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Abstract

Microstructural developments in AIN ceramics with
added YF; as sintering aid have been studied by sin-
tering at 1880°C. In particular, the wetting ability
of the secondary phase and the grain growth have
been systematically studied by varying the sintering
time and the type of embedding of the samples dur-
ing sintering.

The wetting ability of the Al-Y-O-containing
phase on AIN grains was found to be dependent on
the content of oxygen impurities on the AIN grain
surface. The composition (Al;Y;0,,=YAG, AIYO;=
YAP or ALY, 0,=YAM) of the secondary phase
and the nitrogen solubility in the Al-Y-O phase
seem to have only minor importance for the wetting
conditions. The observed grain growth is influenced
by the wetting ability of the secondary phase which
is determining the contiguity of the samples. From
samples showing good wetting, the grain growth
mechanism in AIN is determined to be diffusion con-
trolled. In the non-wetting samples, the rate of
grain growth is nearly independent of the amount
of secondary phase present in the microstructure
because the solid-liquid contact area is small.
© 1997 Elsevier Science Limited.

1 Introduction

Aluminium nitride (AIN) has attracted much
attention over the last ten years especially due to
its high thermal conductivity, but other attributes
like good dielectric properties, and a thermal
expansion coefficient matching that of Si are also
important.'™ In the literature many papers have
focused on how to increase the thermal conduc-
tivity.! 101113 The thermal conductivity is found
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to be influenced by several factors which can be
divided into primary and secondary. The primary
factors are material-dependent such as the oxygen
content (total and lattice dissolved), the micro-
structure, lattice defects among others. Secondary
factors are the external ones like sintering condi-
tions (graphite, tungsten heating elements or HIP),
sintering temperature and time and sintering addi-
tives (Y,0;, YF;, Ca0,...) to mention some.

AIN has long been considered as a prime candi-
date for a substrate material for electronic circuits
and the main interest for AIN has been to develop
a material with high thermal conductivity. How-
ever, at the moment there is a growing interest in
AIN for other applications. For instance, work
has been initiated to test AIN, AI-AIN and
AIN-SiC materials as alternative side linings in
aluminium production cells.® This interest is due
to the pure AIN’s resistance to molten aluminium
and cryolite. It is reasonable to believe that the
resistance of AIN to the environment in an alu-
minium cell depends on the microstructure (i.e.
being reduced by the presence of oxide-containing
secondary phases on the grain boundaries) as is
the case for the thermal conductivity. In general,
the production of AIN materials with optimal
properties is a demanding task due to the low
diffusivity in the solid state in the material. Hence,
to achieve excellent properties of AIN, it is impor-
tant to know how to optimize the secondary fac-
tors which in turn influence the primary factors.

Several papers describe how the distribution of
the secondary phases changes with the sintering
time at constant temperature and composition of
the secondary phase.'”' Chen et al'® observed
that the secondary phase present after both 2 and
8 h sintering of AIN (2 wt% Y,0,) at 1810°C was
ALY;0,,, but the distribution of this secondary
phase was changed from good to non-wetting with
increasing sintering time. In this work we have
focused on the microstructural development, i.e.
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distribution of Al-Y-O-containing secondary
phases and grain growth in AIN sintered with YF,
additions. The Al-Y-O-containing phases were
formed by reactions between the YF; and the sur-
face oxide layer on the AIN grains,'*12

2 Experimental

Samples of different YF; additions from 1 to 10
wt% were fabricated by a slip casting technique
and pressureless sintering, following the procedure
outlined in previous works.'"!" AIN powder
(Tokuyama Soda, Grade F) and YF; (Pennwalt,
99-99% purity) were utilized to prepare the green
bodies. An additional series of samples contained
0-5 wt% carbon black (Riedel de Hien) in addi-
tion to YF;. The sample formulations are included
in Table 1.

Two different sintering conditions were employed
as previously described.!®!! In sintering condition
A the AIN samples were embedded in an AIN
powder bed (grain size < 15 um) in a BN crucible
covered by a BN lid (not gas-tight). In sintering
condition C the AIN samples were embedded in
an AIN powder bed (grain size < 15 um) in a
graphite crucible without a lid. The sintering tem-
perature was 1880°C at both sintering conditions.
The sintering time was 2 or 6 h.

The microstructure was investigated by scan-
ning electron microscopy, SEM (Zeiss DSM 940).
Secondary phases were analysed by a Teller
diffractometer (Phillips PW 1730/10) and EDS
(Noran Instruments, Tracor Series II). The AIN
surfaces were ground and polished with SiC paper

and diamond powder (6 wm). The samples were
finally polished with OP-S SiO, suspension
(Struers). The polished AIN surfaces were etched
in a 20% HF solution (15 s) to reveal the grain
boundaries. The polished and etched surfaces were
used for determination of the mean grain size.
Due to the narrow grain size distribution, about
200 grains were measured for each sample, on at
least two different SEM micrographs to repro-
ducibly determine the mean grain size within + 0-3
um.! The thermal conductivity of the samples
was measured to an accuracy within 10% by a
laser flash method using a CO, laser (Tac 2,
215G).

3 Results and Discussion

The SEM fractographs in Fig. 1 illustrate a
general trend observed in this work; the wetting
of the AIN grains by the Al-Y-O-containing
secondary phase changes with both the sintering
conditions and the addition of carbon. The
Al-Y-O-containing phases were found to wet the
AIN grains only in samples with added YF; and
sintered in condition A. When 0-5 wt% C was
used in combination with YF; in sintering condi-
tion A, poor wetting of the AIN grains was
observed (Fig. 1(b)). Poor wetting was also
observed for the samples with added YF; and sin-
tered at condition C (Fig. 1(c)). The composition
and wetting ability of the secondary phases pre-
sent in the samples sintered for 2 h are given in
Table 1. Al-Y-O-containing phases with similar
compositions show different wetting behaviour on

Table 1. AIN sample formulations, sintering conditions and resulting composition of the Al-Y-O-containing secondary phases
observed in the bulk and their wetting ability of the AIN grains. The thermal conductivities of the samples are reported. The
samples were sintered for 2 h at 1880°C

Sintering YF; addition Secondary phases Wetting ability Therm. cond.

condition (wt’s) (bulk ) (visual inspection) (Wim K)
(£5%)

A 1 YAG* Good 95

A 2 YAG Good 130

A 3 YAG Good 160

A 5 YAG, YAP’ Good 140

A 10 YAP Good 140

A 1 +05wt%C YAG Poor 135

A 2+05wt% C YAG Poor 135

A 3+05wt%C YAG Poor 137

A 5+05wt%C YAP, YAM" Poor 145

A 10 + 0:5 wt% C Y,0, Poor 133

C i YAG Poor 130

C YAG, YAM Poor 145

C 3 YAP, YAM Poor 180

“Al5Y;00.

*AlYO,.

‘Al,Y (Oq.
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AIN grains when sintered under different condi-
tions. Hence, from these observations it seems
reasonable to state that the composition of the
Al-Y-O-containing secondary phase alone has no

(b)

(©)

Fig. 1. SEM fractographs of AIN samples sintered for 2 h at
1880°C (a) 3 wt% YF; in condition A, (b) 3 wt% YF; + 0:5
wt% C in condition A and (¢) 3 wt%% YF; in condition C.

major effect on its wetting characteristics in AIN
ceramics. After 6 h at 1880°C neither the composi-
tion nor the wetting characteristics had changed in
the samples sintered in condition A. In the sam-
ples sintered in condition C, most of the secon-
dary phases were removed from the bulk phase
due to reactions involving diffusion of AL,O from
and/or CO to the surface of the AIN sample;
this subject is discussed elsewhere.'®!" However,
the fundamentals of wetting are not changed
by increased sintering time and therefore refer-
ences on wetting are to the results observed after
2 h (Fig. 1 and Table 1) in the further discussion.
It should also be mentioned that the wetting
characteristics discussed were observed at room
temperature. During cooling from the sintering
temperature the wetting characteristics can possibly
change. However we believe that the ‘frozen’
structures observed give representative informa-
tion on the wetting behaviour of the Al-Y-O
secondary phases on the AIN grains.

The wetting of a solid surface by a liquid
depends on the dihedral angle which is given by
the energy ratio between the grain boundaries (vy,)
and the liquid-solid surface (7,)."> Large dihedral
angle gives poor wetting of the surface. Wetting is
associated with a chemical reaction on the surface,
and hence aided by the solubility of the solid in
the liquid, formation of intermediate compounds
and interdiffusion.'

In order to investigate the chemical conditions
on the AIN grain surface in more detail, EDX
analyses were made at points near the secondary
phases in the samples shown in Figs 1(a) and (b),
see Fig. 2. These samples were chosen because
only AlY,O,, was identified as the secondary
phase in both samples, but quite different wetting
was observed. Clearly, Fig. 2 shows that the oxy-
gen concentration is much higher at the surface of
the AIN grains where good wetting by AlY;0,
was observed (sintering condition A). Note that
yttrium was not detected at the surface of the AIN
grains in the sample in Fig. 1(a) so the observed
oxygen is not caused by traces of the secondary
phase left on the surface. Wetting is promoted if
reactions can take place on the interface between
the solid and the liquid. Hence, it seems reason-
able that the Al-Y-O-containing phase wets an
AIN surface if oxide is present, because v, is sup-
posed to be higher for a pure nitride surface than
for a AIN surface with oxygen impurities when
the liquid is an oxide melt.

The solubility of nitrogen in the Al-Y-O-con-
taining secondary phase depends on the AlY
ratio according to the Al-Y-O-N phase dia-
gram.'® The wetting of the AIN grains is observed
to be little affected by the chemical composition of
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(3]

(b)

Fig. 2. X-ray microanalysis (spot analysis) on AIN grain sur-
faces of samples sintered for 2 h in condition A and with (a)
3 wi% YF; and (b) 3 wt% YF; + 0-5 wt% C.

the Al-Y-O-containing phases. Hence, it seems
reasonable that the nitrogen concentration has no
significant influence in this concentration range. In
previous work,' it has been found that the con-
centration of nitrogen in these Al-Y-O phases is
generally low.

The preceding discussion explains why a decr-
eased degree of wetting is observed when less
oxygen impurities were present on the AIN grain
surface in Fig. 2(b). In a work by Yan et al.,' a
lower oxygen level on the AIN grain surface was
identified when poor wetting was observed (12-6
at%) compared to samples where the Al-Y-O-
containing phase wetted the AIN grain surface
(21-7 at%). They used Auger emission spectroscopy
to measure the average oxygen concentration level
on the AIN grain surface. The results in the pre-
sent work and in the paper by Yan et al.,'* clearly
indicate that the wetting of the Al-Y-O-contain-
ing secondary phases is closely related to the

concentration of oxygen on the AIN grain surface.
The time-dependent redistribution of secondary
phases described in the literature.'!* can be under-
stood using this theory. The oxygen level in AIN
samples (both on the grain boundaries and in the
AIN lattice) is very much influenced by the sinter-
ing conditions, especially when performed in a
graphite furnace (which is used most frequently).
This subject is thoroughly discussed in previous
papers.'®!!

Thermal conductivity is the most frequently
reported property of AIN ceramics. The thermal
conductivities of the samples sintered for 2 h are
included in Table 1. The wetting of the AIN grains
by the Al-Y-O phases seems to have no major
influence on the thermal conductivity in the range
90-160 W/m K. This seems to be in relatively
good agreement with observations made by Buhr
and Miiller.® Other factors influencing the thermal
conductivity (e.g. oxygen content) are discussed in
several papers.'® 10-13

Grain growth in liquid phase sintering is gener-
ally dependent on particle size distribution,
amount of liquid phase (for diffusion-controlled
mechanism), contiguity, temperature and time."
Hence, the grain growth is also dependent on the
wetting properties of the liquid phase, since
decreased wetting gives increased contiguity. The
grain growth in AIN ceramics is of interest for the
mechanical properties of the material as well as
for the polishing ability for substrate preparation.
However, little information on grain growth exists
in the literature.

Table 2 gives the mean grain size measured in
the AIN ceramics after 2 and 6 h sintering. All the
samples had a density >96% of theoretical except
the carbon-containing samples fired for 2 h in
condition A. From Table 2, four factors are
clearly seen to influence the grain growth (i) the
sintering time, (ii) the amount of secondary phase
present in the microstructure (i.e. amount of YF;
added) (iii) the sintering conditions and (iv) the
addition of carbon. From the preceding discus-
sion, the secondary factors significantly influence
the wetting of the secondary phase and, hence, the
contiguity. Models describing a diffusion-con-
trolled grain growth mechanism during liquid
phase sintering, predict decreased grain growth
with increasing amount of liquid phase present in
the microstructure when there is complete wetting
of all grains by the liquid phase.!* The decreased
grain growth is due to increased diffusion distance
when more liquid phase is present. From the data
for sintering condition A when no carbon is added
to the samples, the grain growth seems to be diffu-
sion-controlled, see Table 2 and Figs 3(a) and (b).
The smaller grains in the samples containing 1
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Table 2. Mean grain size for the AIN samples with added YF,
and sintered at sintering condition A or C for 2 and 6 h

Mean grain size (pm)

YF; addition Condition A Condition C Condition A
+ 05wt C
(wt) 2h 6 h 2h 6h 2h 6h

1 .

2 3-8 65 33 4.8 38 58
3 40 74 31 36 2:2 42
5 22 35 — — 39 4.6
10 27 4.2 — — 24 4.6

and 2 wt% YF; is supposedly due to too small
amounts of secondary phase to obtain complete
wetting of all the particle surfaces. However, in
the samples with added carbon, the grain size is
rather constant after 6 h sintering even though the
amount of YF; was increased from 1 to 10 wt%.
Generally, the Al-Y-O-containing phases wet the

AIN grains poorly in these samples causing a high
degree of contiguity. When the wetting is poor
there is little difference in the grain growth with
increasing amount of secondary phase present
because the solid-liquid contact area is small.
In the most extreme case for sintering condition C
the Al-Y-O-containing secondary phase is almost
removed from the bulk after 6 h sintering, see Figs
3(c) and (d). This explains the very limited grain
growth observed in the sample with added 3 wt%
YF, from 2 to 6 h sintering, because solid-state
diffusion is rather limited in AIN.

By comparison of the results given in Tables 1
and 2, the mean grain size seems to have no major
influence on the thermal conductivity, e.g. the
mean grain size measured for the samples sintered
in condition A + 0-5 wt% C after 2 h sintering
varied from 2-2 to 3-9 um while the thermal con-

(a)

(b)

(c)

(d)

Fig. 3. SEM fractographs of AIN samples sintered for 6 h (a) 1 wt% YF; in condition A, (b) 10 wt’% YF; in condition A,
(c) 1 wt% YF; in condition C and (d) 3 wt% YF; in condition C.
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ductivity was almost constant (135 to 145 W/m
K). These results are in accordance with the work
done by Watari and Ishizaki,!” which reports that
the thermal conductivity of AIN was unaffected
by variation of the grain size in the range from 4
to 40 um.

4 Conclusions

The wetting of an Al-Y-O-containing phase on
AIN grains is associated with the content of oxy-
gen impurities on the AIN grain surface. The wet-
ting is improved with increased concentration of
oxygen on the AIN grain surface in contact with
the Al-Y-O-containing phase. The composition
(ALY;0,,, AIYO; or ALYOy) of the Al-Y-O-
containing secondary phase and the nitrogen solu-
bility in the Al-Y-O phase seem to have only
minor importance for the wetting conditions.

The grain growth is influenced by the wetting
conditions which determine the contiguity of the
samples. From the samples where the Al-Y-O-
containing phase wets the AIN grains, the grain
growth mechanism in AIN is determined to be
diffusion-controlled. In the non-wetting case, the
rate of grain growth is nearly independent of the
amount of secondary phase present in the micro-
structure because the solid-liquid contact area is
small.

The distribution of the secondary phases does
not seem to have any major influence on the ther-
mal conductivity in the range 90 to 160 W/m K.
The thermal conductivity was independent of the
mean grain size measured.
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