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Abstract

Thermal conductivity, microstructure and oxygen
content in the AIN lattice of AIN(Y,05) ceramics,
made of different AIN powders and prepared by either
pressureless sintering in a graphite-heated furnace
( tvpe I samples ) or sintered in a graphite-free furnace
( tvpe H samples ), have been investigated. In the type |
samples  the secondary phases are present as a
continuwous network along the AIN grain edges,
whereas they form isolated humps in the type 11
samples. For these two types of microstructure simple

models are presented which allow calculation of

thermal conductivity as a function of the oxygen
content dissolved in the AIN lattice and as a function
of microstructural parameters (amount of secondary
phases. thickness of lavers between neighbouring AIN
grains ). The calculated conductivities are in good
agreement with the measured values, the deviations
Jound are tvpically <15 W/(mK). As a result, it is
shown that the oxygen content dissolved in the AIN
lattice has the dominating influence in AIN ceramics
having an amount of secondary phases < 10 vol.% and
amorphous lavers with a thickness of tvpically 2-4 nm
hetween neighbouring AIN grains.

Die Wiirmeleitfihigkeit, das Gefiige und der im AIN-
Korn geloste Anteil an Sauerstoff von AIN(Y,0;)-
Keramiken wurden untersucht. Die Keramiken wur-
den aus unterschiedlichen AIN-Pulvern hergestellt
und entweder in einem graphitbeheizten ( Proben Typ
1) oder graphitfreien Ofen ( Proben Typ I1) drucklos
gesintert. In den Proben des Typs 1 lagen die
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Nebenphasen in Kandlen entlang der AIN-Kornkan-
ten vor, in den Proben des Tvps 11 dagegen als
cinzelne, isolierte Korner. Fiir diese unterschiedlichen
Arten der Gefiigeaushildung wird mit Hilfe einfacher
Gefiigemodelle die Wirmeleitfihigkeit als Funktion
des im AIN-Korn geldsten Sauerstoffgehalts und der
Dicke von amorphen Belegungen auf den AIN—AIN-
Kornkontaktfiiichen berechnet. Die  berechneten
Wirmeleitfihigkeiten stimmen gut mit den gemes-
senen iiberein, die  Abweichungen sind  typisch
<153 W/itmK). Die Untersuchungen zeigen, daf der
im AIN-Korn geliste Sauerstoffgehalt den ent-
scheidenden Einflufp auf die Wirmeleitfihigkeit von
AIN-Keramiken hat, wenn der Anteil an Nebenphasen
<10Vol% ist und die Dicke der AIN-AIN-
Kornflichenbelegungen etwa 2~4 nm betrdgt.

On « étudié la conductivité thermique, la micro-
Structure et la teneur en oxvgene dans le réseau d AIN
de céramiques AIN(Y,05), faites a partir de
différentes poudres d'AIN et préparées par frittage
sous pression normale soit dans un four a éléments
chauffant en graphite (échantillons de type ), soit
dans un four sans graphite ( échantillons de tvpe II).
Dans les échantillons de tvpe 1 les phases secondaires
sont présentes sous forme d'un réseau continu le long
des grains d'AIN, alors que dans les échantillons de
type 11 elles se retrouvent sous forme d agglomérats.
On u présenté pour ces deux types de microstructure
des modéles simples, qui permettent le calcul de la
conductivité thermique en fonction de la teneur en
oxygéne dissout dans le réseau cristallin d' AIN et des
paramétres microstructuraux (quantité de phases
secondaires, épaisseur des couches entre les grains
d’AIN voisins ). Les conductivités thermiques calculées
sont en bon accord avec les valeurs mesurées; les
différences trouvées sont typiquement <15 Wi(mK).
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Comme résultat, on a montré que la teneur en oxygene
dissout dans le réseau d’AIN est le facteur dominant
qui influence les céramiques AIN, ayvant une quantité
de phase secondaire < 10vol% et des couches
amorphes d'une épaisseur typique de 2 a 4 nm entre les
grains d"AIN voisins.

1 Introduction

Aluminium nitride (AIN) is a promising material,
having a very high thermal conductivity. The
thermal conductivity of pure AIN single crystals is
320W/(mK) as calculated and 285W/(mK) as
measured.’ It is known that this difference in thermal
conductivity is due to impurities, particularly
oxygen. As Al -0 is dissolved in the AIN lattice,
the mass defect of aluminium vacancies causes
phonon scattering.!-2

Thermal conductivity of polycrystalline, multi-
phase AIN ceramics (100-200 W/(m K)) is consider-
ably lower than that of AIN single crystals. It has
been shown that the oxygen content dissolved in the
AIN lattice has a strong influence on thermal
conductivity in such ceramics.® ° Microstructural
parameters, however, can also influence their
thermal conductivity considerably.® ~°

The aim of this work was to provide a quantitative
correlation between thermal conductivity, the
oxygen content in AIN lattice and microstructural
parameters of AIN(Y,O;) ceramics.

2 Experimental Procedure

AIN powder grade F from Tokuyama Soda Co. Ltd,
Tokyo, Japan with a mean particle size of 1:3 yum and
an oxygen content of 0-85wt%, called TSF, and
Y,0, powder from H. C. Starck, Berlin, Germany
were used as standard starting materials. Addition-
ally, three experimental AIN powders, called A, B
and C, were used. These experimental powders had
different oxygen contents: 1-4 wt% (A), 2:2wt% (B)
and 3-4 wt% (C). Total cationic impurities are below
200ppm in all AIN powders: they are therefore
thought to have only minor influence on the thermal
conductivity of the samples. Mixtures of AIN with
Y ,0, were made by attrition milling in 2-propanol.
The dried powders were cold isostatically pressed
into cylinders (23 mm diameter, 15 to 25 mm height)
with a pressure of 300 MPa. The compacts were
sintered in a gas pressure sintering furnace with
graphite heating elements (graphite furnace) under a
pressure of 0:2 MPa nitrogen. The heating rate was
30K/min, the end temperature was 1800°C and
sintering time was 3h. These samples from the
graphite furnace are called type I samples. Other

samples were sintered in a graphite-free furnace
equipped with Mo heating elements (called type II
samples). Sintering was done in Mo crucibles under a
flowing N,/H, atmosphere (90vol.% N,, 10vol.%
H,) at a temperature of 1800°C for 3 h.

The microstructure and amount of secondary
phases were investigated by SEM (SEM 505, Philips,
Eindhoven, Netherlands). The grain face layers
between neighbouring AIN grains were investigated
by TEM (CM 12, Philips, Eindhoven, Netherlands).
The width of these grain face layers was determined
by bright field images at high magnification and
analysis of defocus series.!® The oxygen content
dissolved in the AIN lattice was determined by
selective hot gas extraction analysis!! (Leco TC 436,
Leco, St Joseph, MI, USA). Thermal conductivity
was measured by a static method according to DIN
51908. In this method the unknown sample is placed
in series with a reference sample between two heat
reservoirs held at constant temperature (20°C and
40°C). Heat flow and hence thermal conductivity are
derived from the thermal gradient established in the
reference sample, measured by means of ther-
mocouples. Thermal conductivities in the range
from 10 to 200 W/(m K) can be measured with an
accuracy of 3%. A set of standard metal samples was
used periodically for calibration.

3 Results and Discussion

3.1 Influence of oxygen and microstructure on
thermal conductivity (modelling)
The type I samples have a microstructure that can be
described as being formed by irregular face-
connected AIN polyhedra with rounded edges (see
double arrow in Fig. 1(b)). The rounded edges of
neighbouring AIN grains form a channel system
containing the oxide phases (Y aluminates, see
arrows in Fig. 1, called grain edge phases). In all
samples additional thin layers, called grain bound-
ary phases, are found between the AIN polyhedra
(see Fig. 2). This grain boundary phase has a
thickness of typically 2-3 nm, as found by defocus
analysis at the TEM. Dark field images show that
this phase is amorphous and EELS investigations at
the TEM show that this layer is mainly consisting of
Al 0,12

The microstructure of type I samples is modelled
as simple periodic stacking of cubes (for the AIN
grains) with bevelled edges and secondary phases in
the channels along the grain edges forming prisms
(grain edge phase). The grain boundary phase was
modelled as thin layers between the surfaces of
neighbouring cubes. One volume element of this
model is shown in Fig. 3. The thermal conductivity
of this microstructural model is then calculated in
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Fig. 1. SEM micrographs of AIN, (3wt% Y,0;) ceramic

sintered in a graphite-heated furnace at 1800°C for 3 h. (a)

Polished microsection with electron backscatter contrast

between Y aluminates (arrow) and the AIN grains; (b) fracture

surface showing that the Y aluminates (arrow) are formed along
the AIN grain edges (double arrow).

terms of Wiener’s formulae!® (see Appendix 1).
These calculations are straightforward for the
simple geometry of this model: the volume element
(Fig. 3) is divided into its constituents and the
thermal conductivity of each constituent is cal-
culated. Total heat conduction (4) is then derived
from the sum of the heat flow. The resulting formula

Fig. 2. (a) and (b) TEM micrographs of AIN (4wt% Y,0;)

ceramic sintered in a graphite-heated furnace showing layers of

a few nm thickness between the AIN grain faces; the analysis of

these defocus images (300 nm defocus) gives a layer thickness of
2:5nm.

in a simplified form is given in Appendix 2. The
variable parameters in the model calculations are: (1)
amount of grain edge phase, (2) thickness of grain
boundary phase, and (3) thermal conductivity of
AIN given by the oxygen content dissolved in the
AIN lattice. For the influence of oxygen content
dissolved in the AIN lattice on thermal conductivity
the correlation by Slack? was used because the
present data are consistent with it.> For the thermal
conductivities of the secondary phases values from
the literature were used (10 W/(mK) for Y alumi-
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Fig. 3. Model of the microstructure of ceramics sintered in a
graphite heated furnace.

nates, because the thermal conductivity of
Y;Al;0,, (YAG) is reported to be 11 W/(mK),'*
and 1 W/(mK) for the amorphous phase, because
the thermal conductivity of a glass phase 1is
approximately 1 W/(m K)). Selected results of these
calculations are shown by the graphs in Figs 4 and 5;
measured values of thermal conductivity, oxygen
content in the AIN lattice and amount of secondary
phases are listed in Table 1.

The microstructure of type II samples differs from
that of type I inasmuch as the Y aluminates are
concentrated in isolated grains (see arrows in Fig. 6)
instead of forming interconnected channels. The
TEM investigation shows that the type Il samples
also contain an amorphous, Al,O;-rich grain
boundary phase with a thickness of typically 2-4 nm.
The AIN grains with their grain boundary layers
thus form a matrix that contains dispersed Y
aluminate grains. The same type of microstructure
was established in samples sintered in the graphite-
heated furnace, but protected by an AIN powder bed
in an AIN crucible. From this observation it seems
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Fig. 4. Thermal conductivity as a function of the amount of
grain edge phase. Parameters: oxygen content in the AIN lattice,
width of grain boundary phase. Measured values: points 1-5
represent measured thermal conductivities and amount of grain
edge phases of AIN ceramics with 1-5wt% Y,Oj; sintered at
1800°C for 3 h in a graphite-heated furnace. The figures beside
the data points give the measured oxygen contents in the AIN
lattice in wt%.
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Fig. 5. Thermal conductivity as a function of the amount of
grain edge phase. Parameters: oxygen content in the AIN lattice,
width of grain boundary phase. Measured values: points TSF,
A, B and C represent measured thermal conductivities and
amount of grain edge phases of AIN ceramics made of different
AIN powder and sintered at 1800°C for 3 h in a graphite-heated
furnace. The figures beside the data points give the measured
oxygen contents in the AIN lattice in wt%.

that differences in the furnace atmosphere (e.g.
oxygen partial pressure and presence of carbon)
greatly affect the microstructural development (e.g.
wetting of the AIN grains by oxide phases).

The matrix part of the microstructure of type 11
samples was modelled and thermal conductivity was
derived analogously as described for the type I
samples, yet without the grain edge channels. The
modelling is shown in Fig. 7, the resulting formula is
given in Appendix 3. The dispersed Y aluminate
grains were modelled by isolated spheres. The
influence of such spheres on thermal conductivity
was calculated using Bruggeman’s formula,'’ see
Appendix 4. The results of these calculations are
given by the graphs in Fig. 8; measured values of
thermal conductivity, oxygen content in the AIN
lattice and amount of secondary phases are listed in
Table 2.

The derivations of the formulae given in Ap-
pendices 2—4 are shown in Ref. 16.

3.2 Thermal conductivity of type I samples:
comparison of measured values and modelling
Measured thermal conductivities of all samples are
below the values calculated from the measured
amounts of grain edge phases and the measured
contents of oxygen in the AIN lattice (solid lines in
Figs 4 and 5). They are very close to the conductiv-
ities calculated for an additional grain boundary
phase of 2 nm thickness (dashed lines in Figs 4 and
5), the value that has been found analytically by
TEM observation (see Fig. 3).

Figure 4 shows that the level of thermal conduct-
ivity of samples made from powder mixtures with
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(b)

Fig. 6. SEM micrographs of AIN (3wt% Y,O;) ceramic
sintered in a graphite-free furnace. (a) Polished microsection
showing that the Y aluminates are dispersed as isolated,
rounded lumps (arrow); (b) fracture surface showing that the Y
aluminates (arrow) are not wetting the AIN grains.

different amounts of additive (1-5wt% Y,0,) is
correlated with the oxygen content dissolved in the
AIN lattice: a decreasing oxygen content of samples
I to 4 in Fig. 4 leads to an increasing thermal
conductivity, in spite of the concomitant increase of
the amount of the grain edge phases. The maximum
of thermal conductivity of sample 4 is due to the
lowest oxygen content in the AIN lattice (0-1 wt%).
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Fig. 7. Model of the AIN matrix phase of ceramics sintered in a
graphite-free furnace.

This can be explained by an extraction mechanism
of oxygen from the AIN lattice equilibrating the
Al,O, content in the AIN crystals with the Y
aluminate phases.® The higher amount of grain edge
phases explains the decrease in thermal conductivity
of sample 5.

The decrease in thermal conductivity because of
the increase in the amount of poorly conducting
secondary phases (Y aluminates)}—for a given
oxygen content in the AIN lattice—is even more
pronounced in the samples made from AIN powders
with different overall oxygen contents (see Fig. 5).
The oxygen content in the AIN lattice was very low
(0-08-0-15 wt%) for all samples, as determined by
hot gas extraction analysis (see Table 1). This is the
result of Y,O; concentrations (58 wt%, 9-2wt%
and 142wt% for samples made of A, B and C
powder), giving the same Al,0;/Y,0; ratio as the
mixture of the TSF powder with 4wt% Y,O,.
Again, measured thermal conductivities and cal-
culated values are close together (see Fig. 5). Because
of the detrimental influence of the secondary phases
a high thermal conductivity of approximately
180 W/(mK) can only be reached by using a
relatively oxygen-free AIN powder (total oxygen
content < 1wt%), if the samples are sintered within
a short period of time (3 h).
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Fig. 8. Thermal conductivity as a function of the amount of
grain edge phase. Parameters: oxygen content in the AIN lattice,
width of grain boundary phase. Measured values: points 1-5
represent measured thermal conductivities and amount of grain
edge phases of AIN ceramics with 1-5wt% Y,0, sintered at
1800°C for 3 h in a graphite-free furnace. The figures beside the
data points give the measured oxygen contents in the AIN lattice
in wt%.
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Table 1. Thermal conductivity, total oxygen content, oxygen content in the AIN lattice and amount of grain edge phases of type |
samples (esd of last digit given in parentheses)

AIN Oxygen Green bodies Sintered bodies
povwder in AIN

powder Amount Total Thermal Total Oxygen Grain

(wt%) Y,0; oxygen conductivity oxygen in AIN edge
(wt%) (wi1%) (W/mK)) (w1%) lattice phases
(wt%6) (vol.%)

TSF 0-85(1) 10 1-17(1) 130(4) 0-85(1) 0-31(3) 1-7(6)
TSF 0-85(1) 2:0 1-50(1) 146 (4) 091 (1) 0-24(3) 2:1(6)
TSF 0-85(1) 30 1-65(1) 165(5) 1-12(1) 0-19(3) 3:0(8)
TSF 0-85(1) 40 1-83(1) 185(6) 1-26(1) 0-12(3) 3-5(8)
TSF 0-85(1) 50 2:05(1) 171(5) 1-52(1) 0-13(3) 4-3(9)
TSF 0-85(1) 40 1-83(1) 185(5) 1-26 (1) 0-12(3) 35(8)
A 1-40(1) 58 2:66(1) 165(5) 2:23(1) 0-13(3) 499)
B 2:20(1) 92 3:99(1) 158(5) 2:98(1) 0-08(3) 6(1)
C 3-40(1) 14-2 6:26(1) 153(5) 345(1) 0-15(3) 9(1)

3.3 Thermal conductivity of type II samples:
comparison of measured values and modelling

The measured thermal conductivities of samples
sintered in the graphite-free furnace are also close to
the calculated values (points 1 to 5 and dashed line in
Fig. 8). Again, it seems that the thermal conductivity
is mainly influenced by the oxygen content dissolved
in the AIN lattice. Thermal conductivities of these
samples are lower than the conductivities of type I
samples, because they have a higher amount of
secondary phases (compare Tables 1 and 2). This is
due to the absence of carbothermal reduction? in a
graphite-free furnace. Indeed, the overall content of
oxygen in the samples was found to be the same as in
the green bodies (compare Tables 1 and 2). Conseq-
uently, thermal conductivity of these samples is
mainly influenced by the Al,0,/Y,0; ratio of the
starting mixture and should be rather insensitive to
sintering conditions.

4 Summary and Conclusions

Based on simple microstructural models thermal
conductivities of AIN ceramics can be calculated.
The model calculations and the measured values
show that the oxygen dissolved in the AIN lattice has

the dominating influence on thermal conductivity.
The amount and thermal conductivity of a second-
ary phase along the grain edges or as isolated lumps
only has a major influence on thermal conductivity if
the oxygen content in the AIN grains is very low and
if the amount of the secondary phase is rather high.
Grain face layers strongly decrease thermal conduct-
ivity if they are thicker than a few nm or if their
thermal conductivity is much lower than 1 W/(m K).
The measured thermal conductivities and the
calculated values are in a good agreement: the
deviations typically are <15W/(mK). This indic-
ates that the simple modelling correctly reflects the
fundamental correlations and it shows that the
values chosen for the adaptable parameters of the
model (thermal conductivity of the grain edge and
grain face layers and thickness of the grain face
layers) are reasonable. Better characterisation,
particularly of the grain face layers, their thickness,
composition and properties, and more precise data
for the concentration of the lattice dissolved oxygen
are still needed, in order to further test and improve
the models. Expansion of these models to other
microstructures and additional influences on
thermal conductivity (e.g. impurities other than
oxygen) should present no major problem.

Table 2. Thermal conductivity, total oxygen content, oxygen content in the AIN lattice and amount of grain edge phases of type I
samples (esd of last digit given in parentheses)

AIN Oxygen Green bodies Sintered bodies
powder in AIN —

powder Amount Total Thermal Total Oxygen Grain

(w1%) Y,0; oxygen conductivity oxygen in AIN edge
(wt%) (wt%) (W/(im K)) (wt%) lattice phases
(wt%) (vol.%)

TSF 0-85(1) 1-0 1-15(1) 121(4) 1-23(1) 0-40(3) 1-9(6)
TSF 0-85(1) 2:0 1-50(1) 135(4) 1-50(1) 0-26(3) 25(6)
TSF 0-85(1) 30 1-65(1) 159(5) 1-57(1) 0-19(3) 3:5(8)
TSF 0-85(1) 40 1-83(1) 175(6) 1-77(1) 0-12(3) 4-1(9)
TSF 0-85(1) 50 2:05(1) 163(5) 2-11( 0-15(3) 5:5(9)
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Appendix 1—Wiener’s Formulae for Thermal
Conductivity of a Composite Material

Parallel arrangement
lp=Cy ALy iy
Serial arrangement:
. /G ./ 1
ls = /2y+ ¢3/15)
where ¢, and ¢, = volume fraction of each compo-

nent and /; and 4, = thermal conductivity of each
component.

Appendix 2—Formula for the Calculations of
Thermal Conductivity (1) of the Modelled
Microstructure with Grain Edge Phase and Grain
Boundary Phase'®

R
CoxXT (a—x)
L= 53 N /‘GF +

2a ‘ a

2 ; .
AAIN /GB

YraNnT A 26

+£. AN AGE
da Jpn+ 3a)2x — 1) g

2x(a — x) LAIN AGE

a (X/2) 2an+Hla—x/2) 2ge

where a =length of cube edges, x =width of grain
edge phase, v = thickness of grain boundary phase
(see Fig. 3), Zs,n=thermal conductivity of AIN,
/.r = thermal conductivity of grain edge phase and
/g = thermal conductivity of grain boundary
phase.

Simplifications: (a—y) = «; heat conduction of the
grain boundary phase parallel to the direction of the
heat flow is neglected. Differences of the total heat
conduction between the values calculated by the
formula without these simplifications and by the
simplified formula used here are below 1 W/(m K).

Appendix 3—Thermal Conductivity of AIN Matrix
Phase (imatri\)l()

a-y a2 ot (ar) Vo
:( ,)[ AN Agp(a— +._./'GB}

a |V zantlav)igg «a

“matrix

where «=Ilength of cube edges. 1 =thickness of
grain boundary phase (see Fig. 7), i,,y = thermal
conductivity of AIN and /5 = thermal conductivity
of grain boundary phase.

Appendix 4—Bruggeman’s Formula'® for Thermal
Conductivity (1) of a Composite Material of Spheres
in a Continuous Matrix

2 1/3
/Lz

1 B (.1 =[ 4 :|
s

where ¢, =volume fraction of dispersed spheres,
7, = thermal conductivity of spheres and 7, =
thermal conductivity of matrix phase.

Sy =2

J— 7,



