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of Tape Cast 

Abstract 

This stmh" was deroled to the preparation and 
characterization o f  tape east A [N substrates. The tape 
casting conditions were selected to mhtimize the 
.formation O/'(&l'eets, in particular &tring the burning 
oul o f  organie phases. Al-, Si- and Ca-hased oxides 
were studied as sintering acMitives. Small eoneen- 
lralions (0"5 wt % )  qf  CaCO 3 or 3CaO-3SiOz-A1203 
allow AIN materials to he sinlered at rather low 
temperatures ( < 1650' C). Thermal properties o f A I N  
materials are t,erv sensitive to the nature and location 
o f  secondary phases. The Ca 2 SiAl a 07 phase and the 
27R A lN  polyt.lTe are detrimental to thermal 
eomhu'tion. CaCO 3 is the most [hvorable additive. 

earaet&'isalion de suhstrats A IN pr@ar{;s par eoulage 
en hamle. Les eomtitions de eoulage ont 6t~; ehoisies 
pour minimiser ht /brmation de d~!/}tuts, en particulier 
pem&nt let combustion des phases organiques. Des 
o.vvdes ~ base d'AI, Si el Ca ont ~;l~ c;tudi~s eomme 
a&lil(fs' de fi'ittage. De./aibles concentrations (0"5% 
en masse) en CaC03 ou 3CaO 3Si02-Al203 per- 
mettenl de Ji'itter ces mat&'iaux AlN ~ des temp&'a- 
lures reh~ticement basses (<  1650 C). Les propri~t~s 
lhermiqtws des mal&'iatcv d&'rils sont tr~s sensib/es h 
let nature el g't la loealisation des phases seeondaires. 
Let phase CaeSiAleO v el le polytype 27R AIN 
d~;t&'iorenl la eonthtetion thermique. CaCO 3 est 
l'agh#t(/'le plus fitvorahle. 

Diese Sludie h~:lkll]t sieh rail der Herstellung und der 
Charakterisierung handgegossener AIN-Substrate. 
Die Bandgt~/3-Bedingungen wurden so gewahlt, daft 
mi~gliehst wen~ge D~q'ekte gebihlet n'erden, ins- 
hesondere wiihrend des Aushrennens organiseher 
Phasen. A ls Sintera~klitive wurden Oxide aurAl-, Si- 
und Ca-Basis tmlersueht. Ger#Tge Konzentrationen 
(0 .5Gew.%) an CaCO 3 oder 3CaO 3SiOz-Al203 
ermgglichen das Sintern des AIN-Malerials bei 
verhdltnismii/3~e geringen Temperaturen (<_ 1650 C). 
Die therm&ehen Eigensehqften yon AIN-Werkstoffen 
sind sehr emp[indlieh ahhangig yon der Art und 
Anordnung sekumtiirer Phasen. Die CaeSiAl20 v- 
Phase und das 27R AlN-Po@typ wirken sieh naeh- 
teilig azg/'die thermisehe Leiff~ihigkeit aus. CaCO 3 fs'l 
das giinst~este Additir. 

Cette &ude est eonsaerde gtla pr@aration el gtla 

1 Introduction 
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The evolution of  electronics toward more integra- 
tion leads to a higher density of  components. This 
density is limited by thermal dissipation and 
therefore high-conductivity substrates should be 
developed. The widely used alumina is not favorable 
fl-om this point of  view. BeO and SiC exhibit a high 
conductivity but the former is toxic, whereas the 
latter suffers from a high dielectric constant and high 
losses. Aluminum nitride seems to offer the best 
compromise between high thermal conductivity, low 
thermal expansion (close to that of  Si), high electrical 
resistance and acceptable cost of  fabrication. This 
study was devoted to the preparation of  A1N 
substrates by tape casting and sintering, and their 
subsequent characterization. 

Tape casting slurries are composed of  ceramic 
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powders dispersed in a solvent which contains 
dispersant, binder and plasticizer additions. Solvents 
allow powders to be deagglomerated and dispersed, 
and organic components to be dissolved. Common 
solvents are azeotropic mixtures such as 66-34 
vol.% butan-2-one ethanol ~ 3 or 72-28vo1.% 
trichloroethylene ethanol. ~- 6 Dispersants favor the 
powder deagglomeration and avoid flocculation. 
Phosphate esters are effective dispersants in butan-2- 
one_ethanol.~ 7 Binders ensure the cohesion of 
green tapes after the solvent is evaporated, s They 
also increase the slurry viscosity. 9 Polyvinyl butyral 
and acrylic resins are common binders. 1 6 Most 
binders require the addition of plasticizers to 
improve the flexibility and workability of green 
tapes. Plasticizers partially break the bonds respon- 
sible for mechanical cohesion 1° and therefore 
decrease slurry viscosity. 9 Polyvinyl butyral binders 
are usually plasticized by glycols and/or phthalates, 
whereas acrylic binders are plasticized by phthalates. 
All organic components  affect the rheological 
behavior of the slurry and therefore affect the 
properties of green tapes. 

A slurry must be adjusted, taking into account 
powder characteristics, tape thickness and other 
processing parameters (e.g. thermocompression, 
pyrolysis and sintering parameters). Fiori & 
de Portu 4 have indicated some rules for the prep- 
aration of a tape casting slurry, namely: (i) the 
plasticizer to binder ratio must be less than 2; (ii) the 
amount  of dispersant must be chosen in the range 
where the adsorption on the surface of particle is 
constant; (iii) the ratio between organic components 
and ceramic powder must be as low as possible; and 
(iv) the amount  of solvent must be fixed at the 
minimum to ensure good dissolution of organic 
components and good homogenization of the slurry. 
An optimized slurry should lead to tapes which 

satisfy the following criteria: (i) no cracking during 
drying; (ii) good cohesion to allow the manipulation 
of dried sheets; (iii) good microstructural homo- 
geneity; (iv) good thermocompression ability; and (v) 
easy pyrolysis. The optimization of tape casting 
slurries requires the close control of numerous 
parameters, with the particular aim of avoiding 
cracking during drying. 

Densification of A1N materials is difficult. Three 
solutions are usually proposed to accelerate the 
densification kinetics: 

(i) The use of A1N powders with a high specific 
surface area, ~x 13 which promotes diffusion 
phenomena. 

(ii) The use of hot-pressing or hot-isostatic- 
pressing, ~4'15 which brings an external driv- 
ing energy for densification. 

(iii) The use of sintering aids, which leads to the 
formation of eutectic phases by reaction with 
A1N and allows liquid-phase sintering to take 
place. Common sintering aids are Y20316-18 
and  CaO.  19-21 

A1N materials are generally sintered at tempera- 
tures around 1750°C. The use of high temperatures 
in a controlled atmosphere (nitrogen) is expensive, 
which could hinder the industrial development of 
A1N substrates. Therefore one aim of this study was 
to determine the conditions for obtaining rather 
dense materials at a sintering temperature as low as 
1650°C. The influence of the nature and the quantity 
of sintering aids on the densification of A1N was 
studied. Calcium compounds were chosen because 
these yield eutectics in the A1203-CaO system and 
form liquid phases at low temperatures (1400°C; see 
Fig. 1). The paper also focuses on the sensitivity of 
thermal diffusivity to the nature and location of 
secondary phases. 

Fig. 1. Phase diagram for the system AI203-  
CaO. 22 
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2 Experimental 

2.1 Starting materials 
The A1N powders (Starck, FRG) were of three 
grades (A, B and C) with a mean grain size of 8, 2 and 
1.3pm, respectively. These three grades exhibit 
similar particle size distributions and particle 
shapes. The sintering aids were Y203 (Rh6ne- 
Poulenc, France) and Ca-based compounds: CaCO 3 
(C), CaO SiO2 (CS), 3CaO-3SiO2-A1203 (C3S3A) 
and CaO 2SiO2-AI2Os (CS2A). The two aluminates 
were prepared by ball milling and subsequent 
reactive calcination of CaCO 3 (Merck, FRG), SiO2 
(C800, Sifiaco, France) and AI203 (A16SG, AlCoA, 
USA) mixtures. Compositions of A1N with the 
addition of 0"5, 1, 1.5, 2, 4 and 6wt% forC,  CS and 
C3S3A and of 2, 4 and 6wt% for CS2A were 
studied. 

The solvent was an azeotropic mixture of 66-34 
vol.% butan-2-one-ethanol. The dispersant was a 
phosphate ester (C-213, CECA, France). The binder 
was a polyvinyl butyral (PVB). The plasticizer was a 
50/50wt% mixture of polyethylene glycol (PEG) 
and phthalate (PHT). 

2.2 Sample preparation 
Three parameters were chosen to characterize the 
tape casting slurry. The first was the inorganic to 

organic ratio (X), equal to the volume of powder 
divided by the total volume of powder, dispersant, 
binder and plasticizer. The second was the binder to 
plasticizer ratio (Y), equal to the volume of binder 
divided by the volume of plasticizer. The third 
parameter was the mean grain size of the powder (~b): 
8, 2 and 1-3/tm for the A, B and C AIN grades, 
respectively. The slurry compositions are given in 
Tables 1 and 2. The Co3 composition (Table 1) was 
used to study the influence of grain size on cracking 
during drying. In all cases the viscosity of the slurry 
was kept at 800mPa.s  by adjusting the amount  of 
solvent. Green tapes with a thickness of 200-300 Itm 
were tape cast on a glass slab. The drying rate was 
measured for 200-ram long green tapes. Tape 
cracking was visually detected on 1-m long samples. 
30-mm diameter disks were punched from tapes. 
Some of them were used for density-porosity 
measurements and others were thermocompressed 
to prepare 4-mm thick substrates, to study the 
thermocompression ability. Thermocompression 
was performed at 7 0 C  under a pressure of 60 MPa. 

The sintering study was conducted using 10-mm 
diameter, 4-rain thick disks, stamped from the tapes 
and then thermocompressed. The tape composition 
was defined from the Co3 composition, where Y 2 0 3  

was replaced by calcium compounds. The pyrolysis 
of organic components and the sintering treatment 

Table 1. Slurry compositions (X variable and Y= 0-79) 

Component Density Composition (t~ol. % ) 
(g cm :~) 

c,,, C,: c,,, C,~ c,,, C,o 

AIN (B), (C) 3"16 38"53 33"90 33" 14 29"77 26"45 23'45 
Y20 a 4"79 0"79 0'70 0'69 0"62 0"55 0'48 
C-213 1 '05 0"25 0"22 0"22 0'20 0" 18 0" 16 
Solvent 0'82 52-86 54-59 53'38 53"27 55"22 55"96 
PVB 1'10 3"35 4"68 5'62 7.14 7"74 8-82 
PHT 1"05 219 3-06 3'52 4"67 5' 11 5"77 
PEG 1-13 2"03 2"85 3-43 4"33 475 536 

X 0"83 0"76 0"72 065 0"60 0'54 

Table 2. Slurry compositions (Y variable and X =  0.76) 

Component Composition ( vol. %) 

c,,, C,: CA, c~ C,, G,~ c,~ C,.~ c,,,, 

A1N (B) 39.47 33"90 
Y203 0"81 0"70 
C- 123 0"26 0"22 
Solvent 47-09 54-59 
PVB 2.82 3"50 4.68 5'27 5.91 
PHT 4-94 3"68 3"07 2.76 2-43 
PEG 4"59 3"41 2"84 2"56 2"25 

Y 0-30 0.49 0.79 0"99 1.26 

6"35 6.67 6"83 7.00 
2.20 2-03 1.95 1-84 
2"04 1.89 1-81 1"75 

1'50 1-70 1"82 1-96 
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at 1650:C were carried out by Xeram Company 
(Pechiney, France). 
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2.3 Characterization 
Tapes are bound to the glass slab during all the 
drying time. The slab is rigid and it can be considered 
that shrinkage operates mostly along the thickness 
of the tape, i.e. perpendicularly to its surface. The 
tape shrinkage during drying was measured by a 
laboratory-made detector using a laser system. The 
solvent evaporation was simultaneously measured 
by a balance connected to a computer. Two 
measurements of shrinkage and weight were perfor- 
med for each composition. 

The shrinkage (S) was determined from the St/Tf 
ratio, S, being the shrinkage at time t and T r the 
thickness after complete drying. Using a least- 
squares method, the evolution of shrinkage versus 
drying time was approximated by the relation 

S(t)  = al exp (bl / t )  (1) 

where al and hi are constants. 
The shrinkage rate (SR) was then calculated by 

differentiating eqn (1): 

SR(t)= T r d S ( t ) / d t = -  T fa  ~ e x p ( h l / t ) b l / t  2 (2) 

A two-stage process has been commonly observed 
for the drying of green tapes. 5'6 The first stage 
proceeds at a constant rate, so a convenient 
expression of the remaining amount of solvent (RS) 
at time t is 

RS(t) = azt  + b 2 (3) 

where a 2 and h 2 a r e  constants. For longer times the 
evaporation rate decreases exponentially and a 
convenient expression is 

RS(t) = a3 exp (b3/t) (4) 

where a 3 and b 3 are constants. 
The drying rate (DR), at a given time (ti), was 

calculated from the following expression: 

DR(ti) = (Wt_ , -- W~i)/(ti_ 1 --t~) (5) 

where Wfi is the weight at time t~. 
The knowledge of the variations of weight and 

shrinkage versus time allows the determination of 

the relative content of each component (powder, 
organic phase, porosity) of the tape at any time 
during drying. The total volume was taken as the 
sum of the volumes of ceramic powders, organic 
phases and pores. 

The apparent densities of green samples, exclud- 
ing organic phases, were determined by measuring 
the volume and weight of samples before and after 
calcination (V and V~a ~ for the volumes, M and m c a  1 

for the weights). The apparent density is expressed 
by the M ~ , t / V  ratio. Calculated X ratios given in 
Table 1 were confirmed by M and mca 1 values. 

The tensile strength was measured on dog-bone 
samples punched from green tapes. The loading cell 
sensitivity of the tensile machine was 0"1 N and the 
loading rate was 2 cm min 1. 

The apparent densities and open porosities of the 
sintered products were measured by Archimedes' 
method in water. The value of open porosity was the 
basic indicator for the extent of densification. 
Qualitative characterization of crystalline phases 
was performed by X-ray diffraction. Microstructural 
features were observed by TEM. Thermal diffusivity 
was measured using a laser flash method. 

3 Results and Discussion 

3.1 Tape casting 
3.1.1 C r a c k & g  during do ' ing  
The tapes made with AIN of the B grade usually 
crack when X becomes greater than 0.76 (Table 3) 
whereas the tapes made with the C grade crack when 
X> 0"65. As far as Yis concerned, cracking develops 
in grade B tapes for Y>0.79 (Table 4). For the Co3 
composition (X=0.72, Y=0"79) cracking only 
appeared in the tapes made with the C grade. These 
data show that cracking during drying is sensitive to 
the three parameters chosen to characterize the 
slurries. The role of each of these parameters will be 
discussed later. 

3.1.2 Shr inkage  and  evaporat ion 
The drying of tape cast sheets has been studied by 
Mistler et al. s and Shanefield. 6 A two-stage process 
was commonly observed. In the first stage the slurry 

Table 3. Cracking during drying for AIN (grades B and C) versus X 

Grade Composition (value (~/' X) 

C,., (0.83) C,,: (0.76) C,, 3 (0.72) C,,4 (0.65) C,,, (0.60) C,,6 (0.54) 

AIN (B) Cracked • No cracks • 
AIN (C) Cracked Slightly cracked Slightly cracked • No cracks 
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Table 4. C rack ing  dur ing  d ry ing  for  AIN (grade B) versus Y 
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Cracking Composition (value (~/ Y) 

C~,~ (030t C~,, (0"49) C~, (0"79) Ch4 (0"99) Ch5 (126) Ch6 (1"50) C~7 (170) (.'hs (1"82) Ch9 (1"96) 

N o  cracks  ~ .~ Slightly c racked  ~ < Cracked  

is still fluid and the solvent flows through the sheet 
by liquid diffusion or capillary action and evaporates 
at the surface at a constant rate. In the second stage 
the surface of the sheet solidifies and the diffusion of 
the solvent is slow, which reduces the drying rate. 
The migration of solvent and the shrinkage effects 
induce stress in the tape. Two cases can be 
distinguished: shrinkage stops in the course of the 
first stage of evaporation or continues during the 
second stage of evaporation. This second case is the 
less favorable and generally yields cracking. 

The drying rate and the shrinkage rate are plotted 
in Figs 2 and 3. Tile shrinkage rate increases when X 
or Y increase, or when q5 decreases (Fig. 3 and Table 
5). A first stage of evaporation at a constant rate is 
not observed in the present experimental conditions 
{room temperature, air drying, 250-~lm tape thick- 
hess). Only the second stage of evaporation was 
observed, with a drying rate continuously decreasing 
when time proceeds. Maybe the first stage was too 
short to be detected. According to comments by 

Drying rate (mg.s "~ 
9 

1 
0 

~ Col grade B 

. ' ~  - ~ -  Cblgrade B 

~, . ,~  " Co3 grade B 

• _~/~ + Co3 grade C 

I t I I I I I " 

100 200  300  4 0 0  500  6 0 0  700  800  

Time (s) 
Fig. 2. Dry ing  rate  versus t ime for  Col, Chl (grade B) and  C o 3  

(grades B and  C). 

Mistier and Shanefield, this means that the risk of 
cracking is high. This study shows that cracking 
depends on shrinkage rate, which depends itself on 
the composition of the slurry. For low-X com- 
positions the high content of organic phases slows 
down the motion of particles, then reduces the 
shrinkage rate. However, the binder role is bonding 
the ceramic particles together. Tensile tests have 
shown that the binder exhibits higher strength when 
unplasticized. The higher the binder content, the 
stronger the inter-particles link, the higher the 
shrinkage rate. 

The low shrinkage rate which is required to avoid 
cracking can be obtained combining the three 
following conditions: (i) a low value of X; (ii) a low 
value of Y; and (iii) a medium value of qS. 

3.1.3 Microstructure 
The microstructure of green tapes greatly influences 
the green properties but also the critical step of 
burning out with the formation of defects. 23 The 
nature and the distribution of the organic phase and 
the pore structure within the green sheets affect the 
removal of organic components. 24"25 The determi- 
nation of the relative content of each component  
(powders, solvent, organic phase and pores) aids the 
understanding of the evolution of the tape micro- 
structure during the drying period. The study has 
focused on porosity, which is the most significant 

Table 5. M a x i m u m  shr inkage  rate  for  var ious  values o f  X and  
Y, and var ious  grades  o f  AIN 

Composition Maximum 
shrinkage 

X Y Grade rate 
(Imls 1) 

Col 0"83 0"79 B 0"88 
Co, 0"76 0"83 
C o 3  0"72 - -  - -  0'78 
Co4 0"65 - -  - -  0'80 
Co6 0"54 - -  - -  0"79 

Cbl 0"76 0"30 B 0"61 
Ch3 0"79 - -  0'83 
Ch6 1"50 - -  0"88 
Ch9 - -  1'96 - -  1" 13 

Co3 0"72 0"79 A 0'77 
Co3 - -  - -  B 0"78 
Co3 - -  C 1"35 
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Fig. 3. Shrinkage and shrinkage rate during drying for Col, Chl (grade B) and Co3 (grades B and C). 

parameter. A first result is that porosity was not zero 
after casting: values as high as 20% were deter- 
mined. Figures 4 and 5 show the evolution of 
porosity versus time for various values of X and Y. 
The porosity observed just after casting can be due 
to the presence of air bubbles entrapped during the 
casting of the slurry. At the beginning of the drying 
stage particles rearrange themselves and bubbles 
burst on the surface of the tape. The porosity 
decreases until the shrinkage stops, then increases 
again because of the removal of the remaining 
solvent. For X>0.72 porosity does not disappear 
completely during shrinkage. There is around 8% of 

residual porosity in the Col material (X--0"83). A 
similar behavior was observed in the case where Yis 
low: for Y= 0.3 the residual porosity at the end of 
shrinkage in the Cbl material is around 7%. 

The apparent density and porosity of dried tapes 
were determined for the three A1N grades, for 
various values of X and Y. The results are shown in 
Table 6. A schematic illustration of the influence of 
X and Y on the microstructure of green sheets is 
given in Fig. 6. 

When X decreases the organic phases prevent 
particles from packing together, therefore both 
density and porosity decrease. Porosity is filled with 
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Porosity (vol%) 
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Fig. 4. Porosity versus time for various values of  X. 

Porosity (vol%) 
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X Cb6 (Y-1.5) -H -  Cb9 (Y-1.98) 

200 400 600 800 1000 

Time (s) 
Fig. 5. Porosity versus time for various values of  Y. 

organic components. The evolution of the tape 
porosity versus time depends on X. For high values 
of X the ceramic particles are densely packed and 
their respective movements are too small to allow a 
complete elimination of porosity. Therefore the total 
shrinkage decreases when X increases. 

L o w - Y  green tapes exhibit a higher density and a 
lower porosity than high-Y ones. After shrinkage the 
low viscosity of the plasticizer-rich organic phase 
allows it to flow between the grains and to fill in the 

pores, hence leading to low porosity samples. When 
Y increases the grain rearrangement is too small to 
allow complete removal of porosity. 

The highest density was obtained in the tapes 
made with the B grade. The total shrinkage was 
maximum for the tapes made with the C grade. 
Figure 7 shows the variation of porosity versus 
drying time for the three A1N grades. The variations 
of porosity are similar whatever the grade. Porosity 
decreases to zero after 3-8rain of drying, then 

Table 6. Total shrinkage, apparent  density and porosity of  dried tapes for various values of  X 
and Y, and various AIN grades 

Composition 

X Y Grade 

Total Dens ' i t y  Porosity 
shrinkage (gcm - 3) (col. %) 

(S,.'T,.) 

Col 0"83 0"79 B 0"57 1"98 26 
C,, 2 0"76 - -  0"70 1"90 21 
Co3 0"72 - -  0"76 1"87 20 
Co, * 0"65 - -  • 1"16 1 '79 14 
C,,~, 0"54 - -  1"40 1"66 4 

Chl 0"76 0"30 B 0"46 1"99 19 
Cb3 0"79 - -  0"70 1"90 21 
Ch~ , 1'50 - -  0"80 1"83 25 
Ch9 1'96 - -  0"92 1'81 26 

Co3 0"72 0"79 A 0"66 1"77 29 
Co3 - B 0"76 1"87 20 
Co3 - -  C 0.87 1.83 23 
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Fig. 6. Influence of X and Y on the microstructure of the green 

tapes. 

increases to 20-29% after complete drying. B grade 
A1N leads to green products with higher densities 
than A and C grades. Similar results have been 
obtained for dry-pressed samples with no organic 
component:  1.82, 1.92 and 1.89 gcm -s for A1N A, B 

and C, respectively, for a pressure of  160 MPa. Both 
coarse and very fine powders are difficult to 
compact. 

3.1.4 Properties of  green tapes 
3.1.4.1 Tensile strength. Figure 8 shows that the 

tensile strength of green sheets does not vary with X, 
although the porosity increases as X increases. On 
the contrary, Fig. 9 shows that strength increases 
when Y increases. 

3.1.4.2 Thermocompression ability. The thermo- 
compression behavior of  green sheets is sensitive to 
X a n d  Y. The presence ofdelaminations was detected 
using an ultrasonic method. Delaminations were 
numerous in samples with low quantities of  organic 
phases (Col, Co2 and Co3), but they were rare in 
samples with high quantities of  organic phases (Co4, 
Co5 and Co6 ). 

A lot of  delaminations were observed in samples 
with a high quantity of  plasticizer (Cbl, Cb2 and Cbs ). 
On the contrary, samples with a high Y ratio (C~5 to 
Cb9), i.e. with a low quantity of plasticizer, do not 
exhibit any delamination. The plasticizer acts as a 
lubricant between the individual layers, which limits 
the bonding during thermocompression. 
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Fig. 9. Tensile strength of  green tapes versus Y (grade B). 

3.2 Sintering study 
3.2.1 Densification 
The values of  density, open porosity and crystallo- 
graphic nature of  intergranular phases of  products 
sintered at 1650°C are given in Table 7. A low open 
porosity (< 1%) was considered to be associated with 
a high densification. 

When CaCO 3 is the sintering aid, liquid forms at a 
temperature as low as 1400°C in the CaO-A1203 
syseem. This liquid solidifies into CaA1204 alumi- 
nate. A low amount  o f C a C O  3 (<0"5%) was enough 
to yield dense A1N materials (open porosity <0-1%). 

CS, C3S3A or CS2A lead to the formation of  
liquids at temperatures of 1400, 1587, 1600 and 
155Y'C in the systems CaO-A1203, CaO-SiO2, 
SiO2-AlzO3 and CaO-SiO2 AI203, respectively. CS 
and CS2A are not as efficient as C or C3S3A, and 
higher contents were necessary to yield a low 
porosity. Typical values were between 0"5% and 1% 
for C but between 2% and 4% for CS. 

3.2.2 Thermal properties 
The thermal conductivity (k, in W m 1K ~) of  
sintered samples is expressed by eqn (6): 

k = adoC p (6) 

where a is thermal diffusivity, d 0 is density, and Cp is 
heat capacity. 

The heat capacity of  sintered samples was not 
measured. The heat capacity value may slightly vary 
with the nature and the amount  of additives, even in 
the concentration range used (< 6 wt %), and cannot 
be considered equal to the heat capacity value of 
pure, dense aluminum nitride (0 .734Jg-1K 1 at 
20C).  Therefore thermal conductivity has not been 
calculated and only the thermal diffusivity values are 
reported. 

Table 8 shows that thermal diffusivity depends on 
the nature and concentration of sintering aids: 

(i) For the C additive thermal diffusivity begins 
to increase as the additive content increases, 
then reaches a maximum for 1"5% of C, then 
decreases gradually. It must be pointed out 
that the maximum in thermal diffusivity was 
not observed at the same additive content as 
the maximum in apparent density (<0"5%). 

(ii) For CS, C3S3A and CS2A thermal diffusivity 
begins to increase as the additive content 
increases, then reaches a maximum for 2% of  

Table 7. Apparent  density (d, gcm 3) ,  open porosity (Po, vol.%) and nature of  intergranular phases in A1N materials with various 
additives sintered at 1650'C 

Additive Composition 
('OHICFII 

(wt%) C-AIN CS-AIN C3S3A AIN CS2A AIN Y203 AIN 

a Po a /'o ,/ Po J eo ~/ Po 

0"5 3"22 0" 1 3"08 1-5 
1 3"20 0'3 3'10 0.5 
1"5 3"19 0"7 3"15 0'3 
2 3-17 0'5 3-21 0"3 
4 3"05 0"6 3-18 0"1 
6 2-84 3 3" 15 0-3 

lntergranular CaA1204 CaA1407 and/or  
phases Ca3All oO1 s 

Ca~SiAI207 

3.25 0 - -  - 
3.24 0 . . . . . .  
3.23 0.1 - -  - -  
3.22 0.1 3.13 3 2.60 20 
3.20 0.4 3.24 0.2 2.67 16 
3.11 2.5 3.23 0.1 2.70 15 

CaA1407 and/or  CaAI407 and/or Y3AI15012 
Ca3AlloOt8 Ca3AlloOl8 
27R AlN-polytype 27R A1N-polytype 
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Table 8. Influence of  additives on thermal diffusivity (a) of  AIN 

Composition Additive content (wt%) 

0"5 1 1"5 2 4 6 

C AIN a (cm 2 s 1) 0'25 0'26 0'30 0"26 
P0 (vol.%) 0"1 0"25 0"7 0"5 

CS-A1N a (cm 2 s l) 0"16 0"18 0'19 0"21 
Po (vol.%) 1"5 0-5 0"3 0"3 

C3S3A-A1N a (cm 2 s -1) 0"25 0'23 0"22 0"22 
Po (vol.%) 0 0 0"1 0"1 

CS2A AIN a (cm 2 s 1) n.d. n.d. n.d. 0-19 
Po (vol.%) n.d. n.d. n.d. 3 

Y20 a A1N a (cm 2 s-1) n.d. n.d. n.d. 0-23 
Po (vol.%) n.d. n.d. n.d. 20 

0-24 0-12 
0.6 3 

0-21 0-18 
0.1 0"3 

0"19 0"16 
0.4 2"5 

0-20 0"16 
0"2 0'1 

0.27 0"32 
16 15 

(iii) 

CS, 0-5% of C3S3A and 4wt% of CS2A, 
then decreases. The maximum in diffusivity, 
however, corresponds to the maximum in 
apparent density. 
For Y203 thermal diffusivity also increases 
with the additive content, though the po- 
rosity value does not vary between 4 and 
6wt% YzO3. 

The content of additive which leads to the highest 
thermal diffusivity for the C-A1N material (1"5 wt %) 
is greater than the content which leads to the highest 
density (0'5 wt %). The thermal diffusivity of Y/O 3- 
A1N increased, although the density remained 
constant. This shows that intergranular phases can 
have a positive influence on the thermal diffusivity of 
sintered materials. It is thought that, in both cases, 
the eutectic liquid cleans the surface of A1N grains, 
therefore prevents oxygen from entering the A1N 
lattice. 16 For excessive contents of additive, how- 
ever, the diffusivity decreases due to the presence of 
thermal barriers associated with secondary-phase 
segregations. TEM was used to study materials with 
2% and 6% of C and CS additions. For low additive 
concentrations (2%) secondary phases are segre- 
gated at triple points (Fig. 10(a)) and the grain 
boundaries are free of segregations. In that situation 
the secondary phases do not scatter phonons 
severely. For higher additive contents (6%) second- 
ary phases are segregated both at triple points and 
along grain boundaries (Fig. 10(b)). The secondary 
phases around the grains diffuse phonons severely. 
For C3S3A-A1N and CS2A-A1N materials the 27R 
polytype could be a supplementary cause for the 
degradation of thermal diffusivity. 26 

3.2.3 Thermal properties of secondary phases 
Secondary phases were synthesized in order to 
determine their intrinsic thermal diffusivity. Appa- 

rent and true density, open porosity and variations 
of thermal diffusivity are given in Table 9. 

The CaA140 v, Ca3All0Ols and Y3A15011 com- 
pounds were poorly densified at 1680°C, with open 
porosities of the order of 10%, whereas the 
CaAI204, CazSiAI207 and A1203 compounds were 

(a) 

(b) 

Fig. 10, TEM observations: (a) 2 w t %  CaCO3; (b) 6 w t %  
CaCO 3. 
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Table 9. Characteristics of secondary phases 
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Secondary phase 

Ca2SiAl20v CaAI204 Ca3AlloOls CaAl40v Y3AIs012 AI203 

d (gcm ~I 2-8l 2"84 2"58 2.44 3"89 3'91 
Po (%) 2-0 3-4 8"9 12-5 11-4 0'3 
d,h 2"96 3"22 3"38 3.44 4"50 3.97 
a ~ Increasing thermal diffusivity 

well densified, with open porosities of only 0"3% and 
3.4%. Neglecting the variations of density, it can be 
seen that all the aluminates exhibit a lower thermal 
diffusivity than alumina. However, the Y3AlsO~2 
phase exhibits a higher thermal diffusivity than other 
compounds, which confirms that yttria is more 
favorable than other additives from this point of 
view. The thermal diffusivity of the CaA1204 phase 
(formed in C-A1N) is lower than those of CaA140~ 
and Ca3Al~oOl8 phases (formed in the CS-A1N, 
C3S3A-A1N and CS2A-A1N). The use of CS, 
C3S3A and CS2A additives leads to the formation 
of CazSiA1207 and/or 27R A1N polytype phases. 
These phases have a very low diffusivity, which is the 
cause for a severe drop in the diffusivity of the 
corresponding A1N materials. 

4 Conclusion 

This work has shown that the organic components 
in a slurry play a prominent role on the green 
properties of tape cast materials. The influence of 
three parameters, namely the inorganic to organic 
ratio (X), the binder to plasticizer ratio (Y) and the 
mean grain size of the powder (~b), was studied. The 
results show that a compromise must always be 
found: 

(i) A high apparent density requires a high value 
of X, whereas a high resistance to cracking 
and a good thermocompression ability re- 
quire a low value of X. 

(ii) A high apparent density and an absence of 
cracking require a low value of Y whereas a 
good thermocompression ability and a high 
strength require a high value of Y 

(iii) Particles of medium size (around 2 #m) lead 
to a high apparent density and good cracking 
resistance. 

Nearly dense A1N substrates can be produced by a 
sequence of tape casting, thermocompression and 
sintering. CaCO 3 and 3CaO-3SiO2-A1203 are 
efficient sintering aids, which act as a concentration 

of 0"5% to lead to dense materials after sintering at 
1650~C. 

The thermal diffusivity of sintered materials 
depends on the thermal diffusivities and distribution 
of intergranular phases. 2v The additive forms a 
liquid which cleans the surface of the nitride grains, 
thereby preventing oxygen from entering the A1N 
lattice. However, the additive concentration must be 
low for all the secondary phase to remain at the 
triple points. When too high a content of additive is 
used the wetting of grains by secondary phases 
results in a drop in diffusivity. Other additives are 
less favorable than CaCO3 because they give low- 
diffusivity phases. 
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