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Abstract: Presented is a study on the original preparation of individual and in situ intimately mixed
composite nanocrystalline powders in the titanium nitride-aluminum nitride system, Ti:Al = 1:1 (at.),
which were used in high pressure (7.7 GPa) and high temperature (650 and 1200 °C) sintering with no
binding additives for diverse individual and composite nanoceramics. First, variations in precursor
processing pathways and final nitridation temperatures, 800 and 1100 °C, afforded a pool of mixed
in the nanosized regime cubic TiN (c-TiN) and hexagonal AIN (h-AIN) composite nanopowders both
with varying average crystallite sizes. Second, the sintering temperatures were selected either to
preserve initial powder nanocrystallinity (650 °C was lower than both nitridation temperatures) or
promote crystal growth and recrystallization (1200 °C was higher than both nitridation temperatures).
Potential equilibration towards bimetallic compounds upon solution mixing of the organometallic
precursors to nanopowders, monomeric Ti[N(CHj3);]4 and dimeric {AI[N(CH3),]3}2, was studied
with 'H and '3C NMR in C4Dg solution. The powders and nanoceramics, both of the composites
and individual nitrides, were characterized if applicable by powder XRD, FT-IR, SEM/EDX, Vicker’s
hardness, and helium density. The Vicker’s hardness tests confirmed many of the composite and
individual nanoceramics having high hardnesses comparable with those of the reference h-AIN and
c-TiN ceramics. This is despite extended phase segregation and, frequently, closed microsized pore
formation linked mainly to the AIN component. No evidence was found for metastable alloying of
the two crystallographically different nitrides under the applied synthesis and sintering conditions.
The high pressure and high temperature sintering of the individual and in situ synthesis-mixed
composite nanopowders of TiN-AIN was demonstrated to yield robust nanoceramics.

Keywords: nitrides; nanocrystalline composites; sintering; nanoceramics; Vicker’s hardness

1. Introduction

Artificial main group metal/metalloid and transition metal nitride nanostructured
thin films and powders are unparalleled engineering materials with an ever-increasing
impact on technology [1-4]. All this is possible due to the materials’ unique properties and,
generally, robust behavior towards oxidation even at elevated temperatures. The notable
exception includes high surface area nanopowders that are by their very nature distinctly
more than crystallized thin films prone to deterioration in the air atmosphere. Significantly,

Materials 2021, 14, 588. https:/ /doi.org/10.3390/ma14030588

https://www.mdpi.com/journal /materials


https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0002-5486-5283
https://orcid.org/0000-0003-0145-6475
https://orcid.org/0000-0002-1665-5920
https://orcid.org/0000-0003-1479-828X
https://doi.org/10.3390/ma14030588
https://doi.org/10.3390/ma14030588
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma14030588
https://www.mdpi.com/journal/materials
https://www.mdpi.com/1996-1944/14/3/588?type=check_update&version=5

Materials 2021, 14, 588

2 0f 23

a group of direct semiconductors, including main group nitrides GaN, InN, and their
solid solutions with AIN, have become crucial in modern electronics for the development
of blue-to-green light emitting diode (LED) and laser sources and, eventually, efficient
phosphors for ever more affordable common-day white LED applications [5-7]. In another
spectrum, traditional ceramic applications that mainly utilize the materials’ mechanical
and thermal properties are characteristic for many transition metal nitrides, including TiN,
ZrN, and WN but incorporating also such main group compounds such as BN, AIN, and
SizNy (each of which already plays a significant role in various technologies) [8-12]. Many
emerging applications of simple and complex (alloyed and composite) nitrides exploit the
synergy advantages of coexisting electronic and mechanical/thermal properties [1-4,13].
In this regard, the subject of this study is one of the important composite nitride systems
made of AIN and TiN, ceramics of which may have the combined advantages of the
insulating and heat-conducting properties of AIN and the low electrical resistivity and
mechanically robust nature of TiN, yielding an unusual set of functional features. The
standard reference nitrides’ properties have usually been derived for monocrystals, coarse
polycrystalline powders or crystalline films. These properties can be significantly different
for nanostructured materials forms including nanocrystalline powders, where crystallite
size-related effects and increased specific surface area come to play an essential role.
Excluding the latter property, this is also true for the sintered materials forms, especially if
prepared as nanoceramics made of nanosized crystalline components.

Main group aluminum nitride is considered an electrical insulator with a direct
bandgap of 6.2 eV, which is prevailingly synthesized as the stable stoichiometric hexag-
onal, wurzite-type variety h-AIN [5-7], although there have been observations of rather
unusual cubic polytype formation as well [14]. AIN’s outstanding property is high thermal
conductivity, which ranges, typically, from 170-200 W/m:K for polycrystalline powders
to 320 W/m:-K for monocrystals, and is twice that of silicon, which is remarkably high
among insulators. It shows negative electron affinity that well compares to that of diamond.
Moreover, it has high thermal stability and advantageous mechanical toughness. AIN is
commercially available as microcrystalline powders made mostly by carbothermal reduc-
tion of alumina Al,Os3 or direct nitridation of metal aluminum powders, although there
are several specific methods that use selected aluminum inorganic and organometallic
precursors for the preparation of nanosized powders [1,15-18].

Transition group titanium nitride, which tolerates some nitrogen deficiency, is stable in
ambient conditions as a cubic polytype (rock salt c-TiN or ¢-TiNj_y) [19-21]. It shows a very
high metallic-type electrical conductivity and has outstanding mechanical and refractory
characteristics. This extremely hard nitride of gold color (like gold it reflects infrared
radiation) is often considered for ceramic/protective layers on cutting tools including
medical devices and bio-compatible implants but also for jewelry for decorative purposes.
TiN can be efficiently prepared by nitridation of titanium metal powders or titanium
chloride with nitrogen/ammonia and by carbothermal reduction-nitridation of various
titanium oxygen-bearing precursors. Many of these syntheses have been directed towards
thin film nanostructures [22-24] and nanocrystalline powders [25-27].

In the ternary element system Ti-Al-N, the thermodynamically stable assembly at room
temperature is made of a mixture of h-AIN and c-TiN since the two crystallographically dif-
ferent nitrides do not alloy to form a detectable solid solution at ambient conditions [28-30].
The latter, for instance, takes place for any of the binary nitride systems of AIN/GaN/InN
in the entire composition range [5]. In addition to the two binary metal nitrides, three
ternary compounds, namely, Ti;AIN, Ti3A1N, and Ti3A1,Ny, are found in the Ti-A1-N
system, which are stable only at elevated temperatures. This has to be confronted with
the established, for nearly three decades, various technologies for large scale preparations
of the very hard and oxidation resistant coatings described as made of cubic Ti;_4ALN,
i.e., a structure formed by substituting some titanium centers with aluminum ones in the
reference cubic titanium nitride. Such a metastable phase has been prepared mostly in the
form of thin films via various gas phase deposition techniques at relatively high temper-
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atures to wide utilization at ambient to mild conditions [31-34]; these films decompose
to the stable polytypes of h-AIN and c-TiN at suitably high temperatures in the order of
800-1000 °C and higher [35,36]. In rare cases, the “phase of Ti;_xAlxN” has appeared
up-front to be an intimate mixture of c-TiN and amorphous AIN domains [35]. Otherwise,
the hard and resistant coatings were unusually shown to have a metastable hexagonal
Ti; _xAlxN structure [37]. In conclusion, even under elevated temperature conditions, the
powder forms of h-AIN and c¢-TiN are not expected to form solid solutions but rather
to coexist as a heterogeneous composite system. However, based on what is known, it
is unclear what could be a propensity for the metastable solid solution formation of cu-
bic Ti;_xAlN upon a concerted action of high temperatures and high pressures as often
applied in no-additive sintering.

Powder sintering with no binding aids has been frequently reported for the system
Ti-Al-N to make mechanically robust bulk material forms. Sintered compacts of TiN and
AIN (including some adventitious Al,O3) with high densities and significant Vicker’s hard-
ness were prepared by, first, mechanical alloying of commercial powders of AIN, Ti, and
ammonium carbonate and, second, application of either hot pressing (400 MPa, 1473 K, N»
atmosphere) or spark plasma sintering (50 MPa, 1523 K, vacuum) [38]. Hot pressing of vari-
ous TiN and AIN powder mixtures afforded a pool of compact ceramics with high Vicker’s
hardness and controlled wear resistance [39], whereas the electric spark-assisted process
was applied for such powder mixtures to make wear-resistant TiN-AIN coatings [40]. Com-
mercial microcrystalline powders of TiN and AIN were, first, high-energy ball milled and,
second, consolidated with the pulse current activated sintering process to yield TiN-AIN
ceramics with near theoretical densities and Vicker’s hardness sometimes exceeding the
hardness of monolithic TiN [41]. Consolidation of the high-energy ball-milled commercial
TiN + 5% AIN powders was demonstrated by application of microwaves (2.45 GHz) at
temperatures up to 1550 °C [42]. Composite TiN-AIN ceramics with components in ratios
1:3, 1:1, and 3:1 were produced by, first, mechanical alloying of the commercially available
microcrystalline powders and, second, hot isostatic pressing (up to 1900 °C, 220 MPa,
90 min); the ceramics consisted of a mixture of h-AIN and c-TiN, the latter component
proposed to contain some “dissolved” AIN [43]. Ultradispersed (dispersion method not
reported) powders of AIN and TiN were mill-mixed, hot pressed at 220 MPa, and sintered
at 800-1900 °C and 100 KPa pressure yielding composite compacts with 12-15% porosity;
an inhibiting particle growth behavior was noted and ascribed to the lack of contacts
among alike particles in the mixture [44]. Commercial microcrystalline powders of c-TiN
and h-AIN (variable amounts of 15 or 25 vol.% h-AIN were added to increase mechanical
properties and reduce porosity) were mixed/alloyed by dry-ball milling (600 rpm, 3—6 h)
before compaction by spark plasma sintering (1600-1700 °C) to afford hard compacts
with the Vicker’s hardness of 19-20 GPa and near theoretical density; in addition to c-TiN
and h-AlIN, some quantities of an oxygen-bearing spinel phase AION (5-8 vol.%) were
detected [45]. Spark plasma sintering was also reported for commercial microcrystalline
powders of TiN and AIN. These were, first, milled for up to 100 h to yield, in some cases, the
proposed solid solution of cubic (Ti,AI)N and, second, consolidated /spark plasma-sintered
at 1273-1423 K to form very hard compacts that appeared to be composites of c-TiN and
amorphous or hexagonal AIN; this observation was indicative of the decomposition of
the initial metastable cubic (Ti,AI)N phase under the applied compacting conditions [46].
Nitrogen-deficient titanium nitride TiN;_, was first made by mechanical alloying and, sub-
sequently, mixed with commercial microcrystalline AIN (up to 30 vol.%) to be cold pressed
and sintered under high pressure and high temperature conditions (5 GPa, 1400-1600 °C,
15 min) to result in nano-AIN-TiN-TiN;_, ceramics with unusual epitaxial interfaces and
very high Vicker’s hardness [47]. Commercial h-AIN (97%) and c-TiN (3%) microcrys-
talline mixtures were subjected to high pressure and high temperature sintering (12 GPa,
1472-1772 K, 3 min) and afforded an unexpected ceramics containing, in addition to h-AIN
(94%) and c-TiN (3%), some unstable cubic c-AIN polytype (3%), likely stabilized by some
incorporated Ti-centers [48].
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As can be deduced from this concise overview, both nitrides, individually or as the
metastable ternary phase and/or composites, are mostly utilized as thin nanostructured
films (most often made via gas phase deposition) or bulk ceramics made, in vast majority of
cases, from commercial microcrystalline powders. In this regard, the nanopowder materials
form appears to offer significant advantages through increased surface-related reactivities
and specific dependencies of many properties on crystallite dimensions in this particle
size regime. One has to realize, however, that elaboration of reproducible synthesis routes
to nanopowders, both individual and composite, with controlled grain size distribution
characteristics and surface properties is a non-trivial research challenge. All this is also
true for subsequent nanopowder conversions to ceramic functional forms, mechanically
compact and machinable materials, that could potentially serve in various applications as
substitutes for the unavailable or difficult to make and expensive monocrystals.

We recently reported a related study on the preparation of mixed metal nitride nanopow-
ders via transamination-deamination chemistry applied to selected metal organoamide deriva-
tives in the system AIN-GaN, which was followed by no-additive high pressure and high
temperature sintering of the nanopowders [49]. In that case, in addition to the binary nitride
composites AIN-GaN, the nitrides stable solid solution Al,Gaj«N, 0 < x <1, was already
partially formed (or, to phrase it alternatively—the nitrides alloyed) in the nanopowder
preparation stage and, under suitable conditions, continued to form during the subsequent
high pressure and high temperature sintering (7.7 GPa, 1000 °C). In particular, in one of the
experimental routes, novel nanoceramics made exclusively of the solid solution Aly5Gag 5N
were prepared. The chemical foundations for such an outcome are based (i) on the specific
reactivity of the organometallic precursors and (ii) on the actual thermodynamic stability
of AlyGaj_«N. The latter is linked to the similar chemical bonding characteristics but also
to the same stable hexagonal polytype of both individual nitrides. The former aspect, as
previously reported by some of us [18], is based on the observation that in mixed hexane
solutions of the dimeric Al- and Ga-tris(dimethylamides), {M[N(CHj3);]3}2, M = Al, Ga,
Al:Ga = 1:1, no detectable formation of a mixed bimetallic Al/Ga-tris(dimethylamide)
dimer takes place at room temperature, whereas under reflux conditions the mixed dimer
[(CH3)>2N]»Al-[--N(CHj3)2]2Ga[N(CHs), ] amounts to about 50%. Such a system of inti-
mately mixed monometallic and bimetallic dimers, when subjected to further ammonolysis
reactions with ammonia, affords a solid amide-imide precursor already containing -N-Al-N-
Ga-N- linkages that favor the Al,Gaj_4N solid solution formation upon final nitridation at
increased temperatures. And indeed, the nitrides solid solution was shown to be partially
formed in specific cases during the mixed nitride nanopowder synthesis stage. Suitably
high temperatures during sintering, if required, promoted the alloying reactions of the
available/remaining AIN and GaN nitrides and resulted in increased quantities of the solid
solution up to pure Aly5GagsN.

In this regard, such a course of events seems rather improbable in the relevant TiN-
AIN system since none of the two chemical foundations discussed above appears to be true.
Namely, (i) the monomeric Ti-tetra(dimethylamide) and dimeric Al-tris(dimethylamide),
which are to be used as the initial precursors, are not likely to form the bimetallic -N-Ti-N-Al-
N- linkages, and (ii) the eventual end-up solid solution Ti; _y Al N is not thermodynamically
stable. Though unlikely, the formation of some metastable Ti;_yAlN cannot be a priori
excluded, especially, in the sintering stage given the then applied extreme pressure and
temperature conditions.

Herein reported is a study on the application of two different processing variations
of the binary organometallic precursor system in the original in situ preparation of the
intimately mixed composite nanopowders of TiN-AIN. In particular, the ammonolysis
of the solution-mixed organometallic precursors followed by nitridation of the resultant
metals” amide-imide precursors at selected temperatures yielded a diverse pool of the
reaction-mixed composite nitrides nanopowders. This was followed by the nanopowders
high pressure and high temperature sintering towards robust composite TiN-AIN nanoce-
ramics. In parallel experiments, similar syntheses were carried out for the individual
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organometallic precursors to result in pure nanocrystalline nitrides of TiN and AIN that
were then sintered towards the pure nitride nanoceramics for reference purposes.

2. Experimental
2.1. Preparation of Metal Amide-Imide Precursors in the Mixed Bimetallic Tetrakis/tris(dimethylamide)
System |Ti[N(CH3),]4/{ AI[N(CH3),13},|/NH3, Atomic Ratio Ti:Al = 1:1 and Individual Reference
Systems of ‘ Ti[N(CH3),13}, |/Z\TH3 and |{AZ[N(CH3)2]3}2 |/Z\TH3
2.1.1. Preparation of Mixed Precursor 1 via Reaction at Room Temperature (RT) and Short
Equilibration Time

Samples of Ti[N(CHs)z]4, 7.18 g (32.0 mmol of monomer), and {AI[N(CHs3),]3}2,5.10 g
(16.0 mmol of dimer), were made according to the published procedures, dissolved together
in 60 mL of dry hexane, and stirred at RT for 10 min. This was equivalent to a negligible
mixed-metal dimer formation in the similar but reactive Al/Ga-amide system [18]. Upon
hexane evaporation, liquid NH3 (60 mL) was transferred onto the solid, and the mixture
was stirred under reflux at ca. —33 °C for 2 h, followed by a 2-h NHj3 boil-off at this
temperature. The resulting white solid was evacuated at RT for 0.5 h, thus affording
polymeric Ti-imide/Al-amide-imide Precursor 1.

2.1.2. Preparation of Mixed Precursor 2 via 3-h Reflux in Hexane Solution

Samples of Ti[N(CHs)z]4, 8.97 g (40.0 mmol of monomer), and {AI[N(CH3),]3}2, 6.38 g
(20.0 mmol of dimer), were made as previously described, dissolved together in 60 mL of
hexane, and refluxed for 3 h. In the similar but reactive Al/Ga-amide system, this was
equivalent to ca. 50% bimetallic dimer {Al/Ga[N(CHj3);]3}2 [18]. The subsequent work-up
was identical as above and afforded polymeric Ti-imide/ Al-amide-imide Precursor 2.

2.1.3. Preparation of Reference Pure Ti- and Al-Precursors

The reference Ti-imide [50,51] and Al-amide-imide [18,52] precursors for individual ni-
trides TiN and AIN were made, respectively, from liquid titanium tetrakis(dimethylamide)
and solid aluminum tris(dimethylamide) by ammonolysis of the samples in liquid ammo-
nia under the same conditions as applied for mixed bimetallic Precursors 1 and 2.

2.2. Nitridation Towards Nanopowders

Mixed bimetallic Precursors 1 and 2 as well as the individual precursors of Ti-imide
and Al-amide-imide were used in pyrolysis experiments. The experiments were performed
in an alumina heated tube under a flow of NHjz, 0.2 L/min, for 4 h at two selected tem-
peratures, 800 and 1100 °C, for each precursor loaded in a closed-end alumina boat. The
products, each in the amount of ca. 1.3-1.5 g, were dark brown or greyish free-flowing
powders that were stored in a glove-box for analytical determinations. The samples for
sintering experiments were loaded to glass ampoules that were sealed under vacuum and
opened directly before sintering.

2.3. High Pressure and High Temperature Sintering

Upon ampoule opening, the powders were removed and briefly handled in air prior
to the high pressure and high temperature sintering using the methodology worked out
earlier by some of us [49,53,54]. Specifically, the powders were sintered for 3 min in a high
pressure torroid cell at 650 and 1200 °C under the pressure of 7.7 GPa, to yield dark brown
or dark grey ceramic pellets, D = 4 mm, of thickness ca. 2-3 mm. For Vicker’s hardness
determinations on a pellet, one of its sides was polished. For other measurements, the
pellets were coarsely crushed /ground in an agate mortar and used as such.

The major steps in the nitrides synthesis and sintering are shown in Figure 1.
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Reactions in liquid NH, (arrjmonolysis) -
Pyrolysis under NH, flow at 800 and 1100 °C 4 h
' Sintering: at 650 and 1200 °C 7.7 GPa, 3 min
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Figure 1. Schematics of experimental steps in anaerobic synthesis and subsequent high pressure
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and high temperature sintering of composite and individual nanopowders in the system TiN-AIN.
Snapshots of typical pellets/nanoceramics are shown on the bottom as follows: (left)—brown
composite pellets; (right)—golden-brown TiN pellets and graphite-grey AIN pellets.

2.4. Nitride/Ceramics Sample Labeling

The powders prepared from molecular Precursors 1 and 2 were labeled, respectively,
Composites 1 and 2 with an additional reference to nitridation temperature. For example,
for Precursor 1, after nitridation at 800 and 1100 °C, two products were obtained, i.e.,
Composite 1_800 and Composite 1_1100, respectively, etc. The powders made from pure
metal precursors were the individual nitrides of TiN and AIN and were labeled accord-
ingly. For example, for Ti-imide pyrolyzed at 800 and 1100 °C, the two powder products
were, respectively, TIN_800 and TiN_1100, etc. The sintered ceramics had names of the
related nitride powders with suitable postfixes for sintering temperature, e.g., Composite
1_800_sint_650 or TiN_1100_sint_1200, etc.

2.5. Characterization

Proton ('H) and carbon (**C) nuclear magnetic resonance (NMR) spectra were ac-
quired using a Bruker Avance III 600 MHz spectrometer (Billerica, MA, USA) equipped
with the nitrogen cryo-probe head at 300 K. Spectra were recorded in C¢Dg solutions
contained in sealed 5 mm glass tubes, and the 'H and '3C chemical shifts were referenced
to the residual solvent signals and adjusted to TMS at O ppm. The spectra for Precursor
1 were run as soon as possible after the RT, 10 min-equilibration followed by solution
work-up and sample preparation in C¢Dg (approx. 3 h past equilibration matching the
timespan of the next step, i.e., transamination reactions in liquid NH3). Accordingly, the
spectra for Precursor 2 were acquired after the hexane reflux equilibration. Powder X-ray
diffraction (XRD) determinations were done for all nitride products (powders and sintered
ceramics) by Empyrean PANalytical (Malvern, UK), Cu Ka source, 20 = 20-80°. Due to
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small crystallite sizes, the peaks were broadened and overlapped in many cases, resulting
in decreased accuracies of crystallite cell parameter determinations down to ca. 0.01 A. For
the purpose of this study, average crystallite sizes were evaluated from Scherrer’s equation
applying the standard Rietveld refinement method. Fourier transform infrared (FT-IR)
determinations were carried out on a Nicolet 380 spectrometer (Waltham, MA, USA) in
KBr pellets made in dry-box. Scanning electron microscopy (SEM) standard imaging data
were acquired for carbon-coated samples with a Hitachi Model S-4700 microscope (Tokyo,
Japan), whereas SEM with energy dispersive X-ray (EDX) analysis and element mapping
were done for the polished side of a pellet on Zeiss Supra Leo 1530 (Oberkochen, Germany).
Helium densities were obtained by Micromeritics AccuPyc 1340 pycnometer (Norcross,
GA, USA).

The Vicker’s hardness (Hy) tests were performed on micro-hardness tester FutureTech
FM-700 (Kanagawa, Japan) with a 100 and 300 gf (gram-force) load on a polished pellet
surface, 10 s, and hardness expressed in GPa. The data sets for the two loads were
comparable and the more consistent set of the Hy values recorded for 300 gf was selected
for discussion. Five to ten measurements were carried out for each pellet to calculate an
average H, value and its standard deviation.

3. Results and Discussion
3.1. Nitride Synthesis

In the reference system of dimeric Al-tris(dimethylamide) plus dimeric Ga-tris (dimethy-
lamide) refluxed in hexane, as outlined above, the presence of some mixed dimeric Al/Ga-
tris(dimethylamide) was confirmed and shown to be linked to Al,Ga;_xN solid solu-
tion formation upon further ammonolysis and nitridation [18,49]. In this regard, in the
monometallic case of M = Al or Ga, a simplified sequence of reactions of interest includes
the (i) ambient temperature transamination of dimeric M-amide + ammonia — polymeric
M-amide-imide + dimethylamine and (ii) pyrolytical deamination/nitridation of M-amide-
imide — M-nitride + ammonia. The course of the reactions is similar for the bimetallic
system, but the transamination in the system refluxed in hexane is thought to also lead to
some mixed M-amide-imide species (M = Al/Ga) setting preferences in the subsequent
nitridation stage for the metal nitrides solid solution formation, as is indeed observed.
In the actual bimetallic system of monomeric Ti-tetrakis(dimethylamide) and dimeric Al-
tris(dimethylamide), the formation of the bimetallic Ti/ Al-tetrakis/tris(dimethylamide)
seems unlikely just for steric factors, although it cannot be up-front excluded. That is the
reason for applying two processing pathways via the Precursor 1 and Precursor 2 routes
(Figure 1), with the latter possibly favoring mixed Ti/ Al-species formation, hypothetically
towards mixed-metal cubic Ti; _,Al,N.

In order to check the possibility of the mixed Ti/Al-dimethylamide species formation,
the 'H and '3C NMR spectra were collected after the equilibration steps of the Precursors 1
and 2 routes (Figure 2).

The spectra for pure Al-tris(dimethylamide) (Figure 2, top) confirm its dimeric char-
acter in the solution with 2 bridging and 4 terminal -N(CHj3), groups to yield two non-
equivalent proton (2.34 and 2.72 ppm) and carbon (42.3 and 42.0 ppm) sites, both with
intensity ratio 1:2 [18]. On the other hand, the spectra for pure Ti-tetrakis(dimethylamide)
(Figure 2, second from top) are consistent with its monomeric character resulting in the
single 'H (3.09 ppm) [55] and '3C (44.1 ppm) signals. For the differently equilibrated
mixtures (Figure 2, bottom and second from bottom), both the proton and carbon spectra
are essentially unchanged; the small variations of the order of ca. 0.01-0.02 ppm for the
proton spectra and less than 0.1 ppm for the carbon spectra are likely due to concentration-
dependent effects and insignificant from the point of view of major structure changes.
In essence, both solution mixtures appear on the NMR time scale to just be made of the
monomeric Ti-tetrakis(dimethylamide) and dimeric Al-tris(dimethylamide). Therefore,
this stage of precursor processing should be rather neutral for a potential formation of the
metastable bimetallic Ti;_yAxN along the nitridation pathways to Composites 1 and 2.
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Figure 2. 'H (a) and '3C (b) nuclear magnetic resonance (NMR) spectra in C4Dg of individual M-dimethylamides (M = Al

or Ti) and bimetallic mixtures of Al/Ti-dimethylamides for two initial precursor processing routes/equilibration pathways.

Small intensity peaks with asterisk indicate very low contamination levels of a compound’s decomposition products formed

during their final purification by vacuum sublimation/distillation.

The XRD patterns for the nanopowders from two composite nitride processing routes
(Composites 1 and 2) and reference pure nitrides (h-AIN and c-TiN), all prepared at both
800 and 1100 °C, are presented in Figure 3. The calculated cell parameters for h-AIN and
¢-TiN in composites and in individual nitrides as well as estimated average crystallite sizes
are included in Table 1.
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Figure 3. X-ray diffraction (XRD) patterns of composite (left panel) and individual (right panel) nitride nanopowders
prepared at 800 and 1100 °C in the system TiN-AIN.

The data for the composite nanopowders show all of them to be mixtures of c-TiN
and h-AIN after the 800 and 1100 °C nitridation. There is no clear evidence for a presence
of the potential metastable cubic Ti;_,AxN with significant quantities of aluminum in the
lattice, which would have then caused much smaller values of the a constant in the cubic
phase than the observed 4.23—4.24 A, the latter typical for c-TiN [19-21]. The crystallite
cell parameters for the 800 and 1100 °C pairs of products, i.e., for Composites 1 and 2,
differ slightly. This is especially true for the h-AIN component, wherein the 2 and c lattice
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constants for the 1100 °C-products approach the literature values for h-AIN of a = 3.11 A
and ¢ = 4.99-5.00 A [5-7], while for the 800 °C-products, they are noticeably different
although still following the temperature-related trend observed for the relevant pair of
the reference pure AIN powders (Table 1). These XRD data agree well with our general
observations of cell parameter dependencies on average crystallite size in the low nanosized
range. Moreover, the lattice constants for the 800 °C-powder of Composite 2 are likely to
be of very low accuracy due to severe broadness of the AIN peaks that are overlapped by
the stronger/narrower peaks for TiN (Figure 3, left panel, top right pattern). In conclusion,
there are no crystallographic indications of the bimetallic nitride phase in either Composite
1 or Composite 2 at the applied nitridation temperatures.

Table 1. XRD-derived cell parameters and average crystallite sizes determined for composite and
individual nitride nanopowders prepared at 800 and 1100 °C in the system TiN-AIN.

Composite Nitridation Temperature Individual Nitridation Temperature
Nanopowders 800 °C 1100 °C Nanopowders 800 °C 1100 °C
Composite 1 Pure AIN
h-AIN: h-AIN:

a(A) 3.10 3.11 a(A) 3.12 3.12
c(A) 5.01 4.99 c(A) 5.02 5.00
Day (nm) 5 15 Day (nm) 5 10
c-TiN:
a(A) 423 4.24 - - -
Day (nm) 6 23
Composite 2 Pure TiN
h-AIN:
a(A) 3.08 3.11
c(A) 5.02 5.00 - - -
Day (nm) 3 10
c-TiN: c-TiN:
a(A) 4.23 4.24 a(A) 4.24 4.24
D,y (nm) 4 13 Dayv (nm) 8 57

The higher nitridation temperature of 1100 °C results in the increased average crys-
tallite sizes Day's for both nitride components in the composites (Table 1). Accordingly,
in the case of Composite 1, for ¢-TiN, D,y increases from 6 to 23 nm, and for h-AlN, it
increases from 5 to 15 nm; whereas in the case of Composite 2, for c-TiN, D,y changes
from 4 to 13 nm, and for h-AlN, it goes from 3 to 10 nm. Interestingly, there is a significant
difference between the composites with Composite 2 showing comparatively smaller-sized
crystallites of both components at the two nitridation temperatures. It is worth recalling
that Precursor 1, which is used for Composite 1 preparation, is processed via a short room
temperature mixing in hexane of the two starting organometallic compounds, whereas in
the case of Precursor 2 used for Composite 2, the compounds are subjected to a 3-h reflux in
hexane. Since, based on the solution NMR data, there are no obvious chemical interactions
between the hexane-mixed organometallic precursors in the Precursors 1 and 2 mixing
stages, other factors stemming from the hexane reflux conditions specific to Precursor 2
might have been playing a significant role. In this regard, it is probable that both the
monomeric Ti-tetrakis(dimethylamide) and dimeric Al-tris(dimethylamide) are physically
bound associates of many alike base species in the solution (the monomeric and dimeric
structures, respectively, are resolved in the solid state) which were not differentiated from
the chemical environment of the simpler/smaller associates of this type by means of the
H and '3C NMR. The somewhat forceful conditions of reflux would then break down
those RT-associates into smaller clusters stabilized by interactions with the other amide
component. This would be equivalent to better “mixing” of such clusters and smaller
metal-specific domains with the resulting smaller average crystallite sizes upon final ni-
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tridation. This somewhat unexpected result points to yet another way of nitride powder
modification via solvent choice and thermal processing details of the bimetallic precursor
solutions before the transamination and nitridation stages.

The infrared spectra for all the powders are similar, and selected examples including
Composite 2 are shown in Figure 4. The spectrum for pure aluminum nitride prepared
at 1100 °C is characteristic of a rather broad single band centered at ca. 740 cm ™! typical
for AIN nanopowders [56], whereas the spectrum for titanium nitride, as expected, shows
no specific absorption in the mid-infrared range of 400-4000 cm~!. For the latter, the
apparent curvature of the baseline is due to light scattering and non-specific absorption
effects, and, for the former, bands due to some adventitious adsorbed water (3430 and
1640 cm 1) are also seen. The spectra for both Composite 2 powders, i.e., from nitridation
at 800 and 1100 °C, are characteristic of the single broad band at ca. 730 and 760 cm™ 1,
respectively, in the range expected for Al-N stretching vibrations in aluminum nitride. In
this regard, the broadness of the peaks and variability in their positions are typical for
various nanopowders due to a range of bonding environments in size-distributed AIN
nanocrystallites [56]. The FT-IR spectra are consistent with the prevailing AI-N bonding
environments, when applicable, and the lack of potential oxidation of the nitrides in both
composite and individual component nanopowders (e.g., no strong bands at ca. 600 and
450 cm~! for Al-O stretches and at ca. 500 cm ™! for Ti-O stretches [57]).

Composite 2_1100 °C AIN_1100 °C

Transmittance
Transmittance

3600 2800 2000 1200 400 3600 2800 2000 1200 400
Wavenumber [cm™] Wavenumber [cm-']
Composite 2_800 °C TiN_1100 °C

Transmittance
Transmittance

3600 2800 2000 1200 400 3600 2800 2000 1200 400
Wavenumber [cm-] Wavenumber [cm™']

Figure 4. FT-IR spectra of Composite 2 nanopowders from nitridation at 800 and 1100 °C (left
panel) and individual AIN and TiN nanopowders from nitridation at 1100 °C (right panel). Note,
non-specific features often include water vapor H,O and CO, subtraction bands (noise-like) as well
as liquid H,O bands (broad features) at ca. 3430 cem ! (stretching mode) and 1640 cm ! (bending
mode) for adsorbed water. Solid lines in the range of Al-N stretching vibrations are guides for the
eye only.

The scanning electron microscopy examination of the powders confirmed their ho-
mogeneity on a submicron scale as demonstrated for the morphologically typical cases of
Composites 1 and 2 prepared at 1100 °C (Figure 5). They both appear to be built of blocky
aggregates made of smaller, quite uniformly sized submicron particles. These particles
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are as-if glued, forming a few hundred nanometer large agglomerates that, based on XRD
data, contain still smaller nanosized crystallites with the latter too small to be discerned
in the SEM images (Table 1, Figure 5, left panel). Those agglomerates seem to be, on
average, larger sized for Composite 2. No element mapping was done for the composite
nanopowders since, due to varying thickness of the aggregates and the relatively large
probing areas of standard EDX mapping, the resolution details below ca. 1 micrometer are
not reliably discernible. However, scattered point EDX examination (not shown) reveals
that, despite the apparent particle uniformity, there are adjacent areas, with separation of a
few micrometers, characteristic of significant variations of one order of magnitude in the
relative amounts of Al and Ti. This is consistent with the precursors composed of nanosized
domains made of AIN or TiN mixed on the submicron scale, whereas no nitride-specific
distinct morphological features are observed. This is not true for the individual nitrides
(Figure 5, right panel). On the one hand, the morphology of the TiN powders well reflects
the earlier discussed morphology of the derived composites, especially, for the 1100 °C
nitridation. On the other hand, the pure AIN prepared at 1100 °C shows relatively long
nano-whiskers grown on the surface of micron-sized blocky aggregates. The abundant
presence of the whiskers suggests a share of vapor phase crystal growth participating in
the formation of bulk AIN from the solid Al-amide-imide precursor. Such high surface area
features may have a specific impact on sintering of pure AIN powders. The lack of whiskers
in the composite nitrides is therefore significant and points to negligent participation of
vapor phase crystallization and to morphological homogeneity.

Figure 5. SEM images of selected nanopowders for composite (left panel) and individual nitrides (right panel). Note that

areas in the white-edge rectangles are magnified by factor of 5 and shown in adjoining images.

3.2. No-Additive High Pressure and High Temperature (HP-HT) Powder Sintering

The nitride powders were sintered following similar processing as previously reported
by us for nanopowders in the system AIN-GaN [49]. This is quite a relevant case since
in that report, the similar precursor routes and powder nitridation schemes were also
carried out. Specifics are concerned with some differences in nitridation and sintering
temperatures. Namely, in this study the nitridation levels were 800 and 1100 °C and
sintering temperatures were 650 and 1200 °C, and they were to be compared, respectively,
to the previous nitridation at 800 and 950 °C and sintering at 650 and 1000 °C. The lower
nitridation temperature of 800 °C was used in both cases, affording powders with a
few nanometer average crystallite diameters. The higher temperature level of 950 °C in
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the AIN-GaN case was dictated by thermal instability of GaN above it. Since both AIN
and TiN are reasonably stable, the selection of 1100 °C in this study just yields better
crystallized nitrides, compared with the 800 °C-case, which provide a broader spectrum of
the nanocrystalite sizes. The selection of sintering temperatures was based on the same
two criteria in both studies. First, the lower temperature of 650 °C was below the lower
nitridation temperature of 800 °C and, therefore, was anticipated not to contribute to crystal
growth during sintering (sintering without temperature-induced recrystallization). And
second, the higher temperature of 1200 °C was above the higher nitridation temperature of
1100 °C, which had a possible positive impact on crystal growth during sintering (sintering
with temperature-induced recrystallization) while still offering nanocrystalline ceramics.
We expected similar effects of pressure here as previously observed. That is, we expected
that, at the lower sintering temperature and in the absence of crystal growth, the effects
of pressure would cause net crystallite “crushing”, thus lowering average crystallite sizes,
and that, at the higher sintering temperature, they would compete with crystal growth.
Such a choice of HP-HT sintering conditions in relation to powder nitridation temperatures
provided either temperature-active (induced crystallite growth) or pressure-active (induced
crystallite crushing) options. In any case, high pressures are essentially used to significantly
speed up the sintering of powders.

Figure 6 shows typical images of intentionally fractured ceramic fragments for se-
lected composite nitride nanoceramics, and Figure 7 presents similar graphics for individ-
ual TiN sintering. The original pellets are shown in Figure 1 and are, characteristically,
of a golden-dark brown color for the composites and TiN, and graphite-grey color for
AIN nanoceramics.

te2 11
=7y
v

R omposite 2 1100C. 6504
A 2 8 g
£ > 7 , : .v’, * -

Figure 6. Typical SEM images of fractured composite nanoceramics: (left)—Composite 1 made from Precursor 1 nitrided at
800 °C then sintered at 1200 °C; (middle)}—Composite 1 made from Precursor 1 nitrided at 800 °C then sintered at 650 °C;
(right)—Composite 2 made from Precursor 2 nitrided at 1100 °C then sintered at 650 °C. Note that areas in white-edge
rectangles are magnified and shown in adjoining images.

The characteristic feature of all Composite 1 and some Composite 2 ceramics is the
presence of two quite well intermixed and relatively large (several tens of micrometer) and



Materials 2021, 14, 588

13 of 23

distinct domains, each with specific appearance, i.e., solid, dense looking/homogeneous
islands with smoothly fractured surfaces as if embedded in an irregularly fractured spiky
matrix. It is very likely that this results from various strength field distributions within
the compressed microsized domains that show up as different crack-originated features,
i.e., highly homogeneous for the flat surfaces and rather variable over shorter distances in
the spiky areas. Under the highest magnifications, the solid areas are shown to consist of
very similar in size and densely agglomerated crystallites in the several tens of nanometer
range. Clearly visible are regular interfaces between the two types of domains (see the
higher magnifications). Similar morphology characteristic of uniform nanosized crystallite
agglomerates is found for the spiky matrix, too. This is a general feature of all these
ceramics independently of whether the sintering temperature supports crystal growth
(Figure 6, left) or the temperature is anticipated to be neutral to recrystallization (Figure 6,
middle and right) in sintering. However, in the former case the domains become clearly
porous with a share of closed microsized pores; apparently, recrystallization phenomena
that are associated with intense mass transport/diffusion cause formation of the voids
despite the applied compressing high pressure. All this is, generally, also true for fractured
fragments of Composite 2 pellets, but the pores appear to be smaller-sized if there are any.

These distinct domains are shown by EDX (elemental point analyses and area map-
ping) to be practically composed of either AIN in flat smooth-looking fractures and some-
times also with microsized pores or TiN in irregularly fractured spiky areas, as if forming
a matrix for the more localized AIN domains. This is a surprising result that suggests an
extensive phase/compound segregation towards microsized agglomerates taking place
during the relatively short sintering time of 3 min. This has to be confronted with the
appearance, as examined by SEM, of the initial composite nanopowders consistent with
high particle/nitride homogeneity down to submicron agglomerates with only small-scale
but detectable nitride segregation by EDX (Figure 5). There clearly must be a strong driv-
ing force during HP-HT sintering for the nitrides segregation and extended aggregation
via particle displacement, even without recrystallization and associated mass transport
phenomena taking place in specific cases. In this regard, it is conceivable that the two kinds
of nitride agglomerates in the starting powders move extensively upon high pressure-
induced displacement and, with no affinity for chemical interaction with the counterpart
nitride, preferentially bind through contact sites to chemically and crystallographically
alike particles to form a specific domain. The visibly increased porosity in the case of
Composite 1_800_sint_1200 (Figure 6, left) is likely resultant from intense recrystalliza-
tion/crystal growth phenomena under the sintering conditions, especially taking place for
the extremely low-nanosized crystallites of AIN. With regard to the investigated nitridation
vs. sintering conditions with intended recrystallization, the spread between the powder
nitridation temperature and sintering temperature is either large (400 °C, i.e., from 800
to 1200 °C) or small (100 °C, i.e., from 1100 to 1200 °C) contributing, among other effects
including particle size differences, to various pellet porosities. This should manifest itself
in various densities and, possibly, different mechanical hardness in the prepared pool of
pellets (vide infra).

The fractured TiN ceramics display homogeneous solid dense surfaces that, upon
magnification, are shown to be made of very similar in size but smaller crystallites in the
nanosized range (Figure 7). A notable difference in crystallite size can be seen between
the 800 °C and 1100 °C-powders sintered at 1200 °C, namely, much bigger and regularly
shaped cubic crystallites of varying sizes are encountered in the latter case (Figure. 7,
bottom images).
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Figure 7. SEM images of pure TiN nanoceramics: (left)—powder made at 800 °C and sintered at 1200 °C. Note the solid

appearance of fractured area in the left top image; (right)—powder made at 1100 °C and sintered at 1200 °C. Note the

polished pellet’s surface in the right top image.

Since the sintering temperature was in both cases higher than the original nitridation
temperature (1200 °C vs. 800 and 1100 °C), it also favored some crystal growth with an
anticipated higher driving force for the 800 °C-powder due to the higher temperature
gradient, i.e., sintering temperature vs. nitridation temperature in this case. However,
the sintering time of 3 min is apparently too short for solid state diffusion processes
to progress towards equilibrium sizes at 1200 °C for both powders and the initial size-
advantage of 57 nm for the 1100 °C-powder vs. 8 nm for the 800 °C-powder (Table 1) is
clearly a decisive factor in the net crystal growth in their sintering. The morphology of
the pure AIN-derived nanoceramics (not shown) is similar to the TiN’s in that it is also
very homogeneous, however, it seems to include more closed microsized pores. Due to
the relatively much smaller crystallite sizes, the AIN nanoceramics does not allow for an
insightful observation of pellet’s nanocrystallinity by standard SEM as in favorable cases
observed for the TiN nanoceramics.

The powder XRD patterns for all ceramics produced from the composite nanopowders
are shown in Figure 8, and for reference purposes, the XRD patterns for the individual
nitride ceramics of h-AIN and c¢-TiN are displayed in Figure 9. The evaluated lattice cell
constants and average crystallite sizes for all are included in Table 2. In three instances of
the composite nanoceramics sintered at 1200 °C, up to several wt.% of unexpected Al,O3
are present, which points to adventitious air diffusing into the sintering area to oxidize
some of AIN but not TiN (Figure 8, the three bottom patterns). In this regard, it is worth
knowing that the addition of some Al,O3 to TiN-AIN is reported to be advantageous for the
mechanical strength of such ceramics [58]. A different case of Al,O3 presence is encountered
in the sintering of the 800 °C-powder of presumably pure AIN (Figure 9, left panel, bottom
left corner). In this case, the sintering at 650 °C was successfully done immediately upon
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ampoule opening, but the planned 1200 °C-sintering had to be postponed for 3 weeks due
to equipment failure. This resulted in some oxidation of the powder, but it was decided that
the sintering should be carried out anyway in the system AIN(85 wt%)-Al,O3(15 wt%). In
the remaining cases, the patterns are satisfactorily assigned to the nitrides with no evidence

for formation of significantly doped phases of either c-TiN or h-AIN.
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Figure 8. XRD patterns of composite nitride nanoceramics sintered from nanopowders of Composite 1 (left panel) and
Composite 2 (right panel) at 650 and 1200 °C, 7.7 GPa.
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Figure 9. XRD patterns of single nitride nanoceramics sintered from individual nanopowders of h-AIN (left panel) and
¢-TiN (right panel) at 650 and 1200 °C, 7.7 GPa. Note some «-Al,O3 content in bottom corner of left panel for non-standard
partially oxidized AIN-800 °C powder then sintered at 1200 °C.
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Table 2. XRD-derived crystallographic cell parameters a and ¢ and average crystallite sizes Day’s
determined for composite and individual nanoceramics sintered at 650 and 1200 °C, 7.7 GPa in the
system TiN-AIN. * Nanoceramics of partially oxidized AIN powder from 800 °C-nitridation and
1200 °C-sintering.

Composite Sintering Individual Sintering
Nanoceramics Temperature Nanoceramics Temperature
from 650 °C 1200 °C from 650 °C 1200 °C
Composite Pure
1_800 AIN_800
h-AIN: h-AIN:
a(A) 3.08 3.11 a[A] 3.12 311*
c(A) 5.07 4.99 c[A] 5.08 498+
Dy [nm] 3 18 D,y [nm] 5 >200 *
¢-TiN: ¢-TiN:
a[A] 423 424 a[A] - -
D,y [nm] 6 16 Day [nm]
Composite Pure
1_1100 AIN_1100
h-AIN: h-AIN:
a[A] 3.11 3.12 a[A] 3.12 3.12
c[A] 498 4.99 c[A] 5.00 499
Day [nm] 10 21 D,y [nm] 7 19
¢-TiN: ¢-TiN:
a[A] 425 425 a[A] - -
D,y [nm] 16 24 Day [nm]
Composite Pure
2800 TiN_800
h-AIN:
a[A] 3.10 3.11
c[A] 5.02 5.00 - - -
D,y [nm] 2 8
¢-TiN: ¢-TiN:
a[A] 422 424 a[A] 4.24 4.24
Dy [nm] 4 8 D,y [nm] 8 13
Composite Pure
2_1100 TiN_1100
h-AIN:
a[A] 3.11 3.11
c[A] 4.98 498 - - -
D,y [nm] 10 10
¢-TiN: ¢-TiN:
a[A] 4.24 4.25 a[A] 4.24 4.24
D,y [nm] 13 13 D,y [nm] 21 30

Similarly, as observed by us earlier in the system AIN-GaN [49], the lower sintering
temperature of 650 °C (lower than both nitridation temperatures, i.e., sintering without re-
crystallization) usually results in smaller average crystallite sizes D,y’s in the nanoceramics
than in the starting powders. For extremely small initial D,,’s, sometimes no change in size
is observed. This is illustrated by comparing the sizes Day’s (h-AIN/c-TiN) for the Compos-
ites 1 and 2 powders (both from 800 and 1100 °C) (Table 1) and 650 °C-derived nanoceramics
from them (Table 2): For Composite 1 powders, D,y sizes at 800 °C were 5 nm/6 nm and
at 1100 °C, 15 nm/23 nm; for 650 °C Composite 1-derived nanoceramics, D,y sizes at
800 °C_650 °C were 3 nm/6 nm and at 1100 °C_650 °C, 10 nm/16 nm. Similarly, for
Composite 2 powders, D,y sizes at 800 °C were 3 nm/4 nm and at 1100 °C, 10 nm/13 nm;
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and for 650 °C Composite 2-derived nanoceramics, D,y sizes at 800 °C_650 °C were
2 nm/4 nm and at 1100 °C_650 °C, 10 nm/13 nm. We assign such a behavior to the
“crushing” of nanocrystallites by the extremely high pressure in the absence of crystal
growth. However, at the sintering temperature of 1200 °C (sintering with recrystalliza-
tion) a competition between pressure-resulting crushing and temperature-induced crystal
growth yields notably different results, usually with a net crystal growth. And for Com-
posite 1 powders—D,, (800 °C: 5 nm/6 nm, 1100 °C: 15 nm/23 nm) and for 1200 °C
Composite 1-derived nanoceramics—D,y (800 °C_1200 °C: 18 nm/16 nm, 1100 °C_1200 °C:
21 nm/24 nm). Further, for Composite 2 powders—D,y (800 °C: 3 nm/4 nm, 1100 °C:
10 nm/13 nm) and for 1200 °C Composite 2-derived nanoceramics—D,, (800 °C_1200 °C:
8 nm/8 nm, 1100 °C_1200 °C: 10 nm/13 nm). Interestingly, for both these chemically
related composite powders, which show the different average crystallite sizes, the sintering
at 1200 °C yields nanoceramics with the range of Dyy’s (h-AIN/c-TiN) from 8 nm/8 nm
to 21 nm/24 nm. This range can further be extended by sintering at 650 °C to provide
the sizes from 2 nm/4 nm to 10 nm/16 nm. This illustrates benefits of the applied precur-
sor processing routes, which increase the range of structure parameters of the composite
nanopowders and resulting nanoceramics.

It is instructive to relate the structure characteristics of the composite nanoceramics to
the individual nitride nanoceramics at comparable sintering conditions (Tables 1 and 2).
With exclusion of the non-standard AIN ceramics containing Al,O3 (Figure 9, left panel,
bottom left corner), similar pressure and temperature effects are observed for pure nitrides,
as discussed earlier in the composite systems. For pure AIN from 800 °C-nitridation, the
powder’s initial D,y of 5 nm is unchanged after sintering at 650 °C (no “crushing” size
differences). For AIN from 1100 °C-nitridation, the powder’s starting D,y of 10 nm can be
compared with the calculated 7 nm after 650 °C-sintering and 19 nm after 1200 °C-sintering.
The former case is consistent with crystal “crushing”, whereas the latter supports an overall
crystal growth winning the competition. These D,y’s are actually very similar to those
found for AIN in the Composite 1-derived nanoceramics, whereas being a bit larger than
in the Composite 2 cases. For pure TiN from the 800 and 1100 °C-nitridation, the powders
Day’s of 8 and 57 nm, respectively, are to be related to sintering at 650 °C with D,,’s of
8 and 21 nm and sintering at 1200 °C with D,y’s of 13 and 30 nm. From this comparison,
the sintering at 650 °C shows no size change for the 800 °C-powder and the “crushing”
effect for the 1100 °C-powder whereas sintering at 1200 °C is diverse in that for the 800 °C-
powder the crystal growth predominates and for the 1100 °C-powder crushing is still
prevailing. When referred to the D,y’s of TiN in the composite nanoceramics, the pure
TiN-related sizes are consistently larger, supporting a more unrestrained crystal growth
conditions in pure TiN or, from another angle, smaller crystallite sizes in the sintered
composites with AIN due to the thinning effect of the latter.

The FT-IR spectra for the nanoceramics (not shown) fully confirm bonding charac-
teristics expected for the nitride composites. There is only one broad band peaking in the
range 730-750 cm ! that is typical for Al-N bond stretching vibrations in AIN as there
are no infrared active bands in the mid-infrared for Ti-N stretches in TiN. These AI-N
bands appear to be very similar in shape/symmetry and position when compared with the
relevant bands for the initial composite powders.

The Vicker’s hardness and helium density data for the nanoceramics are compiled
in Table 3. The Vicker’s hardness, Hy, was determined by an indentation method under
two mass-force loads of 100 and 300 gf (gram-force) yielding comparable results and the
data set for 300 gf will be used in discussion. In this regard, too lower load (below ca.
200 gf) indents often display a dependence of hardness on indent depth known as the
indentation size effect [59]. In general, the H, values for the sintered pellets are, relatively,
high and very high in the range of ca. 7 to 20 GPa. The lowest value of 6.7 GPa is found
for nanoceramics made of Composite 2_1100 that is sintered without recrystallization
at 650 °C to be compared to the highest of 19.9 GPa for nanoceramics prepared from
Composite 1_1100 sintered with recrystallization at 1200 °C. Interestingly, in the former
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case, it coincides with a noticeable XRD-derived crystallite crushing on sintering, i.e., from
Day’s for h-AIN/c-TiN of 15 nm /23 nm in the powder to 10 nm/16 nm in the nanoceramics,
whereas in the latter case, no significant size changes are observed on sintering, i.e., Day’s
for h-AIN/c-TiN are found at 10 nm/13 nm both in the powder and in the derived from
it nanoceramics. Another case of a high Vicker’s value of 14.9 GPa is for Composite
1_800 sintered also with recrystallization at 1200 °C. In all composite nanoceramics, the
Vicker’s hardness is found higher for sintering with recrystallization at 1200 °C compared
to the relevant case of the same composite powder sintered at 650 °C when crystallite
crushing prevails. This suggests that HP-HT sintering of the composite nitrides with some
temperature-induced recrystallization, which overcomes increased particle size variability
due to simultaneous pressure-induced crushing, is especially effective in strong particle
binding. Such a conclusion also holds true for pure nitride nanoceramics when in each
relevant case of sintering at the two temperatures, a significantly higher Vicker’s value
is found for the 1200 °C-derived nanoceramics. For the individually sintered nitrides,
notably high Hy’s in the range of 13.5-19.7, GPa are recorded for the c¢-TiN nanoceramics,
whereas only slightly lower Hy’s ranging from 12.4 to 17.4 GPa are found for the h-AIN
nanoceramics. If one relates the Vicker’s hardness of the composite nanoceramics to the
hardness of the individual nitride nanoceramics, slightly higher hardness is generally
found for the latter ones and the hardness of the h-AIN component (lower than of c-TiN)
appears to be a limiting factor in the former.

Table 3. Vicker’s hardness, Hy (100 and 300 g-force loads) and helium density, dy. data for composite and individual nitride

nanoceramics in the system TiN-AIN. Percentages shown in helium density data are calculated with respect to theoretical

density of composite c-TiN:h-AIN = 1:1 (molar basis) or of pure nitride. * Nanoceramics of partially oxidized AIN powder.

Composite Nanoceramics

Sintering Temperature Individual Nanoceramics Sintering Temperature

from 650 °C 1200 °C from 650 °C 1200 °C
Composite 1_800 Pure AIN_800
dye (SD) [g/cm3] 3.25 (0.05) 3.39 (0.02) dpe (SD) [g/cm3] 2.27 (0.03) 3.32%
theor 77% 80% theor 70% 102%
Hy (SD) [GPa]: Hy (SD) [GPa]:
under 100 gf 13.1 (2.0) 12.1 (2.2) under 100 gf 13.8 (0.6) /d
under 300 gf 13.1 (1.0) 14.9 (3.6) under 300 gf 12.7 (1.1) n
Composite 1_1100 Pure AIN_1100
dye (SD) [g/ cm®] 3.33(0.03) 2.95 (0.04) dpe (SD) [g/ cmd] 2.34 (0.02) 2.00 (0.03)
theor 79% 70% theor 72% 61%
Hy (SD) [GPa]: Hy (SD) [GPa]:
under 100 gf 9.6 (1.9) 21.9 (2.9) under 100 gf 13.9 (0.9) 18.9 (1.1)
under 300 gf 10.8 (1.7) 19.9 (3.5) under 300 gf 12.4 (0.8) 17.4 (0.8)
Composite 2_800 Pure TiN_800
dye (SD) [g/cm3] 3.23 (0.02) 2.99 (0.03) dye (SD) [g/cm3] 4.51 (0.06) 4.39 (0.04)
theor 77% 71% theor 86% 84%
Hy (SD) [GPa]: Hy (SD) [GPal:
under 100 gf 11.0 (1.2) 13.4 (1.1) under 100 gf 15.4 (1.6) 20.5(1.7)
under 300 gf 11.2 (1.3) 12.2 (1.5) under 300 gf 15.5 (0.8) 19.7 (1.6)
Composite 2_1100 Pure TiN_1100
dye (SD) [g/cm3] 3.38 (0.04) 3.47 (0.03) dye (SD) [g/cm3] 4.59 (0.06) 4.72 (0.05)
theor 80% 82% theor 88% 90%
Hy (SD) [GPal: Hy (SD) [GPa]:
under 100 gf 7.3 (2.0) 14.8 (0.8) under 100 gf 14.3 (1.0) 18.8 (2.4)
under 300 gf 6.7 (1.3) 11.9 (3.7) under 300 gf 13.5 (0.9) 17.7 (2.2)

Finally, these Hy values can be referenced to relevant literature data. For single
crystalline AIN (vapor deposited thick epitaxial layer), the Vicker’s hardness of 17.7 GPa
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is reported [60] with theoretical calculations pointing to possible 20 GPa [61]. Moreover,
for AIN sintered with various additives, the hardness in the range 10-11 GPa is found [62].
The Vicker’s hardness values of 12.4-17.4 GPa for the sintered pure AIN nanoceramics in
this study compares favorably with the data for the single crystalline AIN above. A few
micrometer-thick layers of TiN are shown to have hardness of 9.2-15 GPa [63], whereas up
to 1 micrometer-thick layers on steel are shown to have hardness of the order of 30 GPa [64].
The range of 13.5-19.7 GPa in this study confirms very good hardness of the bulk TiN
nanoceramics. The remarkably high hardness of the metastable cubic Ti;_xAIl(N was
mentioned earlier [31-37]. Although Ti;_4AxN is not encountered in our ceramics, it is
worth quoting its indentation hardness of 24-37 GPa, which is markedly decreased at
high temperatures [65]. Somewhat related to the AIN-TiN system are attempts to make
mixed metal-metal nitride ceramics as demonstrated by laser melting in the system Ti-
AIN yielding composites with Vicker’s hardness of ca. 6.9 GPa [66]. The h-AIN/c-TiN
nanoceramics in this study with hardness in the range 6.7-19.9 GPa span from rather good
to very high hardness values.

The helium density data provide an additional insight into microstructure of the
sintered powders (Table 3). The densities for all sintered composites in the range 2.95-
3.47 g/cm?® can be compared to 4.22 g/cm?, i.e., theoretical value calculated for a 1:1 mixture
(on the molar basis) of c-TiN (5.24 g/ cm®) and h-AIN (3.26 g/ cm?). Ttis apparent that the
measured densities are rather low to reach 70-82% of this value. For pure AIN nanoce-
ramics (excluding the oxidized sample), these values are in the range 61-72%, whereas for
pure nanoceramics of TiN, they are in the range 84-90% when referred to the respective
theoretical densities of pure nitrides. The data for the pure nitrides are significant in that
they point to generally higher relative porosities of the AIN ceramics compared to the TiN
ceramics, while in both cases, supporting quite efficient closed pore formation. Presumably,
this is due to more extensive recrystallization processes during sintering of the extremely
small nanosized particles of AIN. Therein, the likely course of mass transport events is
associated with the disappearance of the smallest and growth of the largest crystallites, as
well as with concurrent formation of voids that tend to form closed pores, at least, under
non-equilibrium conditions of the 3-min HP-HT sintering. Such phenomena occur also for
TiN powders but to a smaller extent. These density results are consistent both with the
discussed earlier SEM and XRD data. A pronounced formation of closed microsized pores
in AIN domains and extensive nitride segregation/mass transport phenomena are clearly
seen in the SEM images for many composite nanoceramics (Figure 6), whereas the pure
TiN fractured pellets appear to be much more tightly packed and highly crystallite-size
homogeneous (Figure 7). Moreover, the XRD data convincingly support a strong driving
force, especially, for AIN crystallites growth and recrystallization. When referring now
to the relatively low densities of the composites, they seem to result from the nitrides
segregation-crystal growth-pore formation processes, which are kinetically “frozen” due to
the short time and diverse mass transport rates for the AIN and TiN components during the
HP-HT sintering of their intimately mixed nanopowder composites. Interestingly, there ap-
pears to be no clear relationship between the nanoceramics densities and Vicker’s hardness.
In this regard, the highest among composites Hy values for Composite 1_1100_sint_1200 of
19.9 GPa and for Composite 1_800_1200 of 14.9 GPa are linked, respectively, to the lowest
density of 2.95 g/cm? and the second highest density of 3.39 g/cm?, whereas the lowest
H, for Composite 2_1100_sint_650 of 6.7 GPa corresponds to the relative high density of
3.38 g/cm?3. Since the helium density data are indicative of abundant closed pores (by
SEM, in the microsized range), the latter do not appear to essentially impact the Vicker’s
hardness of the nanoceramics.

4. Summary and Conclusions

The original two-metal-dimethylamide precursor system enables, via transamination-
deamination-nitridation chemistry, the in situ preparation of a range of metal nitride
composites of h-AIN and c-TiN synthesis-mixed on a submicron level. The application of
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different nitridation temperatures of 800 and 1100 °C results in nanocrystalline composites
with specific average crystallites sizes of each of the nitrides, characteristic of much smaller
sizes of the AIN component. No evidence for the formation of metastable cubic Tij.xAlKN
is found in any of the preparation options.

The non-additive high pressure (7.7 GPa) and high temperature (650 and 1200 °C)
sintering of the composites results in robust bulk nanoceramics in the system TiN-AIN.
Similarly, the sintering is applied to the pure individual nitrides to yield equally hard
nanoceramics of h-AIN and c¢-TiN. The sintering process is done either without (650 °C) or
with (1200 °C) recrystallization.

The characteristic feature of sintering is phase segregation of the nitrides that, based
on SEM examination of fractures, forms quite smoothly shaped AIN domains with sizes
up to several tens of micrometer immersed in the irregular looking TiN matrix phase. The
phase segregation is accompanied in the 650 °C-sintering by crystallite size deterioration
due to high pressure, whereas in the 1200 °C-sintering, it is accompanied by prevailing
crystal growth processes. The latter option yields nanoceramics with numerous closed
microsized pores, especially in the AIN domains. Mechanical strength of the nanoceramics,
as evaluated by a Vicker’s indentation test, ranges from high to very high if compared
to the reference values of Vicker’s hardness for the individually sintered TiN and AIN
nanopowders and available literature data. The limiting factor in the hardness of the
composites often appears to be the relatively lower hardness of the AIN component. In
conclusion, the applied sintering conditions with the short sintering time of 3 min result
in the kinetically controlled process yielding rather low density/closed microsized pore-
containing nanoceramics with surprisingly high mechanical hardness. Further sintering
parameter adjustments, especially of pressure and time, are expected to better control the
phase segregation and porosity evolution in such bulk TiN-AIN nanoceramics.
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