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1. Introduction

Alumina stands for various aluminum oxide phases in the
temperature range of 300~1200 °C, such as a-Al,O, (1,200 °C
above), k-Al,O, (300~500 °C), #-AlL0O, (250~500 °C), y-A1203
(500~850 °C), 5-Al,0, (850~1,050 °C) and 0-Al,O, (850~1,150
°C) (Boumaza et al., 2009). With stable chemical and insulating
physical properties, the alumina especially a-Al,O, was used
as a ceramic substrate which requires to be thermal conductive
at a high temperature. Ceramic materials, for example, cubic
boron nitride (c-BN), beryllium oxide (BeO) and aluminum
nitride (AIN) have superior thermal conductivities and electri-
cal insulating characteristics than alumina. Among these three
compounds, though BeO and ¢-BN exhibit better thermal and
electrical properties than AIN, use of toxic BeO is restricted
in many applications, and it is difficult to produce ¢-BN. Cur-
rently, AIN has been widely used as a light-emitting diode
(LED) substrate because of its excellent thermal conductivity,
electrical insulation, and close match of thermal expansion with
silicon.

Aluminum nitride, known as a ceramic material with high
melting point (2,200 °C) and good chemical stability, is highly
thermal conductive (280 Wm™'K™") and electrical insulating
(volume resistivity>10" Q-cm) (Xu et al., 2001). Its thermal
conductivity is several times better than AL,O,. So far, AIN
powder has been fabricated by several methods. For example,

(1) Chemical method using AlL,O, + C mixture, which is
based on hydrolysis and precipitation by ammonia (NH,) of
" Corresponding author: linjsh@ncut.edu.tw an aluminium alkoxide in alcoholic suspension (Drauz et al.,
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1997);

(2) Sol-gel method, which includes steps of (a) mixing a
boehmite (AIOOH) sol with a carbon source (carbon particles)
material; (b) drying the mixture; (c) calcining in N-containing
(and non-oxidizing) gas atmosphere; and (d) decarbonizing the
obtained product (Chaudhuri et al., 2013);

(3) Carbothermal reduction, in which the production of AIN
by thermal reduction of AL O, in a N, flow, with C/CH, as re-
ducing agents ( ALO, + 3C + N, — AIN + 3CO) (Lefort et al.,
1993; Contursi et al., 1991). In order to reduce the transforma-
tion temperature, there are several methods. For example, Qin
etal. (2008) transformed amorphous alumina to y-Al,O,, which
was then directly nitrided to AIN at 1400 °C by carbothermal
reduction with urea (CO(NH,),) and glucose (C,H,,0,-H,0) as-
sistance. Someno et al. (1991) prepared AIN-AlLO, composite
films by microwave plasma chemical vapor deposition.

We have discussed phase equilibria in Ni-Al-O (Kuo et al.,
2009) and Ti-Al-O (Chen, 2014) systems. In this work, we con-
sider the equilibrium conditions in the Al-N-C-O system with
variables of temperature, partial pressures of oxygen, nitrogen,
carbon monoxide and carbon dioxide, activities of C between
ALQO,-AIN interface, and Gibbs free energy. The mechanisms
of phase transformations in the AlI-N-C-O system at high tem-
peratures are thereby clarified. The purpose of the present work
is to explain carbothermal reduction of ALLO, — AIN by ther-
modynamic calculations, which provide guidelines to obtain
the economic material, LED substrate of AIN.

2. Thermodynamic Calculations and Results
2.1. Phases in the AI-N-C-0 System

The phase diagrams (Figure 1) of Al-C, Al-N and Al-O
(Wriedt et al., 1985; SGTE, 2004a; SGTE, 2004b), and ther-
modynamic handbooks (Chase et al., 1985; Barin et al., 1989)
have documented 9 different condensed phases and 8 gaseous
phases in the AI-N-C-O system. The 17 phases are listed as
follows: Al(s.,)), O,(g), Al,O,(a), ALO,(x), ALO,(9), ALLO,(y),
ALO, (), ALOL(6), Al(g), ALO,(g), ALO(g), AlO(g), ALO,(2),
CO(g), CO,(g), AIN(s) and Al,C,(s). Here, the subscripts of g
and s represent gas and solid phases, respectively; and the other
scubscripts of @, , d, y,  and 0, the allotropy of Al,O,. To sim-
plify the calculation of phases in the AI-N-C-O system, the 5
gaseous species Al(g), Al O,(g), ALO(g), AlO(g), and ALLO,(g)
with the exception of O,(g), N (g), CO(g) and CO,(g) are ig-
nored at first because of their low partial vapor pressure within
the Al-O system.

In the alumina phases of AlLO,(a), ALO,(x), ALO,(9),
ALO,(y), AL,O,(n) and AL,O,(0), the A1,O,(y) is unstable as com-
pared with other phases. Figure 2 shows the formation Gibbs
free energy of AL,O,(y), AL,O,(9), Al,O,(x) and Al,O,(«) at vari-
ous temperatures. In Figure 2(a), the A1,0,(y) has the highest
free energy value (unstable) while the Al,O,(a) has the lowest
free energy value (stable). More clearly, Figure 2(b), (c) and
(d) show the Gibbs free energy of alumina in the temperature
ranges of 500-900 °C, 900-1,300 °C and 1,300-1,800 °C, re-
spectively. Because Al,O,(y) is suitable to be converted to AIN
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in the carbothermal reduction process, the Al,O,(a), ALO,(x),
ALO,(6), ALO,() and Al,O,(6) are ignored in the thermody-
naamic calculation.

As a result, the AI-N-C-O system now only includes 4 con-
densed phases, i.e., Al(s,/), ALLO,(y), AIN(s) and Al,C (s), and 4
gas phases of O,(g), N,(g), CO(g) and CO,(g). The 5 basic Al-
N-C-O system reaction equations are in the Table 1. The ther-
modynamic stabilities of compounds in the AI-N-C-O system
were evaluated by considering their Gibbs free energy, based
on the data in Table 1. In the AI-N-C-O, in an ascending order
of Gibbs free energy, the compounds below 827 K are ALO,(y)
— CO,(g) — AIN(s) — CO(g) — Al,C,(s). When the tempera-
ture is higher than 827 K, the ascending order becomes AL O,(y)
— CO,(g) — CO(g) — AIN(s) — Al,C,(s) ( Figure 3). Thus,
ALQO,(y) is the most stable phase, and Al,C,(s) is the least stable
compound. Figure 3 also shows the formation Gibbs free en-
ergy of all compounds AlLO,, CO,, CO, AIN, Al,C, and ALO,.
It is impossible to decompose the compounds without control-
ling the reduction conditions, for example, oxygen pressure and
carbon activity.

2.2. C-0 System

In carbothermal reduction, the reaction gases are carbon,
oxygen, carbon monoxide and carbon dioxide. Here we discuss
the relationship in the C(g), O,(g), CO(g) and CO,(g) at high
temperature reation. In C-O ysytem, the folowing reactions can
be denoted: (a) C reacts with O,(g) to form CO(g); (b) C reacts
with O,(g) to form CO(g); (c) C reacts with CO,(g) to form
CO(g); and (d) CO,(g) decompose to CO(g) and O,(g). The re-
action equations and the formation Gibbs free energy (Chase et
al., 1985; Barin et al., 1989) are shown as:

c(s)+lo AG, =-109368-93.57 +0.00267> (kl/mol), (1)

2 72w I Co(g)

Ciy+ 0y, €O, AGe,, =-395970 - 0.617 +0.0006477 (kJ/mol ), (2)

Cy +CO, | =200, AGe =177234-186.47 +0.00467” (k¥/mol), (3)
:

G0 oS C s +%ozm) AG,, =28660-92.9T +0.0019T> (ki/mol). (4

The equilibrium partial vapor pressures of O,(g), CO(g) and
CO,(g) in C-O system can be calculated from the Gibbs free
energy as follows, for example, the AG . is given by

AG., =-RTInK,,or %)
log Keo = 2_.3A0(3;j§T ' ©)
Here, K, K,,K.and K can be expressed as:
P
Ko = ﬁ ®
. ©
o, = %ﬁ“)ﬂj, (10)
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Figure 1. (a) Al-C phase diagram; (b) Al-N phase diagram; (c)Al-O phase diagram.

Here a, P, P, P, R, and T represent the activity of C,
partial pressure of CO, CO,, and O,, gas constant, temperature
(K), respectively. In Eqn. 6, K and R are constants; therefore,
AG is only a function of temperature 7. The AG can be express
as AG=A+BT, where 4 and B are two numerical numbers.

In order to precise describe the C-O curves, the AG=A+BT is
presented by quadratic equation of AG=A+BT+CT*. Therefore,

logK ..., logK ..., logK ., and logK  can be represented as:

log K o =120 4 8852 -0.0001362 T, (11)
10g K o, = 20680 529 | (0319 -0.0000335 .  (12)
log K, = 2226469 | 57385 0.0002380T (13)
logK, = o84 48533-0.0001027 . (14)
Here, we define R and P, as:
F
R=-% (15)
Pco2
Fo=Fo+F, - (16)

It is assumed that carbon activity is an unity (a.=1) and a lower

oxygen pressure in the carbothermal reduction, the relationship

between R and P, is presented as:
1

2 1

B P, B KcoxacxP02 _ y o =

R= = = ><PO2
Pccr2 KC()2><CIC><‘D(}»2 Kco2

_ 10(7 149;8'5+4_g533_[)_0[)01027T) = Pol-% ’ (17)

Base on the Eqn. 6, Figure 4 shows the curve with respect to
logR and T. The figure presents the CO(g) and CO,(g) charac-
teristics at various temperature and oxygen pressure. A higher
temperature results a higher R value, which means CO(g) is
stable than CO,(g) at a higher temperature. Based on the Eqn.
17, the carbon activity is

R2><Pt

KR+ (18)

aC

In Figure 5, it is evident that R value increases either with
carbon activity or temperature. From the above results, it is
concluded that a lower O, partial pressure, a higher C activity,
a higher CO partial pressure, or a lower CO, partial pressure
enhances to achieve a higher carbothermal reduction efficiency.
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Table 1. Five basic reaction equations in AI-N-C-O system.

No. Reaction logK AG (kJ/mol)
1 2Al, ,+ %02@ —ALO, 108 K 0 =16.61+ AGy .y =-1663.26 +0.328T
I 6004
2 Cgy #3049 Oy log Koo =448+ == AGgy =-114.97-0.0867
3 C,+0,,—C0,, log Koo, =-0.01+ 0% AGy =-396.38+0.0001T
17193

1
4 Al ,+ ENZ(g} — AN,

log K, :-6.13+T

AG,p =-329.21+0.117T

5 4Al, ) +3C) — ALC log Ky, = '5-07+$

4™3(s)

AG

Al,C,

=-266.84 +0.097T

Table 2. Four various reaction equations in AlI-N-C-O system.

No. Reaction logK and AG (kJ/mol)
AL, +3C, + Ny, = 2AN,, +3CO,, ; log K, =17.79- 22388 ;
1
tog P, =L (logk, +31 logP. ) AG, =659.93-0.35T
0, =—(logKk, + 3loga, + lo
Bleo T3 TOBR T TOBA T B8 T =1874K;AG, =0
2A1203m+3c —>A14Cx‘)+302(g); log K1=28.15_159837 :
A
log P, = Log &, +3l0g ) AG, =3060.40 - 0.54T
g =—(log X, +3loga
>3 ) T = 5667 K:AG, =0
3 : 52500 .
A1203(y}+N2(‘) _)ZAm(S)-'-EOE(g) ] ]og K3 =4735- 5
3
logP. = 2 (logk, +logP. ) AG, =1005.22 -0.08T
0 =— (10, + 10
8%, =3 2T I08, T =12562K; AG; = 0
3A1,0,,, +6C,,, + Ny, = 2AIN , +3CO,,, +Al,C,, +30 194325 .
U3¢y 100, + Ny ¢ F3CO, +ALCy,y +30y,) logK, =45.94- :
4

log P, =51-(103K,, +logPy -logF,)

AG, =3720.74-0.88T
T=422TK:AG; =0
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Figure 2. Thermodynamic stability characteristics of various ALO, in the AG-T diagram. y-Al,O, is unstable as compared with 5-Al,0,,
x-AlLO,, and a-AlLO,.
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Figure 3. Thermodynamic stability characteristics of variousAl,O,,
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ble compound compares to the CO,, CO, AIN, and Al,C, compounds.

Figure 4. Oxygen partial pressure P02 at logR and T.
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Figure 5. Carbon activity Po atlogR and T.
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AIN(s) regions.
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perature is higher than the carbothermal reduction at 1,827 °C (a), at
carbothermal reduction at 1,601 C (b), or below than the carbothermal
reduction at 1,427 °C (c).



2.3. AI-N-C-0 System

Carbothermal reduction is usually used to achieve the
ALO,—AIN transformation. The carbothermal reduction is a
solid—solid reaction between alumina and carbon powders in a
nitrogen atmosphere. In order to obtain a lower transformation
temperature during Al O,(y)—AIN(s) by carbothermal reduc-
tion method, the ALLO,(y) usually reacts with N,(g) and C(s)
under a lower oxygen pressure chamber. The reaction equation
and Gibbs free energy of AL,O,(y) to AIN(s) by carbothermal
reduction are presented as follows:

ALO, , +3C +N,, — 2AIN  +3CO

AG, =659.93-0.357 (kJ/mol).

19
(20)
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In Eqn. 19, the conversation step from Al O,(y) to AIN(s) by
carbothermal reduction includes decomposition of ALO,(y)
(positive free energy), formation of CO gas (negative free en-
ergy), and formation AIN(s) compound (negative free energy).
The net free energy in Eqn. 20 is zero at 1,601 °C. Therefore, the
equilibrium temperature is 1,874 K (1,601 °C), which means to
convert ALO,(y) to AIN(s) by the carbothermal reduction, the
reaction temperature must be higher than 1874 K. If no N,(g) is
involved in the carbothermal reduction, the Al,O,(y) may react
with C, yielding reduction of Al at a temperature higher than
2,250 °C, or formation of Al,C,(s). The reaction equation and
Gibbs free energy of AlL,O,(y)—Al and AlO,(y)—Al,C,(s) by
carbothermal reductions are presented in Eqns. 21 and 22, re-
spectively. In Eqn. 22, when AG, = 0, the equilibrium tempera-
ture is 5,667 K (5,394 °C), which means to convert ALO,(y)
to Al,C,(s) by the carbothermal reduction, the reaction tem-
perature must be higher than 5,667 K. Moreover, Eqns. 23 and
24 represent the reaction equation and Gibbs free energy of
ALO,(y) —AIN(s) by thermo-nitrogen reduction, respectively.
The reaction temperature must be higher than 12,562 K (12,289
°C). According to Eqns. 25 and 26, if Al,O,(y) reacts with extra
C to be converted to AIN(s) and Al,C,(s) by the carbothermal
reduction, the temperature must be higher than 4,277 K (4,004
°C). The thermodynamic reaction equations to convert ALO,(y)
to AIN(s) and Al,C,(s) are summarized in the Table 2. Figure
6(a) shows the free energy curves in the temperature range from
700 to 1,900 °C. From the free energy curve, when Al,O,(y):C
=1:3 in mole, AG, is negative if the temperature is above 1,601
°C. However, the free energy curves of AG,, AG,, and AG,
are all positive. In Figure 6(b), the AG, curve separates stable
ALQO,(y) and stable AIN(s) regions.

2A1,0,,+3C— Al,C,,, +30,,,. 2D
AG, =3060.40 - 0.54T (kJ/mol) ; (22)
ALO;, + Ny = 2AIN,,, +%02(s) : (23)
AG, =1005 .22 - 0.08T (kJ/mol ) ; (24)
3A1,0, , +6C,, + N, — 2AIN) +3CO,, +ALC, , +30,,,.(25)
AG, =3720.74 -0.88T (kJ/mol) . (26)

Figure 7 shows the stable regions of AIN and Al,O,, which
are controlled by the carbon activity, oxygen partial pressure,
nitrogen partial pressure and temperature. When the partial

pressure of CO is fixed, the partial pressure of N, increases with
carbon activity and temperature. Because the AIN quantity is
directly proportional to the N, partial pressure, AIN prefers to
form in a higher carbon activity or a higher reaction tempera-
ture. The two regions are shown in Figure 7(a) when the reac-
tion temperature is higher than the carbothermal reduction of
1,827 °C, Figure 7(b) when the temperature is at 1,601 °C, and
Figure 7(c) when the temperature is below the carbothermal re-
duction at 1,427 °C. Higher reaction temperature and carbon
activity will yield higher N, pressure. For example, when P
=107 atm and carbon activity a =1, the N, pressures are 10%
atm , 10" atm, and 10-°** atm at 1,427 °C, 1,601 °C and 1,827
°C, respectively.

3. Conclusions

Thermodynamic calculations were conducted to estimate
Al O,—AIN transformation under various partial oxygen, ni-
trogen, carbon monoxide, carbon dioxide pressures and the
activities of carbon in the AI-N-C-O system. According to the
thermodynamic calculations, a lower oxygen pressure, a higher
nitrogen pressure, a higher carbon activity, or a higher tem-
perature promotes to the Al,O,(y)—AIN transformation in the
carbothermal reduction process. The idea molar mixing ratio
of y-ALO,:C is 1:3; however, in reality it is difficult to cover
7-Al O, particles with carbon particles uniformly. The carboth-
ermal reduction temperature is usually higher than the theoreti-
cal temperature of 1,601 °C.

The following findings are obtained:

(1) The carbothermal reduction is a solid—solid reaction be-
tween alumina and carbon powders in a nitrogen atmosphere.
If insufficient quantity of carbon is added, the carbothermal re-
duction rate decreases; however, if extra carbon is added, alu-
minum carbide (Al,C,) may appear or C may remain in AIN.

(2) If the molar mixing ratio of y-Al,0,:C = 1:3 at 1,601 °C
or higher, the y-Al,O, may be reduced to AIN.

(3) The stability region of AIN and Al O, are controlled
by the carbon activity, oxygen partial pressure, nitrogen par-
tial pressure and temperature. In the carbon reduction of ALO,
—AIN when P =10~ atm and carbon activity is 1, P, = 10"
atm at 1,601 C.
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