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Hydrolysis behavior of aluminum nitride
in various solutions

S. FUKUMOTO

Department of Materials Science and Engineering, Faculty of Engineering, Himeji Institute
of Technology, 2167 Shosha, Himeji, Hyogo 671-2201, Japan

E-mail: fukumoto@mse.eng.himeji-tech.ac.jp

T. HOOKABE
Himeji Institute of Technology, Graduate school, 2167 Shosha, Himeji, Hyogo 671-2201, Japan

H. TSUBAKINO
Department of Materials Science and Engineering, Faculty of Engineering, Himeji Institute
of Technology, 2167 Shosha, Himeji, Hyogo 671-2201, Japan

The AIN powder was immersed in deionized water, HCI ag, NaOH aq and H3PO, aq to
investigate their hydrolysis behavior at 283 to 373 K. The pH of the solutions were not
varied at the initial stage in the case of deionized water, and they increased abruptly after
the incubation time with evolution of NH;. Time until the evolution of NH; decreased with
increasing temperature. The hydrolysis at the higher temperature was different from at the
lower. Below 351 K a crystalline bayerite was produced on the surface of AIN particle, while
a crystalline boehmite was produced at higher than 351 K. The AIN powder was hydrolyzed
more efficiently in HCl aqg and NaOH aq compared with in the deionized water. While,
H;PO, aq restrained hydrolysis of AIN powder. © 2000 Kluwer Academic Publishers

1. Introduction is a problem of how to efficiently react AIN with wa-
Environmental problems are expected to become morter. AIN is a useful electronic substrate and refractory
serious in the 21 of century, and establishment of anaterial because of its excellent electronic and phys-
recycling system will be required to save energy andcal properties of high thermal conductivity and high
materials. Only 3% of the electrical energy needed tcelectrical resistivity, and good mechanical properties at
make aluminum from bauxite is necessary to make sediigh temperature. The effect of moisture on the surface
ondary aluminum from aluminum scraps. Aluminum properties and dielectric properties have been reported.
and its alloys are thus typical recyclable materials, and/oung et al. reported the corrosion behavior of AIN
so the establishment of an aluminum recycling systensubstrate in various acidic and basic solutions [2]. Con-
is quite urgent. There are several problems, howeveditions of effective protection of AIN powder against
among which is the treatment of aluminum dross. Alu-moisture were evaluated by statistical analysis by Hotza
minum dross is a kind of scum formed on the surfaceet al. [3]. Srivastaveet al. reported that dielectric con-

of molten aluminum; it contains the compounds®4,  stant of AIN increased after exposure to acid (HCl and
AIN, MgN, KCI, MgO, Fe0q4, Al»S3, Al4Cs, and oth-  HNOgz) vapours [4]. Bowet al. reported thatinitial re-
ers in addition to aluminum. Approximately 50% of the action product of AIN in water was found to be a porous
aluminum dross is now used as a fluxing agent for steelamorphous AIOOH and then changed to a crystalline
making and the rest is treated as industrial waste. Th&l(OH)3 [5]. The improvement of water resistance of
compounds AIN, MgN, A|Cz, and AbS;, however, re-  AIN has been investigated in the electronic field. How-
act with water, that s, rain, and then harmful gases suchkver, there are few studies on how the hydrolysis can
as NH;, CH,, and BS evolve. Moreover these reactions be completed quickly.

are exothermic in most cases, so that they can be ignited In this work, the hydrolysis behavior of AIN was
in addition to having an unpleasant smell. The hydroly-investigated when itwas immersed in agueous solutions
sis of aluminum nitride (AIN) in these reactions is cur- of various pH. The reaction mechanism of AIN with the
rently the major problem. Because the reaction betweesolutions is discussed.

molten aluminum and atmospheric nitrogen has nega-

tive Gibbs energy below 2836 K [1], AIN is present

in most aluminum dross. Since the dross is now dis2. Experimental

posed of after pre-treatment in water, 90% of AIN mustCommercial AIN powderand AIN in bulk which was

be hydrolyzed to neutralize its harmful effect. Thus it sintered from the powder were used. The specifications
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TABLE | Chemical composition of AIN powder (ppm) 12 . 12
AIN Ca Mg Si Cr Fe Ni Zn 10 _ 10 g
Bal. 20 10 120 40 10 20 20 8 18 §
.............................. 1 c
1 [0}
L 6 16 ¢
8
of the AIN powders is as follows: average particles size 4 pH O Calculated pH 14 <
0.5 um; density 1630 kg/r specific surface area 4— o [| A NHa*concentration 12 =
6 mP/g. The chemical composition of the powder is 0 , ] 0
shown in Table I. /
o 10 16 10° 1¢¢ 10 10°

The AIN powder and bulk were immersed in deion-
ized water (pH 6.0-6.4), NaOH aq (pH 10), HCI aq Time /s
(pH 2.2) and HPO, aqg (pH 2.5) at various tempera- Fioure 2 C ration of N against on time (318 K)
tures from 283 to 373 K. Specimenflog were dipped ~ "'9ure < ~oncentration of i againstimmersion ime '
in 200 mL solutions. The pH values of the solutions

with increasing immersion time were measured. Thgnhe AN particle. Thus the maximum pH at 318 K and
poyvders were taken out of the solutions by flltermg SO-ahove is higher than that below 299 K. The decrease
lutions through a membrane after the tests. The filtereg}, pH after reaching the maximum was caused by the
powders were identified by X-ray diffraction (XRD) gissolution of CQ gas in the solution. This behavior
analysis. The specimens were observed by scanningas confirmed by a blank test in which deionized water
electron microscopy (SEM) before and after the im-gi404 in an air atmosphere at room temperature.
mersion tests. In addition, ammonium ion concentra- A commercial water analysis examination of ammo-
tion of the solutions was measured by a commerciahi,m ion (NH}) was performed to identify the AIN
water analysis examination. The measurable range wag qrolysis. Since the ammonia smell was identified as
0.5 to 10 ppm of Ni. described above, NHion must be dissolved into the
solution according to the following equation.

3. Results i _

NH H,O < NH OH 1
3.1. Behavior of hydrolysis 3+ H20 <« NHy + 1)
Fig. 1 shows the time-dependent pH as a function of the (NHz 4+ H" < NHJ)

duration of the hydrolysis process for an AIN-deionized

water suspension. The pH was not varied at the iniThe concentration of Nfi against the immersion time
tial stage and subsequently increased with an ammonigt 318 K is shown in Fig. 2, where the calculated pH
smell. The incubation time, denoted as the critical timevalue from the NH concentration is also shown. The
(tc), decreased with increasing solution temperaturechange in Nlj‘ concentration corresponded to that in
The pH reached the maximum value of approximatelypH. No reaction except the AIN hydrolysis occur since
10 below 299 K of solution temperature and of 11 overthe measured pH also corresponded to the calculated
318 K, and then gradually decreased passing througpH from the NI—K concentration.

the peak. The reason the maximum pH values below Fig. 3 shows SEM micrographs of as received AIN
and at 299 K were less than those over 318 K is agpowder and after the immersion tests at 299 K and
follows. It has been reported that aluminum oxide or373 K. All immersed powder was extracted after the
a hydroxide thin shell was formed on the surface ofpH reached a saturation value. The surface of as re-
the AIN core at room temperature [5—7]. The shell thusceived AIN powders was smooth and their morphology
acted as a hydrophobic coating, and prevented furtheg approximately spherical (Fig. 3a). The powder after
reaction of the AIN with water. At higher temperature the immersion test at 299 K had an angular morphology
the water might penetrate smoothly and quickly insidg(Fig. 3b). The particle size increased because of being
secondary particles and the morphology was angular;
these powders had a rough surface. The surface mor-
phology of the immersed AIN powder at 373 K (Fig. 3c)
was irregular and was quite different from Fig. 3b. The
hydrolysis behavior of AIN at lower temperature is most
likely different from at higher temperature. So Iri(d)

was plotted against the reciprocal of the absolute tem-
perature (1T), that is, an Arrhenius plot, as shown in
Fig. 4. Slope of the straight line changes at approx-
099K --+--343K-A-363K imately 350 K. Namely, the hydrolysis mode below

, - ‘ —— , 350 K is different from that over 350 K.

10 1¢ 1¢ 1d¢ 1¢ 1F 10 All powders were identified by X-ray diffraction
analysis as shown in Fig. 5. A little AIN which had not
reacted with water remained in each immersed powder.

Figure 1 Hydrolysis of AIN powder as a time function in deionized .Crystall.ine bayerite, Al(OH) was identif!ed after th_e‘
water. immersion test at 318 K. While crystalline boehmite,

- 283K —A=318K-0-353K—8— 373K
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Figure 3 Microstructures of as received and immersed AIN powders. (a) As received (b) After immersion at 299 K (c) After immersion at 373 K.
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Figure 4 Arrhenius plot of AIN powder hydrolysis. g O ° o0 o
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AIOOH, was produced after the immersion at 373 K. In= 29 o) .
the immersion test at 351 K, both phases, Al(@&hd L L1 L L
AIOOH, were identified. Therefore, the following two o  Immersionat373 Kfor14.4 ks
reactions can be considered below and over approx ° °
mately 351 K:
AIN + 3H,O — AI(OH); + NH3z (T < 351K) 00 Yo .'O R
) PASMWANRIA B o2
20 4 50 60 70 80
AIN + 2H,0 — AIOOH + NH; (T > 351K) 80 40 90
3) 20 /degree (CuKa)

. . . Figure 5 X-ray diffraction analyses of as received and immersed AIN
Bowenet al. reported that the reaction taking place in powders.

deionized water at 298 K is [5]
AIN + 2H20 — (AIOOH)amorphoust NHz - (4) It has been reported that the amorphous boehmite was
produced after 28.8 ks immersion in water at room
As the NH; was ionized in water, the pH was raised temperature, and then changed to a crystalline bayerite
according to Equation 1. The amorphous AIOOH after 57.6 ks immersion [5]. In the present study, the
(boehmite) changed to a more stable phase, i.e. crygmorphous boehmite was not identified since the im-
talline AI(OH); (bayerite) at room temperature by the mersion test was performed for over 100 ks. That is to
following equation: say, the amorphous boehmite might have changed to a
more stable phase of crystalline boehmite during the

(AIOOH)amorphous+ H20 — AI(OH)3crystalline (5) immersion.
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Figure 6 Hydrolysis of AIN bulk substrate as a time function.

The immersion test of AIN bulk materials was car-
ried out to investigate the effect of surface area of AIN
on the hydrolysis and the result of pH change is shown
in Fig. 6. The total surface area of AIN powder (1 g)
is approximately 5 rfy while that of the AIN bulk sub-
strate (1 g) is 2.% 10~* m?. No marked pH increase
was noticed even after 100 ks at 299 K. At 373 K the pH
value slightly increased to 8. The maximum pH value
was also low in comparison with that of AIN powder at
373 K. Fig. 7 shows surface microstructures of AIN bulk
substrate after the immersion tests, and Fig. 8 shows the
XRD analysis of AIN bulk substrate after these tests.
Although by the XRD analysis no compound was iden-
tified except AIN after the immersion test, the surface
morphology after the immersion at 373 K was irregu-
lar and was similar to that of the immersed powder at
373 K (see Fig. 3c). Therefore, it is believed that the
hydrolysis behavior was the same. The same reaction
would occur at 299 K after a longer immersion time
although almost no change was identified. Since the re-
action would occur on the extreme thin surface layer,
only a minimal amount of bayerite or boehmite was
present unidentifiable by XRD analysis. The hydroly-
sis reaction of AIN progressed quickly for AIN powder
which had larger surface area because there was greater
contact area.

3.2. Effect of solutions Figure 7 Microstructures of as received and immersed AIN bulk. (a) As
The AIN powders were immersed in acidic and basicreceived (b) After immersion at 373 K.

solutions, HCI aqg, PO, aq and NaOH ag, and the

results of pH change are shown in Fig. 9. The pH value$rom reactions (6) and (7), the overall reaction is
increased to approximately 11 in the case of HCI aq

and NaOH ag. In the deionized water the pH value AIN + 4H,O —— AI(OH)3 + NH4OH  (8)
increased up to 9, while it was unchanged P, aq (NaOH)

solution. After the immersion test, Al(Okljvas mainly . .

identified in the cases of NaOH ag and HCI ag, whileThat is to say, NaOH acts as a catalytic agent to ac-
for the deionized water a slight amount of AIN changedc€lerate the AIN hydrolysis. While although Young [2]
to AI(OH)3 at 299 K. Younget al. reported that in the also reported that only several atomic layers of AIN

AIN substrate plate immersion test in NaOH ag., theSubstrate surface are etched off in acid solutions, in
following reactions (6)—(8) occurred [2]: the present study the hydrolysis of AIN powder was
accelerated more than in the deionized water. Because

aluminum was dissolved in acidic and basic solutions as
2AIN + 2NaOH+ 8H,0 Al and AIG;, respectively on the basis of potential-
— NapAl,04-6H,0 + 2NH3 (6)  pH equilibrium diagram [8]. Therefore, the hydrolysis
NaAl,O.-6H,0 of AIN powder was promoted in NaOH ag and HCl aq.
@A1204-0M2 Onthe other hand, in the case offfD; aq, phosphate
— 2NaOH+ 2AI(OH); +2H,O  (7)  may have been produced onthe AIN surface and acts the
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Figure 8 X-ray diffraction analyses of AIN bulk substrate.
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Figure 9 Effect of solutions on AIN hydrolysis at 299 K.
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Figure 10 Gibbs standard formation energy.

No thermodynamics data of bayerite could be found,
so the data on gibbsite (AD3-3H,0) which is thought

to be almost the same was used in the following calcu-
lation. The standard formation Gibbs energyQ;) of
bayerite and boehmite is shown in Fig. 10 [10]. Both
AG; are negative in the range of 283 to 373 K. The
Gibbs energy changes of Equations 9 and 10 are calcu-
lated using next equations,

AG(g) = AGy(Al,03-3H,0) + 2RTIn (A,

— 2AG{(AIN) — BAG{(H,0)  (11)
AGg) = AGy(Al303-H,0) + 2RT In (iyp.)
— 2AG{(AIN) — 4AG{(H,0)  (12)

where @n, is NHz partial pressure. Substituting each
value into Equations 11 and 12, we obtain the next
conditions when thé\ G are negative, that is, both the
reactions will be able to occur.

coating layer, so that almost no hydrolysis took place.

This might be the same reason that the TOYALNITE
that AIN powder was treated in phosphoric acid showed

good protection ability [9].

4. Discussion
4.1. Thermodynamics

The molecular formulas of bayerite and boehmite cor-
responding to the rational formula of Al(Ok)and
AIOOH, are ALO3-3H,O and AbO3-H,O, respec-

tively. Equations 6 and 7 are rewritten as follows:

2AIN(s) + 6H20(l) — Al,03-3H,0(s)+ 2NH3(g)

(9)

2AIN(s) 4+ 4H,0(l) — Al,03-H,0(s)+ 2NH3(g)

(10)

pnH, (in Equation (9))
<3.0x10?[Pa] (T = 298K)
pn, (in Equation (9))
<16x10%%Pa] (T=373K)
PnH, (in Equation (10))
<1.2x10%°Pa] (T=298K)
pnH, (in Equation (10))

<29x10%Pa] (T=373K)

These critical values are extremely larger than the at-
mospheric pressure (1 atm1.0 x 10° Pa). Therefore,
both reactions of Equations 9 and 10 could have oc-
curred at the temperature of the present study.
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5. Conclusions

AIN powder and bulk substrate were immersed in
deionized water and in various acidic and basic solu-
tions. The reaction behavior of AIN with water yielded
the following results.

1) Highertemperature and larger surface area of AIN
caused more efficient acceleration of the hydrolysis.

2) The hydrolysis behavior changed at 351 K. Below
351 K crystalline bayerite and NHwere produced,
while crystalline boehmite and NHwvere produced a

300 320 340 360 373

Temperature (K)

273 280

Figure 11 Gibbs energy change from gibbsite to boehmite.

above 351 K.

3) The hydrolysis of AIN powder was accelerated in

NaOH aqg and HCI aq in comparison with in deionized
water. While, HPO, aq restrained hydrolysis of AIN

powder.
Next, the following reaction should be considered:
Al03-3H,0(s) — Al203-H,0(s)+ 2H0(1)  (13) References
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