facilitated
the removal of surface oxides from the HfB, powder par-
ticles at temperatures low enough to prevent significant
coarsening of the metal diboride. As a consequence,
boundary/volume mass transport mechanisms involved
the re-activated diboride surface particles (i.e., depleted of
the densification inhibitors like the surface oxides), and

@ Springer

Fig. 6 HFBC material (BSE-SEM micrograph, polished area): larger
B,C particles and some porosity are indicated
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Fig. 7 Equilibrium amount (Y) calculated by HSC [21]: 7HfO, and
5B4C as starting amounts, 1.5 mbar of total pressure

dominated over surface-to-surface mass transfer mecha-
nisms. The reaction

7HfO, + 5B4C = 7HfB, + 5B,0;5(Lg) + CO(g)

(thermodynamically favored for temperature above 900 °C
and 1.5 mbar of total pressure (Fig. 7)) was thought to
drive the conversion of HfO, into HfB,. Such a transfor-
mation is further accompanied by the loss of volatile boron
oxide that easily evaporates due to its equilibrium vapor
pressure (i.e., 36 mbar at 1,450 °C) well above the pressure
of the processing environment of 1.5 mbar.

The reactivity between B,O3 and B4C, the former being
the other phase composing the surface oxide, was consid-
ered from the thermodynamic point of view. Depending on
the total equilibrium pressure and temperature, B,O3 and
B,4C may interact giving rise to Boron and volatile products
(Fig. 8). Reaction should take place for total pressure
>2.5 mbar at 1,450 °C: for this, a reaction involving B,O3
and B4C during the hold at 1,450 °C was deemed unlikely.
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Fig. 8 Equilibrium amount (Y) calculated by HSC [21]: 1B,O3 and
1.1B4C as starting amounts, 1.5 mbar of total pressure

In addition, the existence of residual solid B,4C particles in
the sintered HFBC sample verified that the thermodynamic
conditions for a reduction of B,0O5 through B,C were not
fully established. The hold of 30 min at 1,450 °C during
hot-pressing actually served to minimize as well the oxy-
gen activity of the surface oxides through the volatilization
of boron oxides. In connection with that, the actively
pumped hot press chamber, monitored with a Pirani vac-
uum gauge, showed a measurable decrease at 1,350 °C
from 2 to 3 mbar and then recovered a value of 1.5 mbar at
the end of the intermediate stage at 1,450 °C.

The presence of B4C, according to Zhang et al. that
studied the ZrB,-B4C system [12], had the aforesaid ben-
efit to convert oxide impurities into HfB,. In addition, the
un-consumed B4C played also the role of grain growth
inhibitor at high temperature, preventing excessive coars-
ening which however occurred in the HFHS composition at
significantly lower temperatures.

Conclusions

Sinterability of commercial metal diboride powders is
adversely affected by the surface oxides on the original
processed particles. Growing evidence of enhanced sin-
terability of HfB, through hot-pressing was provided,
thanks to the addition of sinter enhancers like B4C (7 vol%)
and HfSi, (5 vol%). The former helped densification of the
HfB, powder by promoting the removal of its surface oxide
contamination: this provided an enhanced high temperature

reactivity to the HfB, matrix that reached a bulk density of
10 g/em?®, 6% of residual porosity. HfSi,, differently from
B,4C, controlled the removal of the surface oxide impurities
through a Si-based liquid phase that allowed full densifi-
cation at 1,600 °C, a temperature much lower than that
used for B4C (i.e., 1,900 °C). Differing microstructures
resulted after hot-pressing. B,C in fact, aside the role of
sintering enhancer, prevented also an excessive growth of
the diboride matrix (2 pm mean size). On the contrary,
thanks to the liquid phase sintering that sustained sub-
stantial transfer of mass, the HfSi,-doped composition had
a more obvious grain growth (4 pm mean size), with
faceted diboride grains up to 10 um.
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