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Optimization of AIN materials on special uses

Axel Kranzmann, Giinter Petzow
Max - Planck - Institut fiir Metallforschung
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The sintering behaviour of AIN powders doped with different oxides such as MgO, CaO,
Al203, Y903 and LagO3 were investigated. Mechanical and thermal properties such as
bending strength, thermal expansion and heat conductivity were experimentally estima-
ted. Depending on the phase composition a wide range of property values were observed.
The last two decades of investigations on AIN mainly stress the aspect of high thermal
conductivity and the ultimate goal of most of the work was an AIN substrate material
with high thermal conductivity. The mechanisms limiting heat conductivity by enhanced
phonon scattering and the sources of these mechanisms will be described. Quantitative
calculations of heat conductivity for several compositions substantiate the idea that im-
purity atoms reduce the heat conductivity of the AIN grain. The role of microstructure
can be discussed qualitatively coupling the internal contact area of a polycrystal materi~
al with the grain to grain heat transition First ideas of a microstructure description
which did not approach the grain as an ellipsoid were developed. On the base of that
knowledge AIN ceramic with more than 200 W-m™1-K™! heat conductivity and gradient
materials with high surface oxidation resistance were developed.

The heat conductivity is influenced by the impurities dissolved in the AIN grains and the
formation of grain contact area, which depends on the grain form, whereas the mechani-
cal strength of the AIN materials is strongly correlated to the grain size.

The greatest benefit in establishing AIN ceramics would be to develop a material with
improved mechanical strength and high oxidation resistance without loss of high thermal
conduction. Uses in microwave technology could be possible for high heat conducting
high strength AIN. It is expected that fine AIN powders doped with Y203 or CaO sin-
tered to ceramics with less than 3 ym medium grain size will exhibit more than 400 MPa
bending strength and thermal conductivity values of about 150 W-m1.K-1. Forming a
chemical gradient of the oxygen content of less than 100 ym thickness at the surface re-
gion results in additional high oxidation resistance.
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I) Introduction

HI-V compounds are widely investigated on their use as semiconductor materials
/LAB82, LAB84/. The compounds between the elements of the III and V group of the
periodic system mainly crystallize in the zinc-blende, diamond or wurtzite structure,
which are all very similar to the diamond lattice symmetry. In the cubic binary III-V
composites group IIT atoms occupy all on one of the possible fec sub-lattice while the
group V atoms lie on the other /OLE78/. The Nitride III-V compounds such as BN,
AN crystallize in the hexagonal symmetry of the wurtzite type, with two AIN units per
unit cell. The space group 63mc describes the symmetry of the wurtzite structure and the
lattice constants are found to be a = (311.1%0.1)pm and ¢ = (498.0 < 0.1) pm
/TAY60/. The lattice symmetry, the low number of atoms per unit cell, the mass differ-
ences between the atoms in the unit cell and the binding forces determine the heat con-
ductivity of the pure crystal /STP87, KRA88/. The similarity of the wurtzite structure
to the diamond structure, the material with the highest phonon thermal conductivity, is
the reason for the good thermal conductivity of cubic and hexagonal III-V compounds.
With the phonon model it is possible to calculate the thermal conductivity of simple
crystal structures, such as AIN, and the influence of point defects /RKP90/. To design
AIN ceramics the ultimate goal of our studies was to develop the knowledge about mate-
rial preparation as well as it is necessary for the sintering of suitable materials in differ-
ent uses.

II) Sample preparation

II.1 powder processing

All samples were prepared from AIN grade A, H.C. Starck, Berlin. The AIN powder and
the sinter additives were mixed using an attrition mill with 500 m! volume. One charge
contained 100 g AIN powder, the sinter aid and 200 ml isopropanol. Table 1 summarize
the powder compositions used in this work. The milling tools, balls and attrition arm,
consists of AlyO3. The rubbed material from the tools and the water content of the iso-
propanol increased the oxygen content of the powder up to 3.5 wt.%, fig. 1. Other impu-
rities found by TEM ~EDX analysis in the sintered state are Mg, Si, La, Zr, Fe and Cr
/SOC90/. Whereas Fe and Cr are also found in the original AIN powder and La in the
original Y203 powder, the source for Mg and Si is rubbed material from the milling ap-
paratus. The origin of Zr was not identified. During milling the specific surface area and
the oxygen content of the powder increased, fig. 1. Because it is expected that all addi-
tional oxygen picked up during milling procedure is concentrated in an AI(OH)3 layer at
the particle surface, the oxygen can be trapped in the liquid face formed during sintering
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Sample Additive Additive BET impurity
portion surface content
[(wt.%)] [m2.g1] [wt. %)
AM MgO 1 10.9 - 047
AC1 Ca0O 1 8.5 035
ACl4 CaO 1.4 8.2 O (3.5);Si (0.16)
AC2 CaO 2 8.3 0(3.8
ACS0 Ca0-SiOs 0.6 7.1 0 (0.27)
ACS1 Ca0-SiOy 1.3 7.5 0 (3.0
ACS2 Ca0-SiOq 2.5 7.6 035
AA AlyO3 2.5 9.1 O (5.6
AL 1La203- 6A1;03 2.3/4.5 6.1 O 4.5
AY Y203/C 2.5/1 5.9 0 (25
Tab. 1: Powder specifications for the different AIN materials after milling.

process. After fast drying at 370 K, Rotavapor, the powders were sieved, encapsulated in
rubber forms and hydrostatically pressed at a pressure of 630 MPa. The green density
was always between 59 and 62 % of the theoretical density of the powder mixture.

I1.2 Sintering and Annealing

The consolidated green products were sintered in a graphite heated sinter furnace in N
atmosphere at 10° Pa pressure. In the same furnace additional heat treatments on sam-
ples of the composition AC14 were carried out at sintering temperature. Partially these
heat treatments were done with a powder bed consisting of 80 wt.% AIN and 20 wt%
carbon black to enforce evaporation of oxygen from the grain boundaries of the material.
During the annealing procedure the samples lost oxygen and after that the Ca was eva-
porated /RUC89/. The grain boundary phase evaporation in contact with a powder bed
(80wt % AIN, 20wt % CaO) for CaO doped samples give very similar results to the exper-
iments on AIN/Y203 materials /UEH89/. After 24h the oxygen and the calcium content
reached the lowest levels below 0.3 and 0.1 mass%, respectively. Further annealing gave
no further change of the level of dissolved O and Ca but a reduction of the total impur-
ity level was still observable and subsequently the heat conductivity increased from
< 100 to 219 W-m1.K"1, Dissolved Si in AIN grains analysed during TEM observation
by an EDX -analyzer was correlated with the existence of line faults which are assumed
to be anti phase boundaries /RUC89/. The observed line defects were always connected
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with Ca inclusions in the AIN crystal. The dissolution of Ca.at sintering temperatures
and the segregation of Ca during cooling period could be one explanation of this observa-
tion. The line defects and the Si atoms act as phonon scatterers producing low heat con-
ductivity increase during the first 24 h annealing time, fig. 2.

A second way to eliminate grain boundary phase was experimentally developed on Y203
doped AIN powders. Volumes of 40-25-5 mm3 AIN material (AY) were pressed in an
Al»O3 powder bed and annealed in laboratory atmosphere at 1120 and 1220 K, respec-
tively. During the treatment the carbon and the Y content decreased and the heat con-
ductivity increased from 80 to 149 W-m'1-K-1. In a small surface region of less than
100 pm thickness an increase of Oxygen was observed by WDX analysis, fig. 3.

It is suggested that the driving force for the observed grain boundary modifications in
reducing atmosphere or in a powder bed is the chemical gradient. In reducing atmos-
phere the evaporation process depends on the total pressure of CO2 and CO and if the
nitration of reduced Al2O3 occurs also on the Ny pressure/UMK90/. Therefore the re-
ducing effect of the atmosphere is modulated by temperature and pressure.

In a powder bed containing AlyO3 which is also present in the microstructure an equal
distribution of Y203 should form. The Y703 diffuses in the powder bed, the C reduces
the oxygen content in the grain boundary so that in result no oxidation of the whole
bulk was observed. The partial oxidation of the surface results in a AIN material with
oxidation resistant surface.

Sample Identified phases - sinter heating sinter
: + AIN temperature rate time
[K] (K-min!]  [min]
AM MgAl204 2220 20 5
AC1 CaAl4Or 2090 15 15
AC14 CaAl;O7 2095 15 15
AC2 CaAl4O7 2090 15 30
ASCO 2H6 =Sip.4Alg 600 6N11 4 2120 15 15
ASC1 2H¢ 2120 15 15
ASC2 2Hé, CaAlOy 2120 18 15
AA 27R Polytype = AlgO3N7 2270 33 15
AL LaAlQs, 5-AlO3 2120 12 5
AY Y3A15012 2220 20 20

Tab. 2: Sinter conditions and phases detected by X-RAY analysis.
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IIT) Material testing and characterization procedures

II1.1 Mechanical Testing

For bending strength test bars with dimension of 4.5-3.5-55 mm3 were cut. One surface,
3.5-55 mm?2, was polished to mean roughness smaller than 0.1 ym. The roughness was
estimated by an optical surface roughness testing assembly, Rodenstock RM400. All
samples were tested in 4 point bending test, 40/20 mm support, with a spindle velocity
of 0.1 mm-min’l. Comparisons with experiments using hydropneumatic equipment exhi-
bit no different results. Therefore low velocity crack propagation can be neglected.

II1.2 Thermal Conductivity Measurements

Two different methods were used for thermal conductivity measurements. A direct meas-
urement of the temperature field in a steady state assembly /KRA88/ and laser flash
method /PJB61/, Conductronic, Theta industries. The direct method used here is re-
stricted in temperature range. Experiments in the temperature range between 250 and
500 K are possible. The laser flash equipment operates from 400 to 2000 K. The heater of
the direct method is easily controlled by a computer assembly. The heat source of the
pulse method is a light pulse irradiated from a NdY -Garnet laser system. The run time
of the heat pulse is measured by an InSb detector whose signal is recorded by a storage
oscilloscope. For the steady state equipment the sample size is 35-8.5-8.5 mm3, which is
a 5 times larger volume than the cylinders of 10 mm diameter and 5 mm thickness inves-
tigated in a laser flash experiment. The probability that inhomogeneities such as small
cracks or porosity bands will be influencing the material property proportional to the
sample size. Additionally the transparency of very pure AIN can suggest a higher ther-
mal conductivity in laser flash experiments. Covering the surface with a C or Cr layer is
only a protection against the transmittance of laser light intensity. But still the irradi-
ated surface can be seen by the detector because of the grey radiation of any volume ele-
ment of the material. At higher temperatures the transmission coefficient is small and
successful laser experiments were carried out.

II1.3 Microstructure characterization

The microstructure of the samples was characterized in terms of stereometric and fractal
description. The difference in solubility and mobility of Al and N atoms dissolved in the
glassy phase results in differences in the mean of the maximum Ferets diameter per
grain. The biggest grains in this term were observed in the AY material, 7.0 = 1.8 ym.
The smallest AIN grains exhibit the AIN - 27R composite ceramic, 1.8 = 0.7 ym. In all
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materials the mean ratio between longest and shortest dimension of the AIN grains in a
plane polished surface was estimated to be 1.4 £ 0.4. This indicates that all grains are
slightly elongated. This simple form of microstructure characterization includes no infor-
mation about the grain to grain heat transfer, because this kind of description is an ellip-
tical approximation. But ellipsoids forms only point like contacts between each other. In
a real AIN microstructure all varieties of grain contacts between point contacts and sur-
face to surface contacts will be formed during sintering, fig. 4. In annealed samples with
high thermal conductivity the grains exhibit more or less plane surface contacts between
each other. The change from globular to polyhedral grains can be easily described in
terms of topology and fractal geometry.

A microstructure consisting of only globular and dense packed grains and zero porosity
the number of crystalline plane faces of each grain is zero and the number of next neigh-
bours is twelve but the contact area is zero. If all grains are polyhedrons and dense
packed, the number of plane faces and next neighbours are equal and the plane interface
area is equal to one half of the total internal surface. It is expected that curved interface
will result in an enhanced phonon scattering /RKP90/, plane interfaces are more effec-
tive in heat transfer from grain to grain.

Basing on topological and fractal geometry parameters a microstructure description was
developed which contains information about the form of grain to grain contact. The so
called planarity of the microstructure was defined as,

Py:= Ne:Ds
N- Dt

, where the number of corners, N¢, and next neighbours, Ny, per grain is connected with
the fractal dimension, Dy, of a path along the grain boundaries and the corresponding
topological Dimension, Ds, which is 1 for a path along grain boundaries in a plane sec-
tion such as mostly investigated by material scientists /RUC89/. In good agreement
with the explained model an increasing planarity results in an increasing thermal con-
ductivity, fig. 5. After sintering the fractal dimension of path along the grain boundary
lines is in the range of 1.15 and already very close to the expected dimension 1 for the
exact polygons of the grain outlines in the plane section if all grains were polyhedrons.
The mean free path length of phonons in the AIN grain is smaller than 10 m and there-
fore no relation between grain size and thermal conductivity is expected as long as the
grains are bigger than the mean free path length. This consideration is demonstrated by
the observation of the thermal conductivity of materials with different grain size, fig. 6.
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IV) Optimized AIN materials

IV.1 Mechanical strength

The mechanical strength of AIN varies not remarkably with the kind of additive
/RKP90/, but changes slightly with the grain size. The investigation of the effect on the
mechanical strength demonstrated that the defect size is joint with the grain size, fig 7.’
Small grains, mean diameter smaller than 3 ym, are necessary for high mechanical
strength. Two AIN materials compositions were found which can be densified without
accelerated grain growth, AC and AL. The investigation of the AC materials show that
the densification depends on the volume fraction of sinter additive. As observed in sever-
al Alkaline earth doped AIN qualities, high amounts of additives produce porous samples
the limiting fractions were estimated to be MgO > 2, CaO > 2.5 and BaO >3 wt%.
Therefore the investigation of various amounts of CaO additive is limited to a small
range.

LasO3 doped AIN sinters to full density independent of the amount of additive. The
mechanical strength and fracture modulus varied with the ratio between LagO3/Al20s3,
which is again connected with the grain size, fig. 8, /BKP89/.

IV.2 Dielectric strength

The dielectric strength of AIN substrates is not understood in a way which enables to
modulate the dielectric breakdown voltage. Several mechanisms can be responsible for
the breakdown. At high frequencies dielectric coupling of the material is possible. A heat
induced breakdown through the glassy phase can be possible. Based on the observation
that some pA current flowed at DC-voltages of more than 1 kV across 0.5 mm demon-
strates that also under a direct voltage test a self heating and a subsequent breakdown is
possible. The polarization breakdown seems to be more unlikely and should only be ob-
served under direct voltage testing of very pure AIN ceramic /RKP89/. If inclusions
with a different polarizability exist in the microstructure the dielectric breakdown vol-
tage will decrease. In computer simulation the breakdown path connects the actual
breakdown tip with the next inclusion /KOL90/.

IV.3 Thermal conductivity

The different AIN materials exhibit strong differences in heat conductivity, tab. 3. The
maximum heat conductivity of a heterogeneous two phase AIN material was observed on
CaO doped AIN ceramic. That is a slightly higher thermal conductivity than observed
on hot pressed CaO doped AIN and comparable with hot pressed Y203 doped AIN
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Dopant Distribution and shape d\/dt

in wt% of second phases W-m1.K1 W-m1.K?

AA D;c/a ~ S; dpax ~ 10 um 60+3 ~0

ACS0 TP (Glass) and the SiAION 48 2 - 0.01

ACS1 c/a ~ 11; dpax ~ 8 pm 46 = 1 - 0.01

ACS2 : 351 < - 0.01

AM TP : 117+ 6 - 0.07

AC1 TP 148 £ 7 -0.11

AC14 TP (as sintered) 48 £ 21 <=-01

ACl4 single phase, annealed 219 = 37 - 0.6

AY TP 81+4 - 0.08

AL TP 84+ 4 -

TP- Tripel point _

D - Second phase is disperse with the maximal particle size dnax and the medium aspect
ratio ¢/a.

Table 3: Heat conductivity and the first derivative of the heat conductivity with

respect to the temperature.

/KUT88/. Due to the formation of the 27R -polytype and the saturation of the AIN
grains’ with O, undoped AIN materials with oxygen contents higher or equal than
3,5 wt%has a heat conductivity which is always lower than 75 W-m1-K"1,

Oxygen contents between 3,4 wt% and 15 wt% do not change the lattice parameters of
AIN indicating a constant lattice oxygen content /KRA88,SLA73/. The formation of a
second phase, table 2, and the dissolving of other impurity atoms like Si or C can also
be reasons for decreasing the heat conductivity of the material. The influence on heat
conductivity from impurity scattering of lattice phonons is much more important than
the influence of the distribution and the kind of second phase.

The x-ray data from the AIN lattice constants indicate that, in all the considered types
of AIN ceramic, a residual lattice distortion exists. This observation can be a result of
the presence of point and/or line defects as observed in AIN materials. Both will de-
crease the heat conductivity of the material /ABE63, ZIM79/.

The derivative of the heat conductivity A with respect to the temperature T indicates
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the perfection of the AIN lattice /KRAS88/ and is an indication of the phonon scattering
mechanisms /ZIM79/. High point defect densities in AIN such as impurity atoms and
vacancies result in a temperature derivative VT A /7-300 K between -0.04 and -0.1
W-m1.K"2, Very pure AIN materials should exhibit a temperature dependence similar
to that of to AIN single crystals where V1 A /7-300k = —=1.7 W-m1.K"Z is experimental
estimated /SLA73/, which is in confirmation with the calculated value /KRASS/.

If the quantity of the impurity atoms dissolved in the AIN lattice and the distribution,
the heat conductivity and the volume content of the second phase are known a calcula-
tion of the heat conductivity can be made. In the case of oxygen as the single impurity
with an assumed maximum solubility of 1.6 wt% in the AIN lattice /SLA73/ and a con-
tent of 16,2 vol% 27R-AIN-polytype with a heat conductivity of 6,3 W.m1.K'
/SAK78/, the calculated heat conductivity and the measured values are within a range
of 8% /KRAS89/. The content of 27R -polytype is calculated with the assumption that
all oxygen not dissolved in the lattice goes to form the polytype.

The results of model calculations demonstrate, that dissolved impurities are strongly de-
creasing the thermal conductivity. An optimal heat conducting AIN ceramic has a micro-
structure such as in fig. 9 and a very low impurity content. All scientists who anneal
their samples found increasing thermal conductivity with decreasing impurity content. If
impurity content decreases and grain growth occurs, microstructural and chemical effect
add each other. The grain diameter is negligible as long as it is no limitation for phonon
transport. The free path of phonons in AIN estimated from simple Debye formula,

_=2. A
lpr =3-37¢

,where the thermal conductivity, A, the heat capacity, C, and die sound velocity, v, can

impurity fraction thermal conductivity, A —g-i-\-— / W-m1.K2
atom wt % W-m1l.K"1
Si 0.12 185 - 05
Mg 0.11 80 - 0.05
0.05 115 - 0.16
O+C 3.41 + 2,56 59 ~0
AlOC 171 + 1.28 87 - 0.07
Table 4: Calculated heat conductivities and calculated temperature derivation of the

heat conductivity at 300 K in dependence on different impurities.
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be used to calculate the mean free path length, lpp, of the phonons, is smaller than
47-108m (A =320 W-m1.K1, C =2.54-108 J m3.K}, v = 8000 m-s’1).

IV.4 Gradient material with improved oxidation resistance ,
The oxidation resistance of AIN-AlgO3N7 composite material was used to form a oxida-
tion resistant layer on a high thermal conducting AIN material, fig. 10. The material was
prepared by infiltration of the green product of composition AC14 with water. According
to the reaction,

AIN(s) + HyO(l) === AI(OH)3(s) + NH3(g)

, an Aluminiumhydroxide forms on the AIN surface. The excess heat from this exother-
mic reaction has to be removed from the sample or it will be destroyed by the vapour
pressure of boiling water.

After sintering procedure, equal to the samples AC14, tab. 2, a material with a continu-
ous change in microstructure and oxygen content is formed. With the oxygen content the
coexisting phases vary and the properties are modulated by this variation. Three charac-
teristic microstructures intermesh continuously. The volume in direct contact with the
water bath consists of elongated 27R grains, mean length ¥ 25 um, AIN, CaAl12019, AIN
and a glassy phase. This phase assembly changes to AIN, CaAl12019 and glass after 1 cm
infiltration depth. After 2 cm thickness the normal AC14 microstructure was observed.
The total length of the cylindric sample was 8 cm and 50 ml water was used for infiltra-
tion. The diameter of the sample amount to 2.5 cm. The infiltration depth can be con-
trolled by infiltration time and/or total water quantity. Compared with a subsequent
treatment such as annealing in an AlyO3 powder bed as described above, the infiltration
with water is fast and inexpensive but the penetration depth is more difficult to control.
The pressing of samples with layers of different powder qualities will produce a differen-
tial shrinkage during sintering because of different grain size distribution, fig 10. The lo-
cal properties of the developed AIN-gradient material are represented in fig. 11. AIN
materials such as the developed one can be used as heat exchangers in oxidizing atmos-
phere, heat lines or heating elements with partially isolating surface can be constructed.
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V) Summary and Conclusions

AIN material with high transparency and high thermal conductivity used in optical ap-
plications will exhibit a grain size bigger than 5 ym. Such material cannot be applied in
uses where strength values of more than 400 MPa are necessary such as microwave win-
dow for a high energy microwave system. AIN heat exchangers in oxidizing atmospheres
will be destroyed by rapid oxidation, if the surface is not protected. By infiltration of the
green product surface with water such a protection is developed. The use of the material
at temperatures less than 1300 K in an oxidizing environment is possible. The bulk
material is still high thermal conducting AIN. A similar effect can be produced if the ma-
terial is in contact with AlyO3 during annealing time in normal atmosphere but at tem-
peratures lower than 1170 K. The last procedure offers the benefit, that lower annealing
temperatures and simpler furnace system can be applied.

High strength AIN can be produced, if during consolidation the grains remain below
3 ym mean grain size. The thermal conductivity will not be reduced if the grains are
formed like polyhedrons. The base for such a development is AIN powder with a grain
size small enough, that grain growth with a simultaneous forming of facets is possible
during sintering without passing over the 3 ym limitation for grain size.
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a) b)

. Fig. 3: SEM micrographs of fracture surface showing the surface modification during
armeal_ixig samples AY in an alomina powder bed. a)Oxidized surface layer, b) bulk
material. - ' , . , o
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Fig. 10: Oxidation resistance of AIN
doped with MgO (1 wt9), CaO (1 wt%),
Ca0-Si0y (1.25 wt%) and AIN ~ 27R
composite material. : o

Fig. 9: SEM micrograph of high
thermal conducting AIN (sample
AC14, 44h annealed at

T =2120K). -

Fig. 11: Total view of two AIN-FGM samples. a) Water infiltrated AIN. The reaction

frontier is observable as a dark contrast line. b) Sample sintered from a hydrostatically

pressed two layer green product. The white layer is AIN, Tokuyama Soda Grade F with

1.2 wi% oxygen, and the dark layer cousists of AIN, H.C. Starck Grade C with 1.8 wt% O.

g_he difference in pressing behaviour and total shrinkage formed a inhomogeneous sample
iameter '
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Fig. 12: a) Schematlc Microstructure of the AIN ~FGM. b) SEM micrographs of selected
areas, upper series polished and lower series fracture surfaces.

c) Distribution of oxidation resistance, weight gain, AM, after 300 h oxidation in air,
volume fraction of 27R phase, Var, total oxygen content, Oc, 4~ point bendmg strength
o, fracture toughness Kjc and thermal conductivity, A. ,





