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Abstract

This paper describes a theoretical and experimental
access to new sintering aids for the densification of
aluminium nitride and the prediction of its behaviour
during sintering, using thermodynamic assessments.
Based on thermodynamic calculations using Thermo-
Calc software and the attached database SGTE,
sintering aids like Ca, Y and some rare earth con-
taining compounds were assessed and secondary
phases were determined. Predictions were confirmed
by experiments. © 1998 Elsevier Science Limited.
All rights reserved

1 Introduction

Aluminum nitride has been stated a very promising
ceramic material for electronic substrates due to its
high thermal conductivity, along with good elec-
trical and mechanical properties.! In the meantime,
the production of such components by densifica-
tion of AIN powder has been attempted by various
techniques in the past decade.?

As compared to single crystals [A=320 W/
(mK)),3 its thermal conductivity in polycrystalline
ceramics, however, is decreased by grainboundary
phases, porosity, and impurities dissolved within
the AIN crystals.*® In polycrystalline material the
highest attained value was 280 W/(mK).”

The most detrimental effect is caused by oxygen
impurities incorporated by defect reaction:

3(1-x)AIN+xALO; « (Al;_ Vaa)(N,_,0x);
(1)
Oxygen occupies nitrogen sites (On°®), creating a
single aluminum vacancy (Vaa,”) for each three

oxygen atoms for charge compensation.? Mass
difference due to the aluminum vacancy is the
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major contributor to the scattering of phonons
which results in the decrease in thermal con-
ductivity.® This unfavourable influence of oxygen
defects can be minimised using specific sintering
aids, as will be described in the following:

1. to achieve the liquid state at temperatures less
than 1800°C and to promote densification
through liquid phase sintering;

2. to act as a gettering agent by incorporating
oxygen and other impurities into the liquid
phase; and

3. to form secondary phases with impurities.

A variety of additives has been used like Ca
compounds for liquid phase sintering of pure AIN
to achieve densities near 3-26 gm~> and to improve
the properties of the ceramic.!®!! It was reported
that sintering temperature could be decreased from
2000 to 1600°C using a mixture of CaO, SiO, and
Al,O;, but within thermal conductivity (1)
decreased to 70 W/(mK).!2 High X values of about
280 W/(mK) could be achieved after sintering and
annealing the samples at 1800°C for 24 h.” Experi-
ments show that Ca and Y compounds form alu-
minates that could incorporate oxygen impurities.

The aim of the present work was to develop new
routes for the sintering of AIN by testing different
sintering aids, theoretically and experimentally and
to produce thus a dense ceramic at low sintering
temperatures achieving thermal conductivity higher
than 100 W/(mK). Therefore the choice of Ca and
Y compounds was improved using thermodynamic
assessment. Rare earth compounds were applied
due to their chemical similarity to Ca compounds.

2 Thermodynamic Calculations

Thermodynamic calculations which are docu-
mented in numerous standard textbooks on thermo-
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dynamics,'3 were carried out in order to predict
possible phase reactions during the sintering pro-
cess. Assuming the general reaction

wnAL +v4; + ... = vdy + vy + ... (2)

the reaction isotherm according to van’t Hoff

ARG= ARG’ + RTIn(p)"-py}")

~In(p" - py)]
is used to analyse whether Agrg is positive no
reaction or negative reaction is possible. The par-
tial pressures p; are exchanged by activities g; in
case of condensed phases. The Gibbs energy func-

tions can be analytically described with the follow-
ing expression:

3)

G—HER =y +my- T+ m3T-In(T) +my - T?
+ms- TP +mg- T+ ... (4)

where SER =standard elements reference, i.e. the
enthalpies of the pure elements in their defined
reference phase at 298-15K.

The analytical descriptions on the Gibbs energy
functions for all phases and gas species taking part
in the reaction as derived from the SGTE data-
base!'4 are shown in Table 1. Thermodynamic cal-
culations were done for ARG using the program
Thermo-Calc.!®

3 Experiments

Base mixtures of aluminum nitride Grade F
(Table 2) and 1, 3, 5 and 8 mass% of fluorides of

calcium or rare earths, were prepared by attrition
milling the mixtures in isopropanol. After drying
powder mixtures were cold isostatically pressed
with an applied pressure of 625MPa into cylind-
rical green bodies (14x12mm) achieving theore-
tical densities of about 64+6%. For each
composition, five samples were fabricated.

The samples were pressureless sintered in a graph-
ite crucible at 1600°C for 240 min and 1550°C for
130min in a graphite heated resistivity furnace
(Gero, Germany) in a 0-1 MPa nitrogen atmosphere.
Heating rates of 2, 5 and 10K min~! were used. The
actual temperature was measured using an infrared
pyrometer up to 900°C and a quotient pyrometer at
higher temperatures. After sintering the cylindrical
samples were sectioned by sawing and the surfaces
ground and polished for further investigations.

The density (p) of the sintered bodies was deter-
mined by the water immersion method. The thermal
diffusivity (o) was measured using the xenon-flash
method (Xenonplussystem XP 20, Compo Therm,
Germany) at room temperature. Discs used for the
thermal diffusivity measurements had a minimum
diameter of 10 mm and thickness ranging from 1 to
2mm. Samples were coated on both sides with a
sprayed carbon layer to prevent direct transmission
of the xenon-flash. The thermal conductivity (A)
was calculated from

)\.Za'p'Cp (5)

The heat capacity Cp of AIN with yttrium oxide as
sintering aid was given to 738J/(kgK) AG
Hoechst, pers. comm., 1993. The present crystal-
line phases were identified, using X-ray diffraction
(XRD) with CukK,;, radiation (Siemens D-5000

Table 1. Used thermodynamic expressions for Gibbs energy for temperature region of 298-15 to 3000K (SER = Standard element

reference)

Parameter T [K] G (J mol™!) formula units Refs
GA1203_[SER 298-15 —1707351 +448-021T—67-TIn(T)~6-747-10-2T2 [15,16]

+1.4205-103T3+9-39-105/T

600 —1724 886+ 754-857T—116-258 TIn(T)—7-2257-10-3T2
1500 —1772163+1053-455T—156-058 TIn(T") + 7-09-10~3T2

—6-29.-10"7T3+1.2367-107/T
GAIN_HSER 29815 —345837+359.862T—54.309T InT+ 8-56- 10472 + [16]

2-326-10/T—1.26-10%/T?
GY203_[ISER 298-15 —1962 268 +724-466T—118-042T1n(7T)~1-03-106T! 17

+5.10°773
G?'R-JGAIN_GA1203 29815 382948-187-033T [16]
GY3AIS012_p 5GAIRO3_].5GY203 298-15 —320000+36T [17)
GYAIO3_().5GAI203_().5G Y203 29815 —-72500+4-2T nn
GY4AROY_GAI203_) (Y203 29815 —-21500+ 12T [17]
GDYAIS012_) . §GAI203_] . 5GDy203 298-15 —190982+9-6T [18}
GPYAI03_().5GAI203_(). 5GDy203 298-15 —-29332+12-8T [18]
GDy4AZ09_(GA1203_(3Dy203 298-15 —80079+25-3T [18]
GOIAISOI2 ) 5GAR03_], 5(GGd203 29815 —147253+10-2T [18]
GOIAIO3_(1.5GA1203_().5(GGd203 298-15 -23795+13-6T [18]
GOdA1209_(A1203_) (3Gd203 298-15 —65026+26T [18]
GL2AI03_().5GAI203_().5G1La203 289-15 —40393+8:2T (18]
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Table 2. Chemical analysis of AIN Grade F powder®

Oxygen content Carbon content Silicon content
(mass% ) (ppm) (ppm)

0-9 35 <9

?As provided by the supplier (Tokuyama Soda, Tokyo,

Diffractometer, Karlsruhe, Germany). The micro-
structures and grain boundary phases of the sin-
tered samples were examined using a scanning
electron microscope (SEM Cambridge Instruments,
Cambridge, UK) equipped with both an energy-
and wavelength-dispersive X-ray microanalyser.

Powdered ceramics were quantitative analyzed
using hot gas extraction (TC-436, Leco Instr.
Corp., St Joseph, MI, USA) to detect amounts of
oxygen and nitrogen content, and atom emission
(ICP-OES, Typ JY 70 Plus, Jobin Yven, Paris,
France) was used for the detection of metal
cations.

4 Results and Discussion

4.1 Thermodynamic data

The impurity with the most important influence on
thermal conductivity is the oxygen content. There-
fore, the reaction of fluorides considered as sinter-
ing aid with oxygen bounded in different forms
relevant to the sintering of aluminum nitride has to
be investigated. At first the reaction with adsorbed
oxygen was taken into consideration:

LnF; + 1/20; = LnOF + F, (6)

since powder preparation increased oxygen content
from 1 to 2mass% and residual moisture was
detected to be 1-3mass%. Reaction with water
vapour also have to be taken into consideration:

LnF; + H,O = LnOF + 2HF (7)

2LnOF + H,0 = Ln,0; + 2HF (8)

with Ln=Y, rare earth like La, Gd, and Dy.
According to literature the reactions of fluorides
with water start at 700°C,%° but no thermodynamic
data are yet available for the LnOF compounds,
hence estimations of forming aluminates are only
reasonable using alternative reaction schemes.
First we consider the formation of oxides from
corresponding calcium or rare earth fluorides:

CaF, + H,0 = CaO + HF (9)

2LnF3 4 3H,0 = Ln;03 4+ 6HF (10)

Calculations were performed for eqns (9) and (10)
for Y, La, Gd and Dy compounds between 1500
and 1800K (Table 3). The Gibbs energy changes
ARG are fairly positive and indicate no reaction
between fluorides and water in this temperature
range. Vapour pressures derived from eqn (3)
finally suggest that oxides are formed in open sys-
tem.

In a second step, the calcium, yttrium or rare
earth oxides were assumed to react with alumina
present at the surface of the aluminum nitride
powder to the corresponding aluminates according
to the following reactions:

CaO+xALO;3 = CaAl, 05,4 x=1,2 (11)

Ln,03 + Al,O; = 2LnAlOs Ln =Y, La, Gd, Dy

(12)

3Ln203 + 5A1203 = 2Ln3Al5O12 Ln = Y, Gd, Dy

(13)

Figure 1 shows calculated Gibbs energy changes
ARG of the formed aluminates and their evolution
in the temperature range from 1000 to 2000 K. All
lines are situated in the negative part of the y axis,
in the mentioned temperature interval. Yttrium
garnet, Y3AlsO;,, is the most stable compound,
and its stability is increasing with increasing tem-
perature, up to its melting point of 2213 K.!7 Con-
clusions for experiments were that a secondary
aluminate phase should be formed between 1773
and 2073 K.

Table 3. Gibbs energy changes and HF vapour pressures for
reactions according to eqns (9), (10) and different fluorides

Fluoride T(K)/(°C) AG(kJ mol1) log(pur/Po)
CaF, 1500/1227 214-80 —7-48
1600/1327 194-41 —6-34
1700/1427 174-69 -5.36
1800/1527 15577 —4.52
YF; 1200/927 171-68 —7-47
1300/1027 155-25 —6-23
1400/1127 98-44 —3-67
1500/1227 75-32 ~2:62
LaF; 500/227 246-12 -7-56
600/327 21592 ~6-26
700/427 190-19 —5.22
800/527 165-16 —4.31
GdF; 1200/927 174.45 -7-59
1300/1027 136-82 —5.49
1400/1127 99.92 -3.73
1800/1527 —23.59 0-68
DyF, 1200/927 147.82 —643
1400/1127 75-41 —2.81
1600/1327 19-06 —0-62
—31-84 092

1800/1527
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4.2 Densification and sintering

Amounts of 1, 3, 5 and 8 mass% of fluoride sin-
tering aids with AIN were investigated. Sintering
with heating rates of 2, 5 and 1D K min~!, respec-
tively, were compared for samples with 3 mass%
YF; shown in Fig. 2. Densities of 76-55 and 96-6%
for samples sintered with 2 and 10K min~!,
respectively, show that neither a very low heating
rate nor a very high one leads to dense ceramics.
Densities near 100% are achieved using 5 K min~!,
The observed shrinkage and mass losses are in
accordance with the calculated results and are due
to the vapourization of the fluoride compound.
This observation was predicted from the calcula-
tion. The increase of shrinkage of samples sintered
with 10K min~! corresponds to a loss of mass of
about 2mass% during heating, and is not due to
liquid phase sintering. According to these results
an average heating rate of 5K min~! was applied
to all following investigations.

Sintering experiments with LAF; (Ln=La, Gd
and Dy) are compared using 8 mass% of the cor-
responding sintering aid. Figure 3 shows sintering
rates versus time using a heating rate of 5K min—1.
In samples with YF3;, GdF; and DyF; as sintering
aids, sintering starts at 1290°C. Sintering maxima
and temperature of these maxima are 1-6% min—!
at 1500 and 1520°C and 1-2% min~! at 1490°C,
respectively, to the fluoride. All samples achieve
densities higher than 99%. Samples with LaF; as
sintering additive start sintering at 1360°C, having
a sinter maximum with 1.45% min~! at 1510°C,
and reaching a final density of 99-4%.

According to these sintering experiments it could
be expected that dense ceramics can be produced

-100

-150 |-

AG

-250 -

-300 -

— —1 — !

with the chosen sintering aids between 1500 and
1550°C applying a heating rate of 5K min~!.

4.3 Chemical analyses and secondary phases
According to hot gas extraction measurements, the
total oxygen amount in AIN powder increases
from 0-9 mass% to approximately 1-47 to 2-35
mass% after attrition milling for 2-5h with iso-
propanol (Tables 2 and 4).

Table 4 shows sample compositions with
S5mass% of different fluorides studied before and
after sintering for 240 min at 1600°C. Samples with
5mass% CaF,, Smass% LaF; and 5mass% DyF;
show a decrease of about 40% in oxygen content.
The decrease in samples with YF; and GdF; is
about 18%. This decrease is caused by reaction of
oxygen, and thus of Al,O; with the atmosphere of
the graphite furnace, forming volatile products
according to:

ALO; +3C+ N, = 2AIN +3CO  (14)

Ca0 +2C + N; = CaCN; + CO (15)

LnyO3 + 6C + 2N, = 4LnN + 6CO (16)

The phase fraction diagram for reaction (14) is
shown in Fig. 4. With increasing temperature the
Al O3 and carbon fractions decrease (starting from
Smol of atoms and 3mol for atoms, respectively)
and AIN is formed. The amount of gas phase
increases from 0-2mol of atoms (according to N,)
to 0-6 mol of atoms (according to 3 CO) at 2200K.

Y3A15012
_o- -
DYAIO3

Dy3AI5012

—0- -

._0.

1000 1200 1400

1600 1800 2000

Temperature [K]

Fig. 1. Gibbs energy changes ArG of the corresponding aluminates from CaO or Y-, Ln-oxides with A1,03, [eqns (11)~(13)].
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Fig. 2. Densities versus various heating rates as a function of sintering temperature and time at 1600°C (1873 K) for samples with
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Fig. 3. Sintering rate versus sintering time for samples of 8-0 mass% LnF; heated at 5 K min~' up to 1600°C (1873 K).

Table 4. Characteristic powder data of aluminium nitride with
5 mass% of different fluorides after attrition milling and after
sintering for 240 min at 1600°C

SSA after Oxygen content Oxygen content
milling after milling after sintering
(m?g1) (mass% ) (mass% )
CaF, 7-7 2-35 1.37
YF; 63 1-64 1-35
LaF; 51 1-51 0-87
GdF; 4.5 1-65 1.35
DyF; 4.9 1-47 091

The crystalline phases identified by X-ray dif-
fraction include AIN and the compounds listed in
Table 5 for samples sintered for 130 min at 1550°C
and for 240 min at 1600°C. Samples with CaF, are
still containing some unreacted CaF, after sinter-
ing. It is interesting to note that samples sintered at
1550°C contain rare earth oxifluoride compounds
and a perovskite type phase according to the
applied sintering aid. Increasing the sintering tem-
perature to 1600°C favoured the entirely formation
of the aluminate phase. The oxi fluoride phase
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Fig. 4. Phase fraction diagram according to the carbothermal
reduction (14) versus temperatures (K).

Table 5. Secondary phases in aluminium nitride with 5 mass%
of different flourides after sintering at 1550°C for 130 min and

1600°C for 240 min.
Can YF3 LaF3 GdF3 DyF3
1550°C/ CA, Y3Al;01; LaAlO; GdA10;  DyAlO;,

Table 6. Density, thermal diffusivity and thermal conductivity
of aluminium nitride sintered with 5 mass% of different fluo-
rides after sintering at different temperatures

Sintering Density  Thermal Thermal
temperature (%) diffusivity  conductivity
(°C)/(K) (ms™')  [W]/(mK)]
CaF, 1550/1823 991 2.67 63-8
1600/1873 99.2 3.08 75-5
YF, 1550/1823 100 3.37 82:6
1600/1873 100 4.15 101-18
LaF; 1550/1823 99-9 4-16 102-0
1600/1873 99.5 4.50 111-3
GdF; 1550/1823 100 3.47 86-4
1600/1873 99.8 4.01 1189
DyF; 1550/1823 100 4.31 106-8
1600/1873 99.8 442 109-4
Error: +0.05 +2.3

could not be detected at elevated temperature and
time (Table 5). The identified crystalline phases are
expected according to eqns (11) to (13). Oxifluoride
phases detected after sintering at 1550° for 130 min,
support the reaction scheme given in (6) to (8).
Multicomponent phases of systems AIN-Ln;Os—
LnF; or AIN-Ln,0O; have not been reported in lit-
erature and could not be detected in this work
either.

4.4 Thermal conductivity

Thermal conductivities were calculated from ther-
mal diffusivity measurements at room temperature
from the samples of Smass% of varying fluoride
aids (Table 6). Consistent results are obtained for
those series of samples with CaF,, YF;, GdF; and
DyF; sintered at 1550 and 1600°C (Fig. 5). Max-

Y5

150 min Can LaFO Gd403F3a Dyl-xOxFl-x
1600°C/ CA; Y3Als0,° LaAlO; GdAIlO; DyA10;
240min CaF,
CA,=CaAl,0,.
“Unknown phase.
120
1o
= [ -
£ |
E -
z
E 90 -
o a
=
:
s}
Q g0t
E s
~ 70 -
[
60b . . 1

Gds5

Dy5

Cas

PR J TN ST [ VA S T VO ST T M T A A

1550 1560 1570

1580 1590 1600

Temperature [°C]

Fig. 5. Thermal conductivity versus sintering temperatures for samples with 5 mass% CaF,, 5 mass% YF; and 5 mass% LnF3
(Ln=La, Gd, Dy).
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, ’ 7 "
Fig. 6. SEM-photo of sample with 5-0 mass% GdF; after
sintering at 1600°C (1873 K) and 240 min.

imum thermal conductivity is observed for samples
sintered at 1600°C and is 34% higher than pre-
viously reported.!® Increasing the sintering tem-
perature by 50°C leads to an increase of about
25% for A. Differences in thermal conductivity
exist between samples with calcium fluoride and
rare earth fluoride. Using calcium fluoride, thermal
conductivity is reported to be highest with 75-5 W/
(mK). In samples with YF;, GdF; and DyF; as
sintering aids, results that were obtained after sin-
tering at 1600°C were exceeding 100 W/(mK) and
reaching their maximum with 118-8 W/(mK) in
samples with Smass% GdF;. After sintering at
1550°C, thermal conductivities were of approxi-
mately 100 to 110 W/(mK) in samples using rare
earth fluorides. Measurements on samples with
fluoride sintering aids were 40% increased over
those detected in samples with oxygen sintering
aids, like CaO and SiO, sintered at the same tem-
perature.'? In samples with 5 mass% GdF; grain-
boundary phases are located in the triple junctions
of the AIN matrix and permits and direct contact
of AIN grains (Fig. 6).

5 Conclusion

Thermodynamic assessment is suitable to predict
the application of chemical compounds as sintering
aids. In this work AIN was densified with Ca, Y,
and rare earth fluorides. The predicted secondary
phases were detected using X-ray diffraction. The
indicated vaporisation of produced gaseous com-
pounds was confirmed by mass losses.

After sintering with 5 mass% GdF; at 1600°C
for 240 min, dense AIN ceramic was achieved with
A=1189 W/(mK). Thermodynamic assessment in
combination with experiments is a suitable tool to
find sintering aids for the densification of AIN.
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