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Abstract

The effect of various Li-salts on the low temperature synthesis of AIN by direct nitridation of Al metal was investigated using four Al powders
with average particle sizes of 3, 20, 100 and 0. These were mixed with various Li-salts (LiINQ.iIOH-H,O and LLCGs) in different
concentrations and fired at various temperatures under flondind@teé as-received Al powders without Li addition showed AIN formation

at about 600C in the 3 and 2@um samples but no AIN formation up to 850 in the 100 and 150m samples. The crystallinity of the

AIN products, where formed, was however low. By contrast, all the Al powders with added Li-salts showed AIN formation up@ 800
with LiOH-H,O being especially effective. Thus, the AIN formation temperature can be significantly lowered in the coarser powders by the
addition of Li-salts but the effect is less in the finer powders which undergo low temperature nitridation below the melting point of Al metal
even without Li. The crystallinity of the AIN products was higher in the samples containing Li-salts than without Li-salts.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction synthesis temperatures are usually around 1700-1000
and should preferably be lowered. Another important syn-
AIN has very good thermal conductivity, high electrical thesis method for AIN production is the direct nitridation of
resistivity and similar thermal expansion coefficient to'Si. Al metal with N, or NHs at high temperaturesSince the
These properties make AIN attractive for IC substrates and reaction is exothermic, the process is somewhat difficult to
packaging materials, while its high thermal conductivity per- control and the AIN product is highly aggregated, making it
mits a higher component density and increased opportunity necessary to crush it after synthesis. However, direct nitrida-
for down-sizing of electronic circuits. The replacement of tion has the advantage of being a simpler synthesis than the
conventional alumina substrates by AIN ceramics is thus in- carbothermal method and provides more variety in the pow-
creasing. der properties of the product. The third synthetic method
For AIN powder, three major preparation methods are s nitridation by gas phase reaction using such as alkyl-Al
available: (1) carbothermal, (2) direct nitridation and (3) gas compound$. This method produces very fine high-purity
phase synthesis. Carbothermal synthesis is the most comparticles but has the disadvantages of producing a product
monly used method for AIN powder production. In this with lower oxidation resistance and requires more expensive
method, AIN is formed by reduction of AD3 or Al(OH)3 starting materials.
with carbon powder at high temperatures. Although high  Of these three methods, the possibility of lowering the
performance products with high purity and uniform parti- AIN synthesis temperature is greatest for direct nitridation
cle size can be obtained by the carbothermal methibu, because of the very low melting temperature of Al metal
(660.2°C) which is used for the nitridation. The lowering
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the case of the Al-Li 2.3 mass% alloy. They proposed that samples was calculated from the recorded thermo gravimet-

the low temperature formation mechanism involves the en-

hancement of N diffusion by a Li—Al-O phase formed dur-

ing heating of the Al-Li alloy. Synthesis under a pressurized Conversion rati@%) =

N2 atmosphere is also effective in lowering the AIN synthe-
sis temperature. Okada et®temonstrated the formation
of AIN monoliths by heating green bodies of Al powder at
about 600 C under 1.4 MPa Blpressure. Mechanochemical
AIN synthesis by the direct nitridation method was inves-
tigated by Calka and Nikoldvand Nikolov et af They
succeeded in forming AIN at about 1000 by reacting
mechanochemically treated Al powder under ambiept N

ric weight change using the following equation:

MaIN X mpp
MN X mp|

x 100

whereMan andMy are the molecular weights of AIN and

N, andmy andmy, are the sample weights before and after
the heating. The crystalline phases in the samples were ex-
amined by X-ray diffractometer (XRD; LabX XRD-6100,
Shimadzu, Kyoto, Japan) using monochromated Gu K
radiation. The crystallite sizeD) and lattice straini) of

the as-received Al samples was calculated from the Hall

pressure, this temperature being further lowered to aboutequation:

700°C by heating the powder under 0.6 MPa of fHiow-

ever, synthesis at high pressure requires a high-pressureg cosp = i + 25'sing

vessel and is not suitable for industrial production because

of the increased cost. These experimental results suggestvhere 8 is the integral width of reflectiorg is the Bragg
that it would be interesting to examine in more detail the angle,A is the X-ray wavelength ang is the lattice strain.
effectiveness of Li additions using various Li-salts rather However, the crystallite size of AIN had to be calculated by

than alloying the Al metal with Li. Such Li additions
should form an Li—Al-O phase more readily than the Al—Li
alloys reported by Komeya et 3).suggesting the possi-
bility of a considerable lowering temperature of the AIN
synthesis.

In this paper, the effect of additions of various Li-salts on
the low temperature synthesis of AIN by direct nitridation
of Al powder was investigated, using four Al powders with
different particle sizes.

2. Experimental
2.1. Sample preparation

Four Al powders, with average particle sizes from 3 to

the Scherrer equation using the integral width of the (100)
reflection because of the limitation in the number of reflec-
tions for the Hall plot. The surface chemical compositions
of the samples were investigated using X-ray photoelectron
spectroscopy (XPS; model 5500MT, Perkin-Elmer, Physi-
cal Electronics, Minnesota, USA). The XPS measurements
were performed using monochromated Ak Kadiation at

an instrument pressure ef10~° Torr and the binding en-
ergy was referenced to the C 1s of adventitious hydrocarbon
at 284.6 eV. The thickness of surface oxide phase of the Al
powders was evaluated by the calculation method reported
by Okada et af. The microstructures of the samples were ob-
served by scanning electron microscope (SEM; JSM-5310,
JEOL, Tokyo, Japan) at an accelerating voltage of 20 kV.

150pm, were used as the starting materials. The Li-salts 3. Results and discussion

were LiNQ;, LIOH-H20 and LpCOs; (Wako Chemicals,

Tokyo, Japan). The Al powders and Li-salts were gently
mixed, using an agate mortar and pestle for 15 min, to avoid

adhesion of the Al particles by the mixing. The ratios of
Li-salts in the mixtures ranged from 0.1 to 5.0 mass% Li
expressed as Li/(L+ Al). The mixed powder (0.15g) was
heated in a tube furnace in flowing dry, N1 I/min), care-
fully purging the system with plbefore starting the heating.
The samples were heated &t@&'min from room tempera-
ture to 200C below the soaking temperature, which was
approached at a rate of €C/min to avoid overshooting. The

soaking time at temperature was 1-8 h and the cooling rate

was 5°C/min.

2.2. Characterization

Thermal analysis of the samples was performed using aLlattice strain (%)

DTA-TG instrument (Thermoplus TG8120, Rigaku, Tokyo,

Japan). The amount of sample was about 10mg and the

heating rate was 1/min in flowing No. Nitridation of the

3.1. Al powder

The properties of the four reactant Al powders are listed
in Table 1 The average particle sizes were 3, 20, 100 and
150pm. The particle shape of these powders was irregu-
lar, and the crystallite sizes calculated from the Hall method
ranged from 62 to 71 nm, showing less variation than their

Table 1
Properties of the Al starting powders

Sample Al

3pum 20pnm 100pm 150pm
Purity (mass%) 99.9 99.9 99.99 99.5
Particle size gm) 3 20 100 150
Crystallite size (nm) 68 71 62 66

0.12 - - -
Surface oxide 35 3.6 2.9 3.3
thickness (nm)

Supplier Soekawa Soekawa Soekawa Wako
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Table 2
Properties of Li-salts

Li-salt

LINOz LIOH-H,O LipCO3 LiCl LiF
Melting temperature 261 450-471 723 606 842
0
Boiling temperature — - - 1382 1676
0
Decomposition 600 924 1310 - -
temperature °C)
Hygroscopy Yes No No Yes No

particle sizes. The Hall plots show that all the powders ex-
cept the 3um sample have negligibly small lattice strain,
due to the high malleability of Al metal. The lattice strain
observed in the gm sample may have been introduced by

the mechanical reduction of the particle size. The thickness
of the surface oxide layers evaluated from XPS analysis
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Fig. 2. XRD patterns of Al samples (20m) containing various amounts
of LIOH-H,0, heated at 775C for 8h.

ranged from 2.9 to 3.6 nm and was almost the same for all respectively. The AIN conversion rate of the sample con-

the samples.
3.2. Effect of Li-salt

The effect of Li additions on the temperature of AIN syn-
thesis was investigated by using various Li-salts to identify

taining LIOH-H>O was steeper than those containing LNO
and LbCOs. The maximum conversion ratio was about 90%
at 645°C in the sample containing LIOH2O. These re-
sults indicate that the most effective additive for lowering
the AIN formation temperature is LiOH>O.

the best additive. Some of the properties required by the 3.3. Effect of the amount of LiOH-H>0

additives are listed iable 2for the compounds LiN@
LiOH-H20, Li>CQOg, LiCl and LiF. The important proper-
ties of an additive are a low melting temperature (preferably
lower than that of Al metal (660.ZC)) and anions which can
be thermally removed during AIN synthesis. On the basis
of these two criteria, LIN@, LIOH-H,0 and LpCO3 were
selected as candidates.

Three Li-containing samples were prepared by mixing the
three selected Li-salts (0.5 mass% Li) with thepy2 pow-
der. Fig. 1 shows the AIN conversion curves of the three
Li-containing Al samples as a function of heating tempera-
ture. The conversion temperatures were 620, 640 and®45
in the samples containing LiIOH20, LiINO3 and LpCO;s,

100 —
80|
60|
a0

20

Conversion to AIN [%]

620
Heating temperature [°C]

680

Fig. 1. AIN conversion curves of samples containing LENQiOH-H,0
and LpCOz; (0.5mass% Li) as a function of heating temperature.

In order to determine the optimum amount of Li to be
added, samples of the 20n Al powder were mixed with
LiOH-H>0 in concentrations of 0.1, 0.5, 1.0 and 5.0 mass%
Li. The XRD patterns of these samples heated at°T75
for 8h are shown irFig. 2 In samples containing up to
0.1 mass% Li, the principal phase is Al with only a small
amount of AIN formed. In contrast, the XRD pattern of the
sample containing 0.5 mass% Li is very different, contain-
ing all the peaks of AIN and no Al peaks. With further in-
crease of Li up to 1.0 mass%, small peaks of Al metal are
present, together with a pattern identifiedyakiAlO 5. The
intensities of they-LiAIO > peaks become stronger with in-
creasing Li content up to 5.0 mass%. The AIN conversion
ratios of these samples are shown as a function of Li content
in Fig. 3 The Li addition is found to be very effective in en-
hancing AIN formation in concentrations up to 0.5 mass%,
the maximum conversion being >90 mass% in the 0.5 mass%
Li-containing sample. However, excess Li addition above
0.5 mass% causes a slight decrease of the AIN conversion ra-
tio. Thus, the optimum amount of Li-addition is 0.5 mass%.

3.4. Effect of the Al particle size

The effect of the Al particle size in Li-assisted AIN syn-
thesis was examined using the four Al powders with particle
sizes ranging from 3 to 150m. The AIN conversion curves
of the as-received and 0.5 mass% Li-containing samples are
compared in these four Al powdershig. 4a—d respectively.

In the 3 and 2@um samples, the AIN conversion curves do
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Fig. 3. Change of AIN conversion ratios in the 26 samples heated at
775°C for 8h as a function of Li addition.

not differ significantly by the addition of Li, with even a
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this was carried out gently by mortar and pestle for a short
time. These increases in the particle sizes are thought to be
responsible for their poor degree of AIN conversion even in
the presence of Li. This negative effect is observed in Fig. 1
because the 20 um Li00(20) sample without added Li but
similarly mixed by mortar and pestle shows only a small
amount of AIN even when heated at 775°C for 8h.

By contrast, Li additions to the coarser 100 and 150 pm
powders produce very much lowered AIN conversion tem-
peratures. The Li-free control samples show no AIN conver-
sion even when heated to 825 °C whereas the Li-containing
samples clearly show alowering of the AIN conversion tem-
perature. The starting temperatures of AIN formation in the
Li-containing 100 and 150 pm samples are about 600 and
750°C, respectively. Thus, the addition of a small amount
of LiOH-H,0 is especially effective in lowering the AIN
synthesis temperature in coarser Al powders. AIN synthe-
sis is therefore concluded to be possible below 800°C by

slightly higher starting temperature for AIN conversion be- addition of Li even in coarse Al powders.

ing recorded for the 2@m Li-containing sample. Since Al

powder, especially fine powder, adheres readily, increasing3.5. Characterization
the particle size during mixing, these Li-containing samples _ _ N
are thought to have undergone an apparent increase in their T0 examine the effect of Li addition on low temper-

particle size during the mixing with LiO#,0 even though
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Fig. 4. AIN conversion curves in as-received (Li00) and 0.5mass% Li-containing samples (Li05) as a function of heating temperature: (a) 3 .m sample,

(b) 20 wm sample, (c) 100 wm sample, and (d) 150 um sample.
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Fig. 5. DTA and TG curves of 0.5mass% Li-containing 20 um sample
(Li05(20)).

sample was analyzed by DTA and TG (Fig. 5). The DTA
curve shows clear endothermic peaks at 60 and 660°C,
attributed to the dehydration of LiOH-H,O and melting
of Al, respectively. The observed weight loss at 60°C is
0.9 mass%, smaller than the calculated weight loss for the
dehydration of LiOH-H,0 to LiOH (1.26 mass%). A weak
endothermic peak was also observed at 240°C with an as-
sociated weight loss of about 0.2—0.3 mass%. Although the
reason for this endothermic reaction is not clear, the com-
bined weight loss at 60 and 240°C is close to the calcu-
lated weight loss for dehydration of LiOH-H,0O. One other
strong and one weak exothermic peak was observed at 420
and 468 °C, respectively. The former is attributed to crys
tallization of y-LiAlO, but the reason for the latter peak
is not clear. The crystallization reaction is associated with
a weight gain of about 0.25mass%, thought to be due to
oxidation of Al during y-LiAlIO, formation. The TG curve
shows a gradual weight gain above the crystallization tem-
perature, attributed to nitridation of Al to AIN. DTA-TG
analysis therefore shows that the formation of y-LiAlO, oc-
curson the surfaces of the Al powders preceding AIN forma-
tion in the Li-containing sample. As suggested by Komeya
et al.>, this phase accelerates diffusion of N, in Al powder
and plays an important role in lowering the AIN conversion
temperature.

The crystallinity of the resulting AIN was evaluated from
the crystalite size measurements. Changes in the crystal-
lite sizes of the as-received and Li-containing (0.5 mass%)
samples (20 wm) are shown in Fig. 6 as a function of heat-
ing temperature. The crystallite sizes of the AIN from the
as-received samples range from 12 to 14nm while those
from the Li-containing samplesrange from 17 to 31 nm. The
crystallite sizes of the AIN from the Li-containing samples
are larger than those from the as-received samples and the
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Fig. 6. Changes of crystalite sizes of AIN products in as-received
(Li00(20)) and 0.5mass% Li-containing (Li05(20)) 20 um samples as a
function of heating temperature.

increased growth of crystallite size with higher heating tem-
perature is larger in the Li-containing samples. Thus, the
addition of Li is not only effective for lowering the AIN for-
mation temperature but also for enhancing the crystallinity
of the resulting AIN.

4, Conclusion

Theeffect of Li additionson thelow temperature synthesis
of AIN by direct nitridation was investigated using LiNOs3,
LiOH-H20 and Li,COs in conjunction with four Al powders
ranging in particle size from 3 to 150 um. The following
results were obtained:

(1) Of thethree Li-salts examined (LiNOs, LiOH-H,0 and
LioCOs), LiOH-H>0 wasthe most effectivefor lowering
of the AIN synthesis temperature.

(2) Li additionswerelesseffectivein lowering the AIN syn-
thesistemperaturein thefiner Al powders (3 and 20 um)
but were very effective with the coarser Al powders (100
and 150 p.m).

(3) Sincetheadded LiOH-H,Owasfoundtoform~y-LiAIO;
on heating at about 420°C, this phase is thought to play
animportant rolein enhancing N> diffusionto form AIN
at low temperature.

(4) Li addition was also effectivein producing an AIN prod-
uct of higher crystallinity.
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