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Understanding AlN sintering through computational thermodynamics
combined with experimental investigation
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Abstract

Aluminum nitride (AlN) has attracted large interest recently as a suitable material for hybrid integrated circuit substrates because of its high
thermal conductivity, high flexural strength, good dielectric properties, thermal expansion coefficient matches that of Si and non-toxic nature.
Yttria (Y O ) is the best additive for AlN sintering. Binary diagrams of AlO –Y O , AlN–Al O , and AlN–Y O were thermodynamically
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odelled. The obtained Gibbs free energies of components, stoichiometric phases and solution parameters were used to build a the
atabase of AlN–Al2O3–Y2O3 system.
Liquid-phase sintering of AlN with Y2O3 as an additive has been studied and compared with the thermodynamic results. Sinte

erformed in the temperature range of 1750–1950◦C for upto 4 h under a N2 atmosphere to optimise the sintering conditions for e
omposition. The relative density exceeded 95% for all the compositions sintered at 1850◦C and full densification was achieved for all fo
ompositions sintered at 1900◦C. The microstructure and assemblage of the secondary phase have a significant effect on the fina
onductivity of the sintered AlN. Thermodynamic modelling of AlN–Al2O3–Y2O3 system provided an important basis for understandin
intering behaviour and interpreting the experimental results.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Aluminum nitride (AlN) is currently used in electronic
ackaging and as an engineering ceramics. The thermal con-
uctivity of an AlN single crystal (320 W/m K) is sixteen

imes higher than that of Al2O3 at room temperature and
lmost equal to that of 99.5% pure BeO at 150◦C. The coef-

ecient of thermal expansion, CTE, of AlN (4.4× 10−6/◦C)
s not only lower than both Al2O3 and BeO, but also closer
o that of Si (3.2× 10−6/◦C). Comparing the requirements
or substrate materials with the properties of Al2O3 and BeO,
hows that AlN can replace the widely used Al2O3 because
f its thermal conductivity and its CTE and BeO because of

ts CTE and its non-toxic nature[1–4].
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Since AlN is a covalently bonded material, it has a low
fusivity and requires high temperatures (1600–2000◦C) for
sintering[5]. Moreover, in the presence of oxide on the p
der surface and dissolved oxygen in the lattice, it is impos
to achieve a high thermal conductivity without the use of
tering additives. However, high density can be achieved i
absence of an additive due to the effect of surface Al2O3 that
promotes densification. To enhance the thermal conduc
of AlN, it is necessary to use additives. The sintering of A
with an additive is usually performed at 1450–2000◦C for
1–6 h under N2 atmosphere. Yttria (Y2O3) is the best additiv
for AlN sintering, and it has been shown that AlN densifie
a liquid phase mechanism, where the surface oxide, Al2O3,
reacts with the oxide additive, Y2O3, to form a Y–Al–O–N
liquid that promotes particle rearrangement and dens
tion [6]. Experimental and thermodynamic explanation
the effect of the amount of Y2O3 additive on the seconda

924-0136/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jmatprotec.2004.05.031



416 M. Medraj et al. / Journal of Materials Processing Technology 161 (2005) 415–422

phase formation, densification and thermal conductivity will
be presented in this work.

To date, there is little information on the ternary
AlN–Al 2O3-sintering additives system[7] and in spite of
the large interest attracted over the last years by the excel-
lent properties of AlN sintered by Y2O3, no attempts have
been made up to now to construct the AlN–Al2O3–Y2O3
ternary phase diagram. To calculate reliable ternary, quater-
nary, and higher order metallic and ceramic phase diagrams,
we need thermodynamic description of the binary phase di-
agrams and a thermodynamic model that can extrapolate
binary data reliably into ternary and higher-order systems
[8]. This is commonly done for metals where the thermody-
namic data are more readily available. For ceramic systems,
thermodynamic data are very sparse. Furthermore measure-
ments are very difficult considering the high temperatures
involved.

2. Thermodynamic modeling of AlN–Al2O3–Y2O3
system

There is an increasing demand for the development of
thermodynamic databases, which are practically useful. A
simple model is preferable to one, which is unnecessarily
complex and is based on speculation about ionic structure
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Table 1
Amount of Y2O3 additive in each sample

Composition Y2O3 content (wt.%)

I 1.36
II 3.04
III 3.47
IV 7.59

and L + 21R + 27R are found. At 1900◦C, Fig. 1(b) most
of the binary eutectic points of the system have appeared.
There are seven areas of binary eutectic crystallization (i.e.
L + two crystalline phases). Also a new primary solidifica-
tion for YAM, YAP and YAG occurred at this temperature.
At 1800◦C, the isothermal section can be seen inFig. 1(c).
It can be seen that the region of the melt shrinks, however at
this temperature the liquid is still in equilibrium with the other
phases in two and in three phases regions. At this temperature,
the eutectic point between Al2O3 and YAG is encountered as
it can be seen from the region of L + YAG + Al 2O3. Also,
there are still regions of primary solidification of AlN, YAG,
Spinel, and Al2O3 in equilibrium with the melt. A later stage
of solidification (1700◦C) is shown inFig. 1(d), where there
is no residual liquid. At this temperature, there are five three-
crystalline-phases regions and one two-crystalline-phases
region.

3. Experimental procedure

AlN powder, Grade F (Tokuyama Soda, Japan) contain-
ing <0.9 wt.% of oxygen, <400 ppm of carbon, and trace
amounts of other impurities (<60 ppm of Ca, <10 ppm of Fe,
<15 ppm of Si), was used. The powder had a mean particle
size of <0.3�m and a specific surface area of 3.3 m2/g. The
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f the phases. A database for AlN–Al2O3–Y2O3 system wa
uilt using FACT system[9]. Details of the thermodynam
odelling and the experimental investigation of the

em using in situ neutron diffraction were published ea
10,11].

The storage, retrieval and manipulation of thermodyna
ata with the aid of the computer require accurate

ytical representation of thermodynamic properties of s
ions. Values of the standard Gibbs energies,G◦, of each
omponent are entered and stored in the solution dat
long with parameters which define the Gibbs energ
ixing according to Kohler/Toop polynomial model.

he present treatment the ternary excess Gibbs energ
alculated solely from a binary data interpolation. Bin
erms of the polynomial expansion forGE were entered a
edlich–Kister or Legendre polynomials due to their s
licity and the fact that their functional form is cons

ent with the empirical observations of solutions behav
12].

The ternary phase diagrams were calculated by ta
ll the thermodynamic data stated for the binary ph

nto consideration. The calculated isothermal section
lN–Al 2O3–Y2O3 system are given inFig. 1.
Fig. 1(a) shows the isothermal section at 2000◦C, which

s below the temperature at which the primary crystall
ion of the three components occurs. This isothermal se
hows that beside the region of the melt, the heterogen
egions of the primary crystallization of AlN, Al2O3, Y2O3
nd AlN polytypes exist in equilibrium with the liquid pha

n addition, two small three-phase areas of L + 27R +
2O3 powder (Grade 5630X, Union Molycorp, USA) ha
ean agglomerate size of 1.8�m and specific surface ar
f 33 m2/g.

The amount of Y2O3 required as a sintering additive d
ends on the quantity of oxygen present in the AlN pow
he amount of Al2O3 in each sample was calculated acco

ng to the following chemical equation:

3
2 O2 + 2Al → Al2O3 (1)

ssuming that all the oxygen in AlN powder is present in
orm of Al2O3. The total oxygen level in the AlN powd
as analysed after milling and drying by ELKEM Met

n Niagara Falls (New York) using a TC136 LECO EF1
lectrode furnace and associated analyser. The AlN po
as mixed with various amounts of Y2O3 powder as show

n Table 1. The pre-mixed compositions were ball milled
plastic container for 24 h using 3 mm diameter ZrO2 media
nd reagent grade isopropanol with a solid to liquid rati
:5 by volume. After milling for 24 h, the mixtures of Al
nd Y2O3 were dried in a microwave oven to complet
emove the isopropanol. The mixtures were then granu
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Fig. 1. Isothermal sections of AlN–Al2O3–Y2O3 system. (a) 2000◦C, (b) 1900◦C, (c) 1800◦C, (d) 1700◦C.

through a 212�m mesh sieve and were then uniaxially and
isostatically pressed to form discs 32 mm in diameter, and a
thickness of 3 mm.

All sintering experiments were performed in a horizontal,
graphite element resistance furnace equipped for inert atmo-
sphere and the temperature was controlled using a type C
thermocouple. The green compacts were placed on a BN set-
ter and then sintered in N2 at 1700–1950◦C for various hold
times followed by furnace cooling.

Densities of the sintered AlN compacts were measured
by the Archimedes’ principle according to a modified ver-
sion of the ASTM standard C373-72. The water displace-
ment procedure was accelerated by placing the AlN sam-
ples in a closed glass flask containing distilled water, and
then evacuating to remove all the air, i.e. complete air re-
moval was assured upon the arresting of air bubbles emerg-
ing from samples. The theoretical densities were determined
by pycnometry; four representative sintered AlN ceramics
from each composition were crushed into powder, and then
the volume of each powder was measured in a 10 ml py-
cnometer bottle with isopropanol. The theoretical density

was then calculated using the weight and volume of the
powders.

The powders were phase analysed using filtered Cu K� X-
ray radiation. The AlN and the secondary phases were iden-

Fig. 2. Relative density of the four compositions as a function of sintering
temperature.
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Fig. 3. TEM replica of AlN fracture surface sintered without additive at
1900◦C for 1 h.

tified using JCPDS-XRD patterns available in the database
of the computer attached to the diffractometer. Both frac-
tured and polished surfaces of sintered AlN were observed
by a scanning electron microscope. The typical accelerat-
ing voltage used was 10–15 kV. The surface microtopog-
raphy of samples was also observed by a high resolu-
tion TEM using Pt/C replicas. The replicas consisted of
a thin Pt/C metal film (1–2 nm thick, consisting of 95%
Pt and 5% C) and a 15–20 nm thick supporting C film.
Replicas were produced from the fractured surfaces of the
samples.

The thermal conductivity measurements of AlN speci-
mens were performed by the Laser-flash technique using a
thermal diffusivity measurement facility (Microflash NDT)
using a spatially uniform single pulse from a CO2 laser. The
thermal conductivity is then obtained from the thermal dif-
fusivity using the specific heat capacity (Cp), 0.74 J/kg K,

for fou

Fig. 4. BS-SEM micrograph of AlN substrates sintered with addition of
Y2O3.

according to:

k = Cpρδ (2)

wherek is the thermal conductivity (W/m K),Cp the spe-
cific heat capacity (J/kg K),ρ the measured density of AlN
(kg/m3), δ the thermal diffusivity (m2/s).

4. Results and discussion

Fig. 2 shows the effect of both temperature and time on
the sintering of AlN for the compositions under considera-
tion. Basically all compositions reach complete densification
after sintering at >1850◦C for 1 h. The experimental obser-
vations will be explained by the phase assemblage diagrams
(Figs. 6–9). These figures show that all compositions would
have formed liquid at this temperature. This liquid promoted
Fig. 5. X-ray powder diffraction patterns of AlN
 r compositions, (G): YAG, (P): YAP and (*): YAM.
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Fig. 6. Phase assemblage of composition I.

Fig. 7. Phase assemblage of composition II.

the densification noticed in the sintered samples. Also,Fig. 2
shows that composition I reached higher density than the
other compositions at 1800◦C, this can be explained by re-
ferring toFig. 6. This figure indicates that this composition
starts forming liquid at 1782◦C, which resulted in higher
density than the other compositions, which required higher
temperatures to form liquid. In all cases sintering reaches
completion within 1 h for sintering at 1900◦C because liquid
readily exists in all the compositions at this temperature as
can be seen inFigs. 6–9.

Sintering for one hour at 1900◦C without Y2O3 achieves a
density of 99%. A TEM micrograph of this sample is shown
in Fig. 3. This high density is due to the formation of an
aluminum oxynitride (Al–O–N) liquid by reaction between
surface alumina and AlN. The addition of Y2O3 promotes

more extensive liquid formation due to reaction to form a
quaternary liquid (Y–Al–O–N) at lower temperature.

The SEM microstructure of a typical composition contain-
ing Y2O3 is shown inFig. 4. The grain boundary distribution
of the secondary phase is quite different from that ofFig. 3.
The secondary phase (white) shows up at the grain junctions
only and not along grain edges.

The addition of Y2O3 appears to have a further effect of
changing the wetting behaviour of the liquid phase with re-
spect to the AlN grains. Indeed the dihedral angle of the sec-
ondary phase at the grain junction is high (>70◦). This has a
significant effect on the thermal conductivity (k). Jackson et
al. [13] suggest that thermal conductivity rises to a maximum
and then decreases due to the increase in volume fraction of
aluminates with further Y2O3 addition.
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Fig. 8. Phase assemblage of composition III.

Fig. 9. Phase assemblage of composition IV.

Fig. 5gives the X-ray powder diffraction patterns for the
four compositions after sintering at 1900◦C for one hour.
Each composition shows strong peaks associated with AlN
in addition to minor peaks associated with the secondary grain
boundary phase. These results agree very well with the ther-
modynamic calculations presented inFigs. 6–9.

Fig. 6shows, that at room temperature, composition I con-
sists of 96.64 wt.% AlN in addition to 2.38 wt.% YAG and
0.976 wt.% Al2O3. The X-ray diffraction at room tempera-
ture inFig. 5(a) showed peaks for AlN and YAG phases only.
Al2O3 peaks were not detected because the amount of resid-
ual Al2O3 is very small and below the detection limit of the
equipment. Moreover, Al2O3 occurs as a thin surface layer
on AlN grains. Because of this surface layer and residual

spinel, thermal conductivity is very low for this sample, as
can be seen inFig. 10. This means that the amount of added
Y2O3 was insufficient to fully react with residual Al2O3 and
to purify the AlN and to complete the oxygen removal from
both the lattice and the surface.

Fig. 7shows that at room temperature composition II con-
sists of 94.96 wt.% AlN, 3.65 wt.% YAG and 1.39 wt.% YAP.
In this sample there is more YAG than YAP at room temper-
ature. This agrees with the X-ray pattern shown inFig. 5(b)
where YAG peaks are stronger than those of YAP phase.

Fig. 8 indicates that composition III has a similar phase
assemblage to composition II with a difference in the relative
amount of each phase. At room temperature composition III
consists of 94.53 wt.% AlN, 2.52 wt.% YAG and 2.95 wt.%
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Fig. 10. Variation in thermal conductivity with composition.

YAP. This corresponds well with the X-ray pattern for this
sample shown inFig. 5(c).

Fig. 9shows the phase assemblage for composition IV and
at room temperature this sample is composed of 90.41 wt.%
AlN, 7.75 wt.% YAM and 1.84 wt.% YAP. This sample
has more YAM than YAP, which agrees withFig. 5(d),
where the diffraction peaks for YAM were stronger than for
YAP.

Fig. 10shows the trend in thermal conductivity of the four
compositions along with their relative densities. As discussed
above, the amount of secondary phase increases with Y2O3
content, hence it is not surprising to find an optimum addi-
tive level. The thermal conductivity of the aluminate phase is
low (<10 W/m K), hence as the volume fraction increases, a
decrease in the overall thermal conductivity is expected. The
thermal conductivity of AlN sintered without Y2O3 has a
significantly lower value of 65 W/m K than material sintered
with Y2O3. Therefore, the effect of the additive has a major
impact on the conductivity in two ways: (a) it removes oxy-
gen from particle surface and (b) a microstructural change
occurs as the aluminate de-wets the grain boundaries and
segregates to the grain junctions leading to AlN–AlN grain
boundary contact. This figure shows, also, that compositions
II, III and IV have higher thermal conductivity than compo-
sition I because the oxide layer, in these three samples, was
consumed to produce YAG, YAP and YAM as secondary
p

k of
M re
t re
c pre-
v er-
m c-
c ove,
c t.%

YAP, respectively, and the corresponding values of ther-
mal conductivity are 148, 127 and 141 W/m K, respectively.
Hence, higher YAP content is associated with lower thermal
conductivity.

5. Conclusions

An optimised self-consistent thermodynamic database has
been developed for AlN–Al2O3–Y2O3 with the computer
system F*A*C*T. This database can now be used to predict
the phase relations and various thermodynamic properties in
this three-component system, which represents sintering pro-
cess of AlN.

Thermodynamic modeling of the AlN–Al2O3–Y2O3 sys-
tem provides an important basis for understanding the sinter-
ing behaviour of aluminum nitride, and explains the experi-
mental results:

• Samples with higher density have lower liquid formation
temperature.

• Thermal conductivity is related to the chemistry of the
secondary phases.

• Samples with residual Al2O3 and/or spinel have lower ther-
mal conductivity.

• Thermal conductivity decreases with the increasing
sur-
.

th-
o
a s an
i ab-
s ur-
r hase
u ulk
hases.
Furthermore, it was shown by the experimental wor

edraj et al.[6] that YAP wets the surface of AlN mo
han YAG or YAM if all the experimental conditions a
onsidered. Hence, the presence of YAP phase will
ent AlN–AlN surface contact. For this reason the th
al conductivity of compositions II, III and IV varies a

ording to the amount of YAP phase. As discussed ab
ompositions II, III and IV have 1.39, 2.95 and 1.84 w
amount of the YAP phase, because YAP wets the AlN
face and prevents AlN–AlN grain boundary formation

AlN can be sintered to full density both with and wi
ut additive using compositional control. However, the Y2O3
dditive reduces the sintering temperature and perform

mportant role in the microstructural development. In the
ence of Y2O3, an Al–O–N phase forms that completely s
ounds the AlN grains and is retained as a continuous p
pon cooling to room temperature. This leads to low b
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thermal conductivity values due to the poor conductivity of
this grain boundary phase.
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