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ABSTRACT

A powder metallurgy route combining high-energy ball-milling (HEBM) of elemental
powders and reactive spark-plasma sintering (SPS) is proposed for the controlled fabrica-
tion of novel composites based on a Zr—Al intermetallic matrix hardened with a ceramic
second-phase. As proof-of-concept, its suitability is demonstrated on ZrB,—hardened
Zr3Al,. Specifically, commercially available powders of ZrH,, Al, and B were first combined
in molar ratios of 2:1:1 to give an intermetallic—ceramic composite nominally formed by
~76.8 vol.% Zr;Al, plus 23.2 vol.% ZrB,, and were intimately mixed and mechanically
activated by HEBM in the form of dry shaker milling for 30 min, next identifying by a
dilatometric SPS test at 50 MPa pressure that the densification window of these composites
is ~975—1275 °C. Subsequent densification SPS tests at 50 MPa pressure in that temperature
interval, and also at 1350 °C, plus the microstructural and mechanical characterisations of
the resulting materials, established 1175 °C as the optimal SPS temperature. It was also
identified that densification takes place by transient liquid-phase sintering with molten Al,
and that it occurs gradually, not abruptly, because most molten Al disappears in a flash by
reacting with Zr to form in situ the intermetallic. It is also shown that the combination of
HEBM plus reactive SPS yields Zr;Al,+ZrB, composites with fine-grained microstructures
formed essentially by multitudinous ZrB, nanograins dispersed within a matrix of sub-
micrometre, or nearly submicrometre, Zr;Al, grains. Importantly, these intermetallic
—ceramic composites were found to be very hard (ie, ~11.5 GPa), attributable to the
hardening provided by the ZrB, nanograins, and fairly tough (i.e., ~4.5 MPa-m¥?), and
therefore potential candidate materials for a multitude of structural—tribological applica-
tions. Finally, implications for future study are discussed.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Intermetallics based on a transition metal plus Al constitute a
broad family of appealing structural materials. This is doubt-
less the case of the Zr—Al intermetallics, whose interesting
combination of physico-chemical properties, including for
example low thermal neutron absorption cross-section, high
corrosion resistance, adequate biocompatibility, low density,
low thermal expansion coefficient, and high refractoriness
[1-9], to list some, makes them candidate materials for
technological applications in the aerospace, automotive,
medical, and nuclear fields, to name but a few.

Notwithstanding the above, Zr—Al intermetallics have still
received little attention and remain relatively unexplored,
most likely attributable to their compositional—structural
complexity and currently difficult processability. Certainly,
the binary Zr—Al system is quite complex [10], exhibiting ten
possible intermetallic compounds, namely, ZrAls;, ZrAl,,
Zr,Als, ZrAl, ZrsAly, Zr,Als, ZrsAly, ZrsAls, Zr,Al, and ZrsAl,
which are essentially line compounds (i.e., each one existing
in an extremely narrow concentration range) and have
different crystal structures (i.e., cubic, hexagonal, tetragonal,
and orthorhombic). Importantly, this great compositional and
crystallographic diversity invariably translates into the Zr—Al
intermetallics having highly varied mechanical behaviours
[1]. Thus for example, there are large differences in hardness
between them, ranging from the expected ~18.5 GPa of the
hardest ZrAl, to the ~4.5 GPa of the softest ZrsAl, [1]. Also,
according to their bulk modulus to shear modulus ratio, four
of them (i.e., ZrsAly, Zr3Al,, ZrsAls, and Zr,Al) are classifiable as
ductile [1], and the rest as brittle [1]. Therefore, compositional
control is critical to tailor the performance of the Zr—Al in-
termetallics to the particular needs of a given structural
application. As for their processability, Zr—Al intermetallics
are as of today preferably fabricated by vacuum arc-melting of
ingots [5], repeatedly to ensure homogeneity, which is tedious,
time-consuming, costly, and not exempt of other disadvan-
tages (i.e., segregation, contamination from the casting
moulds, etc.).

Alternatively, in principle the Zr—Al intermetallics would,
like many other intermetallics, be amenable to fabrication by
powder metallurgy, which is intrinsically simple, industrially
scalable, and cost-effective [11]. Moreover, powder metallurgy
(i) allows for near-net-shape manufacture, thus reducing the
waste production and minimizing the need for subsequent
machining operations, (i) uses much lower temperatures
because the sintering temperatures are typically 0.5—0.8 times
the melting temperatures, (iii) provides greater compositional
versatility and microstructural control, and (iv) enables inno-
vative multi-particulate designs with ceramics or other dis-
similar metals/alloys for tailoring the properties to demand
[11]. Despite all this, powder metallurgy has surprisingly yet to
be used to fabricate Zr—Al intermetallics or composites based
on them, which motivated the present work aimed at
demonstrating, for the first time to the best of the authors’
knowledge, its potential by fabricating controllably, by means
of dry high-energy ball-milling (HEBM) and reactive spark-
plasma sintering (SPS), ZrB,—hardened Zr;Al, intermetallics.
Specifically,  these  particular intermetallic—ceramic

composites were chosen as a first demonstration model
because (i) ZrsAl, is a ductile but relatively soft (~5.6 GPa)
Zr—Al intermetallic [1], which therefore requires second-
phase hardening for use in structural applications, and is
thus an ideal test-bench within the scope of the present proof-
of-concept study, and (ii) ZrB, is a very hard, ultra-refractory
ceramic [12] that, like ZrsAl,, is also based on Zr, so the
expectation is that both should be chemically compatible and
reactively co-sinterable from Zr, Al, and B powders conve-
niently subjected to beneficiation. Also, Zr3Al, is an unusual
intermetallic that has rarely been observed in the pure state
but rather as precipitates during the crystallization of com-
plex amorphous Zr—Al glasses, so that obtaining bulk mate-
rials based on it is especially challenging. Moreover, its
fabrication by dry HEBM plus reactive SPS, instead of by the
typical non-aqueous wet homogenization plus reactive pres-
sureless sintering or reactive hot-pressing, makes processing
(i) simpler, because the powder preparation involves a lesser
number of steps, (ii) more energy-efficient, because the sin-
tering cycle is ultrafast and consumes less power, and (iii)
more environmentally friendly, because the carbon footprint
is lower. In what follows, the details of the experimental
procedure and the major findings will be described.

2. Experimental procedure

Powders of crystalline ZrH, (99.7% purity), crystalline Al (99.8%
purity), and amorphous B (95% purity) were purchased
commercially (MaTecK, Germany), and combined in the molar
ratio of 2ZrH,:1Al:1B with the intention of producing an
intermetallic—ceramic composite nominally formed by ~76.8
vol.% Zr;Al, and 23.2 vol.% ZrB, via the overall reaction
4ZrH,+2A14+-2B — Zr;Al,+ZrB,+4H,(g). Brittle ZrH, was used
instead of ductile Zr for two reasons, namely, (i) it is easier to
mill and, because it is the major compound in the powder
mixture, it will help to refine the Al and B particles by ductile-
brittle and brittle—brittle mechanical alloying thus resulting in
a more homogeneous powder mixture [13], and (ii) the Hy(g)
resulting from the eventual decomposition of ZrH, during SPS
can contribute to partially reducing the oxide passivating
layers. The combination of powders was next subjected to dry
HEBM for 30 min in a shaker mill (Spex D8000, Spex CertiPrep,
USA) using hardened steel containers with WC balls (6.7 mm
in diameter) under a ball-to-powder weight ratio of 4, in an
inert atmosphere of ultrahigh-purity Ar. The inert atmosphere
avoids the oxidation of the powder mixture during milling,
and was achieved by performing the loading of the balls and
powders into the containers, and the container sealing, in a
glovebox (CaptairPyramid, Erlab, UK) filled with ultrahigh
purity Ar and purged twice. Also, to avoid contamination of
the powder mixture during milling, a first sacrificial milling
was carried out as described above to thus cover the container
and the balls with a thin surface film of the powder mixture,
and the resulting milled powder mixture was discarded away.
Next, milling was repeated utilizing the same container and
balls, using these milled powder mixtures for the rest of the
study. This procedure has already been successfully used to
mill other powders and powder mixtures without, or with
hardly any, contamination by the milling tools [14—18].
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The as-milled powder mixtures were then loaded, again
within the glovebox filled with ultrahigh purity Ar to minimize
their exposure to air, into graphite dies (of 2-cm diameter)
lined with graphite foils and covered by graphite blankets, and
were consolidated by SPS (HP-D-10, FCT Systeme GmbH,
Germany) in dynamic vacuum at various target temperatures
(as measured by an axial pyrometer and reached at 100 °C/
min), identified by first using the SPS furnace as a dilatometer,
for 5 min under 50 MPa pressure (applied at 300 °C). The
resulting materials were ground and diamond-polished to a 1-
pm finish using conventional procedures, and were charac-
terised (i) microstructurally by water immersion porosimetry
(i-e., the Archimedes method), X-ray diffractometry (XRD; D8
Advance, Bruker AXS, Germany), and scanning electron mi-
croscopy (SEM; Hitachi S-3600N, Japan or FEI Teneo, FEI Inc.,
USA) together with energy-dispersive X-ray spectroscopy
(EDS; Xflash Detector 3001, Rontec GmbH, Germany or AME-
TEK, Inc., USA), as well as (ii) mechanically by Vickers inden-
tation tests (Duramin, Struers A/S, Denmark).

3. Results and discussion

Fig. 1 shows the shrinkage-rate curve as a function of tem-
perature logged during a first dilatometric SPS test up to
1600 °C under 50 MPa pressure, performed to determine the
optimal range of target temperatures for the subsequent
densification SPS tests. It can be seen that the curve is formed

12
liquid
spillage

solidified melt

Shrinkage rate (mm/min)
[e)

2 - pressure

application
h/ o
300 560 820 1080 1340 1600
SPS temperature (°C)

likely densification window

Fig. 1 — Shrinkage-rate curve as a function of temperature
from 300 °C up to 1600 °C logged during the dilatometric
SPS test at 50 MPa pressure for the as-milled powder
mixture. The onset SPS temperature of 300 °C is because
from there onwards heating was performed under
pyrometer control. The numbers denote the different
stretches identified according to the magnitude of the
shrinkage rate. The inset shows the likely densification
window in greater detail. Also included is an optical
photograph of both the graphite die and punches at the
conclusion of the dilatometric SPS test demonstrating the
severe liquid spillage occurring at high temperatures.
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Fig. 2 — Shrinkage-rate curve as a function of time,
normalized to maximum shrinkage rate, logged during the
different densification SPS tests, as indicated, at 50 MPa
pressure for the as-milled powder mixture. The stages of
non-isothermal heating (i.e., 100 °G/min heating ramp up
to the desired target temperature) and of isothermal
heating (i.e., holding at the desired target temperature for
5 min) are distinguished. The dotted lines are the null
shrinkage rate. The SPS time count started from the
application of the 50 MPa pressure at 300 °C.

by four stretches, namely, (i) a first stretch of null shrinkage
rate up to ~685 °C with a subtle shrinkage-rate hump centred
at ~525°C, (ii) a second stretch of non-null shrinkage rate from
~685 °C up to ~1300 °C, (iii) a third stretch again of null
shrinkage rate from ~1300 °C up to ~1400 °C, and (iv) a fourth
stretch of sudden spike and fall of shrinkage rate, centred at
~1465 °C, followed by null shrinkage rate thereafter. It is clear
that stretches (i), (iii), and (iv) are impractical in terms of
densification, the first because the null shrinkage rate in-
dicates that there is no densification at these low tempera-
tures, the third because the drop of shrinkage rate to zero
indicates that full densification had already been achieved
during stretch (ii), so that in stretch (iii) only microstructural
coarsening will occur, if any at all, and the fourth because the
abrupt spike and fall of shrinkage rate came accompanied by
direct contact between the two graphite punches, indicating
the occurrence of total mass loss by massive liquid spillage.
The mere visual observation of the die at the conclusion of the
dilatometric SPS cycle, a photograph of which is also included
in Fig. 1, confirmed this undesirable scenario. This finding is
not a surprise because the expected Zr;Al, is stable up to the
peritectic temperature of ~1480 °C where it forms
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Fig. 3 — Absolute density, as measured by the Archimedes
method, of the materials SPS-ed at target temperatures in
the range 975—-1350 °C for 5 min under 50 MPa pressure.
The dashed line is the theoretical absolute density
calculated by the rule of mixtures for ~76.8 vol.% Zr;Al,
plus 23.2 vol.% ZrB,. The dotted line is absolute density
corrected for the presence of very minor phases.

liquid + ZrsAl, [10], with ZrsAl, in turn melting congruently at
~1550 °C [10]. Due to the 50 MPa pressure applied during SPS,
the abundant formation of liquid accompanying the peritectic
decomposition of Zr;Al, already caused the complete material
spillage out of the die. In any case, this dilatometric SPS test is
very instructive because it indicates that the densification
window of these materials is ~685—1300 °C, and more likely
~975—1275 °C because the shrinkage rates are higher there,
reason for which the subsequent SPS densification tests will
be performed at target temperatures within that latter inter-
val. Nonetheless, SPS at 1350 °C will also be carried out to
elucidate if this results in enhanced hardness and/or fracture
toughness. Importantly, an earlier study on SPS of ZrB,—ZrH,
has shown that ZrH, decomposes to Zr + H,(g) before 600 °C
[19], so the release of H,(g) will not hinder the densification of
the present composites because the high interconnected and
open porosity existing at that initial sintering stage will allow
the Hy(g) generated to leave the powder compact without
becoming trapped and occluded in the microstructure.

Fig. 2 the shrinkage-rate curves as a function of time logged
during the subsequent densification SPS tests at target tem-
peratures in the range 975—1350 °C for 5 min under 50 MPa
pressure. It can be seen that there is always a first weak
shrinkage-rate peak centred at ~120—150 s, corresponding to
~500-550 °C, attributable to the mass loss accompanying the
decomposition of ZrH, into Zr + Hy(g) [19]. More importantly, it
can be seen that, after increasing appreciably, eventually the
shrinkage rate faded for the SPS tests performed at
1125—-1175 °C or higher temperature, indicating complete
densification, but not for the SPS tests performed in the tem-
perature range 975—1075 °C, indicating incomplete densifica-
tion. Therefore, according to the shrinkage-rate curves,
1125-1175 °C is the optimal SPS temperature (although
impossible now, subsequent results will allow discrimination

between these two temperatures). However, it is likely that
much longer SPS cycles at lower temperatures could also
result in complete densification, but given the high heating
rates used in SPS and that diffusion increases exponentially
with temperature and linearly with time, it is much more
recommendable to slightly increase the target SPS tempera-
ture up to the optimal than to hold for a long time at lower
temperatures.

Fig. 3 shows the values of absolute density of the materials
SPS-ed at 975—1350 °C for 5 min under 50 MPa pressure, as
measured by the Archimedes method, confirming that
1125-1175 °C is the optimal SPS temperature. Certainly, it can
be seen that the materials SPS-ed at 975—1075 °C have lower
absolute density than those SPS-ed at higher temperatures,
indicating that the former are porous (more so the lower their
SPS temperature) if the latter are dense. They all have an ab-
solute density lower than that calculated for ~76.8 vol.% Zr;Al,
plus 23.2 vol.% ZrB,, but those SPS-ed at and above 1125 °C
have the density expected considering the presence of small
relative proportions (i.e., ~3—5 vol.%) of other phases as will be
shown later by XRD and SEM/EDS.

The analysis of the shrinkage-rate curves in Fig. 2 also in-
dicates that densification began at 224 + 15 s, equivalent to
~673 + 25 °C which is, within the errors, the Al melting point
(i.e., ~660.3 °C). It also indicates that there was no densification
burst at that temperature, but rather that complete densifi-
cation was achieved gradually and at much higher tempera-
tures (i.e., at ~1125—1175 °C according to Fig. 3, which is almost
twice the Al melting point). Therefore, it follows that reactive
SPS initiated at the Al melting point, which was the logical
expectation because molten Al is the first liquid to be formed
since Zr and B melting points are much higher (i.e., ~1855 °C
and 2076 °C, respectively) and there are no eutectic tempera-
tures below the Al melting point. Moreover, it is foreseeable
that there would have been little or no solid-state densifica-
tion by Zr—Al interdiffusion prior to the formation of molten
Al because the heating ramp applied during SPS was ultrafast
(i.e., 100 °C/min). It can thus be inferred that the formation of
molten Al favoured densification, but that there was no sud-
den densification because much of the molten Al would have
been consumed in a flash by immediately reacting with Zr.
This ultrafast reaction kinetics would be ascribable to the
mechanical activation induced by HEBM (i.e., intimate mixing
of the reactants, small crystal sizes, abundant structural de-
fects, and large specific surface areas). Whichever the case,
densification of these materials occurred by transient (almost
“fugitive”) liquid-phase sintering [20].

Fig. 4 shows the XRD patterns of the materials SPS-ed at
975-1350 °C for 5 min under 50 MPa pressure, and the Pawley
refinement performed for one of them. It can be seen in Fig. 4A
that, as expected, they all are composed of tetragonal Zr;Al,
(P4,/mnm) as major phase and hexagonal ZrB, (P6/mmm) as
minor phase, plus monoclinic ZrO, (P2,/c), tetragonal ZrO,
(P4,/nmc), cubic Al and MgO (F m 3m), and orthorhombic Zr,Al;
(Fdd2) in very low, or even trace, relative abundances. By way
of example it can be seen in Fig. 4B for the material SPS-ed at
1175 °C that the corresponding Pawley refinements captured
the experimental XRD patterns very well (i.e., x? <1.35), thus
confirming the correctness of the aforementioned phase in-
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Fig. 4 — (A) XRD patterns (15—60° 20) of the materials SPS-ed at target temperatures in the range 975—1350 °C for 5 min under
50 MPa pressure and of the as-milled powder mixture, as indicated. Peak assignations are included. The XRD patterns were
all acquired with CuK« incident radiation and were indexed using the PDF2 database. The letters m and t mean monoclinic
and tetragonal, respectively. (B) Pawley refinement, performed with Topas 4.2 (Bruker AXS, Germany), of the XRD pattern of
the material SPS-ed at 1175 °C for 5 min under 50 MPa pressure.

ventory. Interestingly, it can also be seen in Fig. 4A that the
XRD peaks of Zr;Al, and ZrB, become increasing narrow with
increasing SPS temperature, and especially at 1350 °C, indi-
cating the corresponding growth of the Zr;Al, and ZrB, crys-
tallites. This is the logical expectation considering that the
diffusion coefficients increase exponentially with tempera-
ture. Importantly, according to its XRD pattern, also included
in Fig. 4A as a referent for comparison, the as-milled powder
mixture only contains crystalline ZrH, and Al, plus B that,
because it is amorphous, gives no XRD peaks. This rules out
that Zr;Al, and ZrB, were formed during HEBM. It can also be
seen that (i) there are no WC peaks either, confirming the
desired absence of contamination by the milling tools thanks
to the first sacrificial milling, and (ii) that the ZrH, peaks are
much broader than the Al peaks, reflecting the also expected
much greater comminution of the ZrH, particles owing to its
brittle nature. Indeed, using the Scherrer method [21], the
crystallite sizes of ZrH, and Al are roughly estimated to be
~80 nm and 0.4 pm, respectively. Therefore, the importance of
the XRD patterns in Fig. 4A is that they (i) evince the me-
chanical activation of the powder mixture during HEBM and
(ii) confirm the occurrence in situ during SPS of the reaction
4ZrH,+2Al1+2B — Zr3Al,+ZrB,+4H,(g) (i.e., first ZrH,(s) — Zr(s)+
2H,(g) at ~500-550 °C and then 4Zr(s)+2Al(l)+2B(s)—

Zr3Al,(s)+ZrB,(s) at ~660 °C and above), thus demonstrating
that the powder-metallurgy fabrication route used here, based
on HEBM plus reactive SPS, enables the compositional design
and controlled fabrication of Zr—Al intermetallics and of
composites based on them with ceramic reinforcements. Note
that the presence of some ZrO, in the SPS-ed materials is not a
surprise despite the milling and powder loading into the dies
having been performed under Ar atmosphere because spon-
taneous passivation is expected to occur during placement of
the dies in the chamber of the SPS furnace, it being impossible
to completely reduce the passivating layers by the Hj(g)
released at ~500—550 °C. Earlier studies on other composites
have shown that the oxides crystallize from these passivating
layers during SPS [22]. The presence of ZrO,, which is un-
avoidable unless an SPS furnace with integrated glovebox is
used (a type that is already commercially available for
medium-scale production), is not detrimental because it is
much harder (i.e., ~16 GPa) than Zr;Al,. The presence of MgO is
not a surprise either because Mg is a typical impurity in B
powders, which are often synthesized by magnesiothermic
reduction of B,O3 or H3BO3, and Mg is very prone to passiv-
ation. The presence of MgO would be avoidable, or at least
minimizable, by using higher-purity B powders. ZrO, and MgO
were, however, not detected by XRD in the as-milled powder
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Fig. 5 — SEM micrographs representative of the microstructure of the materials SPS-ed at target temperatures in the range
975—1350 °C for 5 min under 50 MPa pressure. (A)—(C) are images of the polished surface of the materials SPS-ed at 950 °C,
1175 °G, and 1350 °C, respectively, taken using backscattered electrons, and (D) is the same image as (A) but taken with
secondary electrons. (E)—(F) are images of the polished surface of the material SPS-ed at 1225 °C taken at low and high
magnifications, respectively, with backscattered electrons. (G)—(H) are images of the fracture surface of the material SPS-ed
at 1275 °C taken at much higher magnifications with backscattered electrons. Imaging was done at 15 keV.
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Fig. 6 — Representative EDS analyses performed selectively on some of the materials fabricated. (A) Low-magnification SEM
micrograph and corresponding elemental composition maps of Zr and Al acquired on the material SPS-ed at 1225 °C. (B)
High-magnification SEM micrograph and corresponding elemental composition maps of Al, Zr, B, and O acquired within the
typical dark-grey regions in Fig. SA—C on the material SPS-ed at 1275 °C. (C) Point EDS spectra acquired on the material SPS-
ed at 1275 °C at selected locations, as indicated. The SEM images in (A) and (B) were taken with backscattered electrons.

Imaging and EDS analysis were done at 15 keV.

mixture because these and other oxide passivating layers are
amorphous and very thin [23]. Zr,Al; is present in trace pro-
portions, and, in any case, is not detrimental either because it
is also theoretically much harder (i.e., ~12.5 GPa) than ZrsAl,

By way of example, Fig. 5 shows a set of SEM images
representative of the microstructure of the materials SPS-ed
at 975—-1350 °C for 5 min under 50 MPa pressure, and Fig. 6
the EDS analyses performed on some of them. The compari-
son of Fig. 5A—C evinces the differences of densification ach-
ieved by SPS at target temperatures lower than, equal to, or
higher than 1175 °C. Certainly, it can be seen in Fig. 5A, and
more clearly in Fig. 5D, that the material SPS-ed at 975 °C is
very porous, which, although to a lesser extent, was also the
case for those SPS-ed at 1025 °C and 1075 °C, and in Fig. 5B and
C that on the contrary the materials SPS-ed between 1175 °C

and 1350 °C are all fully dense. Hence, the SEM observations
corroborate the conclusions of densification already drawn
from the shrinkage-rate curves in Fig. 2 and from the absolute
density measurements in Fig. 3. It can also be seen in
Fig. SA—C that the microstructures exhibit evident composi-
tional contrasts (i.e., light grey, grey, dark grey, and black),
which is additional evidence for the multi-phase nature of
these materials. Considering the phase inventory determined
from the XRD patterns in Fig. 4A, the low- and high-
magnification EDS maps in Fig. 6A and B, and the point EDS
spectra in Fig. 6C, the light-grey phase is assignable to Zr;Al,
and very occasionally to Zr,Als, the grey phase to ZrB, and
occasionally to ZrO,, the dark-grey phase to Al, and the black
phase to MgO. Lower- and higher-magnification SEM images,
such as those shown by way of example in Fig. 5E and F for the
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Fig. 7 — Hardness and fracture toughness of the materials
SPS-ed at target temperatures in the range 975—1350 °C for
5 min under 50 MPa pressure, as measured by Vickers
indentation tests at 9.8 N load. Fracture toughness was
calculated considering Palmqvist-type cracks. For visual
reference purposes, optimal micrographs are presented of
the Vickers indents for the materials SPS-ed at 975 °C (@),
1175 °C (@), and 1350 °C (©).

material SPS-ed at 1225 °C, revealed that Zr;Al, is, as expected,
the main phase and that it constitutes a matrix embedding the
other phases. The former is consistent with the relative
abundance of the reaction products expected according to the
molar formulation of the powder mixture, and the latter with
a densification occurring by transient liquid-phase sintering
with molten Al and attendant formation of Zr;Al,. ZrB, is the
second most abundant phase, and is homogeneously distrib-
uted throughout the entire microstructure. Some Al is accu-
mulated in minority, randomly dispersed, regions which,
according to the SEM image and EDS maps in Fig. 6B, also
contain ZrB, grains and tiny MgO grains. The existence of
some ZrO, and B,0; in these regions cannot be excluded.
Because during HEBM Al was intimately mixed with ZrH, and
B, and was refined sufficiently, it is unlikely that these regions
of Al + ZrB,+oxides are due to the formation of Al pools.
Hence, itis reasonable to think that they most likely formed in
the vicinity of regions locally richer in ZrO,, with the excess Al
being the result of the remaining Zr reacting with B to form
ZrB, instead of an intermetallic richer in Al than Zr;Al,. The
EDS maps in Fig. 6A are consistent with this hypothesis.
Interestingly, higher-magnification SEM images of the frac-
ture surfaces, such as those shown by way of example in
Fig. 5G and H for the material SPS-ed at 1275 °C, revealed the
true microstructural scale of these materials, showing that
they have fine-grained microstructures, but according to the
XRD patterns in Fig. 4A less so with increasing SPS tempera-
ture, formed essentially by multitudinous ZrB, nanograins
embedded in a matrix of submicrometre, or nearly

submicrometre, Zr;Al, grains (confirmed by point EDS ana-
lyses). This size difference is because the former were formed
by the solid-state reaction between Zr and B nanograins and
during the cycles of SPS at 975—1350 °C they underwent low
homologous temperatures, of only ~0.30—0.42, because the
ZrB, melting point is ~3246 °C [12], and the latter were formed
by the solid—liquid reaction between Zr nanograins and
molten Al and underwent much higher homologous temper-
atures, of 0.66—0.91, because Zr;Al, decomposes peritectically
at ~1480 °C [10].

Fig. 7 shows the values of hardness and fracture toughness
determined by Vickers indentation tests for the materials SPS-
ed at 975—1350 °C for 5 min under 50 MPa pressure. It can be
seen that those SPS-ed at 975—1025 °C are soft (i.e., <5.5 GPa),
that the one SPS-ed at 1125 °C is moderately hard (i.e., ~10 GPa),
and that those SPS-ed at 1175—1350 °C are all very hard (i.e.,
~11.5 GPa) and, within the errors, equally so. By way of example,
Fig. 7 also includes optical micrographs of some residual im-
prints, where it can be seen that the size differences speak for
themselves. Moreover, these optical micrographs also show
that the materials SPS-ed at 1175 °C or above are also much
more wear resistant because they were comparatively much
less susceptible to chipping during diamond polishing. Inter-
estingly, because mechanical properties are strongly affected by
slight densification differences, hardness measurements break
the hitherto ambiguity between 1125 °C and 1175 °C, discrimi-
nating 1175 °C as being the optimal SPS temperature. Lower SPS
temperatures yield increasingly porous, and therefore softer,
materials, and higher SPS temperatures are impractical
because, all materials being already fully dense and not having
large microstructural differences, hardness no longer increases.
Importantly, ~11.5 GPa is twice the ~5.5 GPa theoretical hard-
ness of Zr;Al, [1], evincing the hardening provided by ZrB,
(whose hardness is greater than 20 GPa [12]). The hardness of
these intermetallic—ceramic composites, which is much greater
than that of many typical structural metals and alloys and even
similar to that of some structural ceramics and cermets fabri-
cated at higher temperature (such as cordierite [24], mullite [25],
and medium-grained WC-15Co [26], to name a few examples),
classifies them as hard materials (i.e., >10 GPa hardness). It can
also be seen in Fig. 7 that the ~11.5 GPa hardness comes
accompanied by a fracture toughness of ~4.5 MPa-m¥2. Note
that the ~5.9 MPa-m'? toughness of the material SPS-ed at
1125 °C is artificially overestimated due to its slight residual
porosity, and that the materials SPS-ed at 975—1075 °C are so
porous that they did not even generate radial cracks during
Vickers testing, so ~4.5 MPa-m"?is indeed the true indentation
fracture toughness of these materials. This toughness, although
only moderate because intermetallics have an intrinsic tough-
ness intermediate between metals and ceramics and because
these composites have fine-grained microstructures, is none-
theless enough for many structural applications. Toughness
could be increased via microstructural coarsening, achievable
by much longer SPS cycles at the higher temperatures or post-
SPS annealing, but unfortunately this would likely degrade
other mechanical properties (such as strength and wear resis-
tance), so there will always be a price to pay depending on the
microstructural scale.

To close, it is worthwhile highlighting the virtues of the
present powder-metallurgy fabrication route, and giving an
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outline of future research directions. First, HEBM is key
because it provides the powder mixture with the desired
features, namely, (i) the homogeneous dispersion and inter-
mixing of the elemental constituents that avoid the formation
of isolated liquid pools, and (ii) the mechanical activation of
the powder mixture that favours the reactive sintering and
getting fine-grained microstructures. With this in mind,
future work should investigate the influence of the degree of
mechanical activation, as dictated by the HEBM variables (i.e.,
milling time and powder charge), on the densifiability,
microstructure, and properties of these materials. And sec-
ond, SPS is also key because it provides the desired densifi-
cation cycle for the compact powder, namely, (i) the ultrafast
heating that minimizes the undesirable solid-state Zr—Al
interdiffusion that consumes Al useful for densification, (ii)
the high uniaxial pressure that provides an additional driving
force for densification, and (iii) the more than likely enhanced
sinterability assisted by the electric field. With this in mind,
future work should also investigate the influence of the SPS
variables other than temperature (i.e., pressure, heating rate,
holding time, pulsed current, etc.) on the densifiability,
microstructure, and properties of these materials. Moreover,
the powder-metallurgy fabrication route used here seems
very generic and tantalizingly applicable to the development
of a great diversity of intermetallics and intermetallic—
ceramic composites, and therefore exploration of this poten-
tial also deserves future research effort. Finally, it is also
advocated the need to extend these studies towards the near-
net shape manufacture of intermetallics and of
intermetallic—ceramic composites with complex geometries,
by combining HEBM with wet or plastic shaping of green parts
and their pressureless sintering (both conventional and
especially ultrafast).

4, Conclusions

A proof-of-concept study was conducted of the fabrication by
powder metallurgy, using HEBM and reactive SPS, of ZrB,.
—hardened Zr;Al, intermetallic model composites. Based on
the experimental results and analyses, the following conclu-
sion can be drawn:

1. HEBM of ZrH,, Al, and B powders combined in molar ratios
2:1:1 yields a mechanically-activated powder mixture
featuring an intimate mixture of very refined particles.

2. Reactive SPS of the as-milled 2ZrH,+Al + B powder mixture
occurs by transient liquid-phase sintering with molten Al,
despite which the densification is gradual, not abrupt,
because most of the molten Al reacts in a flash with Zr to
form in situ the intermetallic.

3. The so-fabricated intermetallic—ceramic composites have
the desired composition and fine-grained microstructures
formed essentially by multitudinous ZrB, nanograins
dispersed in a matrix of submicrometre, or nearly sub-
micrometre, Zr;Al, grains.

4. The present reactive SPS is optimal at 1175 °C, at which
temperature dense ZrB,—hardened ZrsAl, intermetallic
composites with a high hardness of ~11.5 GPa and a

sufficient fracture toughness of ~4.5 MPa-mY/? are already
obtained.

5. HEBM plus reactive SPS is a combination that potentially is
suitable to fabricate controllably, by powder metallurgy, a
great diversity of intermetallics and intermetallic—ceramic
composites for structural applications, and therefore it
merits exploration and exploitation.
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