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ABSTRACT

Aluminum nitride, AIN, is an important ceramic 
material for high thermal conductivity applications such as 
electronic packaging. Although the use of water in the 
ceramic processing of AIN is an important economic 
advantage, AIN readily reacts with water to form hydroxide 
phases and ammonia. However, the kinetics of AIN hydrolysis 
below the boiling point of water have not been extensively 
investigated.

In this research, the kinetics of hydration of AIN 
powder beds by vapor and liquid water have been studied 
through three experimental methods: pH change, gravimetric 
measurements, and quantitative analysis by X-ray 
diffraction. The reaction between AIN and water vapor is 
extremely slow below 75 °C, but is strongly accelerated if 
condensed water is present. In contrast, the reaction of 
AIN with liquid water is fast, and strongly affected by 
temperature, with an apparent activation energy of 85 
kJ/mol. However, the extent of the hydration is limited by
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water evaporation and water accessibility to AIN particles. 
These two effects were studied separately.

A  second-phase-spacing-filling model was developed to 
explain the effect of water accessibility on the kinetics 
of the hydrolysis reaction. It was found that the 
hydrolysis of AIN is initially controlled by surface 
chemical reaction. As the reaction proceeds, AIN particles 
are progressively locked inside a hydroxide product shell, 
preventing completion of reaction.
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1. INTRODUCTION

To date, the most used ceramic material for electronic 
substrates is aluminum oxide. However, the thermal 
conductivity of aluminum oxide is not high enough to be 
employed in high power-density electronic packages, which 
are used in modern electronic devices. Aluminum nitride is 
a promising material for these applications since its 
thermal conductivity has an upper limit of approximately 
300 W.m"1. K"1. A  competitive high thermal conductivity 
material is beryllium oxide.

The thermal conductivity of AlN decreases as its 
oxygen content increases,1 therefore the ceramic processing 
of AIN must include efficient control of the oxygen 
content. This complicates the processing of AIN and makes 
it expensive (approximately 60.00 US $/lb). At the same 
time, the processing of BeO requires severe environmental 
precautions due its toxicity. Thus, the commercial use of 
both of these materials in electronic, structural and 
refractory applications is still limited and dependent on 
the development of new technology that may ultimately lower 
their prices. Nevertheless, AIN is a better candidate.
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since it lacks the toxicity associated with beryllia.

The oxygen content of AIN powders linearly increases 
as its surface area increases.2 Thus, an optimal 
combination between the oxygen content and sinterability of 
AIN powders has been adopted by the industry. Another 
serious problem of AIN is its rapid degradation when 
exposed to liquid w a t e r . The hydrolysis reaction of AIN 
results in formation of hydroxides and ammonia, and it is 
strongly exothermic. It is also possible that AIN 
hydrolyses over time when exposed to atmospheric moisture, 
resulting in a higher oxygen content and reducing the shelf 
life of the powder. Because of this, most AIN components 
are currently fabricated using dry pressing, tape casting 
or roll compaction methods, which are typically organic- 
solvent based. Aqueous processing of AIN would be more 
suitable for high volume ceramic processing applications 
since it would eliminate the problems associated with the 
handling and recovery of nonaqueous solvents.3

In this research, a fundamental understanding of the 
kinetics of hydrolysis of AlN powder beds below 100 °C is 
sought, which can contribute to assessing potential 
improvements to aqueous processing.
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2. LITERATURE SURVEY

Not many studies on the kinetics of the reaction 
between AIN and water at low temperatures were found in the 
literature. The following are the most relevant to this 
research.

P. Bowen et al4 studied the kinetics and mechanism of 
the degradation of AlN powder dispersed in excess of water 
at room temperature from 2 to 24 hours of residence. The 
oxygen content increased to 10 w/o in 4 hours. In 24 hours, 
80% of the AIN was converted to aluminum trihydroxide,
A l (O H )3, with amorphous aluminum monohydroxide, AlOOH, 
being the hydration product up to 16 hours of reaction. The 
kinetics of the AlN consumption was first order with a 
linear reaction rate. The unreacted core model where the 
surface chemical reaction is rate controlling was found 
adequate to describe the data.

A. Abid et al5 investigated the oxidation resistance 
of AlN powder in hydrogen peroxide solutions and found no 
reaction at the boiling point in 10 minutes nor at room 
temperature in 24 h o urs. In liquid water at 100 °C AlN was
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100% converted to AlOOH (boehmite) in 10 minutes .

S. Hayashi et al 6 studied the hydration process of 
ultrafine AIN powder (< 200 run) with liquid water at room 
temperature for 48 h o urs. From the view point of Al 
coordination, the hydrolysis of AIN might be considered to 
proceed according to the following steps :

a b
A1N 4 -* AlNxOy - A10 6

where x + y = 4,5, or 6 . However, it was found 
experimentally that step b is much faster than step a. 
Therefore, the AlN hydration reaction resulted in a mixture 
of Al(OH ) 3 and unreacted AIN, containing no detectable 
amounts of intermediate compounds.

T. Sato et al 7 evaluated the oxidation resistance of 
hot pressed AlN in dry and humid atmospheres at 110 0 to 
1400 °C for up to 50 h o urs. The AlN coupons were oxidized 
in dry and wet air and in wet nitrogen. The partial 
pressures of water were 1.5, 5, 10, and 20 kPa. AlN coupons 
were stable in wet N 2 (pH20 = 20 kPa) below 1150 °C for 50 
h o u r s . Above this temperature a film of a-Al 20 3 was formed 
on the surface. The oxidation rate in wet nitrogen was much 
larger than that in wet air, indicating that the
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predominant oxidizing agent was water vapor, rather than 
oxygen. The oxidation kinetics in dry/wet air were 
parabolic and controlled by diffusion of water through a 
dense alumina film, in wet nitrogen, the kinetics were 
linear below 1250 °C, with formation of a porous alumina 
film and surface chemical reaction controlled. The kinetics 
were parabolic above 13 5 0 °C since a dense alumina film is 
formed and diffusion of water is the controlling step. An 
apparent activation energy of 250 kJ/mole was found, and no 
significant effect of water vapor pressure was observed.

Y. Pauleau et al 8 found Al 203 as the solid product of 
the hydrolysis of AlN films deposited by cathodic 
sputtering. After dipping these films in boiling water for 
1 hour, the atomic ratios O/Al and N/Al, determined by 
Rutherford Backseattering Spectroscopy - RBS analyses, were 
0.66 and 0, respectively. The authors also suggested that 
the hydrolysis of AlN by atmospheric moisture at room 
temperature incorporates oxygen atoms bonded to aluminum 
atoms under the form of A1 20 3 . As a result, alumina forms a 
passive coating which protects the material from further 
attack by water vapor.

K. M. Taylor et al 9 investigated the corrosion
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resistance of AIN single crystals. These crystals were 
immersed in water at room temperature for several months 
and the authors did not notice any apparent effect on them. 
Hot pressed at 2000 °C and 5000 psi AlN specimens (0.25 x
0.5 x 0.5 inches) immersed in 600 ml boiling water for 72 
hours exhibited a corrosion rate of 14 mils/year, which was 
considered low.

According to G. A. Slack et al10, AlN is unstable in 
air at room temperature , as is aluminum metal. Both react 
with moisture and/or oxygen in the air to form a surface 
layer of aluminum oxide. This layer is protective and 
retards further oxidation. The authors made measurements 
using neutron activation on high surface-area AlN powder, 
supplemented by optical ellipsometry on single crystals, 
and found that an oxide thickness of 5 to 10 run forms in 
one day on the surface of AIN exposed to air at room 
temperature.

G. Long et al 11 found that AlN lumps were reactive to 
moisture, particularly during grinding when fresh surfaces 
were exposed. A  material that analyzed 92.1% AlN as made, 
analyzed only 57.5% after ball milling for 72 hours in 
commercial methanol that contained traces of moisture. The
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presumed product of the reaction was alumina; When 
investigating the effect of oxidizing atmospheres on the 
oxidation resistance of AIN test bars (1- cm cubes), these 
authors found no attack at 700 °C in both wet and dry air 
for l hour (the partial pressure of water used is not 
mentioned). Slight attack was detected at 1000 °C. Only at 
1200 °C, appreciable attack occurred and 11.2% conversion 
to A1 20 3 was calculated by weight change.

More recently, E. A. Groat et al 3 announced the 
development of AlN powders with high hydrolysis resistance. 
The reactivity of water-resistant aluminum nitride powders 
(AlN-WR) was reduced by modifying the surface chemistry to 
form a hydrophobic surface. This hydrophobic surface 
inhibits the contact between AlN and water, thereby 
minimizing hydrolysis. These powders are stable in direct 
contact with water for hundreds of hours, thus allowing a 
useful period of time for aqueous slurry processing 
methods. Some AlN-WR powders remained stable for longer 
than 2000 hours at 40 °C. This is potentially useful for 
applications where a long shelf life or severe control of 
the oxygen content is necessary.

The authors also reported the successful fabrication
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of AlN sintered parts, starting with aqueous- processing 
techniques and finishing with slip casting, tape casting, 
roll compaction, extrusion, and spray drying. The 
hydrophobic nature of the surface of the AlN-WR powders was 
controlled by adding a wetting agent (polyvinylacetate - 
PVA binder) such that appropriate rheological properties 
for the slurry were achieved.
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3. THERMODYNAMICS OF THE HYDRATION OF AlN12'13

The hydration of aluminum nitride can be expressed by 
the following reactions :

A1N(B) + 3/2 H20 (g) = 1/2 a-Al203(s)+ NH3(g) AG°r= -48570 - 54. 69T (1)
A1N(b) + 2 H20 (g) = AlOOH(s) + NH3(g) AG°r= -54929 + 37.40T (2)
A1N(S) + 3 H20 (g) = A1(OH)3(b) + NH3(g) AG°r= -68346 + 76.84T (3)

The ratio p ^ 3 / p H20 at equilibrium for these reactions, 
with the activity of the solid phases equal to one, as a 
function of temperature is shown in Figure 1. This figure 
shows that it is practically impossible to stabilize AlN in 
the presence of water vapor. In addition, very high 
equilibrium p ^  / p H20 values are predicted, which means 
that the partial pressure of NH 3 is not important to 
predict the equilibrium phases of the system. Therefore, 
any of the two hydroxides or the oxide may be the most 
stable phase, depending on the partial pressure of water.
It is then necessary to examine the equilibria :

a-Al 20 3 (B) + H 20 (g) * 2 AlOOH(B) ; 
a-Al 20 3 (B) + 3 H 20 (g) * 2 Al(OH)3(B).
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AIN(S, + 3/2 H20^g) 1/2 a-AI20 3 (s) + NH3 (g)
------  AIN(S) + 2H 2Q(g) = AIOOH(s) + NH3(g)

......... A|N S, + 3 H 20 (g) = AI(OH)3(s) + NH3(g)
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1 ZTx1 04 , K'1

Figure l. Stability diagram of the system Al-N-O-H
between 25 and 150 °C for the species AlN, 
H 20, A1 203, AlOOH, and Al (OH) 3.
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The equilibrium partial pressure of water, with the 
activities of the solid phases equal to one, as a function 
of temperature is shown in Figure 2. AlOOH, boehmite 
crystal structure, is the stable phase if the saturation 
pressures of water are fixed for temperatures between 25 
and 100 °C.

Therefore, if the equilibrium is reached, the 
hydration of AlN with water vapor between 25 and 75 °C in 
saturated atmospheres results in formation of aluminum 
monohydroxide, A l O O H .

The standard Gibbs free energy for the hydration 
reactions with liquid water as a function of temperature, 
expressed by the equations below, is shown in Figure 3.

A1N(b) + 3/2 H20(1) = 1/2 «-A1203(s)+ NH3(g) AG°r= -33438 - 19.99T (4)
A1N(S) + 2 H20 (1) = AlOOH(e) + NH3(g) AG°r= -34753 - 16.62T (5)
A1N(S) + 3 H20(1) = Al (OH)3(a) + NH3(g) AG°r= -38082 - 4.19T (6 )

AlOOH is the most stable phase for the system at the
standard state.
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- o -  a-AUp3(s) ♦ H20 (g) = 2AIOOH(s) |
- A -  a-A|20 3(si , = 2AI(OH)3(s, |
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Figure 2. Stability diagram of the system Al-O-H
between 25 and 150 °C for the species Al 203/ 
AlOOH, Al (OH) 3 , and H 20.
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AIN + 3/2 HzO (I) -  1/2 a-Al20 3 ^  + NH3 ^  
AIN (s) + 2 H20  = AlOOH (s) + NH3

  A IN (s)+ 3 H 2 ° ( I )  = A,<O H >3(s) + NH3(g)

•39000

-39200

-39400

-40000

-40200

-40400

-40600

350340290 300 310 320 330

Temperature, °C

Figure 3. Standard Gibbs free energies of the AIN
hydration reactions with liquid w a ter.
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4. EXPERIMENTAL APPROACHES

Since the hydrolysis of Aluminum Nitride is expressed 
by the reactions :

A 1 N (S) + 3/2 H20 = l/2 ft - A1 20 3 (s) + nh 3 (g) (1 )
A l N (s) + 2 H20 = AlOOH(s) + NH3(g) (2 )
A 1 N {b) + 3 H 20 = Al (OH) 3{s) + NH3(g) (3)

one could examine either the weight change or gas evolved 
to continuously assess the extent of the AIN conversion to 
the oxide/hydroxide pha s e s . Based on this, three different 
methods were tested:

- the hydrogen potential (pH) method;
- the gravimetric method;
- the X-ray method.

The application of these methods is discussed in 
detail next.
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4.1 The Hydrogen Potential (pH) Method

The first objective of this research was to study the 
kinetics and mechanisms of the corrosion of AIN by water 
v a p o r . In this case, the amount of ammonia released by the 
reactions could be calculated by measuring the change in pH 
of an a aqueous solution trapping the ammonia. Liquid water 
would then be added into the system in order to provide a 
water vapor saturated atmosphere for the reactions (1 ),
(2), and/or (3), to serve as an indicator for the rate of 
ammonia production. This could be monitored by the change 
in pH of the solution and, thus, the extent of the 
reactions between water vapor and AIN. The global reactions 
to be examined through this method are :

AlN,., + 5/2 H 20 = 1/2 ft A1 203(b) + NH 4+(aq) + 0H-(aq) (7) ;
AIN,., + 3 H20 AlOOH (B) + NH4+(aq) + 0H'(aq) (8 ) ;
AIN,., + 4 H20 Al (OH) 3(b) + NH4+(aq) + OH'(aq) (9) .
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4.1.1 Introduction

Again, the following are the possible reactions :

AlN,., + 3/2 H20 = 1/2 a-AljOj,., + NH3(g) (1 );
AlN,., + 2 H20 = AlOOH,., + NH3(g, (2);
AlN,., + 3 H20 = A1(0H)3,., + NH3,g, (3).

In the experiment's design, the following conditons 
were required :

1. All of the ammonia produced had to be dissolved in 
w a t e r . In other words, the partial pressure of ammonia 
over the ammoniacal solution had to be small so that 
the amount of ammonia present in the gas phase could 
be neglected when compared to that dissolved. This 
would provide an accurate reading of the amount of 
ammonia being produced from reactions (1 ), (2 ), and/or
(3) .

2. The solutions formed had to approach ideal behavior to 
ensure the use of the simplified thermodynamic 
equations for ideal solutions. Therefore, the ammonia 
aqueous solution had to be dilute enough for Raoult 's
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law for liquid water (solvent) and Henry's law for 
ammonia (solute) to be valid.

3. The change in pH of the solution had to be large 
enough to be precisely measured over the limits of the 
reactions between AIN and water v a p o r .

4. The correlation of pH with the extent of the reactions 
(1), (2) and/or (3) must maintain the same sensitivity 
over the possible range of pH change due to the 
ammonia dissociation.

5. The rate of ammonia dissolution into water had to be 
fast enough to accurately correlate ammonia production 
from reactions (1), (2) and/or (3) with time so that 
monitoring the change in pH would measure the extent 
of AlN hydrolysis.

If all these conditions could be satisfied , the pH would 
be suitable to monitor the progress of the hydration 
reactions. Each of these conditions is discussed n e x t .
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4.1.2 Ammonia Partial Pressures Over Ammonia Aqueous 
Solutions

Ammonia is very soluble in water as shown in the H20 - 
NH 3 phase diagram for a total pressure of 1 atm, Figure 
4 . 14 The solubility of ammonia decreases from 31.7 w/o at 
25°C to 8.3 w/o at 75°C. Therefore, if the solution is 
very dilute, it can be expected that very little ammonia 
would escape from it, since the equlibrium water and 
ammonia gas phase would only be formed after 8.3 w/o NH 3 is 
added into water, for the worst case. The effect of the 
concentration of NH 3 on its partial pressure over aqueous 
solutions of NH 3 is seen in Figure 5 . 15 The partial 
pressures of NH 3 approach zero as the concentration of NH 3 

decreases from 5 to nearly 0 w/o. Figures 6 and 7 show in 
detail the partial pressures of NH 3 for solutions with less 
than 5 w/o NH3. If the maximum ammonia concentration is 
around 0 . 1  w/o the partial pressures of ammonia can be 
estimated, by extrapolation, to vary from nearly 1 0 3 at 
25°C to 10 '2 atm at 60 °C. The partial pressure data used 
in this analysis were compared with respect to the 
solubilities predicted when the total pressure of the 
system is equal to 1 atm. Figure 8 , with the phase diagram 
H20 - NH 3 previously presented in Figure 4. The results of
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100 4 1. Pt = 1 atm
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H20  W /o  NH3 NH3

Figure 4. Phase diagram of the system H20 - NH3. From
ref. 14.
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Figure 5. Partial pressures of NH 3 over aqueous
solutions of NH 3 for temperature range of 
to 75 °C. From ref. 15.
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Figure 6 .
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Partial pressures of NH 3 over aqueous 
solutions of NH 3 for temperature range of 25 
to 60 °C at low NH 3 concentrations. From r e f . 
15.
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Figure 7. Partial pressures of NH 3 over aqueous
solutions of NH 3 for temperature range of 25 
to 60 °C for concentrations below 5 w/o NH3. 
From ref. 15.
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Figure 8 .
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Total pressure over aqueous solutions of NH 3 

and NH 3 solubilities at Pt = 1 atm for 
temperatures of 25 to 75 °C. From r e f . 15.
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this comparison showed, a very good agreement# Table 1.

Table 1 . Solubilities of NH 3 in water when the total vapor 
pressure Pt over the aqueous solution of NH 3 is 1 
atm.

Temperature0
C

NH3- H20 phase diagram* 
Solubility, w/o NH3 in 
solution

Pt v s . NH3 w / o  data** 
Solubility, w/o NH3 
in solution

25 31.7 29 .4
30 29 .1 26 . 8
40 24 . 0 24 .4
50 19 . 0 19 .3
60 14 .4 14 .4
75 8.3 6.8

* from r e f . 14.
from r e f . 15.

These partial pressures transformed into mass 
quantities, by using the ideal gas equation, are negligible 
if the free volume of the reactor is small. It is then 
possible, at this point, to start designing the experiments 
as follows :



4488 25

total volume of the reactor 
mass of AIN

volume of liquid water 
test temperatures

: 650 ml
: 1 g or 0.0244 moles

(molar fraction 
0 .0011)

: 4 0 0 ml
: 25, 40, 50, 60 and

75 °C

For these conditions, we would

- maximum amount of NH 3 formed 
10 0% of AlN is consumed) :

- maximum concentration of NH 3 

in the solution
- maximum masses of NH 3 in the 

gas phase

expect :

(if
0.4155 g or 0.0244 moles

0.104 w/o or 0.061 molal

: at 25 °C, 1 . 8  x 10 '4 g or 
0.04% of the total NH 3 

at 60 °C, 1 . 6  x 10 '3 g or
0.38% of the total NH 3

This demonstrates that nearly all ammonia eventually 
produced by the AIN hydrolysis will dissolve in liquid 
w a t e r .
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4.1.3 Ideality of NH-, Solutions 16

The maximum calculated ammonia concentration in the 
solution is 6 . 1  x 1 0 " 2 molal and the minimum molar fraction 
of water is 0.9989 ("See 4.1.2") . These concentrations may 
allow the application of the thermodynamic equations for 
ideal solutions. In fact, the partial pressures of water 
over pure water and over an aqueous solution of 0.05 molar 
fraction NH 3 are basicaly the same, showing a maximum 
deviation from ideality of 1.5% for all temperatures of 
interest. Table 2. Based on this it is reasonable to assume 
that the solvent (water) behaves idealy and its activity is 
equal to its mole fraction and then approximately equal to
1. The solute (ammonia) dissolves into water and forms a 
weak electrolyte according to the following reactions :

(g )  =  N^3(sol) K - l  =  3-NH3 (eoln) / P n H3 (g )

(eoln) + H20 (1) — NH4"'"(soln) + OH (soIn) ^2 = &NH4 3-OH / S-NHŜ HSO

where and K 2 are the equilibrium constants for each 
reaction, p ^ 3 is the equilibrium partial pressure of 
ammonia over its aqueous solution, and a i is the activity 
of component i. The activity of any component, a ± , is
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Table 2. Partial pressures of water in equilibrium with
aqueous solution of 0.05 mole fraction NH3. From 
r e f . 15.

Temperature
°C P H20(kPa)

rjreal 
“  H20(kPa)

•n ideal 
*  H20(kPa)*

Ideality 
deviation, y
■nreal / pideal 
c  H20/ C  H20

5 3 .52 3 .31 3 . 31 1
30 4.83 4 .55 4 . 62 0 .9848
40 6 .55 6 .21 6. 21 1
50 11. 65 11. 03 11.10 0.9937
60 19 .93 18.82 18.96 0 . 9926
75 41. 30 39 . 03 39.23 0 . 9949

* T) ideal   -pO -y
c  H20 —  c  H20 a H20 •
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defined as
S i  =  Y  i  X i

or, on a molality scale (more suitable for electrolytes)
3i = Yi

where y i is the activity coefficient of component i, and 
x i and m i are its mole fraction and molality, 
respectively.

In an ideal solution the chemical potential of every 
component i ,  fii , is a linear function of the logarithm of 
its mole fraction, in a given region of composition, 
according to the relation

Mi =  M*i + R T  I n X j

where ix*± is the chemical potential of the pure substance 
at the same temperature and pressure as the solution under 
discussion, R is the ideal gas constant, and T the absolute 
temperature.

Real solutions are generally dealt with by defining an 
activity coefficient y ( a pure number) for each component 
i of the solution such that :

Mi = M*i + R T  l n Yi Xi 

This equation is now correct for solutions where the 
deviation from ideality is large. In order to complete the



T-4488 29

definition of Yi one needs to specify under what 
conditions Yi becomes equal to unity, since is also
an unknown in this equation. For this purpose, it is 
convenient to adopt the following convention :

for the solvent: = fi*0 + RT lnY 0 xc and Yo 1 as xQ 1
for solutes : fiL -  + RT lnYi m^ and Yi^ l as m^ 0

where fia± is the value of the chemical potential of the 
solute in a hypothetical ideal solution of unity molality 
at the same temperature and pressure as the given solution.

For the dissolution and dissociation of NH 3 in water, 
the equilibrium constants can then be expressed as:

NHa(g) =  ^1^3 (sol) —  ( Y  m ) NH3(aoln) / P n H3 (g)

^ ^ 3  (BOIn) + HgOd) = NH4+(soln) + OH (soin) ^ 2 =  ( Y NH4 ( Y m ) OH / ( NH3 ( yx) H20

where (yx) H20 « l for this case.

Henry's and Raoult 's laws relate the composition of
the gas phase with the composition of the solution with
which it is in contact. In general, the partial pressure of 
any component of the vapor may be expected to be a function
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of temperature, together with its mole fraction in solution 
and also the mole fraction of all other species. Thus,

Pi — f ( I*, Xi, 2C2, . . . , Xi, y Xn_ i ) .

The simplest possible relationship of this kind is 
where Pi is directly proportional to Xi and is independent 
of all other mole fractions.

Pi a Xi.
H e n r y ’s law comprises this simple thought and is expressed 
as pi = Ki Xi or more precisely as

(dpi/dxi) T - Ki as Xi - 0 
where Ki is independent of composition.

Raoult ’s law may be regarded as a special case of 
Henry's law with Ki equals to p^, the vapor pressure of 
pure i at the temperature and total pressure of the given
solution. Therefore, Raoult1s law is defined as p ± = Pi° x t
or

Pi -+ x ± Pi° as Xi - l

It follows from these limiting equations that when all 
the solutes obey Henry's law, the solvent obeys Raoult 's
law, since when x BOluteB-> 0 , x BOlvent-l and K± = Pi°.
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The equilibrium condition for the reaction NH3(g) = 
NH3(BOln) is achieved when /xNH39ae = iinh3eoln or

M NH3 +  i H  P nH3 — M NH3 +  i ^  ( Y U l)  ^ 3

and
^NH3 — PNH3 /  Y ^ N H 3  =  O X p  ( ( fi fjf£3 ~ M NH3 ) /  R T  )

from the nature of and /i%H3 it follows that is
independent of composition and this expression is the same 
as Henry's law. Thus, Y n h b  can be calculated from the 
equations above. At 25 °C/ mDnh3 ~ M°nh3= - 2384 cal/mole 16 

and /z*NH3 - pt°NH3 is equal to the difference of the free 
energies of formation of NH 3 in the hypothetical ideal 
solution in water of unit molality and as a gas at l atm 
respectively. Thus K^ 3 is calculated to be equal to 
0.01784. If we use p ^ 3 = 1.04 x 10 '3 atm, as predicted for 
a solution containing 0.104 w/o NH 315 or 0.061 molal, then 
Ynh3 = 0.9564 for the dissolved ammonia. Unfortunately no 
thermodynamic data were found on free energy of formation
of NH3(BOln) at temperatures higher than 2 5 °C. If that is the
case, it is necessary to rely on the fact that in any 
moderate dilute solution (< 0 . 0 0 1  solute mole fraction) the 
uncharged parent electrolyte molecules do not interact with 
each other appreciably because the potential energy of the
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interaction varies as the inverse sixth power of the 
separation of the attracting centers# according to London’s 
theory. Therefore, deviations from ideality are generally 
smaller than l% 16 or in the present case nearly 4%, if the 
solute mole fraction is less than 0 .0 0 1 .

The charged species of the system, NH4+ and OH*, are 
expected to be present at concentrations around
0.05 [NH3(eoln)] or less, since ammonia is a weak base. 
However, the interaction forces between these species are 
now coulombic forces, and the potential energy varies 
inversely as the first power of the separation and may be 
expected to be appreciable even at quite high degrees of 
dilution. In order to estimate the activity coefficient of 
the charged species of the system under discussion, it is 
convenient to define a mean ion activity coefficient y± for 
both NH4+ and OH*. If the dissolution of NH 3 in water is 
represented by the reaction

^^3  (eoln) NH 4 (soi n) + OH (eoin) /
the condition of equilibrium is:

M nH3 — M nH4 + M oH~
and

Mnh4 ~ [i + + RT In ( ym) nH4
M o h = At°- + RT In (Ym)OH*
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Mnhs — fi JJH3 + RT In ( y m) ̂ 3  

Y  OH Y  NH4 — Y  + Y  - = Y  ±

- RT In K = /xD + + md- " MDnh3
— Y±m NH4 V̂dH / ( Y^) NH3

The deviation from ideality of this electrolyte may be 
calculated in terms of the electrostatic attractions 
between the ions. According to Debye's limiting law (valid 
as the concentrations of all ions approaches zero) the mean 
ion activity coefficient is 16

log y± = -* z j  z.l 1 1/2
and

I = 1/2 S  Zi2 mi, (mol/kg) 
a = 0.509 mo l '1/2 kg 1/2 at 25 °C 16

where zj z.l is the positive product of the ionic charges 
and I the ionic strength. With the equations above and 
assuming m+ = m. = 0.05 m ^ ,  y± is calculated as being 
equal to 0.9957. can now be expressed as

Knh3 = 0.9957 m +m_/ 0 .9564 mNH3

Kira3 = 1.04 m +m./mNH3 or KNH3 = 1.04 Km3ideal at 25 °C
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These considerations show that the assumption of an 
ideal system is adequate for the real system at 2 5 °C when 
the extent of the AIN hydrolysis reactions is 100%, since

^■h2o ( d  1  • ^-nh3 ( e o in )K  0 . 9 5 6 4  m NH3, 3-NH4 ^ o h  0 . 9 9 5 7  m^jy^ m ^ y .

For ideal solutions, the chemical potential of every 
component i ,  , is a linear function of the logarithm of 
its mole fraction, in a given region of composition, 
according to the relation + RT In x i. For real
solutions, the chemical potential of the components is 
defined by the equation ^  = fi*± + RT In y^x^ . Liquid water 
was seen to approach ideal behavior over the entire range 
of experimental temperatures. It was not possible to 
calculate the deviation from ideality for the components 
N H s u o i n ) #  OH"(soln) and NH4+(soln) due to the unavailability of 
the standard free energy of formation for NH3(BOln) and the 
constant a of the Debye's equation for OH'(soln) and NH4+(soln) 
as a function of temperature. Therefore, the system is 
considered to approach ideal behavior, although it cannot 
be completely verified.
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4,1.4 Range of pH Change Due to Ammonia Dissolution

The pH is given by pH = - log [H+] , where [H+] is 
equal to the molarity of hydrogen ions. At 25 °C the self -
dissociation of water is described by

HgOd) = H (aq) + OH (aq) Kw = aH aOH / aH20 = 10

where aH20 = l (pure water) and aH+ = (ym) H+ and aOH' = (Ym)0H‘.

The temperature dependence of Kw is expressed as :

Kw = exp ((/xd h+ + mdoh" - M*h2o) / RT)

and fjL° H+, /xdoh-/ and n*H20 have the meanings already 
discussed.

The equilibrium conditions for any solution are :

1. global free energy minimization, which means that the 
species all have to combine in such a way to maintain 
the value of the equilibrium constants of all possible 
reactions in the system;

2. mass conservation or mass balance, and;
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3. electroneutrality or charge balance.

In the NH3 - H20 system the following chemical 
equilibria will be considered:

^2^(1) = H +(aq) + OH (aq) Kw = ( Ym ) H ( Ym ) OH

■N̂ 3(aq) + H 20(i) = N H 4 (aq) + OH (aq) Kb ” ( Y m ) NH4  ̂Y OH / ( Y1**) NH3

In order to calculate the equibrium concentrations of 
H +, OH", NH3 and NH4+ two more equations are necessary, 
which are :

a. irViH3t = m N H 3 (a q ) + mNH4+(aq) (mass balance condition)

or since the mole concentration of the component i per 
volume of solution, Ci, relates to the mole concentration 
of the component i, mi, per kg of solvent (molality) 
according to:

Ci / m t = p (aoln) M* n j  (M, n0 + £ n t)

where p (BOln) is the density of the solution in kg / m3, 
and Mi are the molecular weight of the solvent and solute i 
respectively in kg/mole, and nQ and ^  are the number of 
moles of the solvent and solute i respectively. In the
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equation above , when £n£ tends to zero or the solution is 
very dilute, Ci/rtii tends to p(Boin)/ which for the present 
case tends to 1 (density of water) and thus CL tends to ir̂ 
for very dilute aqueous solutions.
Therefore, for the system under discussion, the mass 
conservation condition for the amount of ammonia present in 
the system can be rewritten as follows :

[NH3P  = [NH3] (aq) + [NHVPao

b. £ Z* [i+] = Y, z [!"] (charge balance condition)
[NH4+] + [H+] = [OH]

For pure water, the electroneutrality condition 
becomes [H+] = [OH*] and the equilibrium constant is Kw =
[H+]2. y/ and Yoh" are assumed to be 1 due to the very low 
values of [H+] and [ O H ] , reflected by the low value of Kw 
even at higher temperatures, as shown in Table 3. The pH of 
the solution is calculated as a function of temperature as 
follows :

Kw = [H+] [OH ] .% log Kw = log [H+] + log [OH ]
- log Kw = - log [H+] - log [OH ] .% pKw = pH + pOH
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Table 3. Equilibrium constant Kw for the self-dissociation 
reaction of water as a function of temperature. 
From ref. 17.

Temperature, 
°C

- log K* Temperature,
°C

- log Kw

0 14.9435 30 13.8330

5 14.7338 35 13.6801

10 15.5346 40 13.5348

15 14.3463 45 13.3960

20 14.1669 50 13.2617

24 14.0000 55 13.1369

25 13.9965 60 13 . 0171
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At 25 °C/ pKw « 14 for pure water and pH = pOH = 7. As 
NH3 dissolves into water, [OH] increases and [H+] decreases 
to maintain Kw. The total concentration of the hydroxyl ion 
is then

[OH']t = [OH'] w + [ OH ] JJH3

However, [OH"] w = 10'7 and then [OH"] L * [OH'] ̂ . For
the same reason, in the charge balance equation [NH4+] +
[H+] = [OH ] , [H+] = 10 7, then [NH4+] « [OH ] . Also, [NH4+]
= [OH ] « 0.05 [NH3] « 3.05 x 10"3 moles/1 which is much
greater than [H+] = 10'7 and clearly validate the previous 
approximations. Thus the equilibrium equations become :

Kw = [H+] [OH] Kw = f (T) (10)
Kb = [OH']2 / [NH3] t - [OH] Kb = f (T) (11)

Since Kw and Kb are known, [H+] can be measured (pH) , 
[OH] can be calculated from the water self-dissociation 
equilibrium and so can [NH3]c from the ammonia dissociation 
equilibrium. The temperature dependence of Kb is shown in 
Table 4.

The range of pH change expected for the designed 
experiments can now be calculated for every temperature of
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Table 4. Equilibrium constant Kb of aqueous ammonia as 
function of temperature. From r e f . 17.

Temperature,
°C

Kb x 105 Temperature,
°C

Kb x 10s

5 1.479 30 1.820

10 1. 570 35 1. 849

15 1. 652 40 1. 862

20 1.710 45 1.879

25 1. 774 50 1. 892
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interest as a function of the extent of the AIN hydrolysis 
reactions, nNH3t: / n^^toich), by rearranging the equations 
above to obtain:

PR = i W  / = V.ole [1 0 '^^°»^"]' + K,, + lo"»* ̂  I (12)

where FR is the fraction of the AIN hydrolysis reactions
based on the stoichiometric amount of ammonia generated 
from AIN, V BOln is the volume of the solution (considered 
constant and equal to the end- test solution volume) , MA1N 
and mA1N are the molecular weight and mass of AIN 
respectively. The pH values calculated using E q . (11) were 
compared to the pH values of NH3 standard solutions at 2 5 °C 
for different NH3 concentrations and showed good agreement. 
Table 5.

The expected change in pH for 0.1 and 1 fractions of 
reaction is seen in Table 6 for temperatures ranging from 
25 to 75 °C. It is seen from these calculations that the
change in pH is large enough to be measured even at low
fraction of reaction (low [NH3] (aq)) and high temperatures, 
since the smallest calculated change in [H+] ranges from 
10' 6-23 to 10" 9-51 or around a depletion of 1000 times due 
to the increase in [OH"] .



-4488

Table 5. pH calculated with Eq. (11) at 25 °C and pH 
NH3 standard solutions. From r e f . 18.

[NH3] , 
moles/1

pH standard 
solution

PH
from E q . (11)

1 11. 77 11. 62

0 .1 11.27 11. 12

0 . 01 10 . 77 10 . 62

0 . 001 10.27 10 .12

0 .0001 - 9 . 62
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Table 6. Changes in pH as a function of
FR = nm,3 (aq)/ nNH3(stoich) and temperature.

pH
FR Temperature , °c

25 40 50 60 75

0 7 . 00 6.77 6.63 6 . 51 6.23

0 .1 10.51 10 . 05 9.78 9 . 56 9 . 01

1 11. 01 10 .56 10 .29 10 . 06 9 .51
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4.1.5 Sensitivity of the pH Method

The fraction of the AIN reacted vs. pH is plotted in 
Figure 9. The conclusion drawn from this plot is that the 
change in pH can only provide good information about the 
extent of AIN hydration at the very begining of the 
hydration process to about 10% completion. After this 
point, a significant change in the extent of reaction will 
cause very little change in pH . The usefulness of this 
method might be expanded if pH meters possessed higher 
precision. With a pH readability of 10"2, at 25 °C, pH = 
10.55 and FR = 0.12. An increase in pH from 10.55 to 
10.87, eg. only 3%, corresponds to an increase in FR from 
0.12 to 0.52. As more NH3(g) is dissolved, the changes in pH 
are even smaller for relatively larger changes in FR; eg. a 
change in pH from 10.87 to 10.93 (0.55%) represents a 
change in FR from 0.52 to 0.68. This behavior is valid for 
all temperatures of interest. These data suggest that pH 
measurement is not an ideal method to measure the extent of 
AIN hydration. Nevertheless, some preliminary experiments 
were conducted to confirm this behavior and also to develop 
an understanding of the relationship between the rates of 
ammonia dissolution/dissociation reactions and AlN 
hydrolysis reaction.
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Figure 9. Fraction conversion of AIN hydrolysis 
reaction as a function of pH.
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4.1.6 Preliminary Experiments Applying the pH Method

The experimental apparatus for this part of the 
research was designed to provide a saturated atmosphere 
with water vapor at 25, 40, 50, 60 and 75 °C. The reactor
consisted of a 650 ml jar with 400 ml of water closed by a 
rubber stopper with a Hg in glass- thermometer and combined 
pH electrode inserted. The AIN powder was suspended above 
the liquid water and the pH change of the ammoniacal 
aqueous solution continuously recorded with a chart 
recorder. A  schematic of this arrangement is shown in 
Figure 10. The conditions and procedures used in these 
experiments are as follows :

Total volume of the reactor 
AlN powder
Volume of liquid water 
Test temperatures 
Contact times at 25 °C

Contact time at 40, 50, 60 
and 75 °C

650 ml
1 g or 0.0244 g.moles 
400 ml
25, 40, 50, 60 and 75 °C
6, 12, 24, 36, 48 and 72
hours

60 hours
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THERMOMETER

pH ELECTRODE
pH METER

CHART
RECORDER

HOT PLATE

Figure 10. Experimental apparatus used with the pH method.

A  digital pH meter with 0.001 pH readability and 
temperature compensation capability from 0 to 100 °C (Orion 
Research, model 701A) was used as a readout u n i t . The pH
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electrode was calibrated with standard pH solutions for 
each temperature of interest before every test. The pH 
meter was connected to a chart recorder (Kipp & Zonen model 
BD ill) with a span accuracy < 0.3% full scale deflection. 
Heat for the reactor was provided by a hot plate. After 
reacting, the powders were dried at 110 °C to remove any 
condensed water. The reacted powders were weighed 
periodically during drying to assess the weight gain due to 
the formation of hydroxide/oxide phases for comparison with 
the value calculated from the pH measurements. The drying 
treatment was interrupted whenever the sample’s weight 
approached constancy. X-ray diffraction analysis was used 
to identify the phases present in the unreacted and reacted 
samples.

4.1.7 The AIN Powder

The aluminum nitride powder used in this research was 
manufactured by Advanced Refractory Technologies, Inc. - 
ART, Buffalo, New Y o r k .

The diffraction pattern for the unreacted powder only 
showed the presence of the AIN wurtzite crystal structure.
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Figure 11. X-ray diffraction pattern of the starting
powder. Single-phase AlN wurtzite type 
crystal structure.



T-4488 50

Figure 11. The lattice parameters, a and c, calculated from 
the diffraction pattern of this sample are in a very good 
agreement with those in the Joint Committee on Powder 
Diffraction Standards - JCPDS, as seen in Table 7.

Table 7. Lattice parameters of AlN powder used in the 
experiments.

(A)
Parameter* Experimental JCPDS Deviation (%)

a 3.109 3.1114 - 0.077
c 4.979 4.9792 - 0.004

l/d 2 = 1.33 (h2 + hk + k 2 )/a2 + 12/c2. From r e f . 19.

The oxygen content of the AIN powder may be estimated 
from the change in the c-axis since the tetrahedral 
covalent radius of oxygen is less than that of nitrogen, 
and since metal vacancies appear on the aluminum sites, 
according to:

AIN
A 1 20 3 ** 2 A1m  + 3 O» + VA1"',
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the AIN c-axis lattice parameter should decrease as the 
oxygen content increases. This has been experimentally 
verified and is shown in Figure 1 2 . 1 From this plot the

4.983

AfN
RI74- -  4.9801 j,l69

LU
R2I3

RI96o=
o
5  4.975
to
XI
o

4.970

OXYGEN CONCENTRATION, JO20 cm'3

Figure 12. Change in the c-axis lattice parameter of
AlN as a function of its oxygen content. 
From r e f . 1.

oxygen content of AIN is about 12.5 x 1020 atoms/cm3.

The volume of the hexagonal unit cell (1/3 of it) i 
expressed as V = 0.866 a2c, and so VA1N = 4.17 x 10 '23 cm3.
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The number of oxygen atoms/unit cell is the product volume 
of the unit cell x atoms of oxygen/unit volume, which is 
0.0521. For pure AIN, there are 2 atoms of each element per 
unit cell. When oxygen dissolves in the AIN lattice, the 
number of atoms of Al and N change according to the defect 
chemistry equation above. This can be expressed as:

Atoms of Al / unit cell = 2 - 1/3 x atoms of O / unit cell; 
Atoms of N / unit cell = 2 - atoms of O / unit cell;

therefore, there are 1.9826 atoms of Al, 1.9479 atoms of N, 
and 0.0521 atoms of O per unit cell of the AIN. The 
theoretical density is then calculated as:

Pa in  =  HI /  V

Paik = [(1.9826 X  26.98154) + (1.9479 x 14.0067) + (0.0521 x
15 . 999) ] / (4 .17 x 10-23 x 6.022 x 10-23) .\
Pa in  = 3.250 g/cm3.

The oxygen content in weight, O w/o, is now equal to 
(12.5 x 10 20 x 15.999 x 100) / (3.25 x 6.022 x 1023) or 1.02 
w / o . This is very close to that claimed by the 
manufacturer.

The aluminum content of this sample was found by



T-4488 53

measuring the weight change after oxidation of AIN to A1 20 3 

in air at 1400 °C for 24 hours where the nitrogen bound to 
aluminum was replaced by oxygen since only Al 20 3 was 
detected by X-ray diffraction analysis, Figure 13. The Al 
content was found to be 65.4 =f 0.1 w/o. The nitrogen and 
oxygen contents can be calculated assuming only AIN and 
A1 20 3 (solid solution in AlN) to be present in the material 
before oxidation. Thus, 3 3.1 w/o N and 1.5 w/o O were found 
in the aluminum nitride starting powder. The oxygen content 
determined in both methods are comparable, 1.0 w/o from X- 
ray calculations and 1.5 w/o gravimetrically by the 
oxidation reaction. Therefore, the following elemental 
chemical analysis is reported for the AIN powder :

. Al : 65.5 T 0.1 w/o

. N : 33.2 T 0.2 w/o

. 0  : 1.3 T 0.3 w/o

4.1.8 pH and Weight Change Results

The tests at 25 °C were designed to clarify both the 
pH behavior with respect to the extent of AIN hydrolysis
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Figure 13. X-ray diffraction of AIN after oxidation
air at 1400 °C for 24 hours. Single-phase 
A I 2O 3 corundum crystal structure.
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and the dissolution and dissociation rates of ammonia as 
compared to the rate of ammonia production. The change in 
pH as a function of hydration time for seven replicate 
tests is shown in Figure 14. Very little scatter is seen in 
these tests.

The weight change of the reacted powders and x-ray 
diffraction analysis were used to assess the extent of the 
AlN-oxide/hydroxide conversion. The diffraction patterns of 
the reacted samples at 25 °C for different times are shown 
in Figure 15. The second phase, Al(OH)3 bayerite 
structure, was first detected after 48 hours of reaction 
and then grew significantly in amount as the reaction time 
increased to 72 hours.

The fractions of reaction - FR calculated from pH 
measurements, Eq. (12) and weight change (after drying) are 
compared in Table 8 and also plotted in Figure 16. The 
tests at 25 °C confirmed the theoretical predictions that 
pH is adequate to continuously monitor the progress of the 
AlN hydrolysis only from the very begining of the reaction 
to about 10%. In addition, below 10% reaction, pH changes 
should be more accurate than weight changes because the 
inherent errors of weight measurements have a significant
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Figure 14. pH of the ammoniacal aqueous solution as a
function of time for seven tests at 25 °C.
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Figure 15. X-ray diffraction patterns of the powders
reacted at 25 °C for different periods of 
time.
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Table 8. Extent of the reaction A l N (s)+ 4 H20 = A1(0H)3(B) +
NH 4+(aq) + OH" <aq) as calculated from pH measurements 
(Eq. 12) and weight change at 25° C for different 
times.

Time PH FRph* FRWC**

6 9 .90 0.0071 0

12 10 . 02 0.0117 0

24 10 .27 0.0347 0.0174

36 10.36 0.0517 0.0178

48 10 . 58 0.1381 0.1162

72 10 .96 0.7778 0.3672

F R p H  —  ri-NH3t /  n NH3(stoiah)

** FRWC = Wf - WA1N / 0.9031 WA1N
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Figure 16. Fraction of reaction as calculated from pH
measurements and weight change for different 
times at 25 °C.
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effect on the sample's final weight in this range. For 
instances, for 10% reaction, an uncertainty of 5% in the 
final weight of the sample will give an uncertainty of ±
60% in the extent of reaction. For 1% reaction and the same 
uncertainty in the weight measurements, the extent of 
reaction will range from - 5 to + 6%. In contrast, pH 
will change from 8.68 to 10.51 at 2 5 °C and from 7.15 to
9.01 at 75 °C as the fraction of reaction FR changes from l 
x 1 0 4 to 0.1 FR. For 1% reaction, an uncertainty of 0.1 pH 
units in pH will vary the extent of reaction from 0.65 to 
1.5% for both temperatures.

The ammonia dissolution and dissociation reaction 
rates are comparable to the ammonia's production rate, 
since the amount of ammonia indicated by the pH changes 
differs from that by the weight change in the range of 
higher ammonia concentrations (range where the pH barely 
changes with large changes in ammonia's concentration), 
when a constant uncertainty in the final weight of the 
sample is considered. In other words, if it were possible 
to do pH measurements with greater precision, for instance 
six significant figures instead of only 4, the changes in 
FR as a function of time could be discriminated by 
measuring precise changes in pH up to higher values of FR,
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since the ammonia's production and dissolution-dissociâtion 
rates seem to be comparable.

The X-ray diffraction patterns for the reacted powders 
tested at 40, 50, 60 and 75 °C for 60 hours are shown in 
Figure 17. Again AlN and Al (OH) 3 are the predominant phases 
at all temperatures. However, a third phase, AlOOH boehmite 
structure, started to grow at 50 °C and is clearly present 
at 75°C. The fraction of reaction was calculated again by 
means of weight change and pH measurements . Also, pH 
values were calculated from the amount of ammonia obtained 
from weight change. These results are summarized in Table 9 
and Figure 18. It is seen clearly that at higher AIN 
conversion, around 80% by weight change calculations, the 
discrepancies in fraction of reaction are much higher.
These results reinforce the predictions and confirm that 
the use of pH measurements is not suitable to assess the 
extent of the reaction between AlN and water vapor due to 
low sensitivity of pH to the amount of NH3 in solution as 
the AlN conversion to hydroxides phases surpasses 
approximately 10%.
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Figure 17. X-ray diffraction patterns of the powders 
reacted during 60 hours at different 
temperatures.
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Table 9. Extent of the reaction A 1 N (S)+ 4 H20 = A1(0H)3<S) +
NH 4+(aq) + OH"(aq) as calculated from pH measurements 
(Eq. 12) and weight change after 60 hours of 
reaction at temperatures indicated. Deviations 
between measured and calculated (from weight 
change measurements) pHs are also reported.

Temperature
°C

Measured
PH

FRpa* F I W ‘ Calculated
PH

PH
deviation,%

40 10.74 2.2630 0.8306 10.52 - 2.09

50 10.31 1.0735 0.7921 10.24 - 0.68

60 9.89 0.4505 0.7315 10.00 1.11

75 9.56 1.2220 0.7913 9 .47 - 0.95

" FRpa = nHH3t / nm»(.toioh) - Values of at 75 °C and at 60 and 
75 °C were obtained by extrapolation from linear functions 
adjusted to data of Tables 3 and 4 respectively.
** FR*,, = Wf - WAlN / 0.9031 WA1H. AlOOH present in the samples
reacted at 50, 60 and 75°C was neglected in this calculations 
since the two other phases, AlN and Al (OH) 3, were the predominant 
phases.
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Figure 18. Discrepancies in the fraction of AIN
conversion to Al (OH) 3 when measured pH (M) 
and calculated pH by weight change (WC) are 
compared at high concentration of NH3 in 
solution.
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4.1.9 Weight change and X-ray Results

The pH method was found inadequate based on comparison 
with weight change measurements. The calculation of the 
fraction of reaction was established from the results of X- 
ray diffraction analysis assuming the following reaction:

A l N (B) + 3 H 20(g) = Al (OH) 3(s) + NH 3 (g) •

The comparison of weight change and X-ray data was 
carried out with the following procedure :

1. AlN and Al(OH ) 3 (synthesized by Baker, lot F43710, 
assay Al (OH) 3 = 98.5%) were mechanically mixed 
together at 9, 25, 35, 39, 59, 70, 78, 8 8 , 95, and 97
w/o Al (OH) 3. The extent of AIN conversion to Al (OH) 3 
of these mixtures, FR^, was calculated as:

FR™, = (WA1Nlniclal - WA1Nfinal ) / WA1Ninitial, or
■CD —  TXT reacted / rvr initial 
e —  W A1N / "AIN

WA1Nreao,:ed = w/f„ A1(0H ) 3 / 1 .9031 and 
WA1Hinitial = WAlB" a=tad + w/f_ AIN

where WA1Nlnltial, WAlKtlnal, and wA1Nraaotaa are the weights of
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AIN before, during and after reaction. These are 
calculated supposing the weight fractions of AIN and 
Al (OH) 3 in the mixture, w/f^ AlN and w/f^ A1(0H)3, 
equal to mass quantities (unitary mass mixture).
1.9031 is a stoichiometric factor of the reaction;

2. These standard samples were analyzed by X-ray 
diffraction and the fractional area under all bayerite 
peaks relative to the total area under both AIN and
A l (OH)3 peaks was plotted against the corresponding 
extent of AlN conversion to Al (OH) 3 in weight and 
volumetric percentages. These data were then fitted to 
adequate functions and are shown in Figures 19 and 2 0 
respectively;

3. The same procedure was carried out for the reacted 
samples and their extent of reaction in w/o and v/o 
based on weight change were simply plotted on the 
corresponding graphs. Figures 21 and 22. The areas 
under the AlOOH peaks were neglected since they were 
very small compared to those of AlN and Al(OH)3. The 
reacted samples include additional samples not 
reported in the verification of the pH method, with 
the purpose of covering the entire range of reaction.
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Figure 19. Correlation between area under the peaks of
Al(OH)3 given by X-ray diffraction analysis 
and extent of AIN conversion to Al(OH)3 in 
w/o for standard mixtures.
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It is seen that the reacted samples follow the same 
tendency as the standard samples. The area under the peaks 
of A l (OH)3 is a linear function of the extent of reaction 
if v/o is used and a non-linear function for w/o. This X- 
ray quantitative analysis confirmed the validity of using 
weight change calculations to assess the extent of AlN 
hydrolysis reaction, as opposed to pH measurements, even 
when a minor third phase is present, in this case, AlOOH.

Other important results of these preliminary 
experiments were the weight losses of the samples after 
drying, which were attributed to condensed water. For the 
samples reacted at 40 and 50 °C for 60 hours, nearly 15% 
moisture was detected based on the initial amount of AlN 
powder. As the temperature increased to 60 and 75 °C the 
moisture content increased to approximately 30%. For the 
samples reacted at 25 °C for 6, 12, 24, 36, 48, and 72 
hours, the moisture content increased from 1.5% to 7% as 
the residence time increased from 6 to 72 hours. Thus, the 
observed AlN conversions to Al(OH)3 were also due to the 
reaction with condensed w a t e r . This thereby confounds the 
interpretation of the data.

In order to clarify this point, a new series of
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experiments were designed which utilized the gravimetric 
meth o d . The main purpose now was to prevent condensation 
over the AIN powder and thus isolate its effects on the 
overall rate of AlN hydrolysis. These experiments are 
discussed below.

4.2 The Gravimetric Method

4.2.1 Experimental Apparatus Design and Preliminary Results

The first attempt to avoid condensation comprised the 
idea of having the water source at a lower temperature than 
the AlN powder. The initial experimental apparatus was 
modified to provide two reaction chambers : one at lower 
temperature for water evaporation and the other at higher 
temperature for the AlN hydrolysis reaction. The 
arrangement is shown in Figures 23 and 24. Again this was a 
closed system. The conditions and results of the two tests 
carried out with this apparatus are summarized in Table 10.
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4

Figure 23, Experimental apparatus 1.
Key: 1. Water evaporation chamber, 2. AlN 
hydrolysis chamber, 3. Electric tape, 4. Hg- 
thermometers, 5. pH electrode, 6. pH meter,
7. Hot plate, 8. Power source.
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Figure 24. Experimental apparatus 1. Close-up of the AlN
hydrolysis chamber.
Key: l. Sample holder.
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Table 10. Preliminary gravimetric results in apparatus
1 .

Test
Temperature, °C Reaction

time,
hours

pH A w

Liquid AIN and vapor Initial Final g
1 25 60 39 6 .45 6. 81 0

2 60 75 17 6.62 6. 85 0

These results indicated that very little, if any, 
reaction took place after relatively long times and high 
temperatures. It was thought that perhaps not enough water 
vapor was reaching the reaction chamber. In order to 
enhance the water vapor generation, a gas sponger was added 
to the previous experimental arrangement and dry air blown 
through it. Figures 25 and 26. The system was now open to 
the ambient environment with a continuous water-vapor flow 
and at a constant water vapor pressure. After 48 hours, 
with both chambers at 75 °C, no AIN powder weight change 
was observed.
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Gfavflmeirk; IWethod

Figure 25. Experimental apparatus 2.
Key : 1. Water evaporation chamber, 2. 
hydrolysis chamber, 3. Electric tape, 
thermometers, 5. Air sponger, 6. Hot
7. Power source.

AIN 
4 . Hg- 

plate.
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Figure 26. Experimental apparatus 2. Close-up of the
water evaporation chamber.
Key : 1. Air sponger.
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The third arrangement was designed to decrease the 
water vapor path from the evaporation chamber (bottom) to 
the hydrolysis chamber (top) and to provide a more uniform 
temperature distribution throughout the bottom and top 
chambers. Figures 27 and 28. Again after 48 hours of 
contacting, with the temperature of both chambers at 7 5 °C, 
no AIN powder weight change was found. No condensed water 
was detected in any of these samples either. From these 
results it was concluded that the reaction rate between AIN 
and water vapor is extremely low at low temperatures.

The next experimental apparatus was basically the same 
as the one used in the tests with pH measuremts but with 
better control of the temperature of the atmosphere 
surrounding the sample. It consisted of the closed jar 
divided into two regions: a concentric inner cylinder and 
an outer annulus for liquid water. Heat for the liquid 
water (outer chamber) was provided by a hot plate and by an 
electric tape for the water vapor and AIN (inner chamber). 
The sample was contained in an alumina crucible and its 
temperature was measured by a type-T thermocouple (44 Ni - 
55 Cu w/o) and recorded in a strip chart. The temperature 
of liquid water and atmosphere of the reactor was measured 
with Hg in glass-thermometers. This modified experimental



T- 4488 79

3
m  'i L/

Figure 27. Experimental apparatus 3.
Key : 1. Water evaporation chamber, 2.
hydrolysis chamber, 3. Electric tape, 
in glass- thermometer, 5. Hot plate.

AIN 
4. Hg
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I ' • j___

Figure 28. Experimental apparatus 3. Close-up of the
hydrolysis chamber.
Key: 1. Crucible, 2. Hg in glass - 
thermometer, 3. Electric tape, 4. Fused
silica bed.



T-4488 81

arrangement is shown in Figures 29 and 30. This time, 34% 
AIN conversion to Al(OH)3 was found, by weight change, 
after 33 hours of reaction at 75 °C. However, 6.22% 
condensed water (based on the initial amount of AIN) was 
also found in the reacted sample after drying.

These preliminary results led to the conclusion that 
the kinetics of the hydration of AIN powder by water vapor 
was strongly accelerated by the presence of condensed water 
and when condensation did not occur neither did reaction at 
60 and 75 °C. Since it was not possible to control the 
amount of condensed water, it was decided to study the 
kinetics and mechanism of the reaction between liquid water 
and AlN powder. In this case, known amounts of liquid water 
would be placed in a crucible with AlN and the mixture 
would not be stirred. The weight loss of the crucible could 
be attributed to gaseous ammonia evolution. These tests are 
described below.
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Figure 29. Modified pH method experimental apparatus.
Key: 1. Heat reservoir, 2. Reactor, 3. Hg in
glass - thermometers, 4. Type T-thermocouple 
(for the sample), 4a. Type T-thermocouple 
(for the electric tape), 5. Hot plate.



T-4488 83

Figure 30. Close-up of the reactor showing the inner
chamber (hydrolysis reaction) with its heat 
source (electric tape), the crucible, and 
the sample’s thermocouple position. The 
outer chamber (evaporation reaction) is 
surrounding the hydrolysis reaction chamber.
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4.2.2 Liquid Water and AIN Reaction

4.2.2.1 Experimental Apparatus and Experiments Conditions

The apparatus used in these experiments was the same 
as the previous one except that the crucible containing the 
AlN powder and liquid water mixture was suspended in the 
water vapor-saturated atmosphere (inner chamber) and 
connected to an electronic balance by a wire. The sample 
weight was measured and the data aquired by a PC every 
minute through a RS-232 interface. The analytical balance 
used was SARTORIUS model BA 210S with 0.1 mg readability. 
Zero delay time was used in the weight losses sampling. 
Since an opening in the reactor was required to connect the 
reacting mixture to the balance, this system was not 
totally closed. The experimental apparatus - 4 is shown in 
Figure 31.

The experiments were initially planned as follows :

. crucible dimensions : 2 cm diameter, 1.7 cm height

. mass of AlN : 0.5 g

. mass of liquid water : « 0.66, 1.32 and 1.98 g
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Figure 31. Experimental apparatus 4 (liquid water + AlN
reaction).
Key : l. Reactor, 2. 0.1 mg analytical 
balance, 3. RS232 interface, 4. Chart
recorder, 5. Temperature controller of the 
hydrolysis chamber.
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. volume of water pool 250 ml

. temperatures 25, 30, 35, 40, 50 and 60 °C

. residence time 2 0 hours or less (reaction's rate
determined)

. sampling time : every minute or less (reaction's 
rate determined)

The mixture AIN - H20 was loaded after allowing the 
atmosphere of the reactor to be saturated in water vapor at 
the test temperature for at least 10 hours. In this 
saturation operation the system was totally closed. The 
amounts of water added for reaction corresponded to one, two 
and three times the stoichiometric water of the AIN 
hydration to Al (OH)2. The balance described above was 
selected based on its drift characteristics as far as 
measuring weight changes for times up to 18 hours. The 
behavior of this balance when submitted to the experimental 
conditions is shown in Figure 32. It is seen that a drift of 
0.0017 g is recorded over a period of 18 hours. This 
uncertainty in weight of the crucible is equal to 0.80% of 
the ammonia's loss for 100% hydration. The conclusion is 
that variations on the determination of the weight losses 
due to balance's drift will not be significant as compared 
to weight losses from the hydration of AIN itself.
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11.004
11.0017 + 0.0017 g + a

11.003

p= 11.0017 g11.002

11.001

11.0017 - 0.0017 g
11.000

10.999

10.998

10.997
1000 1200600 8000 200 400

Time, min.

Figure 32. Drift characteristics of electronic balance
conducted with the test crucible for 18 hours 
duration.
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4.2.2.2 Behavior of Ammonia during the Hydrolysis Reaction

The behavior of ammonia over aqueous solutions was 
extensively described in the discussion of the pH method. 
However, in that case the AlN was not immersed in liquid 
water and the ammonia was diffusing from the gas phase to 
the water pool underneath the powder. In the present case, 
AIN is immersed in liquid water and the ammonia generated 
must diffuse out of the liquid phase to make possible the 
application of the gravimetric method. In other words, the 
water inside the crucible must not retain any ammonia. 
Therefore, the partial pressure of ammonia over the crucible 
must be maintained below the equilibrium value such that the 
reaction

NHaOoln) -* N H 3(g)

proceeds in the direction of the arrow.

The partial pressure of ammonia in the reactor is 
controlled by the water source that surrounds the reaction 
chamber. Since the atmosphere is saturated with water vapor, 
the initial partial pressure of ammonia is expected to be 
very low. Thus, ammonia will initially diffuse from the 
contents of the crucible to the gas phase and then to the 
water source, since its partial pressure is now too high for
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the equilibrium NH3 - liquid water from the pool. This will 
occur because the partial pressure of ammonia over aqueous 
solutions decreases as its concentration in solution 
decreases, at a given temperature. This can be observed in 
Figure 33. The concentration of NH3 in the contents of the 
crucible will be higher than that in the water pool, and so 
will its equilibrium partial pressure. Thus, these competing 
equilibria will result in ammonia transfer from the crucible 
to the gas phase and then to the water pool. Therefore, the 
following reactions are expected:

- inside and over the crucible:
AlN hydration reactions;
NH3 dissolution and hydrolysis;
NH3 diffusion to the gas phase;

- inside and over the water pool:
NH3 diffusion from the gas phase;
NH3 dissolution and hydrolysis.

Once trapped in the water pool, ammonia will not return
to the gas phase provided that its solubility limit is not 
reached. If 0.5 g of AlN are used, a maximum of 0.21 g of
NH3 is produced. For 250 ml of water in the outer chamber,
the concentration of NH3 is approximately 0.08 w/o. The



T-4488 90

1
sI
=2
S.

8
— a— 25°c 
— o— 30°C 
— a— 40 °C 
— v—  50 °C 
— o— 60 °C 
— 1—  75 °C

7

6

5

4

3

2

1

0
0 25 30 355 2010 15

w/o NH3 in solution

Figure 33. Partial pressure of NH3 over aqueous
solutions of NH3 for temperatures of 25 to 
75 °C. From ref. 15*
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partial pressure of ammonia at this concentration is lower 
than 10"2 atm for temperatures lower than 60 °C. This 
indicates that an order of magnitude more NH3 can be 
dissolved before a significant partial pressure of NH3 is 
developed in the gas phase.

4.2.2.3 Extent of AIN Hydration Reaction

Again the gravimetric method is now used to measure 
weight losses due to ammonia evolution according to the 
reactions :

A l N (el + 3/2 H2O a) = 1/2 a-Al203,a) + NH3(g) (4);
A1N(„, + 2 H20 (1) = A100H(b) + NH3(g) (5) ;
AIN,., + 3 H2O ui = Al(OH)3(1, + NH3(g, (6).

In this case, the fraction of the hydration of AIN may
be calculated as a function of time as follows:

FRht-1 = (W.c-° - W/"1) / (13)

where W.1'0 and w.t-1 are respectively the weight of the system
at the begining of the reaction and at any instant i, and
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Wmo is the stoichiometric amount of NH3(g) generated by the 
AlN hydration at completion. It is important to note that 
the amount of NH3 that can be generated depends only on the 
initial amount of AlN. Therefore, it is not necessary to 
know which solid phases are formed to assess the extent of 
reaction from this method.

It was seen that the NH3 formed will diffuse out of the 
crucible, therefore Eq. (13) may be applied. It is possible 
that some water evaporates or condenses from the crucible 
but in negligible amounts since the atmosphere is expected 
to be saturated in water vapor for every temperature of 
interest.

4.2.2.4 Preliminary Results

The weight change of AIN - H20 mixtures obtained when 
the stoichiometric amount of water was added at 25, 30, 35, 
40, 50 and 60 °C as a function of time is shown in Figure 
34. For temperatures above 30 °C, the immediate conclusion 
drawn from this figure is that H20 from the mixture is 
being lost by evaporation as well as by AIN hydration, 
since the weight loss of the mixture was greater than that
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25 °C1.15
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1.05
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35 °C0.85
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40 °C50 °C
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700500 600300 4000 100 200
Time, min

Figure 34. Weight change of the AlN - H20 mixture as a
function of time for different temperatures 
when the stoichiometric amount of water is 
added. The mixture at 25 °C was allowed to 
react up to 40 hours but no change in the 
reaction rate was noticed.
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predicted for 100% hydration. This can be in part 
attributed to non-saturation of water vapor of the reaction 
chamber, which is possible since it is not a completely 
closed system. The hydration of AlN is strongly exothermic. 
This means that heat released will have to be absorbed by 
the system, enhancing the evaporation rate of water. In 
fact, at 50 and 6 0 °C, a sharp increase in temperature of 
the mixture was recorded during the first minutes of 
reaction. As an example, at 60 °C and after 1 minute 
reaction, the temperature of the crucible contents rapidly 
increased from 60 to 80 °C and then dropped to 57 °C as the 
time elapsed from the first to the tenth minute of 
reaction. This corresponds to the period after which the 
weight of the mixture is time invariant. In this case, the 
reaction may have either achieved completion or stoped due 
to lack of water. As the test temperatures decreased, this 
peak in the recorded temperature broadens such that at 40 
°C the temperature gradually increased to 44 °C during the 
first 100 minutes of reaction and after other 100 minutes 
it returned to 40 °C. Below 40°C, no temperature increase 
was recorded.

The X-ray diffraction patterns of all of these samples 
showed incomplete reaction, since AlN was always present.
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Figure 35. Therefore, at 60 °C the mixture AIN - H20 
achieves constant weight because there is not enough water 
(lost by evaporation) for the hydrolysis reaction.

It was therefore decided that because of heat release 
and the associated temperature ambiguity, test temperatures 
were confined to 40 °C. Also the behavior of pure water 
under the same conditions of the tests has to be verified. 
It is expected that the amount of water added to the 
mixture will influence its evaporation rate due to changes 
in the diffusing distance that a liquid water molecule has 
to travel to reach the vapor phase as the volume of water 
changes from one to three times the stoichiometric v o l u m e . 
T h u s , Eq. (13) has to be modified to account for water 
evaporation for the three different amounts of water added 
to the mixture.

The evaporation rate of pure water at 25, 30, 35 and 
40 °C for the stoichiometric amount of water is shown in 
Figure 36. Indeed, the reaction chamber is under saturated, 
although the evaporation rates are less than 5.0 x 10"4 g . 
min'1. However, from 25 to 40 °C there is an increase of two 
orders of magnitude in the evaporation rate. A correcting 
factor can now be included in Eq. (13) to account for
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n  '------ 1------1------1------ '------ 1------ '------1-------r“— i----- '------ r
■ AIN +AIOOH * AI(OH)3

50 °C, 180 min

40 0C, 720 min

35 °C, 720 min

25 °C, 2400 min
 I____ i X * I___i J_____i , I____ i . - J--- 1 L_

10 20 30 40 50 60 70

2 6

Figure 35. X-ray diffraction patterns of AlN reacted
with stoichiometric amount of water under 
different conditions of time and 
temperature. AlN is always present in 
significant amounts.
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Figure 36. Pure liquid water evaporation rates in
saturated atmosphere at different 
temperatures for the stoichiometric level of 
w a t e r .
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weight losses due to water evaporation according to:

F V 1 = (W.'-° - W/'1 - ER * tj / Wm3 (14)

where ER is the evaporation rate of pure water at the given 
stoichiometric amount and temperature (assumed constant 
with the reaction time) and t L is the instant of time used 
to calculate the fraction of the AlN hydration reaction.

The fraction of AIN hydration reaction, FRh/ corrected 
for water evaporation, as a function of time is seen in 
Figure 3 7 for temperatures from 25 to 4 0 °C and the 
stoichiometric amount of water added for reaction. The 
results are difficult to interpret since the correction for 
water evaporation may be working for the temperatures of 25 
and 30 °C but definitely not for 35 and 40 °C. Apparently 
the reaction rate is increasing as the temperature 
increases. A  detailed discussion of the reactions involved 
with the measured weight losses will be presented later.

The weight losses of the AIN - H20 mixtures and pure 
water at 30, 35 and 40 °C as a function of time for two and 
three times the stoichiometric amount of water is shown in 
Figures 38 to 41. Figures 42 and 43 show the fraction of
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Figure 37. Fraction of AlN hydrolysis reaction for
stoichiometric amount of water added to 
mixture, FRhl, corrected for water 
evaporation, as a function of time for 
different temperatures.
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2x stochiometric amount of water
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Figure 38. Weight change of the AIN - H20 mixture as a
function of time for different temperatures 
when two times the stoichiometric amount of 
water is added to the mixture.
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Figure 39. Pure liquid water evaporation rates in a
saturated atmosphere at different 
temperatures for two times the 
stoichiometric level of water.
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Figure 4 0. Weight change of the AIN - H 20 mixture as a
function of time for different temperatures 
when three times the stoichiometric amount 
of water is added to the mixture.
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Figure 41. Pure liquid water evaporation rates in a
saturated atmosphere at different 
temperatures for three times the 
stoichiometric level of w a t e r .
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Figure 42. Fraction of AIN hydrolysis reaction for two
times the stoichiometric amount of water 
added to the mixture, FRh2, corrected for 
water evaporation, as a function of time for 
different temperatures
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Figure 43. Fraction of AIN hydrolysis reaction for
three times the stoichiometric amount of 
water added to the mixture, FRh3/ corrected 
for water evaporation, as a function of time 
for different temperatures.
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hydrolysis calculated from these d a t a . Again the results 
are difficult to interpret since after correcting for water 
evaporation the fraction of the hydrolysis reaction still 
surpasses unity. If the weight loss of the AIN - H20 
mixture and pure water are plotted on the same graph, it is 
seen that after certain time of reaction the mixture 
weight loss can be attributed only to vaporization of 
water. Figures 44 to 46. Therefore, the correction for 
water evaporation seems to be reasonable and in accordance 
with the experimental results.

If a typical experimental weight loss curve for the 
AIN - H 20 is taken, four regions can be identified and the 
following reactions attributed to each region:

I. Water condensation on the walls of the crucible;
II. AIN hydration, NH3 dissolution and hydrolysis,

and H 20 evaporation;
III. AIN hydration, NH3 dissolution and hydrolysis,

NH3 diffusion to the gas phase, and H 20 
evaporation;

IV. h 20 evaporation.

This model is illustrated in Figure 47. Region III is
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Figure 44. Weight change of the AlN - H20 mixture and
pure water for one (ix), two (2x), and three 
(3x) times the stoichiometric amount of 
water added to the mixture at 30 °C. After 
certain reaction time, curves are nearly 
parallel to each other. Arrows indicate a 
shift on the curve of pure water to show 
better the range of time where only the 
water evaporation reaction is taking place.
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Figure 45. Weight change of the AlN - H20 mixture and
pure water for one (ix), two (2x), and three 
(3x) times the stoichiometric amount of 
water added to the mixture at 35 °C. After 
certain reaction time, curves are nearly 
parallel to each other. Arrows indicate a 
shift on the curve of pure water to show 
better the range of time where only the 
water evaporation reaction is taking place.
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Figure 46. Weight change of the AIN - H20 mixture and
pure water for one (Ix), two (2x), and three 
(3x) times the stoichiometric amount of 
water added to the mixture at 4 0 °C. After 
certain reaction time, curves are nearly 
parallel to each other. Arrows indicate a 
shift on the curve of pure water to show 
better the range of time where only the 
water evaporation reaction is taking place.
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NH3(soln) NH3(9)

H 2 ° ( l )  H 2° ( v )

IV. h 2o (I) = h 2o (v)

Figure 47. Model of the weight loss of the AlN - H 20
mixture as a function of time.
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the region where most of the weight loss is observed and 
also the longest o n e . Thus , this region should provide good 
information on the hydrolysis rate. However, it is 
difficult to know how far the hydrolysis reaction has gone 
during the ammoniacal solution saturation that happens at 
region II. Also, the evaporation rate of the water at 
region III is probably higher than that of pure water, 
otherwise the FRh would not have surpassed unity for most 
of the conditions tested. On the other hand, the weight 
loss rate of the mixture at region IV is in a good 
agreement with the evaporation rate of pure water. 
Therefore, this suggested model for the weight loss of the 
AlN - H zO mixture is not complete enough to provide 
quantitative information about the hydration kinetics of 
AlN. The reasons for this are :

it is not possible to measure the extent of the 
hydrolysis reaction at region II; 
it is not possible to measure the evaporation 
rate of water at region III;
it is difficult to separately measure the rates 
of the hydrolysis reaction and NH3 diffusion 
reaction from the mixture to the gas phase.
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The conclusion is that a continuous assessment of the 
extent of AlN hydration reaction could not be achieved with 
the gravimetric method when an AIN - H20 (1) mixture was 
used. This is mainly due to experimental difficulties in 
isolating the weight loss of the mixture from evolution of 
NH3 produced by the hydrolysis reaction from other weight 
changes taking place.

It was demonstrated in the discussion of the pH method 
that X-ray diffraction patterns of AlN powders after 
reaction with water vapor (and condensed water) were in a 
good agreement with the weight changes of the samples.
Thus, quantitative analysis by X-ray diffraction can be 
applied to the present samples to provide information about 
the degree of AIN hydration. This is described n e x t .

4.3 The X-ray Method

4.3.1 Quantitative Analysis by X-ray Diffraction

A  given substance always produces a characteristic 
diffraction pattern, regardless of whether it is in a pure
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state or as a constituent of a mixture of substances. 
Quantitative analysis by diffraction is based on the fact 
that the total energy diffracted (integrated intensity or 
area under the diffraction pattern peaks) by a particular 
phase in a mixture of phases depends on the concentration 
of that phase in the mixture. The relation between 
intensity and concentration is not generally linear because 
the diffracted intensity depends on the absorption 
coefficient of the mixture and this itself varies with 
concentration. The equation below relates the intensity of 
a chosen line of a phase in a mixture, I a, with its volume 
fraction, Ce, and fjLmf the linear absorption coefficient of 
the mixture :19

I. = KiC« / Mm (15)

where is a constant that will cancel out if the ratio of 
le to the intensity of some standard reference line is 
measured. The concentration of a can then be found from 
this ratio.

Also, if an standard mixture comprised of a and the 
other phases of interest in known amounts is used, the form 
of Eq. (15) can be found. This was done in the present work
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for a mixture of AlN and A1 (OH) 3, but all the lines of each 
phase were used. The resulting equation was used to confirm 
the extent of the conversion of AlN to A l (O H )3 calculated 
by weight change (see discussion about the pH method). The 
agreement of the AlN conversion to Al(OH)3 calculated from 
weight change and lstdA1(OH)3 = f (% conversion) was excellent.

For the treatment of the experimental data collected 
applying the gravimetric method, the following equations 
will be determined (w/f = weight fraction):

IstdA1N = f (w/f of AIN in the standard) ;
IstdA1<OH)3 = f (w/f of Al (OH) 3 in the standard);

where lBtdA1N and IatdA1(OH)3 will be the fraction of AlN and 
Al(OH)3 areas under the peaks of the diffraction patterns 
of the standard samples. Both equations are to be used 
since there is a possibility of A100H being present. If 
this is the case, the weight fraction of AlOOH can be 
assumed to be the difference 1 - (w/fA1N + w/fA1(OH)3) . This 
can be assumed because the linear absorption coefficient of 
the AlN - Al (OH) 3 mixture is close enough to that of the 
AlN - AlOOH mixture for equal concentrations of the 
hydroxide in the mixtures. In other words, the total energy
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diffracted from AlN in a mixture with hydroxide phases is 
independent of whether the mono or trihydroxide or both are 
present.

Another reason for using a standard comprised only of 
AlN and Al (O H ) 3 is that pure AlOOH was not readily 
available to be included in the standard mixture. It is 
important, though, to note that most of the diffraction 
lines of A l (O H )3 and AlOOH are easily distinguished one 
from the other in a diffraction pattern of a mixture with 
AlN and so are their area fractions. The calculation of the 
linear absorption coefficient of AlN, Al(OH)3 and AlOOH and 
their mixtures is presented in Appendix A.

If this is correct, when the computation of the 
diffracted areas of AlN and Al(OH)3 of a reacted sample, 
and the subsequent computation of their total weight 
fraction are carried out, the result should be less than 
unity, the difference being the weight fraction of AlOOH.
In order to obtain better correlation between diffracted 
energy and concentration, the computation of the areas 
under the peaks is to be made by first subtracting the 
background present on the diffraction patterns. The error 
in the area (and so in the concentration of the phase)
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introduced by the background increases as the peaks 
broaden.

The relation between the area fraction of AlN and 
Al(OH)3# computed from the diffraction pattern of the 
standard samples, and the weight fraction of each phase is 
shown in Figure 48. It is obvious that this method will not 
be accurate when the weight percent of AlN or Al (OH)3 is 
less than about five percent. For these cases, the weight 
fraction of the phase will be assumed to be equal to its 
area fraction.

4.3.2 Extent of AlN Hydration in the Gravimetric Method

The first group of samples to be analyzed by the 
procedure outlined above were those samples treated 
quantitatively with respect to the fraction of the 
hydrolysis reaction according to Eq. (14). These samples 
were reacted applying the gravimetric method under the 
conditions of amount of water added to the AlN - H20 
mixture, time, and temperature summarized below.
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Figure 48. Correlation between the weight fraction of
AIN and Al (OH) 3 and their area fraction 
under the diffraction pattern peaks for a 
standard mixture.
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Table ll. Reacting conditions of the AlN - H20 mixtures - 
group 1.

Samples Amount of water 
(stoichiometric = Ix)

Temperatures
°C

Time,
hours

T50, T39, T46 Ix 30, 35, 40 12

T49, T44, T52 2x 30, 35, 40 12

T48, T43, T51 3x 30, 35, 40 12

These samples will provide data about the effect of 
the amount of water and temperature on the extent of AIN 
hydration after 12 hours of reaction. This is translated 
into how much AlN is left, or how much of it was converted 
to hydroxide phases, in w / f .

The second group of samples were not quantified with 
Eq. (14). The reacting conditions were :
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Table 12. Reacting conditions of AlN - H20 mixtures -
group 2.

Samples Amount of water 
(stoichiometric = Ix)

Temperature0
C

Time,
hours

T32, T30 Ix 38 12, 16

T28, T29, T27 Ix 60 1, 2, 3

T2G, T33 0.33 x 60 3, 12

These samples will provide some information about the 
effects of time, temperature and amount of water on the 
extent of AlN hydration.

A comparison between the fractions of AIN hydration, 
FRh = weight fraction, calculated with Eq. (14), from the 
gravimetric method, and X-ray analysis is presented in 
Table 13.

The discrepancies in FRh are remarkable. The X-ray 
method was compared with weight changes for the samples 
reacted through the pH method, showing an excellent
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Table 13. Fraction of AlN hydration according to the 
gravimetric and X-ray methods.

Sample FR h.
Gravimetric Method

FRh, 
X-ray Method

T34 0.9186 0.3869

T50 0.6630 0.0089

T39 1.5087 0.3159

T46 0.4864 0.2412

T49 0.9653 0.0243

T44 0.1224 0.3617

T52 0.8852 0.4060

T4 8 1.2492 0.1223

T43 1.4251 0.3408

T51 0.5726 0.3665
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agreement ("See 4.1.9") . FR h values greater than 1.0 are 
not possible. The other values of FR h calculated through 
the gravimetric method, those less than one, will then be 
assumed to be inaccurate, as opposed to those from the X- 
ray procedure.

The weight fractions of hydroxide phases (1 - w/f A1N) 
of the samples listed in Tables ll and 12 calculated with 
the X-ray procedure are shown in Figures 49 to 51, and the 
corresponding diffraction patterns in Appendix B.

The tends observed from these results are :

the extent of reaction increased as the temperature 
increased, regardless the amount of water added to the 
mixture. However, from 35 to 40 °C, this increase is 
much less than that from 30 to 35 °C. For the 
stoichiometric amount of water, the extent of 
hydration increases from 3 5 to 3 8 °C and then 
decreases from there to 40 °C, Figure 49; 
the rate of reaction increased as the temperature 
increased, Figure 50;
at 60 °C, the rate of reaction increased as the amount 
of water increased. Figure 51.
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Figure 49. Extent of AlN hydration as a function of
temperature for different amounts of 
stoichiometric water added to the AlN - H20 
mixture after 12 hours of reaction. 
Stoichiometric = ix.
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Figure 50. Extent of AIN hydration as a function of
time for the stoichiometric amount of water 
added to the AlN - H20 mixture when the 
temperature is increased from 3 8 to 60 °C.
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Figure 51. Extent of AlN hydration as a function of
time at 60 °C for different amounts of 
stoichiometric water added to the AlN - H2 
mixture.



T-4488 125

These results seem to indicate that at high 
temperatures, above 35 °C, the evaporation of water is 
limiting the amount of water available for the hydrolysis 
reaction and, consequently, limiting the extent of 
reaction. At lower amounts of water, for instances 1/3 of 
that necessary for the formation of Al (O H ) 3, and high 
temperatures, eg. 60 °C, the evaporation reaction should 
have happened fast enough to suppress the hydrolysis 
reaction. Figure 51. When the fraction of hydration is 
plotted against the amount of water added to the mixture. 
Figure 52, it is seen that at the stoichiometric water the 
fraction of reaction decreased when the temperature 
increased from 35 to 40 °C. At two times the stoichiometric 
amount of water, the fraction of hydration increased as the 
temperature increased from 35 to 40 °C. Finally, as the 
amount of stoichiometric water increased from 2 to 3, the 
fraction of reaction at 35 and 40 °C decreased, with the 
one at 40 °C decreasing more markedly. In contrast, at 30 
°C the fraction of hydration continuously increased as the 
amount of water increased. This again indicates that the 
competition for water between the evaporation and 
hydrolysis reactions is limiting the extent of the latter. 
It is possible that other hindrance factors are involved in 
the kinetics of the hydrolysis reaction, in addition to the
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Figure 52. Extent of AIN hydration as a function of the
amount of water added to the AIN - H20 
mixture for different temperatures and after 
12 hours of reaction.
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availability of w a t e r . This will be investigated with the 
next series of experiments.

The conclusion from these results is that the recorded 
weight loss of the AIN - H20 mixture are primarily due to 
water evaporation and secondarily to NH3 evolution.

The next series of experiments will attempt to clarify 
the mechanism of the hydrolysis reaction in a mixture with 
water, as well as to determine the reaction rate.

4.3.3 Discontinuous Tests with the AIN - H20 Mixture

4.3.3.1 Experimental Apparatus and Conditions

The apparatus used in these experiments is seen in 
Figures 53 and 54. The temperature of the samples was 
measured by a type-t thermocouple (44 Ni - 55 Cu w/o) and 
recorded in a chart recorder. In order to minimize the 
effect of water evaporation on the extent of hydration, 
three times the stoichiometric water for the conversion of 
AlN to A1 (OH) 3 was added to the alumina crucible and then
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Figure 53. Experimental apparatus used in the
discontinuous hydration tests of the AlN -
H20 mixture.
Key: l. Reaction chamber, 2. T-thermocouple, 
3. Hot plate, 4. Chart recorder, 5. Power 
source.
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Figure 54. Hydration reaction chamber with crucibles
and T-thermocouple.
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0.5 g of AlN poured in it. The conditions of reaction are 
listed below.

Table 14. Discontinuous tests with the AlN - H 2G mixtures.

Temperatures, °C Sampling Number of samples
25 every 8 hours 15
30 every 4 hours 14
35 every 1.2 5 hours 7
40 every 40 minutes 7
50 every 20 minutes 7
60 every 5 minutes 7

The sampling times were designed to minimize the 
influence of evaporation of water on the kinetics of the 
hydrolysis reaction, which is particularly remarkable above 
30 °C.

After each test the remaining water was taken out of 
the crucible and the solid phase washed with isopropyl 
alcohol to quench the reaction. This was done based on the
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experimental evidence that after separately immersing pure 
AlN and Al(OH)3 powders in isopropyl alcohol for 90 hours, 
only the original phases were found by X-ray diffraction 
analysis. The washed material was immersed in alcohol and 
allowed to dry in air. Finally, water trapped in the pores 
was removed under vacuum. After this quenching and drying 
treatment, the reacted samples were analyzed by X-ray 
diffraction.

4.3.3.2 Results and Discussion

First, it is important to mention that, as expected, 
the conversion of the diffracted area fraction of AlN and 
Al(OH)3 into their weight fraction always totaled less than 
unity when the area fraction of either phase was greater 
than 0.05. The difference was attributed to AlOOH. At 25 
°C, most of the samples showed an area fraction of AlN 
greater than 0.95 and so the weight fraction of each phase 
were assumed to be equal to its diffracted area fraction.

The correlation between area and weight fraction of 
AlOOH obtained from all the samples, except for those 
reacted at 25 °C, is seen in Figure 55. This correlation is
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not very much different from the one obtained for Al(OH ) 3 

in the standard mixture with AlN, i e . A/f A1(OH)3 = 0.0534 + 
0.8964 w/f ai(oh)3 • If the sum of the weight fractions of 
Al(OH ) 3 and AlOOH is plotted against the sum of their area 
fractions for the same samples, the resulting correlation 
should be very close to that obtained for A l (O H ) 3 in the 
standard mixtures. In fact, the same correlation was found. 
Figure 56. This means that the previous assumption that AIN 
behaves the same in any mixture with either one or both 
hydroxides (the energy diffracted by AlN being only a 
function of its concentration) is excellent. In other 
words, the mono and trihydroxide are altering the energy 
diffracted by AlN to the same extent, because of the 
similarity of their linear absorption coefficient.

The diffraction patterns of the powders reacted at 30, 
35, 40, 50 and 60 °C are presented in Appendix C. The 
fraction of AlN hydration is shown in Figure 57, for 
temperatures of 25 and 3 0 °C, and in Figure 58, for the 
temperatures of 35, 40, 50, and 60 °C. The extent of 
hydration increased with time up to certain reaction time 
and then started to level o f f . The initial fraction reacted 
versus time is approximately linear and varies with 
reaction temperature. The initial reaction rates are given
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Figure 55. Correlation between the weight fraction of
AlOOH (l - w/f au, - w/fA1(0H)3) and its area 
fraction under the diffraction pattern peaks 
for the reacted powders.
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Figure 57. Fraction of AlN hydration as a function of
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in Table 15. These results will be further discussed in the 
next chapter.

After hydration, the AlN loose powder was bonded into 
a continuous structure and several pieces of rigid material 
having a flake-like shape were observed all over the 
crucible. These flakes were probably broken off from a 
larger piece by the evolution of NH3. However, at the 
bottom of the crucible the remaining material resembled 
cured concrete paste, being strongly adhered to the surface 
of the crucible and forming a single monolithic piece. A 
typical macrostructure of the reacted powders with liquid 
and vapor water (from the pH method) is shown in Figure 59.
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Table 15. Linear initial kinetics rate constant as a
function of temperature for the hydration of 
AIN.

Temperature, 
°C

Linear rate,

W/ f Al (OH) 3 + AlOOH/nii-H

25 oHXr-tt*00

30 5.16 x 10"4

35 1.43 x 10'3

40 3.07 x 10'3

50 3.05 x 10"3

60 1.75 x 10 3
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Typical AIN powder 
macrostructures after 

reaction with:

Water vapor

Figure 59. Typical macrestructures of hydrated AlN 
powder.
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The samples from the gravimetric m e t h o d •suggested that 
the availability of water limited the extent of the 
hydration of AIN. In that case, liquid water was being 
consumed by evaporation and limiting the hydrolysis 
reaction. In addition, the extent of reaction might have 
been limited by preventing of water access to AlN 
particles. This might have some correlation with the rigid 
structure described above. The microstructures of AIN after 
hydration will be discussed.
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5. MECHANISM OF THE HYDRATION Of AlN

It has been suggested that the extent of the AlN 
hydration was limited by the limited availability of water 
for reaction. This can be caused either by evaporation of 
water or densification of the structure through the growing 
hydroxide phases, embedding the particles of AIN, or by a 
combination of both factors. The evaporation of water was 
extensively discussed during the treatment of the 
experimental data from the gravimetric met h o d . The 
densification or formation of a dense structure by 
hydration is probably a result of growth of
interpenetrating hydroxide phases on the surface of the AlN 
particles. The growing hydroxides partially fill the pores 
and bond the loose powder into a continuous structure. Such 
a model is suggested for the hydration of a bed of AlN 
particles infiltrated by water.

5.1 Model of the AlN - H.O Mixture before Reaction

The particle size of the starting powder showed a 
broad distribution, with 45.9 w/o of particles between 1
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and 30 fim and 54.1 w/o between 0.2 and 1 /mt; Table 16.

The AlN - H20 mixture is formed by first loading 
liquid water in the crucible and then pouring in the AlN 
powder. It is suggested that during the setting of the 
powder on the bottom of the crucible the coarser particles, 
between 1 and 30 /an size, are deposited first (some more 
strongly attached tiny particles would probably be 
entrained) and then would be gradually covered by the finer 
ones, between 0.2 and 1 /an size. If this is the case, the 
surface area of the particles would increase from the 
bottom to the top of the bed. In contrast, the packing 
factor of the particles would decrease from the bottom to 
the top of the b e d . Liquid water would be filling the voids 
between the particles more closely packed and surrounding 
the particles less closely packed. It will be assumed that 
the particles are packed in a nearly simple cubic (SC) 
arrangement. This model is shown schematically in Figure 
60 .
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Table 16. Particle size distribution of the AlN
powder* by SHIMADZU CENTRIFUGE - Method ASTM 
C 1182.

Particle size,
fim

Differential, 
w/o

Cumulative, 
w/o > size

30 . 00 0 . 5 0 . 5
20 . 00 1.9 2.4
15 . 00 1. 8 4.2
10 . 00 3 . 0 7.2
8 . 00 5 . 3 12 .5
6 . 00 5.4 17 .9
4 . 00 5 . 0 22 .9
2 . 00 4 . 8 27.7
1 . 00 18 . 7 46.4
0 . 80 7.6 54 . 0
0 . 60 10 . 8 64 . 8
0 .40 13 . 9 78 . 7
0.20 21. 3 100 . 0

Median particle diameter : 0.92 /xm (average from three 
tests).
performed at Coors Analytical Laboratory (Material 

Testing).
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WATER

CRUCIBLE

Figure 60. Model of the AIN bed before reaction.
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5.2 Microstructure Evolution of the AlN - H;Q Mixture
during Hydration

As AIN reacts with water to form hydroxide phases, the 
following changes in volume take place for each gram of 
AIN:

- AlN to Al (OH) 3 : 0.31 to 0.75 cm3 or 142%;
- AlN to AlOOH : 0.31 to 0.49 cm3 or 58%;

If a maximum packing factor of 0.52 (SC) is assumed 
for the unitary mass AIN bed, the volume of the bed is 
0.31/0.52 or 0.60 cm3 and the volume of the voids is 0.60 x 
0.48 or 0.29 cm3. Assuming that the hydroxide phases grow 
all over the AIN particle, filling up the voids while the 
AIN core shrinks, and that the volume of the bed remains 
constant, 100% conversion of AIN to AlOOH is possible, 
since it requires 0.18 cm3 and 0.29 cm3 are available. In 
this case, a 100% AlOOH bed replaces the original AlN bed 
and the volume of voids decreases from 0.29 to 0.11 cm3. On 
the other hand, 100% conversion to Al(OH)3 is physically 
impossible without locking the AlN particles inside the 
A l (O H )3 layer and keeping water o u t . The complete hydration 
to Al (OH) 3 requires 0.44 cm3 or 0.15 cm3 more than that
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available, which means that the bed can be densified to 
100% by a mixture of AlN and Al (OH) 3 with AIN covered by 
Al(OH)3. Therefore, the growing of a mixture of mono and 
trihydroxide on the surface of AlN particles may prevent 
further hydration of the more closely packed AIN particles 
by locking them and keeping water o u t . The less closely 
packed particles, present on the upper part of the bed, 
will have a better chance to react and may even react to 
100%, depending on their packing factor. In addition, these 
particles are assumed to have a higher surface area and so 
higher reactivity. If these finer and less closely packed 
particles react to a greater extent, they will also hinder 
the accessibility of water to the more closely packed 
particles located underneath. The particles will be bonded 
together by the interpenetration or the intergrowth of the 
growing hydroxide phases.

If confirmed, this model should explain the 
macrostructure of reacted AlN powder as well as the extent 
of hydration as a function of time. The model of the AlN - 
H20 mixture before and after reaction is compared in Figure 
61.
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Figure 61. Model of the AIN bed before and after
hydration.
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5.3 Microstructure of AlN after Hydration

In order to verify the suggested mechanism of the 
hydrolysis reaction, a series of samples was examined by 
Scanning Electron Microscopy - SEM.

These samples consisted of fracture surfaces of the 
flakes formed at the begining and end of the hydration for 
all tested temperatures. Figure 62. All selected flakes 
were white and smooth on the top and pale gray and rough on 
the bottom. The white and smooth surface was oriented with 
the top of the AlN bed, and the pale gray and rough surface 
with the bottom of it. This selecting criterion was chosen 
because this type of flake was easily identified in all the 
samples. Also, it appeared to be very suitable to the 
verification of the suggested model due to its orientation 
and visible features (Al(OH)3 is white). The examined 
fracture surface is then a cross section of the original 
AIN bed and probably encompasses particles less and more 
closely packed. This typical flake with its fracture 
surface and bottom is seen in Figure 63.

At this point, the samples will be compared such that 
qualitative differences in the degree of densification of
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Figure 62. Reaction times and temperatures of the
samples examined in the SEM.
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Figure 63. Typical SEM fracture surface of the selected
flakes. Left : bottom of the flake (oriented 
to the bottom of the AlN bed). 7Ox.

W W W R  LAKES lib r a r y
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the fracture surface can be identified. Also; the growing 
mode of the hydroxide crystals will be investigated to 
verify the m o d e l . The SEM pictures of the AIN powder and 
this first selection of samples are shown in Figures 64 to 
86. The discussion of each set of microstructures is given 
with each photograph.

The SEM investigation of the fracture surfaces of this 
first series of samples clearly showed that denser flakes 
are produced from the begining to the end of the hydration, 
regardless the temperature of reaction. Also, the void- 
filling and interpenetrating growth mode of the hydroxide 
phases was observed. Finally, a dense-porous region 
interface was seen in some samples.

This experimental evidence indicated that the second- 
phase- space- filling model, ie. Bpsf-model, adequately 
describes the hydration of a bed of AIN infiltrated by 
w a t e r . Thus, as the hydrolysis reaction proceeds, the 
growing hydroxide phases lock the AIN particles in and 
prevent further reaction by keeping water o u t . This effect 
is increased from the upper to the bottom part of the AIN 
bed because the packing factor increases in this direction. 
This is enhanced by the predominant growth of A l (O H ) 3,



T- 4488 152

Figure 64. AIN powder. Note the large variation in 
particle size. 1,OOOx, top. 5,OOOx, bottom.
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Figure 65. High magnification view of AlN particles.
15,OOOx.



Figure 66. Sample reacted at 25 °C for 8 hours.Top : Fracture surface with some gas bubbles
(possibly NH3) on it. 10Ox.

Bottom: AlN particles packing. 7,OOOx.
Note the low degree of densification and the presence of 
large particles (with smaller ones attached to them) in the 
AlN bed.
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Sample reacted, at 25 °C for 8 hours, 
view of a gas bubble (top, 1,500x) and its
interior (bottom, 7,00Ox) . Again note the 
AlN bed packing.



T-4488 156

Figure 68. Sample reacted at 25 °C for 119.5 hours.
68. a, top: Dense region of the fracture

surface with a gas bubbles on 
it. 1,OOOx.

68.b, bottom: Less dense region. 220x.
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Figure 68. Sample reacted at 25 °C for 119.5 hours.
68. c, top: Interface between a dense and

porous region at the fracture 
surface. 2,200x.

68.d, bottom: Interpenetrating growing of
hydroxide phases around the 
AlN particles. 9,OOOx.
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Figure 69. Sample reacted at 25 °C for 119.5 hours.
View of the interior of a gas bubble (top,
5,OOOx) and the interpenetrating growing of 
a hydroxide phase (bottom, 8,500x). Note the 
degree of densification of the surface (top 
left).
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Sample reacted at 30 0C for 8 hours.
70.a, top: Fracture surface. 250x.
70.b, bottom: Interface dense-porous region.
1,500x.
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Sample reacted at 3 0 °C for 8 hours.
70.c (top, 3,OOOx) and 70.d (bottom,
7,00Ox) : Growth of long hydroxide crystals 
from AlN particles.
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Sample reacted at 30 °C for 8 hours.
70.e (top, 2,50Ox) and 70.f (bottom,
10,OOOx): Growth of long hydroxide crystals 
from AlN particles.
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5.86m, DI388 LLF87

Figure 70. Sample reacted at 30 °C for 8 hours.
70.g: Hydroxide crystals. 5,OOOx.
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Figure 71. ^ l e ^ . c t e a  a t ^ O ^ f o r  72gbours.
fracture surface. 15Ox.

71.b. bottom: Low density region of thefracture surface. Note the 
increase in porosity from 
left to the right. 1,500x.



Figure



T- 4488 165

Figure 72. Sample reacted at 30 °C for 72 hours.
Gas bubble (top, 1,600x) and its interior 
(bottom, 5,OOOx). Note that nearly no 
porosity is seen and the oriented growing of 
hydroxide crystals towards the free surface.
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Sample reacted at 3 0 °C for 72 hours. 
Oriented growing of hydroxide crystals 
towards the free surface in the interior of 
a gas bubble. 7,OOOx.
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Figure 74. Sample reacted at 3 5 °C for 75 minutes.
Fracture surface in low (top, 350x) and high 
(bottom, 7,OOOx) magnification. Note the 
porous surface and begining of hydration.
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Figure 75. Sample reacted at 35 °C for 75 minutes.
High magnification picture of the begining 
of the hydrolysis reaction. Note that the 
second phase is filling the voids of the AlN 
bed. 25 # OOOx.
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Figure 76. Sample reacted at 35 °C for 525 minutes.
76 . a, top : Dense fracture surface. lOOx.
76.b, bottom: Surface of the fracture

surface. Note the void- 
filling growing mode of the 
hydroxide crystals at the 
fracture surface. 5,OOOx.
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Figure 76. A g i ^ ^ l r f a c e .
3,5 0 Ox.76.d, bottom: interior of a gas bubble. 5, OOOx

Again hydroxide crystals growing towards the free surface 
inside a gas bubble.
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Figure 77. Sample reacted at 35 °C for 525 minutes.
High magnification view of hydroxide 
crystals growing in an interpenetrating mode 
and filling out the voids of the AlN bed at 
the dense region. 15,OOOx.
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Figure 78. Sample reacted at 40 °C for 40 minutes.
Porous fracture surface at low (lOOx) and 
high (10,OOOx) magnification. At the bottom 
the begining of the hydrolysis reaction.
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Sample reacted at 40 °C for 40 minutes. 
Highly reacted particles over the porous 
fracture surface transported from some other 
region. 2,OOOx.
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Sample reacted at 40 °C for 280 minutes.
80.a, top: Dense fracture surface. 300x.
80.b, bottom : View of the interior of a

crack on the dense fracture 
surface. 1,500x.
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Fiqure 80. Sample reacted at 40 °C for 280 minutes.
80.c (top, 2,50Ox) and 80.d (bottom,10,00Ox) : Increased magnification (from top
to bottom) views of the interior of a crack 
on the dense fracture surface to show the 
interpenetrating void-filling growth mode of 
the hydroxide crystals.
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Figure 81. Sample reacted at 40 °C for 280 minutes.
High magnification view of the growth of a 
hydroxide crystal towards free space in the 
AlN bed. 15,00 Ox.
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Figure 82. Sample reacted at 50 °C for 20 minutes.
Low (10Ox) and high (15,OOOx) magnification 
views of the porous fracture surface. At the 
bottom, the beginning of the hydrolysis 
reaction.
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Figure 83. Sample reacted at 50 °C for 140 minutes.
83.a, top: Dense fracture surface and part or

the surface going away. I40x.
83.b, bottom: Vicinity of the dense and porous

regions. 1,20 Ox.
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Figure 83. Sample reacted at 50 °C for 140 minutes.
83.c, top: Interface between the dense

and porous regions on fracture 
surface. 1,OOOx.

83.d, bottom: Surface of the dense region at
the vicinity of the porous 
region. 10,OOOx.
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Figure 84. Ŝlere a c t e ^ a t ^ C  ̂ or  ̂ 40 ̂ ^ c a t i o n
views of the d e n s e -porous regions interface 
showing the growth of distinct hydroxide 
crystals.
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Sample reacted at 60 °C for 5 minutes.
85.a (top, 180x) and 85.b (bottom, 750x): 
Porous fracture surface at low and higher 
magnifications.
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/

Figure 85. Sample reacted at 60 °C for 5 minutes.
85.c (top, 7,OOOx) and 85.d (bottom, 10,OOOx) 
Porous fracture surface at increased 
magnifications. Again, at the bottom, the 
begining of the hydrolysis reaction.
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Figure 86. Sample reacted at 60 °C for 35 minutes.
86.a (top, 27Ox) and 86.b (bottom, 5,OOOx): 
Dense fracture surface at low and high 
magnifications.
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Sample reacted at 6 0 °C for 35 minutes.
86.c (top, 3,70Ox) and 86.d (bottom, 
15,000): Porous area at the dense-porous
region interface at low and high 
magnifications.
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which will easily fill up voids, blocking the water off, at 
relatively lower extents of reaction.

The model can be further investigated by comparing the 
X-ray diffraction results for the bulk of a sample and for 
the material originally attached to the bottom of the 
crucible. The AlN particles located at the bottom of the 
crucible should exhibit the highest packing factor and thus 
should react less. In addition, this part of the AlN bed 
should be the most limited to water accessibility because 
of the densification of the upper parts (due to hydration). 
Two samples were compared: the first reacted at 60 °C for 
35 minutes, and the second at 35 °C for 525 minutes. This 
selection was based on the fact that at 60 °C only A100H 
was formed, while at 35 °C both AlOOH and Al (OH) 3 were 
present. As demonstrated before, the formation of Al(OH ) 3 

from AIN is followed by a large increase in volu m e . 
Therefore, the difference in the weight fraction of AIN 
between the bulk and the bottom part of the bed, if there 
is any, should be greater for the sample reacted at 35 °C. 
Also, the highest rate of reaction occurred at 60 °C and 
the most reacted sample at 35 °C after 525 minutes. The 
results of this comparison are given in Table 17.
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Table IT. x-ray results of the bulk and the bottom
part of the AIN bed after reaction.

Sample Analysis w/f AIN w/f AlOOH w/f Al(OH ) 3

60 °C, 
35 min.

bulk 0.7179 0.2821 0

bottom 0.7942 0.2058 0

35 °C# 
525 min.

bulk 0.4805 0.1584 0.3611

bottom 0.8159 0.0239 0.1602

These X-ray results show that indeed the extent of 
hydration is smaller at the bottom of the AIN bed and the 
difference from the bulk is enhanced by the formation of 
Al(OH) 3 . The relative difference in the w/f of AlN is 
around 10% when only AlOOH is present and is 70% when AlOOH 
and A l (O H ) 3 are present. This reinforces the model for the 
hydration of an AlN bed at temperatures between 25 and 
60 °C.
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5.4 Predicted and Measured Extent of Hydration

The modeled packing mode of the AlN bed predicts that 
100% AIN conversion to Al(OH ) 3 is physically impossible 
since 0.44 cm 3 are required and only 0.29 cm 3 are 
available. It is assumed that the volume of the bed is 
constant and then a densification occurs by the growing of 
A l (OH ) 3 crystals around the AlN particles, which shrink. If 
this is the case, the weight fractions of AlN and A l (O H ) 3 

are calculated as follows :

a. loaded mass of AlN = 0 . 5g volume = 0.1526 cm3;
b. packing factor (SC) = 0.52 -» 0. 5g AlN bed = 0.2934

cm3, where 0.1526 cm3 occupied by AlN particles and 
0.1408 cm3 by liquid water (filling up the cubic 
site);

c. volume AlN + volume Al ( O H ) 3 - volume bed
V AIN + V Al (OH) 3 = 0.2934 cm3

V AlN = 0.1526 - V Al (OH) 3 / 2.4646 as the reaction 
proceeds V AIN = 0.0 565 cm3, V Al (OH) 3 = 0.2369 cm3;

d. mass of ALN = V AlN x density of AIN
m  AlN = 0.05 65 cm 3 x 3.277 g . cm '3 = 0.1851 g
m Al (OH) 3 = 0.2369 cm 3 x 2.53 g.cm '3 = 0.5994 g;

e. w/f AlN = m  AlN / (m AlN + m Al (OH) 3) « 0.24
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w/f A l (OH) 3 = 1 - w/f AIN « 0.76

This calculation signifies that as the weight fraction 
of Al(OH ) 3 increases, the bed is densifled and the 
acessibility of water to AIN particles becomes more 
difficult. When the weight fraction of Al(OH ) 3 reaches 
0.76, the bed is fully densified and the AlN particles are 
locked inside the Al(OH ) 3 shell.

If only AlOOH is formed, case of the tests at 60 °C, 
there is enough space for 1 0 0 % conversion, provided that 
water is available for reaction. In other words, a new bed 
of AlOOH replaces the AlN bed and the packing factor of the 
bed increases from 0.52 to 0.83. In this case, the 
acessibility of water to the AlN particles becomes more 
difficult as the reaction proceeds but it is not blocked 
before the completion of hydration.

Thus, the maximum predicted extent of hydration are 
between 0.76 and 1.00 for mixtures of Al (OH) 3 and AlOOH and 
the rate of hydration should decrease gradually as the 
extent of hydration increases.

The highest measured extent of hydration was nearly
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0.52 for the temperature of 3 5 °C after 525 minutes of 
reaction. The linear kinetics reaction rate tended to 
decrease as the extent of hydration increased, more 
markedly for the temperatures of 30 and 40 °C ("See Figures 
57 and 58). Therefore, the experimental results are in a 
reasonable agreement with the predictions from the model.

At 25 °C, however, the measured extent of hydration 
does not agree with the microstructures observed by SEM nor 
with the model. The degree of densification or reaction 
seen in the microstructure at 25 °C and after 119.5 hours 
("See Figures 6 8  and 69") is similar to that of some other 
samples examined, although only 6 . 6  w/o hydrated phases 
were determined by the X-ray method. In addition, the 
weight fractions of hydrated phases determined by X-ray for 
this temperature were all below 1 0  w/o, with the exception 
of the sample reacted for 64 hours ("See Figure 57). In 
order to clarify this, samples reacted for 24 and 74 2/3 
hours (less and more than 64 hours) were examined by SEM. 
The microstructures of these samples are shown in Figures 
87 and 8 8 . After 24 hours of hydration, only AlN was 
detected by X-ray diffraction analysis, indicating that the 
hydrated phases were probably present in amounts below the 
X-ray limit of detection. After 74 2/3 hours of hydration.
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Sample reacted at 25 °C for 24 hours.
Top: Interface dense-porous regions. 1,40Ox.
Bottom: High magnification view of this
interface, showing the degrees of 
densification and hydration. 8,OOOx.
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Figure 88. Sample reacted at 25 °C for 74 2/3 hours.
Top: Fracture surface and interface dense- 
porous regions. Note the high densification 
level of the fracture surface. 19Ox.
Bottom: Interface dense-porous regions, 
showing highly reacted AlN particles.
1,OOOx.
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only 0.5 w/o Al (OH) 3 was determined with the x-ray method. 
However, if this fracture surface is compared with the 
fracture surface of the sample reacted at 30 °C for about 
the same time, eg. 72 hours, for which 34 w/o hydrated 
phases were found. Figure 89, it is clearly seen that the 
X-ray results are not consistent with the microstructures 
of the samples reacted at 25 °C.

A  careful examination of the diffraction patterns of 
the samples reacted at 25 °C showed that most of the 
hydroxide phases peaks were broad. Figures 90 to 93. This 
indicates that submicron crystals are present. A  further 
examination of the fracture surface of the sample reacted 
at 25 °C for 74 2/3 hours revealed interesting 
microstructural features in the vicinity of some gas 
bubbles. Figures 93 to 96. These SEM pictures show that the 
hydration reactions have progressed to a significant extent 
all over the surface of the AlN particles, and, indeed, the 
resultant hydroxide crystals are fairly small.

The interpenetrating growing mode of the hydroxide can 
be identified in Figures 95 and 96. The surface of the gas 
bubble shown in Figures 93 and 94 is practically 10 0%
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Figure 89. Fracture surfaces of the samples reacted at
25 °C for 74 2/3 hours (top, 150x) and at 30 °C 
for 72 hours (bottom, 150x) . Although at 25 °C, 
0.5 w/o hydrated phases were found and at 30 0C, 
34 w/o, the fracture surface exhibited similar 
degree of densification/reaction.
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■ AIN AI(OH)+ AlOOH
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Figure 90. X-ray diffraction patterns of unreacted AIN

and AIN reacted at 25 °C for different 
times.
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■ AIN AI(OH)+ AlOOH
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Figure 91. X-ray diffraction patterns of unreacted AlN

and AIN reacted at 25 °C for different 
times.
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■ AIN AI(OH)+ AlOOH
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Figure 92. x-ray diffraction patterns of unreacted AlN

and AlN reacted at 25 °C for different 
times.
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Figure 93. Microstructural features found in the vicinity
of the gas bubbles of the sample reacted at 25 °C 
for 74 2/3 hours. Gas bubble interior (top,
900x) and surface (bottom, 5,OOOx). Note the 
high density gas bubble wall, which is possibly 
formed by the intergrowth of fairly small 
hydroxide crystals.
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Figure 94. Microstructural features found in the
vicinity of the gas bubbles of the sample 
reacted at 2 5 °C for 74 2/3 hours. High 
magnification view of the surface of a gas 
bubble to show its high degree of 
densification. 15,OOOx.
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Figure 9 5 Microstructural features found in the vicinity 
of the gas bubbles of the sample reacted at 25 °C 
for 74 2/3 hours. Highly reacted AlN particle 
sitting on the surface of the gas bubble (top, 
25,OOOx) and fairly small hydroxide crystals 
(about less than 0.01 /m) growing in an 
interpenetrating mode and filling up the voids 
of the AlN bed (bottom, 15,OOOx).
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Figure 96. Microstructural features found in the vicinity
of the gas bubbles of the sample reacted at 25 °C 
for 74 2/3 hours. Top: Second type of gas bubble 
surface observed. 1,40Ox. Bottom: Larger 
crystals (about 0.01 /zm) growing in an 
interpenetrating mode. 10,OOOx. The suggested 
agglomeration phenomenon of the tiny hydroxides 
crystals is not present to the same degree.
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dense and its smoothness may be due to the fairly small 
particle size of the hydroxide crystals, which in this 
region are probably agglomerates of submicron crystals.
This supposed agglomeration phenomenon is not seen in the 
gas bubble showed in Figure 9 6 (top). The reason for this 
might be the particle size of the hydroxide crystals, which 
are apparently larger, although still small ("See bottom of 
Figures 9 5 and 9 6").

The conclusion from these observations is that the 
particle size of the hydroxide crystals may have caused a 
broadening of their peaks large enough to include their 
lines in the background range. The Scherrer formula19 
relates the broadening of the diffraction lines with the 
particle size of small crystals (less than 0.1 /zm) 
according to:

B = 0.9 X / t cos0 (16)

where B = broadening of diffraction line measured at half 
its maximum intensity (radians), t = diameter of crystal 
particle, X = wavelength of the incident X-ray beam, and 0 
= Bragg angle. The broadening due to particle size alone is 
essentially zero when the particle size exceeds about 0.1 /xm.
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The broad peaks observed in the X-ray diffraction 
patterns of all the samples examined in this research are 
mostly AlOOH p e a k s . Therefore, the AlOOH crystals are 
estimated to be less than 0.1 /xm in size for all the 
samples. In particular, the particle size of AlOOH formed
at 25 °C seems to be of the order of 0.01 gm (100 Â ) .
Supposing this as being the particle size of the AlOOH
crystals seen in Figure 96 (bottom), 0 = 7.24° (Bragg angle
of (020) plane, 100% intensity), X = 1.54 Â; the broadening 
of the 100% intensity line is calculated as being equal to 
3.2°. This broadening is in a good agreement with the ones 
observed for this line in the diffraction patterns of the 
samples under discussion. Now, if a smaller particle size 
for the AlOOH is taken, for instances 0.001 /xm (10 Â) , as 
possibly being in the order of the one seen in Figure 9 5 
(bottom); the broadening of the same line will increase to 
8.0°. This means that diffraction lines from crystals of 
size in the range of 10 to 100 Â  will be marginally seen in 
the diffraction patterns as peaks, if not seen as 
background lines.

These calculations suggest that the second-phase- 
space-filling model conceived for the hydration of the AIN 
bed is also adequate for the hydration at 25 °C. The
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apparent n o n -correspondence between the model and the 
measured extent of hydration may be due to the small 
crystal effect on the broadening of the diffraction lines 
of AlOOH. This may have precluded the computation of the 
concentration of the monohydroxide phase in the mixture.

5.5 Other Observations

5.5.1 Flake Microstructure

The spsf-model predicts that the densification of the 
AIN bed, due to the interpenetrating growth of the 
hydroxide phases, limits the extent of hydration.
Therefore, as the packing factor of the AIN bed decreases 
the chances of higher degrees of hydration are greater.

The flakes formed during hydration were described as 
having a white and smooth surface oriented toward the top 
of the bed and a pale gray and rough surface oriented 
toward the bottom of it. A flake obtained from hydration at 
25 °C for 74 2/3 hours was fractured into 2 surfaces. The 
first one provided information about the densification and
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reaction degree discussed above. The second surface was 
again fractured into 2 new surfaces to provide information 
about the two original surfaces of the flake. The two 
original surfaces of this flake are seen in Figures 97 and 
98 .

The bottom oriented surface has the AIN particles 
arranged in a higher packing factor, according to the 
second-phase-space-filling model and so small hydration and 
high densification are predicted. The predictions for the 
top oriented surface are the opposite: high hydration and 
low densification. This is in agreement with the 
microstructures of Figures 94 and 95 for the samples 
reacted at 25 °C for 74 2/3 h o urs. This shows that even in 
small volumes of the AIN bed, the packing factor of the 
particles can control the extent of hydration. This effect 
has already been quantified in a larger volume of the bed 
("See 5.3").
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Figure 97. Sample reacted at 25 °C for 74 2/3 hours.
Low (top, 15Ox) and high (bottom, 2,OOOx) 
magnification views of the original bottom 
oriented surface (pale gray and rough) of 
the selected flake.
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Figure 98. Sample reacted at 25 °C for 74 2/3 hours.
Low (top, 15Ox) and high (bottom, 2,OOOx) 
magnification views of the original top 
oriented surface (white and smooth) of the 
selected flake.
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5.5.2 Microstructure of the "Floating11 Material

There is additional experimental evidence of the 
effect of the packing factor on the extent of hydration. It 
was observed that after hydration some solid material was 
always floating on the surface of the remaining water. This 
material was collected for the sample reacted at 30 °C for 
16 hours and then examined by SEM, Figures 99 and 100. This 
material seems to be completed reacted. The hydroxide 
crystals grew freely towards the liquid phase, leaving 
behind a dense matrix, as predicted by the m o d e l .

5.5.3 Amount of AlOOH formed

The equilibrium hydroxide phase in the hydration of 
AIN is AlOOH. At 30 °C, the amount of AlOOH in the hydrated 
phase oscillated around 12%, as shown in Figure 101. In 
contrast, above 30 °C, the proportion of AlOOH in the 
hydrated phase tended to increase as the reaction time and 
temperature increased, as expected. Figure 102. However, 
there is a great deal of scatter in the data.



Figure 99. Microstructure of the floating material
reacted at 30 °C for 16 hours, showing the 
dense matrix (right), the hydroxide crystals 
(middle), and an edge view of the piece 
(left) . 40 Ox.
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Figure 100. Microstructure of the "floating" material
reacted at 30 °C for 16 hours.
100.a: View of the dense matrix and 
hydroxide crystals. 2,00 Ox.
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Microstructure of the "floating" material 
reacted at 30 °C for 16 hours.
100.b (top, 10,00 Ox) and 100.c (bottom,
3 # 700x) : Hydroxide crystals.
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Microstrueture of the "floating" material 
reacted at 30 °C for 16 hours.
100.d (top, 5,50 Ox) and 100.e (bottom,
7,OOOx): Hydroxide crystals.
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Figure 101. Proportion of AlOOH in the hydrated phase as
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Figure 102. Increase of the proportion of AlOOH in the
hydrated phase as a function of time for the 
temperatures of 35, 40, 50, and 60 °C.
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5.5.4 Temperature Dependence

An Arrhenius type plot of the linear hydration 
kinetics rate constant of the hydration ("See Table 15) is 
shown in Figure 103. It is seen that the reaction rate at 
25 °C is less than it should be, as compared to the other 
rates. If this reaction rate is included in the 
calculation, the apparent activation energy for hydration 
is calculated to be 143 kJ/mol. If the reaction rate at 
25 °C is not considered in the calculation, the apparent 
activation energy is 85 kJ/mol, Figure 104. The 
calculations of the broadening of the AlOOH lines showed 
that diffraction from crystals in the range of 0.001 to
0.01 /xm in size would be marginally seen as a p e a k . 
Therefore, the weight fractions of the hydroxide phases are 
underestimated and so is the reaction rate at 25 °C. As a 
result, the value of 85 kJ/mol is taken as being more 
accurate. This probably represents the activation energy 
for a surface reaction. One possible set of reaction is :

AIN,., + 4 H20 al ** NH4*(aq) + Al(0H)4-„q) (17);

A1 (OH) 4*(aq) ** A1 (OH) 3,., + OH-(aq, (18)
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Figure 103. Arrhenius plot of the linear rate constants.
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Only one study on the kinetics of the hydration of AIN 
with calculation of the apparent activation energy was 
found in the literature. T. Sato et. al7 studied the 
kinetics of hot-pressed AIN coupons with a bulk density of 
3.25 g /cm3 in wet nitrogen with 1.5 to 20 kPa of water 
vapor pressure, at 1100 to 1400 °C. They found an apparent 
activation energy of 250 kJ/mole regardless of the water 
vapor pressure. In that case, the formation of a porous 
alumina film on the surface of AIN facilitated the 
diffusion of water wapor through the oxide layer and the 
kinetics was controlled by surface chemical reaction. When 
a dense alumina film was formed, diffusion through the 
oxide layer slowed down the reaction rate and dictated the 
kinetics of the hydration.

In this research, it is found that the kinetics of 
hydration of an AIN powder bed by liquid water is initially 
controlled by probably a chemical surface reaction. As the 
hydrolysis reaction proceeds, the growing hydroxide phases 
hinder the accessibility of water to the AIN particles, 
essentially stopping further reaction.
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6. ATMOSPHERIC HYDRATION AND OXIDATION OF AIN

In this research, the resistance of AIN to hydration 
by water has been extensively studied. The kinetics of the 
oxidation of AIN by water vapor was found to be slow below 
75 °C. However, when condensed water was present, the 
oxidation reaction rate was strongly increased.

The AIN resistance to oxidation under air saturated 
with water vapor and not saturated, at room temperature, 
and after exposure for 154 days was measured through two 
simple experiments. The AIN loose powder was placed in two 
closed jars, one with liquid water in the bottom to 
saturate the air and the other without liquid w a t e r . The 
samples were analyzed by X-ray diffraction and the 
microstructure of the sample oxidized in wet air examined 
by SEM.

The X-ray diffraction patterns of both samples is 
shown in Figure 105. The sample exposed to wet air is 
highly hydrated, while AlN with traces of AlOOH and Al(OH)3 
is detected in the sample reacted in air. It is important 
to note, however, that no control of condensation over the
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Figure 105. X-ray diffraction patterns of the unreacted
AlN and reacted for 154 days at room 
temperature in low and 100% relative 
humidity (r.h) air.
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sample reacted with wet air was m a d e . In this case, the 
oxidation resistance is measured under natural conditions 
of condensation. For this sample, 0.0392 w/f AlN, 0.9364 
w/f Al(OH)3, and 0.0244 w/f AlOOH were found with the X-ray 
meth o d .

The results indicate that the AlN powder is very 
stable at room temperature in low humidity air (around 10% 
in Colorado), but reacts extensively in saturated air after 
long exposure times to form Al(OH)3.

The microstructure of the sample reacted with wet air 
is very different from that reacted with liquid water. 
Higher porosity and smaller Al(OH)3 crystals were the main 
microstructural features found in the sample reacted with 
wet air. Figures 106 and 107.

The behavior of AlN in air at high temperatures was 
also investigated. The results of these experiments are 
sumarized in Table 18.

These results showed that the AlN powder is stable 
when heated in air for 1 hour up to 900 °C but is fully 
transformed to A1203 at 1200 °C after half h o u r . However, at
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Figure 106. Microstructure of AlN powder reacted with
wet air at room temperature for 154 days. 
View of two regions of the surface of the 
material at same magnification to show 
variations in porosity. At the bottom,
Al(OH)3 crystals better resolved. 7,OOOx.
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Microstructure of AlN powder reacted with 
wet air at room temperature for 154 days. 
Top: Microstructure of the hydrated phase 
showing high porosity. 5,00Ox.Bottom: High magnification view of the
microstructure above (top right corner) to 
highlight the small particle size of the 
crystals of A l (OH)3. 10,00Ox.
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Table 18. Results of the oxidation experiments of AIN
powder in a i r .

Temperature, 
°C

Time, hours XRD analysis

750 oH AIN

800 1 . 0 AIN

900 1 . 0 AIN + A1203*

1200 o in a i 2o 3

1400 24 a i 2o 3

* Traces

800 °C/ approximately 1.5 w/o AlN conversion to Al203 was 
found by weight change. Therefore, the onset of the 
oxidation of this AlN powder can be considered as being 
800 °C.
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7. CONCLUSIONS

The conclusions drawn from this research are :

1. pH measurements of ammonia aqueous solutions 
accurately described the fraction of hydration of AIN 
from its start to about 10%. In contrast, weight 
change measurements were found difficult to be 
correlated with the fraction of hydration due to 
problems in isolating the loss from NH3 evolution.

2. Quantitative analysis by X-ray diffraction provided a 
satisfactory assessment of the fraction of hydration 
of AlN, mainly when the concentrations of the phases 
were greater than about 5%.

3. The kinetics of hydration of AlN powder beds by water 
vapor was slow below 75 °C, but it was strongly 
accelerated by the presence of condensed water.

4. In contrast, the kinetics of hydration with liquid 
water was fast and strongly influenced by temperature, 
with an apparent activation energy of 85 kJ/mol.
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However, the extent of hydration was limited by the 
availability of water for reaction. This was 
correlated with loss of water by evaporation and the 
transport-limited behavior of water to the AlN 
particles because of the dense intergrowth of solid 
reaction products.

5. The experimental data of the hydration of AIN with 
liquid water were adequately described by a second- 
phase- space- filling type of model. According to this 
model, the accessibility of water to the AlN particles 
was hindered by the interpenetrating growth of the 
hydroxide phases which progressively locked the AlN 
particles inside the hydrated shell and limited water 
access to the AlN.

6. The kinetics of hydration of AIN powder beds was 
initially controlled by surface chemical reaction. As 
the reaction proceeded, the AlN particles were 
gradually locked inside the hydroxide shell and the 
controlling step became transport of water through the 
hydroxide layer.

7. AlN powder was found to be stable when exposed for 154
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days to nearly 10% humidity air at r o o m 'temperature. 
However, when 100% humiditiy air (under natural 
conditions of condensation) was used as the corrosive 
atmosphere, 96 w/o of AIN was consumed.

8. When AlN powder was heated in air for 1 hour, a-Al203 
was first detected at 900 °C. However, at 800 °C, 1.5 
w/o conversion of AIN to a-Al203 was found by weight 
change. At this temperature, the oxygen was dissolved 
in the AlN lattice and its content gradually decreased 
from the surface to the interior of the AlN crystals.

9. Since AlN water sensitivity is already high for n on
dispersed powder at low temperatures and contact 
times, aqueous processing of unprotected AlN is not 
feasible.
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8. SUGGESTIONS FOR FUTURE WORK

Recently AIN water-resistant powders became 
commercially available which can be processed in water 
similarly to alumina or other ceramic powders3. In 
addition, high degration of unmodified AlN powders is 
expected during aqueous processing. Thus, there is not much 
to be done regarding to the water sensitivity of AlN 
powders. If this is the case, future research on the water 
sensitivity of AlN parts could be an important research 
ar e a .

The thermal and electrical conductivities of a 
material are important properties for electronic 
substrates. In the case of AIN, both properties are 
negatively affected by oxidation. Therefore, an 
experimental investigation of the oxidation of AIN 
substrates in air, with different humidity levels, would 
provide valuable information about the performance of AlN 
in service. If the degradation of both properties is found 
significant, the application of a protective coating might 
be attempted to prevent oxidation.
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APPENDIX A
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A. Linear Absorption Coefficient19

When X-rays encounter any form of matter, they are 
partly transmitted and partly absorbed. The fractional 
decrease in the intensity I of an X-ray beam as it passes 
through any homogeneous substance is proportional to the 
distance traversed x, such as

- AI / I = ^ Ax

where the p r o p o r t i o n a l i t y  constant /x is the linear 
absorption coefficient and is dependent on the substance 
considered, its density, and the wavelength of the X-rays. 
The linear absorption coefficient p is proportional to the 
density p. The quantity /x/p, called the mass absorption 
coefficient, is the one usually tabulated. The mass 
absorption coefficient of a substance is expressed as

M / p  = w i < M / p >  i + w 2 ( /x/p)2 +

where w^ is the weight fraction of element i. The linear 
absorption coefficient /x of a substance is then calculated 
by
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M = p [Wi (p/p) i + w2(/z/p)2 + ...]:

The linear absorption coefficient fi of AlN, Al (OH) 3, 
and AlOOH are defined as:

M a i n  —  P a i n  [ ^ a i  ( M /  P  ) Ai +  ^ n  ( M /  p )  n^ *

M a i (oh) 3 — P a i  (oh) 3 [ w Ai ( M / p )  a i  + W0(/x/p)0 +  Wh ( m / P ) h ]  /*

M AlOOH =  P  AlOOH [ W Al ( M / p )  Al  +  ^ O  ( M /  P  ) O +  ( M /  P )  •

Using values of (fx/p) ± tabulated in Appendix 8 of ref. 19,
P a in  = 3 . 2 5  g/cm3, pA1(OH)3 = 2.53 g/cm3, 17 and pA100H = 3.014 
g/cm3, 17 and the stoichiometric weight fraction of Al, N, 
O, and H, the linear absorption coefficient of AlN,
Al(OH)3, and AlOOH were calculated as being

M a in  = 115.5747 cm 1, M a i  (oh) 3 = 24.1765 Cm , M a io o h  =  2 8.4827 
cm'1.

It is seen that M a ic o h )3 /M a io o h  ” 0.85. In the treatment of the 
reacted powders by the X-ray method, M a i (o m 3 /M a io o h  was 
approximated to 1.00. In the same way, the linear 
absorption coefficient of a reacted mixture comprised of 
AlN, Al (OH) 3, and AlOOH is expressed as

Mm -  W A 1N . p . A1N +  WA1(0H )3 . M a i  (OH) 3 +  W A100H . /XA100H.
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The linear mass absorption of several mixtures of AIN, 
Al(OH)3, and AlOOH is shown below.

Wf AIN =  0.2

Wf AI(0H)3
0.2
0.4
0.6
0.8

Wf AlOOH
0.6
0.4
0.2
0

45.03986
44.17862
43.31738
42.45614

W f AIN = 0.6

Wf AI(OH)3 
0.2 
0.4

Wf AlOOH
0.2
0

Mm
33.64678
32.78554

Wf AIN = 0.4

Wf AKOHi Wf
0.2
0.4
0.6

AlOOH
0.4
0.2
0

Mm
62.45826
61.59702
60.73578

W f AIN =  0.8
W f AI(OH)3 Wf AlOOH

0.2 0 51.06518

W f AIN = 0.2

Wf AlOOH 
0.2 
0.4  
0.6 
0.8

Wf AI(OH)3
0.6
0.4
0.2
0

Mm
43.31738  
44.17862  
45.03986  

45.9011

W f AIN =  0.6

W f AIN = 0.4

Wf AlOOH Wf
0.2
0 .4
0.6

AI(0H)3
0.4
0.2
0

Mm
61.59702
62.45826

63.3195

W f AIN =  0.8
W f AlOOH W f AI(0H)3 um

0.2 0.2 33.64678
0 .4  0 34.50802

W f AlOOH Wf AI(OH)3 /vm
0.2 0 51.92642
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AI(OH)+ AlOOH

40 "C

38 C

- ^ A A — a J U A vv. ^ ^ A ^

30 °C

10 20 30 40 50 60 70

2 6

Figure 108. X-ray diffraction patterns of unreacted AIN
and AlN reacted with the stoichiometric 
amount of water for 12 hours at 30, 35, 38, 
and 40 °C.
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* AI(OH)3+ AlOOH

30 °C

AIN

I ■ l i I i I i L

10 20 30 40 50 60 70

2 6

Figure 109. X-ray diffraction patterns of unreacted AIN
and AlN reacted with two times the 
stoichiometric amount of water for 12 hours 
at 30, 35, and 40 °C.
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i '--- 1--- '--- 1--- 1--- 1--- 1--- 1--- '--- 1--- '--- r
' AIN + AlOOH * AI(OH)o

30 °c

AIN

■ I .  L  I----- 1 I I J  I I J L
10 20 30 40 50 60 70

2 0

Figure 110. X-ray diffraction patterns of unreacted AlN
and AIN reacted with three times the 
stoichiometric amount of water for 12 hours 
at 30, 35, and 40 °C.
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■ AIN AI (OH)+ AlOOH

16 hours

12 hours

AIN

X X X XX X
10 20 30 40 50 60 70

2 6

Figure ill. X-ray diffraction patterns of unreacted AIN
and AlN reacted with the stoichiometric 
amount of water at 3 8 °C for 12 and 16 
h o u r s .
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AIN AI(OH).+ AlOOH

3 hours

2 hours

toE 1 hour

AIN

10 20 30 40 50 60 70

2 6

Figure 112. X-ray diffraction patterns of unreacted AIN
and AIN reacted with the stoichiometric 
amount of water at 60 °C for i, 2 and 3 
h o u r s .
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AIN + AlOOH

12 hours

3 hours

AIN

10 20 30 40 50 60 70

2 d

Figure 113. X-ray diffraction patterns of unreacted AlN
and AlN reacted with 1/3 of the 
stoichiometric amount of water at 60 °C for 
3 and 12 h ours.
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AI(OH)+ AlOOH

*  *  ■ e ■ 20 hours

16 hours

   ^  - J J A a -----

^  I i 13 hours

<5 h
E

8 hours

5 hours

AIN

10 20 30 40 50 60 70

2 6

Figure 114. X-ray diffraction patterns of unreacted AlN
and AlN reacted at 30 °C for different
times.
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~i 1 i ' i 1 i 1 i 1 i 1 r
" AIN + AlOOH * AI(OH)3

44.5 hours

40 hours

^  i i 32 hours

8 h
E

i t  28 hours

0 5
O  I I  24 hours

AIN

10 20 30 40 50 60 70

26
Figure 115. X-ray diffraction patterns of unreacted AlN

and AIN reacted at 30 °C for different
times.



T-4488 245

O*
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E

CD

 ' 1 ' 1 ' 1 ' 1 ' 1 r
AIN + AlOOH * AI(OH)3

72 hours

- A A a—
« « 65 hours

I l 52 hours

48 hours

AIN

>*»•< #' ̂

J 1 I I I I —  I L
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Figure 116. X-ray diffraction patterns of unreacted AIN
and AIN reacted at 30 °C for different
t ime s .
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AIN + AlOOH * AI(OH)3

O
*

*  I 1 *  ■ ■ 300 min

i A 225 min

— aJUa<^AjuJLJV
150 min

75 min

AIN
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Figure 117. X-ray diffraction patterns of unreacted AIN
and AIN reacted at 35 °C for different
ti mes.
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'----1----r
AIN + AlOOH * AI(OH)3

525 min

1 i  375 min

■k
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E

O

AIN
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10 20 30 40 50 60 70
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Figure 118. X-ray diffraction patterns of unreacted AIN
and AlN reacted at 35 °C for different
times.
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AIN + AlOOH AI(OH).

160 min
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*

. 120 min
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Figure 119. X-ray diffraction patterns of unreacted AlN
and AIN reacted at 40 °C for different
times.
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AIN + AlOOH

t | i | r

* AI(OH)3

280 min

o*
to
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I » 240 min
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AIN
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Figure 120. X-ray diffraction patterns of unreacted AIN
and AlN reacted at 40 °C for different
times.
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AIN + AlOOH * AI(OH)3
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Figure 121. X-ray diffraction patterns of unreacted AIN
and AlN reacted at 50 °C for different
times.
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■ AIN AI(OH)+ AIOOH

140 min

120 mino

CD
E

100 min

O)o

AIN

30

Figure 122.

20
X-ray diffraction patterns of unreacted AIN
and AIN reacted at 50 °C for different
t ime s .
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■ AIN + AIOOH
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Figure 123. x-ray diffraction patterns of unreacted AIN
and AIN reacted at 60 °C for different
t imes.
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■ AIN + AIOOH

35 min
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Figure 124. X-ray diffraction patterns of unreacted AIN
and AIN reacted at GO °C for different
t ime s .


