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Preparation and pyrolysis of a blended
precursor possessing Ti—N and Al—N bonds
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The preparation and pyrolysis of a blended
precursor possessing Ti—N and Al—N bonds
were investigated. The precursor was prepared
by mixing (HAIN'Pr),, whose main compo-
nent was a cage-type compound, and an amino-
lysis product of Ti(NMe,)4 with
MeHNCH,CH,NHMe with a molar ratio of
Ti:Al =2:1. IR analysis of the products pyro-
lyzed under NH3-N, indicated that a large
proportion of the organic groups in the pre-
cursor were removed by an amine-exchange
reaction during the pyrolysis under NHj3; thus,
the products contained only a small amount of
carbon. On the contrary, a considerable amount
of carbon was present in the product pyrolyzed
under Ar. Composites consisting of AIN and an
NaCl-type compound were obtained after pyr-
olysis of the precursor under both NH;-N, and
Ar. The composition of the NaCl-type compound
depended significantly on the pyrolysis atmos-
phere. Copyright © 2001 John Wiley & Sons,
Ltd.
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1 INTRODUCTION

Ceramic composites consisting of two or more
binary nitrides often exhibit improved properties
compared with the single-component ceramics. "
Ti—Al-N ceramic composites show higher thermal
conductivity, higher strength and better light-
shleldrng properties than single TiN and AIN
phases.” In addition, the friction coefficients of
the Ti—AI-N ceramic comp051tes are smaller than
those of TiN and AIN.* Because of their superior
properties, Ti—Al-N ceramic composites are ap-
plied to heating materials and antifriction materi-
al>> Ti—Al-N ceramic composites are usually
prepared by traditional powder processing using
TiN and AIN powders as starting materials. The
chemical vapor deposition (CVD) process has been
applied to the preparatlon of TiN-AIN composite
films recently, but it is difficult to apply it to large-
scale production and to coating preparation on
substrates with complex shapes because of its large-
equipment requirement.

Preparation of non-oxide ceramics via pyrolysis
of inorganic and organometallic compounds has
attracted considerable attention during the last two
decades.””® This chemical route provides an
alternative method for the preparation of non-oxide
ceramics with desirable shapes, but it is required
that the precursors are soluble or fusible for such
application.” Precursors for non-oxide ceramic
composites with atomic-level or molecular-level
homogeneity can be prepared, and several potential
advantages for the preparation of ceramic compo-
sites, including improved control of overall com-
position, grain size, homogeneity, and lower
processing temperatures have been claimed for
this chemical route.”'® So far, the emphasis has
been placed on the preparation and pyrolysis of
single-source molecular precursors that contain
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heterogeneous linkages such as M-N-M’, since
atomic-level homogeneity of the components in the
initial precursor slystems can be achieved through
this approach.” Many non-oxide ceramic
composites, such as Si—-C-N, Si-B—-C-N, and Si-
AI-N, have been prepared by this single-source
precursor approach To our knowledge, only
titanium aluminum polyimide has been investigated
as a single-source precursor for Ti—Al-N ceramic
composites.

On the other hand, molecular-level homogeneity
can also be achieved by blending two or more
single-component precursors, if they are mrscrble
liquids or solids soluble in organic solvents.”'" The
obvious benefit of this blending approach over the
single-source precursor route is that the desirable
compositions of the composite precursors can be
easily achieved by adjusting the ratios of the single-
compgonent precursors through very simple synth-
eses.. However, only a few studies have been
reported on the preparatlon of ceramlc composites
by this blending approach.”

We have previously reported prehmlnary results
on the preparation of Ti—Al-N ceramic composites
from a blend of a cage-type compound (HAIN'Pr),,
and an aminolysis product of Ti(NMe,), with
MeHNCH,CH,NHMe.'” In this paper, we focus
on the structure of the precursor and pyrolysis
behavior, as well as on the effect of the pyrolysis
atmosphere on the resulting pyrolyzed products.

2 EXPERIMENTAL

2.1 Synthesis of the precursor

All the procedures were performed under a
protective nltrogen atmosphere using a standard
Schlenk technique'® or a glove box filled with
nitrogen. All the organic solvents and amines were
freshly distilled by using appropriate drying agents
before use.

(HAlN’Pr),, was prepared based on a previous
report.'® Nuclear mazgnetlc resonance spectroscopy
(NMR; 'H, '°C, and “’Al) revealed that (HA1N'Pr),,
was present mainly as the cage-type hexamer.'® In
addition, weak 51gnals due to the tetramer were
observed in the 'H and '*C NMR spectra.'® The IR
spectrum showed the presence of a v(Al—H)
stretching band at 1860 ecm "' The bands at
1165, 1139 and 834 cm ™' and those at 1379 and
1365 cm_l were assigned to —CH(CHy), skeletal
bands and bending band respectively.20

Copyright © 2001 John Wiley & Sons, Ltd.

The precursor possessing Ti—N bonds was
prepared by the reaction of Ti(NMe,), with N,N'-
dimethylethylenediamine with  Ti(NMe,),:dia-
mine = 1:2 based on a previous report.” Examina-
tions of the black oily product by 'H and '>C NMR
suggested that it was a mixture of monomeric and
oligomeric species with various environments of
the methyl groups. The IR spectrum showed the
presence of three bands assignable to T1—N
stretching bands at 556, 590 and 650 cm™ . In
addition, the presence of an N—H stretching band
at 3290 cm™ suggested that the product contained
a small amount of unreacted —N(H)Me
groups.”*

The blended precursor was prepared as follows.
After the precursor possessing Ti—N bonds was
dissolved in 30 ml of benzene in a 100 ml three-
necked flask, (HAIN'Pr), was added with a molar
ratio of Ti:Al =2:1. The mixed solution was stirred
for 1 h to ensure homogeneity. Removal of benzene
gave an orange—brown highly waxy liquid.

2.2 Pyrolysis of the precursor

The blended precursor was pyrolyzed in a tube
furnace. About 0.5 g of the precursor was placed in
a BN boat, which was then introduced into an
Al,O5 or SiO, tube filled with Ar or NH;. For the
pyrolysis under Ar, the precursor was heated at
1500 °C for 2'h with a flow rate of 100 ml min™".
For the pyrolysis under NH3 at 200, 400 and
600 °C, the precursor was heated at the desired
temperature under NH; (30 ml min™ ! for 3h and
then cooled to room temperature. For the pyrolysis
under NH3-N,, the precursor was ﬁrst heated at
600 °C for 3 h under NH; (30 ml min~ "), and then
cooled to room temperature. The product pyrolyzed
under NH3 was heated again at 1350 °C for 8 h
under N, (100 ml min~"). The heating and cooling
rates were 5 °C min~

2.3 Analysis of the precursor and
the pyrolyzed products

The precursors were characterized by using infra
red (IR) spectroscopy (Perkm—Elmer FTIR-1640)
and NMR ('H and '’C; JEOL JNM-270X).
Thermogravimetry (TG) of the blended precursor
was carried out using a Shimadzu TGA-50
thermobalance at a heating rate of 10°C min '
under an He flow. The pyrolyzed products were
analyzed by using IR and X- -ray diffraction (XRD)
analysrs (Mac Science MXP® diffractometer with
Cu K,-radiation). The lattice parameters of the
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Figure 1 '"H NMR spectra of (a) (HAIN'Pr),, (b) the blended
precursor, and (c) the aminolysis product of Ti(NMe,), with
MeHNCH,CH,NHMe (C¢Dg, 270 MHz).

pyrolyzed products were calculated by the non-
linear least-squares method using silicon as an
internal standard. The amounts of nitrogen, oxygen
and carbon in the pyrolyzed products were
measured using LECO TC-436 and CS-444LS
instruments. After the pyrolyzed products were
dissolved with aqua regia in a Teflon decomposi-
tion vessel at 130 °C for 24 h, the amounts of
titanium and aluminum were determined by
inductively coupled plasma (ICP) emission spectro-
metry (Nippon Jarrell Ash ICAP-575 1D).

3 RESULTS AND DISCUSSION

3.1 Characterization of the
blended precursor

The "H NMR spectrum of the blended precursor, as
well as those of (HAIN'Pr), and the aminolysis
product of Ti(NMe,)4 w1th MeHNCH,CH,NHMe,
is shown in Fig. 1. The '"H NMR spectrum of the
blended precursor shows that the signals at
1.21 ppm (as shown by the arrow) due to —CHj;
of (HAIN'Pr), disappear, but the signals due to
(HAIN'Pr)¢ are clearly observed. Similarly, the
profile of the signals of the methyl groups of the
aminolysis  product of Ti(NMe,);  with
MeHNCH,CH,NHMe is essentially unchanged,
except for the disappearance of a very weak doublet
at 2.25 ppm (as shown by the arrow). The '*C NMR
spectrum of the blended precursor (not shown) can
also be interpreted essentially as an overlay of those

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 2 IR spectra of (a) the aminolysis product of
Ti(NMe,); with MeHNCH,CH,NHMe, (b) (HAIN'Pr),, (c)
the blended precursor, (d) the product pyrolyzed under NH; at
200 °C, and (e) the product pyrolyzed under NHj3 at 400 °C.
Spectra (a) and (c) were obtained by the neat technique;
spectrum (b) was obtained by the Nujol technique; spectra (d)
and (e) were obtained by the KBr technique.

of (HAINPr), and the aminolysis product of
Ti(NMe,), with MeHNCH,CH,NHMe, except
for the disappearance of the two singlets at 28.9
and 45.8 ppm, which can be assigned to the
—CH(CHs), groups of (HAIN' Pr),.

The IR spectra (Fig. 2) show that the character-
istic peaks of (HAIN'Pr), and the aminolysis
product of Ti(NMe,), with MeHNCH,CH,NHMe
are all present in the IR spectrum of the blended
precursor, although the bands at 1004 and
1316 cm ! (as shown by the arrow) assignable to
(HAINPy), disappear.

Thus, based on the NMR and IR results, it can be
considered that, although some reactions occur, the
reactions between (HA1NPr), and the aminolysis
product of Ti(NMe,), with MeHNCH,CH,NHMe
are very limited. ICP analysis showed that the Ti:Al
molar ratio of the precursor was 2.06:1, confirming
the preservation of the metal ratio.

Appl. Organometal. Chem. 2001; 15: 710-716
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Figure 3 TG curve of the precursor under He at a heating rate
of 10 °C/min”".

3.2 Pyrolysis behavior of the
blended precursor

The pyrolysis behavior of the blended precursor
under an He flow was investigated using TG. The
TG curve of the precursor up to 900 °C shows a
three-step mass loss in the following temperature
ranges; from room temperature to ~200 °C, ~200
to ~500°C and from ~500 °C upwards (Fig. 3).
The mass losses for these steps are 15%, 42% and
3% respectively, indicating that the decomposition
of the organic groups should occur mainly below
~500 °C. The residue at 900 °C was black, and the
ceramic yield was 40%, that is greater than the
theoretical yield (29%) for the complete conversion
of titanium and aluminum in the precursor into TiN
and AIN. These results suggest that a considerable
amount of carbon arising from the organic groups
should be present in the residue, possibly as free
carbon and carbide.

The pyrolysis behavior of the blended precursor
under NH; was investigated on the basis of both the
ceramic yields on pyrolysis and IR analysis of the
residues. Compared with the IR spectrum of the
blended precursor, the intensities of the bands due
to the C—H stretching vibration (2760 to
2960 cm™')*® decrease remarkably in the IR
spectrum of the residue pyrolyzed at 200 °C under
NH; (Fig. 2). In addition, a new strong broad band
in the region 3000-3500 cm ™' (N—H stretching)
and a new weak broad band at 1550-1635cm ™'
(N—H deformation) appear.23 Unlike TG analysis
under He (15 mass% of mass loss up to 200 °C), 47
mass% of the precursor was lost after the pyrolysis
under NH3 at 200 °C. All of these results indicate
that a large proportion of the organic groups were

Copyright © 2001 John Wiley & Sons, Ltd.

removed by amine-exchange reactions between the
precursor and NH3.** The disappearance of the
band at 1860 cm ™' indicates that no Al—H groups
are present in the residue, possibly due to its
reaction with NHj:

=Al—H + NH;3 i =Al—NH,

After the pyrolysis at 400 °C under NH3, a black
residue was obtained with a ceramic yield of 41%.
In the IR spectrum of the residue (Fig. 2), the C—H
stretching bands in the region from 2760 to
2960 cm ™' disappear completely, probably due to
the further amine-exchange reaction and the
decomposition of the organic groups. The disap-
pearance of the N—H vibration bands suggests that
condensation reactions involving NH and NH,
groups leading to the formation of a highly cross-
linked structure should occur.? In addition, a new
broad band at 2044 cm ™' that could be ascribed to
the stretching vibration of the C=N group is
observed in the spectrum.26’27 This band was also
present in the IR spectrum of the residue pyrolyzed
under NH; at 600 °C (not shown). The XRD
analysis showed that the residue pyrolyzed at
600 °C was amorphous (not shown).

3.3 Effect of atmospheres on the
pyrolyzed products

Pyrolysis of the precursor under Ar at 1500 °C for

Table 1 Ceramic yields and characteristics of the
products pyrolyzed under NH3;—N, (at 600 °C for 3 h
under NH3, and then at 1350 °C for 8 h under N,) and Ar
(at 1500 °C for 2 h)

Atmosphere NH;-N, Ar
Ceramic yield/mass% 29.0 31.8
Loss of Ti%*/mass% 3.7 18.1
Loss of Al*/mass% 52 9.3
Element analysis
Ti/mass% (molar ratio)  56.0 (1) 43.5 (1)
Al/mass% (molar ratio) 15.0 (0.48)  13.1 (0.53)
N/mass% (molar ratio)  15.5 (0.94) 6.4 (0.51)
C/mass% (molar ratio) 6.3 (0.45) 30.0 (2.75)
O/mass% (molar ratio) 2.2 (0.12) 1.7 (0.11)

Total/mass% 95.0 94.7
Lattice parameter®nm 0.4249 0.4319

* The loss of metal Ey gy (M =Ti or Al) during the pyrolysis
was calculated from the amount of the metal in the precursor
WP(M) and that in the pryolyzed residue WR(M): EL(M) =
WP(M) - YWR(M)]/WP(M) X 100, Y: the ceramic yleld

The lattice parameter is for NaCl-type compounds.

Appl. Organometal. Chem. 2001; 15: 710-716
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Figure 4 XRD patterns of the products pyrolyzed under (a) NH3-N, (at 600 °C for 3 h under NH3—N, and at 1350 °C for 8 h under

N,) and (b) Ar (at 1500 °C for 2 h).

2h gave a black solid, whereas a brown solid
was obtained after pyrolysis under NH3 at 600 °C
for 3h and subsequently under N, at 1350 °C for
8 h.

The ceramic yields, compositional characteris-
tics and the lattice parameters of the products are
shown in Table 1. The ceramic yields are 31.8%
and 29.0% for the pyrolyses of the precursor
under Ar and NH3-N, respectively. The losses of
titanium and aluminum after pyrolysis under Ar
are 18.1% and 9.3% respectively, whereas only
3.7% of titanium and 5.1% of aluminum are lost
during the pyrolysis under NH3;-N,. The low
metal losses during the pyrolysis under NH3;—N,
make the Ti:Al molar ratio of the products (2.08:1)
very close to that of the precursor (2.06:1), and
may be ascribed to the formation of the highly
cross-linked structures during the pyrolysis under
NH; at temperature below 400 °C, as described
above.

Copyright © 2001 John Wiley & Sons, Ltd.

After the pyrolysis under Ar, about 30% of
carbon and 6% of nitrogen are present in the
residue. The molar ratio of C to (Ti + Al) is greater
than unity (Table 1). Even if we assume that all of
the titanium and aluminum are bound to carbon to
form TiC and Al,C;, C/(Ti+Al) should be less than
unity, indicating that a considerable amount of free
carbon is present in the residue. On the other hand,
pyrolysis of the precursor under NH3;—N, gives a
residue with about 15% of nitrogen and 6% of
carbon. The lower degree of carbon contamination
can be ascribed to the amine-exchange reaction
during the pyrolysis under NH; flow, as shown in
Section 3.2.

The XRD patterns of these two pyrolyzed
products are shown in Fig. 4. Both the XRD
patterns show that the resultant products are
ceramic composites containing a 2H-wurtzite-type
compound exhibiting weak peaks and a well-
crystallized NaCl-type compound. Based on the

Appl. Organometal. Chem. 2001; 15: 710-716
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XRD characterization of the pyrolyzed residues
from similar precursors with larger aluminum
contents, the 2H- wurtzue type compounds should
be essentially pure AIN.'” The lattice parameter of
the NaCl-type compound in the product pyrolyzed
under NH3—N, is 0.4248 nm, which is similar to
that of TiN (0.4242 nm).”® However, the empirical
formula of the product is TiAlg 48N 04Co.4500.12,
indicating that the N/Ti ratio in the NaCl-type
compound is 0.46, assuming that all the aluminum
atoms form AIN; hence the NaCl-type phase
should be Ti(N,C,O) On the contrary, the lattice
parameter of the product pyrolyzed under Ar is
0. 4318 nm, which is closer to that of TiC (0.4327
nm)*’ than to that of TiN. The empirical formula of
the product is TiAlys3No51C2.7500.11, suggesting
that essentially all the nitrogen atoms are present as
AIN, and the NaCl-type phase should be the sohd
solution whose composition is close to Ti(C, 0).%°
All of these results indicate that the pyrolysis
atmosphere significantly affects the compositions
of the NaCl-type compounds.

The surface of the product pyrolyzed under
NH3-N; consists mainly of particles with diameters
of 20—40 nm, based on scanning electron micro-
scope analysis.'” On the other hand, slightly larger
particles with diameters of 30-100nm were
observed on the surface of the product pyrolyzed
under Ar. Thus, the pyrolysis atmosphere also
affects the particle sizes of the products to a certain
extent.

4 CONCLUSIONS

A soluble blended precursor was prepared simply
by mixing (HAIN'Pr),, and the aminolysis product
of Ti(NMe,), with MeHNCH,CH,NHMe homo-
geneously (Ti:Al=2:1). The pyrolysis of the
precursor under Ar led to the presence of a large
amount of carbon derived from the organic groups
in the resultant product. The carbon content was
reduced significantly via the pyrolysis under NHs,
because a large proportion of the organic groups in
the precursor were removed, probably via the
amine-exchange reaction. Furthermore, although
the precursor possessed only molecular homogene-
ity, the Ti:Al molar ratio of the blended precursor
was preserved during the pyrolysis under NH5-N,
because of the formation of the highly cross-linked
structure during the pyrolysis under NHs.
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