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Aluminum nitride (AIN) ceramics, with binary additives B,O3-Y,03, were sintered at
temperatures from 1700 to 1850 °C. The microstructure and sintering characteristics were
studied by XRD, HREM, SEM and TEM/EDS, which showed that Y,03 gave different yttrium
aluminates through the reaction with Al,O3 under different conditions. With the increase of
sintering temperature, the yttrium-to-aluminum atomic ratio Y/Al decreased in the
secondary phases of the sintered bodies. It was discovered that B,O3 could dissolve in the
yttrium aluminates, forming some ordered structure with a superlattice. After sintering at
1850°C for 4 h, a specimen with a fine microstructure and a thermal conductivity of

190 Wm~" K=" was obtained. © 1999 Kluwer Academic Publishers

1. Introduction spectrometer (TEM/EDS). The relation between ther-
Aluminum nitride (AIN) has been intensely studied mal conductivity and microstructure is discussed.

for electronic ceramic packaging due to its remark-

able properties such as high thermal conductivity, )

low dielectric constant, a thermal expansion coeffi-2- Experimental )

cient matching that of silicon, and a nontoxic nature 2-1- Specimen preparation

[1, 2]. However, as oxygen impurity can easily dis- Commercial AIN.powd.erW|th 1.0 wt % of oxygen and
solve into AIN lattice, generating aluminum vacancies2" @verage particle size of 24m was used as raw
which scatter phonons, AIN can hardly get its intrinsic Material, doped with 2.4 wt% of 3 and 1.6 wt%
thermal conductivity, 319 W m- K1 [3, 4]. With the of Y203_. The powders were ml_xed by ball mllllng for
increase of oxygen content, the thermal conductivity*8 D, with alcohol as the medium. After being dried,
of AIN heavily deteriorates. On the other hand, beingth®Y were placed into graphite crucible, embeded with
mainly a covalent bond crystal, AN is difficult to sin- AIN powder, and pressurelessly sintered at 1700
ter. People used X3, CaO and other compounds as (SPecimenAl), 1750C (specimen A2), 1800C (spec-
sintering aids [5, 6, 7]. Because®s; can yield yttrium  'MenN A3) and 1850C (specimen A4) fo4 h respec-
aluminates through the reaction withs@s, which re-  tively, with a flowing nitrogen atmosphere.

moves the dissolved oxygen in AIN lattice, it is benefi-

cial to the thermal conductivity of AIN ceramics. Virkar 2 2. Characterization

[8] explained the variation in thermal conductivity with pensities of the sintered specimens were measured
the type and the amount of the additive on the basigyith Archimedes method. Their thermal conductivi-
of the thermodynamics of oxygen removal and pro-ties were examined by an ac calorimetric method [9].
posed that the higher thaG°|, with AG® < 0, AG®  XRD was used to identify the contained phases and
being the formation free energy of aluminates, themeasure the lattice parameters of them. HREM, SEM

higher is the resultant thermal conductivity. It is of and TEM/EDS were employed in the microstructural
greatimportance to choose appropriate sintering aids tgpservation.

lower the sintering temperature and improve the ther-
mal conductivity of AIN ceramics.

In the present study, AIN ceramics were sintered3. Results
at different temperatures, using the binary system oB.1. Thermal conductivities
B,03-Y 03 as additives. The produced phases and miFig. 1 gives the densities and thermal conductivites
crostructural characteristics of as sintered specimensf specimens sintered at different temperatures. As
were investigated through X-ray diffraction (XRD), it shows, with the increase of sintering temperature,
high-resolution electron microscope (HREM), scan-the thermal conductivity keeps increasing linearly and
ning electron microscope (SEM) and transmissionmonotonously but the density stops increasing at about
electron microscope together with energy dispersivel800°C, when it reaches a value of 3.25 gt
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TABLE | Secondary phases in specimens sintered at differentimssgs
temperatures

Specimen Sintering temperatuf€ Secondary phases
Al 1700 AbN7O3, Y 4AI,09
A2 1750 Y4Al20g, YAIO 3
A3 1800 YAIO;3, Y3Al5012
A4 1850 YAIO3, Y3AI5012
-
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imens sintered at different temperatures.

The measurement of the lattice parameters revealed
Figure 1 Dependence of density and thermal conductivity on sinteringthat the lattice parameters of AIN in the sintered bodies
temperature for AIN doped with £3-Y »0s. were almost the same as those of pure AIN, while there

were small changes in the parameters of the yttrium alu-

minates. In specimen A4, the experimental values of
3.2. XRD and HREM analysis were 1]?.9828 and 12.04%2for Y 3Al5015 and YAIQ;,
Table | displays the phases identified by XRD in dif- respectively, less than the standard values, 12.0089

ferent specimens, which indicates that by sintering a@nd 12.107A. It was supposed that 3 dissolved
different temperatures, the contained phases had diffefdto the yttrium aluminates, forming Y(AlxBx)Os
ent types and amounts. and \_(3(_AI 1-xBx)5012 solid solutions. As the radius of
In specimen AL, due to the relatively low sintering B*" iS just 0.23A, much smaller than that of At,
temperature (170@C), the dissolved oxygenin AlN lat-  0.53 A [10], the lattice parameters of yttrium alumi-
tice could not fully diffuse to the grain boundary, there- nates were led to decline. This will be further discussed
fore existed the aluminum oxynitride phasegi$Oz.  in Section 3.3.
With an increase of the sintering temperature, more
oxygen impurities were transported to the grain bound-
aries to react with ¥O3, forming yttrium aluminates 3.3. SEM and TEM/EDS investigation
with a smaller yttrium-to-aluminum atomic ratio Y/Al. The SEM observation showed that when the sinter-
Consider the following reactions: ing temperature rose, the AIN grain size increased,
with less porosity and a smaller volume of grain-
3Y,03 + 5Al1,03 — 2Y3Al5012 ()  boundary phases. Inthe 180D sintered specimen, the
grains have fully grown, taking polyhedral configura-

Sintering temperature ( °C)

10Y,03 + 5Al,03 — 5Y,4Al,09 (III)
2Y3A|5012 + 2Y203 g 10YA|03 (IV)

10YAIO3 + 5Y,03 — 5Y4AI,09 (V)

Note that reaction (ii) is the sum of reactions (i) and (iv),
reaction (iii) is the sum of reactions (ii) and (v). Thus,
AG; = AG + AG§,, AGj; = AGj + AG;y,. Clearly,

all of the AG® values are less than zero because these
reactions do occur. Henc&\G;j; < AGj < AG} <0

[8]. During sintering, YAl.O9 was first generated.

When the temperature became high enough, the ma- ﬂ

jor secondary phases were YAJ@nd Y3Al50q.

By HREM, defects in the AIN lattice could be eas- ) * 2um
ily observed in specimen Al, like those displayed in “ A —
Fig. 2. While in specimen A4, the lattice was found to -
be perfect, with few defects. This partially explains theFigure 3 SEM fractograph of specimen A3.
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The microstructure can be studied more clearly bymula might be Al (Al 5Bo504)3. Fig. 4 exhibits the
TEM/EDS. In specimens sintered at relatively low assumed arrangement offAland B+ on (001) plane.
temperatures, the secondary phases are distributed notTo confirm this assumption, we calculated the rela-
only at the triple-grain junctions, but also along thetive diffraction intensities of this structure. Table Il lists
edges of AIN grains, with considerable thickness. Inthe results, as well as the data ofAf,(AlO4)3 given
those sintered at higher temperatures, the secondaby powder diffraction file (PDF). For YAl>(AlO4)3,
phases mainly existed at the triple-grain junctions, withthe intensity of (110) plane is zero. While for
straight narrow grain boundaries. The EDS and electrofY 3Al2(Al o 5Bos04)3, as the ordered structure was
diffraction patterns indicated the secondary phases téormed, (110) plane had a certain diffraction intensity,
be crystalline yttrium aluminates. which agreed with the electron diffraction patterns.

The diffraction patterns showed that in specimen A4,
the secondary phase at the triple-grain junction was
yttrium aluminum garnet (YAG), with some ordered . .
structure of superlattice. The YAG has a cubic structure4- Discussion o
with a=12.0089A and a space group o&8d. Con- In ordgr to improve thg thermal condycﬂwty of AIN
sider the formula of YAG, YAl »(AlO4)3 [11]. In each cerar_n_lcs,_several con&derapons are important. (i) l_:ull
unit cell, eight formulae of YAl ,(AIO ,); are included, c!fansmcatlo_n shoy!d be obtained, with lowest porosity.
with 16 AI** occupying thea positions, which are the (ii) Oxygen impurities should be successfully removed

interstices of oxygen octahedrons, 247kt thed po- from the AIN lattice. (iii) Fine microstructure should be
sitions, the interstices of oxygen tetrahedrons. Due t&chieved, with least grain boundary phases and close
the low atomic number of boron, it could not be detectedfONtact between grains. o

by EDS, even though it dissolved intaXl501. As the According to the phase diagram [12], a liquid phase
radius of B is small, when entering thesAl,(AlO,); ~ €@n be obtained at about 1400 in the B0s-Y,03

lattice, it should occupy the position. If an ordered ~SYStém, in which AO; can be effectively dissolved.

structure was formed through some process, the forlVith the raise of sintering temperature, the liquid vol-
ume increases, and the solubility of 83 also in-
creases, which enhance the growth of AIN grains and

TABLE 11 Calculated diffraction intensities of 3Al2(AlO4)3 and the removal of oxygen resulted defects. The dominant

Y 3Al2(Alg5Bo5O0a)3 densification mechanism is solution-precipitation. The

1750°C sintered specimen got a density of 3.01 gém
Y3Al2(AlO4)s Y3Al2(AlosBosOa)s and a thermal conductivity of 100 WThK 1.

(hkl) 1/l (PDF 33-40) | 1/l | 1/l The doped ¥Os could react with A_iOg on th_e sur-
face of AIN particles, generating yttrium aluminates at

110 0 0 0 188 4 the grain boundaries thus lower the oxygen content in

21127 239 39 320 64 the AIN grains and improve the thermal conductivity of

220 7 554 9 358 7 IN ics. As the sintering t wre | q

321 19 122 20 172 34 AN ceramics. As the sintering temperature increased,

400 27 144 24 129 26  the yttrium-to-aluminum atomic ratio of the generated

420 100 61.2 100 50.1 100 yttrium aluminates declined, inferring that more.®k

422 20 129 21 107 21 had been absorbed into the grain boundary phase.

431 6 300 5 581 12 As a sintering aid, BOs, together with ¥O3 and

521 23 142 23 130 26

Al,O3, resulted in an eutectic reaction at quite a low

temperature, forming aliquid phase and enhancing den-

sification. In specimens sintered at temperatures lower

than 1750C, the glassy layers were found between

AIN grains by SEM. When heated to a higher temper-
ature, BOs dissolved into the lattice of yttrium alumi-

OB (o;—%) nates, which led to the crystallization and contraction
of liquid phase, cleaning the grain boundaries.

When the sintering temperature was raised to higher
than 1800C, the thermal conductivity prominently
Al (0,%,i) o increased although the density barely grew. This can be

8 explained by the microstructural changes during sin-
tering. At a higher temperature, the transportation of
oxygen from AIN grains to grain boundaries became

440 5 3.20 5 2.57 5

o easier and quicker. For a same soaking time, the oxy-
Al(o 1__) - gen resulted defects could be more fully removed if
478 B(O,;,E) sintered at higher temperature. On the other hand, the

growth of AIN grains was promoted as temperature
rose, which drove the liquid phase to the triple-grain
junctions, therefore made the grains contact with each
other face to face and enlarged the heat diffusion cross-
Figure 4 Arangement of atoms on (001) plane forsM,  SECtion. After sintering at 185 for 4 h, specimen A4
(AlosBo504)3 with ordered structure. had a thermal conductivity of 189 WThK 1.
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5. Conclusion References

In sintering AIN ceramics with BO3-Y,03 binary 1.
additives, the transport mechanism was solution-?2:
precipitation. When raising the sintering temperature, ;'
the density increased, AIN grains grew to perfect con-
figuration, with less amount of secondary phase, thes.
Y/Alratio of the produced yttrium aluminates declined.
It was found that BO3; was an effective sintering ad-
ditive in assisting densification. At high temperature, -
B3t dissolved into the yttrium aluminates, partially dis-
placing AP+, By this the ordered structures with su- s.
perlattices were formed. The,B3-Y,03 doped AIN
ceramics reached a thermal conductivity of 190 °
W m~1K~1 after sintering at 185€C for 4 h.
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