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bstract

EM investigations on liquid phase sintered AlN ceramics showed segregation of the liquid phase. The liquid phase concentrated in clusters of some
ens of micrometers in diameter. Crack deflection was observed in the vicinity of the clusters indicating high thermal stresses which could impair
trength and reliability of the ceramics. Therefore, a thermodynamic model based on interface and grain boundary energies was established. With
t the parameters were identified which caused segregation of the liquid phase during sintering. Due to the high contrast in thermal conductivity
etween liquid phase and AlN, wetting properties of the liquid phase could be determined indirectly by measuring the thermal conductivity of

he ceramics at temperatures between 1600 and 1850 ◦C. In situ measurements of shrinkage and thermal conductivity were performed using a
hermooptical measuring device (TOM). With it a sintering process was developed which led to a homogeneous microstructure without segregation.
n increase of flexural strength by 25% and of Weibull modulus higher than 80% was achieved.
2006 Elsevier Ltd. All rights reserved.
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. Introduction

An increasing power density of the electronic devices
emands an ever increasing efficiency of their thermal man-
gement. The thermal resistance of the ceramic substrates used
n heat sinks is inversely proportional to their thickness. There-
ore, cooling efficiency can either be enhanced by increasing
he thermal conductivity of the ceramic or by decreasing thick-
ess of the substrates. The latter requires an increase in material
trength and reliability since the strength of the substrates scales
y the square of their thickness.

Aluminium nitride ceramics are used as substrates for heat
inks in electronic industry because of their good thermal con-
uctivity and because of their low thermal expansion coefficient
hich matches to that of silicon. During pressureless sintering
f AlN ceramics sintering additives are used which form a liq-
id phase at high temperatures and help in purification of the

lN grains during their solution and reprecipitation. The mech-

nism was described in detail by Virkar and co-workers.1 With
he common sintering aid Y2O3 Yttrium-aluminate phases are
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ormed from the reaction with alumina which is partly located
n the surface of the AlN particles and partly dissolved in the
lN.2 The Yttrium-aluminate formation starts at temperatures

s low as 1100 ◦C.3 There are three different Yttrium-aluminate
hases: Y3Al5O12, YAlO3, and Y4Al2O9.4 The eutectic with the
owest melting point lies in the YAlO3–Y4Al2O9 two phase field.
ts melting point is 1800 ◦C in the pure system4 and 1600 ◦C in
resence of AlN.3 The oxygen activity within the liquid phase
as to be sufficiently low to limit the oxygen concentration in the
eprecipitated AlN. It decreases with increasing concentration
f Y2O3 within the liquid phase.1 Yet with increasing concen-
ration of yttria the thermal conductivity of the AlN ceramics
asses a maximum. This is caused by an increasing fraction
f secondary phase which has a very low thermal conductivity
tself.5

The fracture strength of AlN ceramics which was reported
n literature varies between 300 and 500 MPa. It is believed that
here is a strong influence of the measuring procedure on the

easured strength and only part of the variation is caused by
ifferences in the ceramics. Different concepts were tested to

mprove mechanical properties of AlN ceramics. Using additives
hich do neither dissolve in the liquid phase nor in AlN a dis-
ersion strengthening was proposed.6 This can be supported by
rain growth inhibition of AlN by the dispersed phase. (Phases

mailto:raether@isc.fraunhofer.de
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.098
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was nearly 100% of that of the pure AlN sample at 1600 ◦C. It
decreased with increasing temperature and increased again if the
temperature was decreased. The thermal diffusivity of the liquid
phase was measured to 0.80 ± 0.06 mm2/s between 1500 and
420 A. Klimera et al. / Journal of the Europ

hich are stable during sintering of AlN ceramics were identified
y Reetz using thermodynamic calculations.7) Other strengthen-
ng concepts which were used with non oxide ceramics consider
he stress distribution in the ceramics. By introducing com-
ressive stresses in the matrix phase a higher bending strength
as achieved.8 Another way to improve the mechanical proper-

ies of ceramics is to avoid an inhomogeneous microstructure.9

icrostructural flaws as pores, cracks and clusters of Yttrium-
luminate are decreasing the bending strength.

. Experimental procedure

Samples were prepared from a high purity AlN powder
Tokuyama Soda Co., Grade H). Mean particle size of the pow-
er (d50) was 0.4 �m. Its oxygen content was 0.7% where 0.5%
as situated on the particle surface and 0.2% was dissolved in

he AlN lattice.2 As sintering aid Y2O3 powder with a mean
article size of 0.9 �m was used (H.C. Starck). Samples were
ade in a laboratory scale after drying the powder mixture in
vacuum drying chamber (12 h at 250 ◦C). The concentration

f Y2O3 was matched to the oxygen content of the respective
reen samples to ensure that the secondary phase composition
as within the YAlO3–Y4Al2O9 two phase region. The pow-
er mixture was homogenised in a rotary drum grinder using
.5% butylamine as a dispersing agent, nylon coated steel balls
nd a nylon or polyethylene container. The powder was sieved
hrough a 100 �m screen, filled into silicon rubber moulds and
old isostatically pressed at a pressure of 250 MPa to cylinders
f 11 mm diameter and 30 mm height. Green density was 60%
f theoretical density. The lab route was used for making thick
amples which were required for the in situ measurements (see
elow). Other AlN samples were made by a tape casting process
hich is described in more detail in10 and which was also used

or the industrial production of the AlN ceramics.
Sintering was done in resistance heated graphite furnaces.

he furnace atmosphere was pure nitrogen. In the graphite fur-
aces the AlN was protected by closed caskets against reducing
as species from the furnace atmosphere.11 In situ measurements
ere done during sintering of small disc shaped AlN samples

11 mm diameter and 1.4 mm thick) in a graphite heated furnace.
special thermooptical measuring device (TOM) was used for

his purpose which was described in more detail before.12 Pure
itrogen (5.0) with a flow of 2 l/min was used for the in situ
easurements. Since optical access to the sample was neces-

ary a closed casket could not be used and a careful control of
he furnace atmosphere was required to prevent reduction of the
iquid phase. For this purpose gas sensors for CN and CO have
een installed in the exhaust gas of the furnace. The CN and CO
oncentrations were kept below, respectively 100 and 700 ppm.
his was sufficient to obtain sintered AlN samples of full den-
ity and similar secondary phase composition as in the closed
askets.

The TOM enables a simultaneous measurement of sinter-

ng shrinkage and thermal diffusivity. Sintering shrinkage was

easured by an optical dilatometer with a resolution of 1 �m.13

hermal diffusivity was measured by the laser flash technique.12

ractional density was calculated from sintering shrinkage
F
f

eramic Society 27 (2007) 1419–1424

urves by correcting for the thermal expansion and by interpo-
ating between the green density and the measured final density
f the samples.13 A scaled thermal conductivity was calculated
rom the measured thermal diffusivity α by dividing by the cor-
esponding values of a dense AlN sample measured at the same
emperature and by multiplying with density ρ:

scaled = ρSinter(T )

ρDense(T )

αSinter(T )

αDense(T )
(1)

intered density of the AlN samples was measured using the
rchimedian method. Thermal conductivity at room tempera-

ure was calculated from thermal diffusivity α measured by the
aser flash technique, density ρ and specific heat capacity cp

ccording to

= ρcpα (2)

n average value of 738 J/(kg K) was used for the specific heat
apacity which was determined by dynamic scanning calorime-
ry (Perkin-Elmer, DSC 2). The microstructure of the samples
as investigated by scanning electron microscopy at fracture

urfaces or polished sections (Hitachi, S800).
Strength of the samples has been measured by a three-

oint bending test and by a ball-on-ring test,18 respec-
ively. For the three-point bending test sample size was
5.4 mm × 15 mm × 0.63 mm and the distance between the
earings was 20 mm. For the ball-on-ring test, sample size was
13 mm × 0.5 mm and the inner ring diameter was 7.7 mm.

. Experimental results and discussion

Thermal diffusivity of a sintered AlN sample was measured
t different temperatures. It was scaled by the thermal diffu-
ivity of an AlN sample whithout liquid phase measured at the
ame temperature (Fig. 1). (Liquid phase of this sample was
ompletely extracted by sintering at 1900 ◦C for 18 h.) Ther-
al conductivity of a sintered AlN sample with liquid phase
ig. 1. Scaled thermal conductivity of a sintered AlN sample measured at dif-
erent temperatures.
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700 ◦C (measured in BN-crucible by the laser flash technique).
omposition of the liquid phase was YAlO3–Y4Al2O9 eutectic
elt with 12 mol% AlN.3 (Thermal diffusivity was determined

y inverse modelling of the temperature curve using a finite
ifference method and considering also the heat flow through
he crucible.) The thermal diffusivity of the melt is to be com-
ared to a much higher thermal diffusivity of a pure AlN sam-
le of 5.8 ± 0.04 mm2/s in this temperature range. Therefore,
he reversible change of scaled thermal conductivity (compare
ig. 1) was attributed to a decrease of dihedral angle with tem-
erature. This decrease led to a reduction in the AlN–AlN grain
oundary area and to a higher thermal resistance at the grain
ontacts. The in situ measurement confirms previous investiga-
ions where a decrease of dihedral angle with temperature was
erived indirectly from microstructure investigations at room
emperature using different cooling rates.14

Fig. 2a shows the fractional density of AlN green samples
ith 3% Y2O3 determined from a TOM measurement of sin-

ering shrinkage with different heating rates and subsequent
onstant temperature heating at 1800 ◦C. Shrinkage began at
350 ◦C. At 1580 ◦C there was a sharp bend in shrinkage rate.
he fractional density varied at this point between 67% and
1% depending on the heating rate. This behaviour cannot be
xplained on the basis of usual sintering models. (Note that
he corresponding temperature was close to the temperature
f liquid phase formation measured in these AlN ceramics.3)
ull density was achieved after about 1 h holding time. Fig. 2b
hows the scaled thermal conductivity determined from a simul-
aneous measurement of thermal diffusivity. The course of the
urves was similar to that of the fractional density. Mechanisms
an be seen more clearly from a plot of thermal conductivity
ersus density (Fig. 3). There was no significant influence of

eating rate on those curves. In the initial sintering stage there
as neither a steep increase of thermal conductivity with den-

ity as was observed for systems where surface diffusion was
elevant15 nor was the slope near zero as was expected if ini-

ig. 2. Fractional density (a) and scaled thermal conductivity (b) during sintering
f AlN ceramics with different heating rates.
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ig. 3. Scaled thermal conductivity vs. fractional density during AlN sintering.

ial densification were caused only by particle rearrangement
particle rearrangement increases density but not sintering neck
ize which is most important for thermal conductivity in the
nitial sintering stage15). In the final sintering stage thermal con-
uctivity still increased while full density was already achieved
esulting in a vertical slope at the end of the curves. This was
ndicated by the arrow in Fig. 3 and was explained by an increase
n dihedral angle during the hold period (compare previous para-
raph). The dihedral angle Θ is defined by the ratio between the
pecific AlN–AlN grain boundary energy γGB and the interface
nergy of AlN and liquid phase γSL according to

os

(
Θ

2

)
= γGB

2γSL
(3)

herefore, an increase in dihedral angle can be caused as well
y a decrease in grain boundary energy γGB as by an increase
n interface energy γSL. A large variation of dihedral angles
easured at polished sections at room temperature between 60

nd 110 ◦C was found in the AlN ceramics. This shows that grain
oundary energy is largely affected by the mutual crystalline
rientation of the grains. Therefore, during final stage sintering
f AlN ceramics grain growth could have occurred where the
rain boundaries with lower energy were preferred leading to a
ecrease of average grain boundary energy. But also an increase
f γSL is expected since the composition of the liquid phase
as changed during the hold time (due to an increase of Al2O3

oncentration originating from oxygen impurities dissolved in
he AlN grains and a decrease of AlN concentration originating
rom a decrease of AlN activity caused by the reduced surface
urvature of the growing AlN grains3).

Fig. 4a shows a SEM image of a polished AlN sample which
as heated by a standard program using a constant heating rate
f 5 K/min up to 1850 ◦C with a hold for 45 min. The secondary
hase can be distinguished from AlN by its brighter contrast.
t was distributed unevenly in clusters of 20–50 �m diameter.

EM images from fracture surfaces of these ceramics showed
rack deflection in the vicinity of the clusters indicating high
hermal stresses which could impair strength and reliability of
he ceramics. Similar segregation phenomena were observed
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Fig. 5. Tetrakaidecahedral unit cell and the section actually used for surface
minimisation.
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Fig. 6b shows the equilibrium structure for the secondary
phase obtained for a liquid volume fraction of 5% and a dihe-
dral angle of 120◦. The simulated structure was very similar to
SEM images of the microstructure of the AlN ceramics which
ig. 4. SEM image showing segregation of liquid phase in conventional AlN
eramics (a) and homogenous distribution as a result of optimized sintering
rogram (b).

n the tape cast samples. Therefore, a thermodynamic model
as derived which could explain the segregation of the liquid
hase.

The model is based on a three-dimensional lattice with a
etrakaidecahedral unit cell. The tetrakaidecahedral unit cell
escribes best the final sintering stage since the number of near-
st neighbours is 14 (resulting from 8 hexagonal and 6 quadratic
aces, Fig. 5) and the corners of the tetrakaidecahedron are
et by 4 edges each which is close to the structure of sintered
aterials.16 Using the high symmetry of the unit cell only 1/48th

f the cell volume was actually used for the simulations (Fig. 5)
nd subsequent Figs. 6b and 7 were constructed by the appro-
riate symmetry operations.

For given volume fractions of the two phases and given
rain boundary and interface energies the structure with minimal
nergy was calculated by the program surface evolver.17 It starts
ith a simple prescribed geometry which has the right cell sym-
etry and volume fractions. Each interface is composed of plane

riangular facets defined by vertices. The vertices are moved after
ubsequent iterations according to an individual force vector.
he force vector is calculated locally for each vertex from the

ensions originating from the neighbouring vertices. Appropri-

te constraints were used to ensure that the cell symmetry was
ewared during the minimisation. The mesh was successively
efined ending up with about 100–200 vertices. Convergence
as achieved after a total of about 100 iterations.

F
a

ig. 6. Secondary phase (yttrium-aluminates) within AlN ceramics after remov-
ng the AlN by etching (a) and simulated shape of secondary phase situated at
he corners of AlN grains (b) (volume fraction of liquid phase 5%, dihedral angle
0◦).
ig. 7. Shape of AlN grains obtained after minimising the interface energy for
dihedral angle of 120◦ (a) and 75◦ (b) (volume fraction of liquid phase 5%).
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Table 1
Bending strengths and Weibull moduli of AlN samples sintered by the standard
procedure and sintered by the optimized time temperature cycle, respectively

Ball-on-ring
testa (MPa)

3-point bending
strengthb (MPa)

Weibull
modulusb

Standard sintering 363 ± 48 392 ± 27 12
Optimized sintering 490 ± 37 495 ± 26 22
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ig. 8. Scaled interface energy for different dihedral angles vs. liquid volume
raction fL (the arrow indicates possible decrease of interface energy by segre-
ation).

ere recorded after removing the AlN phase by etching with
aOH solution (Fig. 6a). The shape of the AlN grains dras-

ically change by changing the dihedral angle (Fig. 7). With
arge dihedral angles the liquid phase is isolated at the grain
orners whereas at smaller dihedral angles it is connected via
he grain edges. A dihedral angle of zero leads to an entire
etting of the grain boundaries. The interface energy of the

quilibrium structures was calculated by summing up the con-
ributions from all interfaces within one unit cell including the
rain boundaries. It was scaled by the interface energy of mono-
hased tetrakaidecahedral solid grains of equal volume as within
he two phase structure. Therefore, the scaled interface energy
scaled approaches one if the volume fraction of the liquid phase

L approaches zero. Fig. 8 shows the scaled interface energies
or various dihedral angles as a function of the fraction of the
iquid phase. The interface energy exceeds 1 if the dihedral angle
ecomes larger than 60◦. Therefore, at dihedral angles above 60◦
he total interface energy of a two phase system can be reduced
y a release of liquid phase at its surfaces which is well known for
iquid phase sintering.16 Moreover, the curves in Fig. 8 become
onvex at dihedral angles larger than 60◦ meaning that even a
artial segregation within the two phase material will result in
smaller total interface energy. This can be seen by applying

he lever rule which is well known from binary phase diagrams
Fig. 8). The energy decrease caused by segregation scales by
he curvature d2Escaled/df 2

L of the interface energy curves and
y the difference in liquid fraction �fL which is achieved in the
egregated regions. For dihedral angles below 60◦ the homoge-
ous microstructure has the smallest energy and no segregation
henomena can occur.

Taking into account the increase of dihedral angle Θ with
old time and its decrease with temperature which were derived
rom the in situ measurements a time–temperature cycle was

erived for the AlN ceramics which led to minimal segregation.
hereby the need for obtaining a high thermal conductivity had

o be considered. The latter required solution and reprecipitation
f a large fraction of the AlN since the oxygen impurities had to
a Cold isostatically pressed samples.
b Tape cast samples (Weibull modulus derived from 3-point bending strength

est data).

e removed from the lattice. According to the thermodynamic
odel described previously the dihedral angle was decreased by

pplying high temperatures and by carefully avoiding oversin-
ering in this stage. On the other hand a large dihedral angle was
esired in the final microstructure to avoid secondary phase as
hermal resistance within the grain boundaries. So the tempera-
ure profile in the cooling stage after sintering had to be carefully
esigned, too. Altogether, a very homogenous microstructure
as achieved after optimization of the sintering cycle (Fig. 4b)

nd a thermal conductivity of 180 W/mK was obtained. Three-
oint bending strength of the AlN ceramics increased from 390
o 500 MPa. Moreover, a very drastic increase from 12 to 22 of
he Weibull modulus was obtained (Table 1).

. Conclusions

A considerable improvement of mechanical properties was
btained by changing the time–temperature cycle during liquid
hase sintering of AlN ceramics. Very homogeneous microstruc-
ures could be produced and segregation between liquid phase
nd AlN was avoided. The optimization of the time–temperature
ycle was based on a thermodynamic concept considering local
inimisation of interface energies. The required material data
ere provided by special in situ measuring techniques. It is
elieved that this concept can also be applied to other liquid
hase sintering systems where segregation phenomena occur.
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