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ABSTRACT

In this study, AIN powder of fine particle size and of high purity was synthesized by the carbothermal
reduction-mitridation of monodisperse, spherical AI(OH), which had been prepared by sol-gel method using
Al(O-sec-CsHe); as the slarting material. Depending on the mixing order and kinds of reducing agents, the
optimum condition for the preparation of AIN was deterrmned as follows. AIN single-phase was produced by
the carbothermal reduclion-niridation of (1) Benzene-washed Al{OH), and the reducing ageni, carbon, which
was mixed m a ball mill: for 5 hours at 1400C under NH; atmosphere; (2) The mixture prepared by hydrolysis
of alkoxide solution into which carbon had heen dispersed helorehand: for 5 hours at 135017 (3) AKOH),
Poly(furfuryl alcohol) composite powder: for 2.5 hours at 1350C , (4) The mixture of AI(QOH): and polyacrvlonit-
rile: for 5 hours at 1400C . Addition of CaF; increased the miridation rate when carbon or polyacrylonitrile
was used as the reducing agent; but il had no effect on the miridation rate when furfuryl alcohol was used
as lhe reducing agent,
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1. Imtroduction

Aluminum mitride (AIN) is very useful material
the field of electronics technology. It is expecied to
be applied for 1IC packages and substrates owing to
its high thermal conductivily (200 W/m-k) which is 5~

6 limes higher than thal of ALOs;, gh electrical resis-
Livity (R.T.>10° ficm), and low thermal expansion co-
efficient (4.4X10 4% ). But since the thermal canduc-
trvity of AIN decreases rapidly by the existence of even
small amount of impurities, high-purity starting mate-

rial 18 necessary. Also, to enhance the sinterahility, it
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is essential to use powder having a fine particle size,
a narrow particle size distribution, and minimal aggle-
meration' .

AIN powder is usually synthesized by the carbother-
mal reduction-miridation of a-Al:0; and this reachion
needs the high temperature above 1600C ™

The AQOH) powder prepared by solgel method™,
on the other hand, has several desiwrable properties
such as good reactivity due to high specific surface
area, high purity, and controlled particle morphology.
Therefore this powder may be caused to reduce the
reaction temperature. Unfortunately. previous studies®™
about synthesis of AIN by this process were not perfo-
rmed systematically and they do not provide sufficient
information on the effects of various experimental va-
riables such as the kinds of reaction pas and/or star-
ting material, kinds and mixing order of the reducing
agents, reaction temperature, reaction time and additi-
ves.,

In this work, monadisperse, spherical Al(OH}; prepa-
red by sol-gel method was subjected to the carbother-
mal reduction-nitridation 1o produce AIN powder at
low iemperature and, at the same lime, the effects
of experimental variables mentioned above on nitrida-
tion reaction were investigated. Alse, the effect of ad-
ditive, CaF, 1o the various syslems[Al(OH)-reducing
agents-NHz] on nitridation reaction rates was investi-
gated.

2. Experimental procedure

2.1. Preparation of AINOHY: by hydrolysis of Al(O-
sec-CyHy)s

Monodisperse, spherical Al(OH); was prepared via
sol-gel process reported previously by Oghihara et al."™.
First, 0.05 mol/l Aluminum sec-buloxide* (Al{(O-sec-
CiHy)s, ASB) was dissolved in n-octanol®* (50 vol%) at
60C and this solution was mixed with acetomlrile™
{40 vol%) and hydroxypropyl cellulose® (HPC} which
was used as dispersanl. Deionized water (molar ratio
of HyO/alkoxide=4) diluted in n-octanol {9 vol%)-buta-
nol** {1 vol%) was added to the alkoxide-octanol-aceto-
nitrile-HPC solution. In the mixed solution, the concen-
tration of octanol, butanol, and acetonitrile were b9,

*: Alfa Co. 99%
**: Aldrich Co., Reagent
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40, and 1 vol%, respectively.

Precipitation occurred quickly and the particles pre-
cipitaled in the solution were aged for 5 hours in a
water bath maintained at 25C . The precipitaled partic-
les were separated [rom the solvent using a centrifuge
and then dried at 110¢ for 24 hours.

2.2. Synthesis of AIN by the carbothermal reduetion-
nitridation

Al(OH3 thus oblained was subjected to the carbo-
thermal reduction-nitridation as follows 1o preduce
AIN; (1) mixing AI(QH}, with carbon by ball mill, (Z)
addition of carbon before the hydrolysis of alkexide,
(3) using furfuryl alcohol and polyacrylonitrile as a re-
ducing agent, (4) using addiive, CaFs.

221 Sample preparation

2.2.1.1. Mmxang ANOH); with carbon by ball mill

As the starting materials, Al(OH), benzene-washed
AIQHY,, calcined y-ALO; and o-ALO: were selecled.
Carhon black (99.93%) was used as a carbon source.
The starting material and carbon were mixed in 1:14
melar ratio. These powders and carbon werc mixed
by wet ball mill using plastic pol with alumma balls.
And then, powder mixlure was dried at 1000C . As the
reaction gas, N; gas, gas mixture of Na/10%Hs, or NH;
gas were used.

2.2.1.2. Addition of carbon before the hydrolysis of
alkoxide

The ratio of carbon lo alkexide was controlled in
an atomic ratio, Al/C=1:7. The carbon powder was
uniformly dispersed in acetomitrile by applying ulirase-
nic vibration. This was nuxed with 0.05 mol/ ASB/n-
actanol selution. Dewnized waler (molar ralio of HO
Jalkoxide=4) diluted m n-octanol-butanol was subse-
quently added to alkoxide solution at Lhe rate of 0.5
mi/min. The precwpitates formed by Lhe hydrolysis of
alkoxide were aged at 25C and separated from Lhe
solvent using a centrifuge. And then, the as-prepared
powders were dried

22.1.3 Using [urfuryl alcohol and polyacrylenmirile
as a reducing agenl, and using additive, Cal;

When furfuryl alcohol** (C,H,O(CH:OH)} was used,
the sol was formed by dispersing AKOH); ultrasomeally
m dilute nitric actd (1mf of HNO, in 90 mf of IO
Furfury] aleohol(molar ratio of [urfuryl alcohol/AKOH)
=4) was dissolved In the sol, which began to darken
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hecause of the polymerizahion. The reaction vessel was
placed m an oven 100C for 24 hours. A black, solid
product was ground to powder.

When polyacrylonitrile** (PAN} was vsed, PAN was
dissolved in dimethylformide® (DMIF) and to the resu-
ltant solubion was added ANOH); (FAN/AIKOH)=4:1
in weighl ratio). After AI(OH); powder was ultrasonica-
y dispersed, sol was dropped mio waler. At this time
dimethylformide dissolves into water, and powder con-
sisting of PAN and AI(OH),, precipitates. The precipita-
tes were separated by vacuum filtration.

To investigale the eflect of additive, CaF; on nitrida-
tion reaction rale, the samples from different reducing
agents and Caly, were mixed by wet ball milling for
24 hours. The content of CaF: was fixed at 3 wt%.

222 Nitndation veaction

The prepared powder mixture above was placed on
an alumina boai, which was mserled into the mddle
of mullite tube and heated up at 1000T o 1400C
m flowing reaction gas {flowing rate, 100 m{/min). Re-
sidual carbon m each product was burned out at 700C
for 2 hours in air. Fig. 1 shows Lhe flow chart of (lus

expenment.

AllO-sec-CyHs); solvent  n-octanol, acetonirile

dispersant HPC
Tefluxing 2k

Hydrolysis 57

BT, 50

Centrifugal separation

1
| Dy )

Muonodisperse, sphencal
AlOIIY; SEM

Mixing ANOH}» with

various reducing agenls

method. #ball milling
*addilion of carban belore hydrolysis
of alkoxides
+using furfuryl alcohol as a reducing agent
*using PAN as a reducing agent

Carboreduchon-nilridation | 1p007 ~1400T

Alurmnium nitrde

70T, 2 1
SEM, XRD
Fig. 1. Flow chart of cxperimental procedure for the

synthesis of AIN and its characterization.

A 313 A . F(1984)

2.3. Powder characterization

The powder morphology of AI{OH), and AIN were
observed by (he SEM and the parlicle size distribu-
tions of AI{QH); were measured by the laser particle
size analyser. Tthe degree of nitridaton reaction with
reaction condihion was investigated by the XRD.

3. Results and Discussion

3.1. Preparation condition of ANOH), powder

For the synthesis of AIN powder having fme particle
size and high purily, the optimum condition for the
preparalion of monodisperse, sphenical AKOH); powder
was determined by the variation of factors such as
ASB/H0 molar ratic, hydrolysis water adding rate,
aging temperature and fime.

The optimum condition found m this study are as
follows; ASB/TL;0 molar ratio 1:4; hydrolysis water
adding rate, 0.5 mi//min; aging temperature, 25T ; and
aging time; 5 hours. This powder having spherical
shape is shown in Fig. 2. The mean particle size of
11pm and a narrow particle size distribulion mainly
within the range of 0.3~3 um is observed in Fig. 3.

3.2, Mixing AI(OH); with carbon by ball mill

Fig. 2. SEM photographs of aluminum hydroxide pre-
cipitated by the hydroysis of AIO-sec-CiHgs.
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Fig. 3. Cumulative distribution for parbicle size analysis
of aluminum hydroxide.
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Fig. 4. XRD patterns representing the effect of reac-

tion gases on nitridation reaction at 1400C for

5h.

3.2.1. Effect of reaction gas on nitridation reaction

After the prepared AIQH); and carbon were mixed
by ball milling, the powder mixtute was subjecled to
the carbothermal reduction-nitridation in flowing reac-
tion gas at 1400°C for 5 hours, At this time, to investi-
gate the effect of reaction gas on nitridation, three ki-
nds of reaction gases-N, gas, gas mixture of Nu/10%H:,
and NH; gas-were selected.

Fig. 4 shows XRD patterns of samples produced hy
the variation of reaction gas. When N, gas or gas mix-
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Fig. 5. Relative wmlensity of main peaks of Al:Os; and
AIN in the XRD patterns vs. reaction tempera-
tures.

ture of Ny/10%H; was used, AIN peaks were detected
but mainly ©-ALQ; remained. On the other hand, only
AIN single-phase existed when NH; gas was used. It
is agsumed that the reaction was promoted by the de-
composiion'” of NH, as it would creale an environ-
ment of highly reactive nitrogen species.

From Lhis result, NH, gas was found 1o have good
reactivity and this gas was used in subsequent experi-
ments.

3.2.2. Eftecl of starting malerial en nitridation reac-
Lon

To investigate the elfect of starting material on nitri-
dation reaction, AI(OID);, benzene-washed AI{OH);, cal-
cined y-AlO, or a-Al,Q, were selecled as the starting
material. These powder and carbon were muxed by
ball milling, respeclively. The powder muxiures then
were subjected to the carbothermal reductien-nitrida-
tion w flowing NH; gas at 1000C and 1200C tor 10
hours and at 1400°C for 5 hours.

Fig. 5 shows the nitridation degree of slarting mate-
rials plotied aganst temperatures. The pitridatien de-
gree used 1n this paper is defined as relative intensity
(Lamacw/Tapoiz + Lankion) of mawn peak of AIN and n-Al,
0 in the XRD patterns. At 1000C, AIN was nol {or-
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Fig. 6. XRD patterns of carbothermally nitrided produ-
cts from bengzene-washed ANOH); and carbon
at various reaclion lemperatures for 5 h.

med at all. But, at 1200€C, AIN was formed only lor
henzene-washed ALOH),. At 14007, nitridation reac
tion was not completed for ¢-AlQ; only. As this result
shows, nitridation reaction was promoted when ben-
zene-washed AI{OH), was used as the starting material.
This behavior suggests that nitridation reaction was
favored by the elimmation of the weakly bonded water
molecule from the gel through washing m nonpolar
orgamc solvent, benzene®.

Benzene-washed AIOH); and NH; gas were deter-
mined to cerrespond to optimum conditions for syn-
thesis of AIN in thus process from the above-mentioned
results. The XRD patterns of synthesized powder with
the optimum conditon at 1300C, 1350C and 14007T
are shown in Fig. 6, and this figure shows that AIN
single-phase was obtained at 14007C.

3.3. Addidon of carbon hefore the hydrolysis ol alko-
xide

For uniformly mixed starting powders, the mixture
of A{OH); and carbon was prepared by the hydrolysis
of alkoxide in the presence of dispersed carbon pow-
der.

Fig. 7 shows the XRD patterns of samples produced

A 314 = 8 3.(1994)

LRI
Orr -ALOs

1400C

Intensity
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Fig, 7. XRT} patterns of carbothermally nitrided produ-
¢ls from addilien of carbon before the hydroly-
sis of alkoxide at various reaction temperatures
for 5h.

by the carbothermal reduction-nitridation of the mix-
ture in Nowing NH; gas at 13007, 13507 and 1400TC
for 5 hours. AIN single-phase was observed at 1350T.
Thus, nitridation reaction was completed at 50T lower
than m mixing AI(OH}y with carbon by ball mill. This
result might be due to the fine gramn size of starting
mixture and the uniform mixing.

3.4. Using furfuryl alcohol and polyacrylonitrile as
reducing agent

Cxide powders with ultrafine particle size and mini-
mal agglomeration can be made by controlled precipi-
tation of oxide precursors followed by calomation, How-
ever, non-oxide precursor 1s usually nol precipitated
directly. and the very high reaction temperature nee-
ded to make non-oxide can cause growth and aggrega-
tion of particles during reaction. To solve this problem,
Silverman'? reported new synthesis process, This pro-
cess was lo trap colloidally dispersed particle of an
oxide precursor by an in situ polymerization in the
dispersion medium and then heal the resulling compo-
site to pyrolyze the polymer and carbothermally reduce
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Fig. 8. XRD patterns of carbothormally mtrided produ-
cts from Al(OH)/poly(furfuryl aicohol) compo-
site powder at various reaction temperalures
for 5h.

the entrapped particle. The polynier thus acts hoth to
isolate the particles during reduction, limiting growih
and agglomeration, and to serve as the carbon source
for reduction.

Al(OH)s/furfuryl alcohol system was chosen to make
Al(OH},/polymer compaosite, AIOH); powders disperse
in dilute nitric acid to form a sal, Furfuryl aleohal poly-
merization 15 acid catalyzed. Furfuryl alcohol was dis-
solved in sol which began to darken because of the
polymerization of the furfuryl alcchol.

Fig. 8 shows XRD patterns of samples produced by
the carbothermal reduction-nitridation of the AIOH);
/poly(furfuryl alcaliol) composile powder in flowing
NH; gas at 1300, 1350C and 1400C for 5 hours.
AIN single-phase was observed at 1350 . It is assu-
med that ithe reduction effect was impreved by trapped
ANOH); particle in glassy carbon'®, which was made
by the pyrolysis of polymer obtained by the polymeri-
zation of furfuryl alcohol

Secondly, Al(OH}/polyacrylonitrile (PAN} system!
was subjected to carbothermal reduction-nitridation
process under NH; gas at 13007, 13507 and 1400
for 5 hours.
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Fig. 9. XRD patterns of carbothermally nilrided produ-
cts from AI{OH); and palyacrylonitrile at various
reaction temperatures for 5h.

Fig. 9 shows XRD patterns of samples produced by
this process. At 1350, XRD patterns revealed high
concentration of AIN and a-AlLO, 1n the reduced and
nirided material. However, Al{OH} was completely
canverted ta AIN al 1400TC.

From these result, it can be concluded that the trap-
pmg of ANOH), particle in glassy carbon fermed by
using furfuryl alcohol increases the contact area and
improves the reduction elfect, and makes it possible
to synthesize AIN at lower lemperature than in using
PAN.

3.5, Effect of reaction time on nitridation reaction

From the resulls up to naw, the addition of carban
betore the hydrolysis of alkexide and using furfuryl
alcohol 2s a reducing agent, were selected to investi-
gale the effecl of reaction time on nitridation reaction.
The samples prepared by these processes were subjec-
ted to carbothermal reduction-nitridalion al 1350C and
XRD analysis.

Fig. 10 shows the miridation degree of samples plot-
ted against fime. In using the addition of carbon before
the hydrolysis of alkoxide, nitridation rate was slow;
Nitridation reaction look b hours to complete. Howe-
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Fig. 10. Relative inlensity of main peaks of Al,Oy and

AlIN in ihe XRD patterns vs. reaction time al
13507 .

ver, the niridation rate in using furfuryl alcohol was
ahout 2 limes as fasl as thal ot using the addition of
carbon hefore the hydrolysis of alkoxide, This behaviar
mught be due to improved reduction effect in using
furfuryl alcohol for reasens previously mentioned.

3.6, Effect of additive, CaF, on nitridation reac-
tion

When AIN powder was synthesized from the ALOs
C-N; system, the apparent activation energy was redu-
ced to 190 kcal/mel from 250 keal/mol by the addition
of CaF.,'®. CaF, was not only an excellent nitridation
promoter but also strongly affect AIN grain morpholo-
gies providing spherical AIN particles.

Addition of additive, CaF, could show same additio-
nal effect; decrease in impurities such as ox¥gen in
AlM grains can be expected, and furthermore presence
of Ca-compounds, may contribute to the densification
promotion in AIN sintering.

Fig. 11 shows the effect of additive, CaF. on mitrida-
tion reaction rate for the preparation of AIN from the
ANOH)-reducing agent-NHj system. The elfect of CaF;
appeared to be mfluenced by the kind of reducing
agent. If CaF: was added when carbon was used as

A3t A8 E(1994)

® AN
Gt a-AlOs

Intensrty

&r
g

0

40 n 20
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Fig. 11. XRD patterns of carbothermally nitrided pro-
ducts from ANOH);-reducing agent and AOH);-
reducing agent-CaF, system.

{ay *AlOH)scarbon-CaF; at 1350T for 25h
(b) “AI(OH),-carbon at 1350C for 25h

(c) AI(OHY-PAN-CaF, at 1400C for 25h
(d) A{OH),-PAN at 1400C for 25h

(e) ANOH)s-furfuryl alcohol-CaF, at 13507 for
15h

{0 ANOH):-furfuryl alcohol at 1350% for 15h
{*: produced by the addition of carbon hefore
the hydrolysis of alkoxide)

a reducing agent, mtridalion reaction was promoted
and completed withm 2.5 hours at 1350 . If Cal, was
added when PAN was used as a reducing agent, XRD
patterns show relative ntensities of AIN to o-ALUs
increased suggesting nitridation rate is promoted. On
the other hand, no effect of CaFs on the nitridation
reaction was observed when furfuryl alcohol was used.
This result might be due to inhibition of the reaction
between AI(QH)s with CaF» by the trapping of AI(DH):
in a polymer matrix when [urfuryi aleohol is used,
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(f)

Fig. 12. SEM photographs of AIN produced from Al(OH);-reducing agent and Al(OH)-reducing agent-CaFy sys-

tem.
(a) AI(QH)-carbon (by ball milling), 1400T

(b) AlIOH)s/poly (furfuryl alcohol) composite powder, 13507

(c) *ANOH):-carbon, 1350C

{d) *Al(OH)y-carhon-CalF,, 1350T
(e} AI{QH),-PAN, 13507

() AKOH),-PAN-CaF,, 130T

{*: produced by the addition of carbon hefore the hydrolysis of alkoxide)

3.7. SEM observation of prepared AIN powder

The SEM photographs in Fig. 12 shows the particle
size, shape and the state of agglomeration of AIN pow-
der produced hy several processes used in this study.

In AIN powder produced from the mixing AIOH);
and carbon by ball mill, particle size was about 0.2~0.3
um and agglomeration of spherical particles were ob-
served. But, when carbon was added before the hydro-
lysis of alkoxide, AIN powder with particle size of sma-
ller than 0.1 pm and a narrow particle size distribuhbion
was obtained. Also, the particles had spherical shape
and slightly agglomerated. When AIN powder was pro-
duced by using furfuryl alcohol as a reducing agent.
particie size distribution was narrow and shape was
spherical, although particle size was about 0.3 ym. On
the other hand, in PAN, large particles were observed
and particle size distribution was broad.

In case of CaF: addition, particles grew and agglo-

merated. When CaF: was added to the mixture prepa-

-900-

red by the addition of carbon before the hydrolysis
of alkoxide, spherical particles were obtaimed but the
particle size became larger and particles agglomerated.
But when CaF:, was added (o the sample obtained
when PAN was used as the reducing agent, the particle
size hecame larger, its distribution hecame narrow and
the particles with polyhedral shape were oblained.

4. Conclusion

AIN powder was synthesized by the carbothermal
reduction-nitridation of AlOH), prepared by sol-gel
method, and the effect of experimental variables on
nitridation reaction was also investigaled. Conclusions
oblained from this study as follows.

(1) Preparaton of menodisperse, spherical AIOH);
having the mean particle size of 1 pm from Al(O-sec-
C.Hg); was made possible by the controlled hydrolysis
in the mixed solvent consisling n-octanol and acetonit-
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rile, The preparation condition ohtained are as follows;
ASB/H:O molar ratio, 1:4; hydrolysis water adding
rate, 0.5 mi/min; aging iempetature, 25C; and aging
time, 5 hours.

(2) NH; gas was the most effective reaction gas for
the synthesis of AIN. Among starting materals such
as AIOH)., benzene-washed Al(OH);, y-AL0s and a-Al:
s, benzene-washed ANOQH); had the lowest starting
temperature ol nitridation reaction.

(3) In the addition of carbon hefore the hydrolysis
of alkoxade, AIN powder with uniform particle size (0.1
um helow) was synihesized at lower temperature (1350
T, 5 hours) than in the mixture of benzene-washed
Al{OH); and carbon by ball mill.

(4) When [urfuryl alcohol was used as the reducing
agent rather than polvacryonitrile, nitridation reaction
proceeded fast and completed in 2.5 hours at 1350TC.

(5) When additive, CalFf; was used, reaction rate was
not affected when furfuryl aicohol was used as the
reducing agenl, but accelerated when carbon and poly-
acrylonitrile was used as the reducing agent.
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