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It is well known that the existence of oxygen in the sintering of aluminium nitride (AIN) 
causes the degradation of thermal conductivity. To clarify the role of the oxygen, the effect of 
AI20a addition on the phase reaction of the AIN-Y203 system at high temperatures of 1900 
and 1950~ was investigated. In the AIN-AI203 system, ~,-AION and 27R polytypoid were 
formed at 1900 and 1950~ respectively, and the ratio of each crystal increased with 
increasing AI203 content. The resultant phase was found to be in agreement with the phase 
diagram given by McCauley and Corbin. In the AIN-Y203 system, YAM phase or YAM plus 
unreacted Y203 were identified. Phase reaction in the AIN-AI203-2Y203 system was quite 
different from that of the AIN-AI203 system: namely, 3,-AION and 27R coexisted even at 
1950 ~ which is inconsistent with McCauley and Corbin's diagram. It was confirmed by the 
dilatometric method and phase reaction data using some couples, that AI203 strongly 
affected the phase reaction in the AIN-Y20a system, indicating that the shrinkage of the 
AI2Oa-doped specimen was initiated at somewhat lower temperatures. The grain 
morphology depended on the phase changes shown above, in which AIN and y-AION were 
granular, and 27R polytypoid was plate-like. 

1. Introduction 
Aluminium nitride (A1N) has attracted much attention 
as a high thermal conductive and electrical insulative 
material for electronic substrates and packages. The 
thermal conductivity of A1N ceramics, which has been 
theoretically predicted to be 320 W m- 1 K -  1 at room 
temperature [-1], is strongly influenced by its chemical 
purity and density. In general, A1N is densified using 
typical sintering aids, such as rare-earth compounds 
(YzO3,YF3) [2,3] and alkaline earth compounds 
(CaO, CaCO3) [4, 5] because of its poor sinterability 
dueto  the covalent bond structure. 

In most cases, A1N raw powder contains a small 
amount of oxygen which forms A1203 on the surface 
and substitutes in the nitrogen lattice in the bulk. It is 
known that the thermal properties of A1N ceramics 
are especially affected by the coexisting oxygen [1], 
and that a small amount of oxygen may play a signifi- 
cant role in the densification of YzO a-containing com- 
ponents. Incidentally, the formation of various alumi- 
nates, polytypoids, and spinels has been recognized in 
the reaction of A1N and YzO3 with coexisting oxygen. 
Therefore, the content of oxygen as AlzO3 results in 
the structural changes corresponding to the ratio of 
A1N/AI203. 

Yamaguchi and Yanagida [6], Long and Foster 
[7], and Adams et al. [8] have reported the phase 
relation regarding the formation of spinel-type A1ON 
through reaction of A1N with A1203. Sakai [9] and 
McCauley and Corbin [10, 11] have also proposed 
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a phase diagram in the A1N=A12Oa system, indicating 
the formation of spinels and polytypoids correspond- 
ing to the amount of coexisting oxygen. Komeya et al. 
[12], Gauckler et al. [13], and Jack [14] have re- 
ported the formation of polytypoids in the Si-A1-O-N 
system, and Jack [14], Sakai [9], and McCauley and 
Corbin [11] have examined the formation of several 
polytypoids in the system A1-O-N. 

Through these studies, the phase reaction in a bi- 
nary system has been clarified. However, to date there 
is little information on the ternary A1N-AlzO3-sinter- 
ing additives system' [15]. 

In the present work, the effect of A1203 addition on 
the phase reaction of the A1N-YzO3 system at high 
temperatures was investigated. 

2. Experimental procedure 
2.1. Raw materials 
Commercially available A1N powder (Tokuyama Co. 
Ltd) and A1203 powder (Sumitomo Chemical Co. 
Ltd), with average particle sizes of approximately 0.6 
and 0.4 gm, respectively, were used in this study. A1N 
raw powder contained about 500 p.p.m, total cation 
impurities and 0.8 wt % oxygen. Y203 powder (Mit- 
subishi Chemical Ind. Ltd, average particle size 
< 1 gm (78%)) as a sintering aid was added to the 

A1N raw powder. The amounts of A120~ and Y203 
were adjusted in the range of 0-30 and 0-10 wt %, 
respectively . . . .  
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Figure 1 Phase diagram of the A1N-A1203 system. 

2.2. P r o c e d u r e  
Each powder composition was blended in organic 
solvent for 6 h by wet ball milling with a plastic pot 
and A1203 balls. After drying, the granules were pre- 
pared through a 48 mesh sieve. The powder mixture 
was die-pressed into a pellet of 15 mm diameter 
x 5 mm under 100 MPa, and dewaxed at 600~ in 
a nitrogen flow. Then the pellet was placed on BNjigs 
set in a graphite crucible in an electric furnace. Ac- 
cording to the phase diagram given by McCauley and 
Corbin [11] shown in Fig. 1, the coexisting region of 
7-A1ON(5A1N-9A1203) and 27R(7A1N. A1203) poly- 
typoid is observable above 1920 ~ Thus the pellets 
were sintered at 1900 ~ and 1950 ~ for 6 h in 0.6 MPa 
nitrogen. A heating rate of 10 ~ was applied. 
After firing, specimens were slowly cooled to room 
temperature in the furnace. 

Phases present in the sintered specimen were ana- 
lysed by X-ray diffraction (XRD, Rigaku RAD-R). 
Polished surfaces of the sintered specimens were used 
for the XRD measurement, and changes in crystal 
phase were compared in terms of relative intensities of 
peak height. The morphologies of fractured surfaces 
were observed by scanning electron microscopy 
(SEM, Jeol TSM-F7). 

3.  R e s u l t s  a n d  d i s c u s s i o n  
3.1. C h a n g e s  in p h a s e s  p r e s e n t  
3.1.1. AIN-Ale03 system 
The variations of phases present in sintered specimens 
with 0 wt % Y203 are shown in Fig. 2. The phases 
present fired at 1900 and 1950 ~ were A1N and 7- 
A1ON, A1N and 27R, respectively. Compared to the 
diagram given by McCauley and Corbin [11], the 
phases present in 1900~ specimens are consistent, 
but those in 1950 ~ specimens are inconsistent, with 
the diagram in that 7-A1ON phase is not found in the 
A1203-rich region. As can be seen from Fig. 2, the 
amount of resultant 7-A1ON in the specimen fired at 
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Figure 2 Changes in the phases present in sintered specimens. 
(a) 0 wt % Y203, 1900 ~ 6 h; (b) 0 wt % YzO3, 1950 ~ 6 h. (O) 
A1N, (~) 7-A1ON, (~) 27R. 

1900~ sluggishly increases with increasing A1203 
content, while in the specimens fired at 1950 ~ A1N 
phase decreases steeply and simultaneously 27R in- 
creases rapidly with increasing A1203 content. Inci- 
dentally, it is clear that the amount of AIN reacting 
with A1203 to form 27R at 1950~ is much larger 
than that reacting to form y-A1ON at 1900 ~ Equa- 
tions 1 and 2 indicate that the reason for this is 
because 1 tool AlzO3 reacts with 5/9 mol A1N to form 
1/9 tool y-A1ON, and 1 mol AlzO3 requires 63/9 mol 
A1N to produce 1/9 mol 27R 

5A1N + 9AlzO3 ~ 5A1N. 9AlzO3 (y-A1ON) (1) 

7A1N + A1203 ~ 7A1N. A1203 (27R) (2) 

Consideration with regard to the phase reaction will 
be described later. 

3. 1.2. AIN-YeO 3-AI20 3 system 
Fig. 3 illustrates the phase changes in the sintered 
specimens with 3 wt % Y203. In the specimens with- 
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Figure 3 Changes in the phases present in sintered specimens. 
(a) 3 wt % Y20~, 1900 ~ 6 h; (b) 3 wt % Y20~, 1950~ 6 h. ((3) 
A1N, (~) YAM, (~) YAG, (A) YA, (~) ,(-A1ON, (,) 27R. 
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Figure 4 Changes in the phases present in sintered specimens. 
(a) 10 wt % Y~O~, 1900 ~ 6 h; (b) 10 wt % Y203, 1950~ 6 h. (�9 
A1N, (0) YzOa, ([~) YaM, (A) YAG, (A) YA, (~) 7-A1ON, (--) 27R. 

out AlzO3, YAM(AI203" 2Y203) phase is formed by 
the reaction of Y203 with A1203, from the surface 
of the A1N powder and from aluminium and oxygen 
in the bulk. In the system containing A1203 at 
1900~ the phases are composed of A1N, 
YAG(5A1203" 3Y203), and ~-A1ON. In the relatively 
low concentration of 5 wt % A1203, ?-A1ON phase is 
absent, and only YAG phase appears. In the A1203 
rich region over 10 wt %, YAG and ,{-A1ON coexist, 
but an increase of AlzO3 content does not bring about 
the quantitative rise of YAG. This is considered to be 
because the initial amount of Y203 was small, so that 
the resulting YAG phase was limited, while the tend- 
ency for 7-A1ON to increase with increasing A1203 is 
similar to the system without Y203. 

In 1950 ~ specimens with 3 wt % Y203, the phases 
are significantly different from the 1900 ~ specimens. 
In all specimens with A1203, yttro-alumite (YA) which 
is a high-temperature type of YAG, is formed instead 
of YAG at 1950 ~ Moreover, phases present in the 
A1203-rich region over 20 wt % have 27R crystal. The 
existence of 7-AION, as well as 1900 ~ specimens, is 
recognized in the region from 10-30 wt % A1203. It is 

very interesting that 3,-A1ON, which has not been 
observed in the A1N-AI203, appears in the 
A1N-YzO3-AI203 system. 

Fig. 4 shows the changes of phases in sintered speci- 
mens with 10 wt % Y203. The phases in specimens 
without A1203 fired at both temperatures, are com- 
posed of A1N, YAM and Y203. The detection of Y203 
implies that the amount of Y/O3 exceeds that required 
to yield YAM. The formation of YAG at 1900 ~ and 
YA at 1950 ~ is recognized as analogous to the result 
in Fig. 3. In the case of specimens containing 20 and 
30 wt % AI/O3, 3,-AION and ,/-AION plus 27R are 
present at 1900 and 1950~C, respectively. The ptie- 
nomena of phase appearance are similar to the 3 wt % 
system, except that 27R decreases extremely. In any 
event, there is a great difference in phases between the 
A1N-Y203 and the A1N-Y203-A1203 as summarized 
in Table I. An additional experiment to confirm the 
phase-reaction process was conducted at both temper- 
atures using such couples as YAG/A1N, YAG/7-A1ON 
and YAG/27R. The heating condition was applied 
corresponding to the description in the experimental 
section. After firing, the features in disc-type YAG set 
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T A B L E  I Phase reaction for the selected sintering conditions 

Temp. (~ Comp. (wt %) Phases present 

y-A1ON 
5A1N. 9A1203 
(1.8). 

27R 
7A1N. A1203 
(0.14) 

YAG 
5AlzO3 �9 3Y203 
(1.7) 

YA 
5A1203' 3Y203 
(1.7) 

1900 0Y20A h + + + c _ _ _ 
3Y20A + + - § - 

1950 0Y20A - + + + + - - 
3Y20A + + + + - + 

aNumbers in parentheses denote the molar  ratio of AlsO3/A1N. 
bY,Y203(wt%); A,A1203(wt%). 
~Intensity: + + + + > + + + > + + > + .  

AIN, y-AION, 27R 
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Figure 6 Shrinkage curves of pelletted specimens. (O) A1N-10 wt % 
Y203, (O) A1N-10 wt % YZO3-20 wt % A1203 specimens. 

Figure 5 Features of various couples fired at 1950 ~ (a) before 
firing, (b) YAG/A1N, (c) YAG/y-A1ON, (d) YAG/27R. 

on the discs of 7-A1ON, 27R and A1N were observed. 
The size of YAG pellets was 10 mm diameter and 
5 mm thick and those of the other components were 
15 mm diameter and 4 mm thick. The couples fired at 
1900 ~ almost retained their original shape and sep- 
arated easily with gentle force, indicating that no reac- 
tion took place at that temperature. On the contrary, 
the couples fired at 1950 ~ retained no trace of their 
original form, as shown in Fig. 5. The order of the 
active reaction promotion was YAG/y-A1ON, 
YAG/27R and YAG/A1N. It was characteristic that 
the formation of bubbles in the couple of YAG/7- 
A1ON was clearly recognized, which seems to indicate 
that some volatile matter existed in this system. In the 
YAG/A1N and YAG/27R systems, no evolution was 
observed. A detailed analysis is currently being per- 
formed. 

To investigate the effect of A1203 addition as to 
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whether phase reaction is via a liquid phase, shrinkage 
rates of pellet-type specimens of A1N-10 wt % Y203 
and A1N-10 wt % Y203-20 wt % AlzO3 were meas- 
ured under 0.6 MPa nitrogen using a laser-beam de- 
vice. The specimens were heated from room temper- 
ature to 1200~ for 1 h, and then heated to 1950~ 
for 1 h. The specimens were kept at 1950~ for 
30 min. Fig. 6 illustrates the shrinkage curves. It is 
recognized that the temperature at which shrinkage 
initiates for the A1N-Y203-A1203 specimen is ap- 
proximately 1500~ which is about 250~ lower 
than that for the A1N-Y203 specimen. This fact indi- 
cates that in the former system a liquid phase is pro- 
duced at relatively lower temperatures. We suppose 
that the liquid phase is composed of the Y-A1-O 
compound. The solution of A1N into the liquid phase 
consisting of aluminate might be concerned with the 
phase reaction [16]. 

3.2. Micros t ruc tu ra s  
Figs 7 and 8 show scanning electron micrographs of 
the fractured surfaces of the specimens sintered at 1900 



Figure ? Scanning electron micrographs of fractured surfaces of the specimens sintered at 1900 ~ for 6 h. 

Figure 8 Scanning electron micrographs of fiactured surfaces of the specimens sintered at 1950~ for 6 h. 

and 1950~ respectively. The grain morphologies 
in 1900 ~ specimens are granular, which seems to be 
due to the crystal structure of A1N and y-A1ON grains. 
F rom these micrographs, it is proved that in the 

A1N-AlzO3 system, grain growth was disturbed with 
an increase in A1203, whereas in the A1N-Y203-  
AlzO3 system it is rather promoted by the AlaO3 
addition. The grain-growth promotion in the Y203 
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addition system is thought to be caused by the 
formation of low-melting compounds from the 
A1203-Y203 system. The large pores observed in 
micrographs of 10 wt % Y203-20 wt % A1103 and 
10 wt % Y203-30 wt % A1203 seem to originate from 
the volatilization of some species, as described pre- 
viously. 

On the other hand, in the specimens sintered at 
1950 ~ it is found that the A1103 content is respon- 
sible for the plate-like grain-formation characteristic 
of 27R polytypoid. This result agrees with 27R mor- 
phology as reported by Komeya and Inoue [-2] and 
Sakai [9]. As can be seen in Figure 8, plate-like grains 
are found in the region of higher A1203 content and 
lower Y203 content (encircled region). We suppose 
that the presence of Y203 controls the formation of 
27R. The XRD analysis also supports the result as is 
clear from Figs 3 and 4. Therefore, it is proved that 
simultaneous addition of Y203 and A1203 sensitively 
affects the morphology. 

4. Conclusions 
A1N is a promising high-thermally conductive and 
electrically insulative material for electronic devices. 
However, in the development of practical applica- 
tions, a critical problem is posed by the fact that the 
existence of oxygen in the A1N powders causes an 
extreme decrease of thermal conductivity. In this pa- 
per, the effect of A1203 addition on the phase reaction 
of the A1N-Y203 system at high temperatures of 1900 
and 1950 ~ was investigated. The results obtained are 
summarized as follows. 

1. In the A1N-A1203 system, y-A1ON formation 
increased with increasing A1203 content at 1900~ 
firing, while at 1950 ~ 27R polytypoid was formed, 
which is consistent with the phase diagram from 
McCauley and Corbin [11]. 

2. In the A1N-3 wt % Y203 system, YAM phase 
with the lowest A1203 content in yttrium aluminates 
was identified. On the other hand, in the A1N-10 wt % 
Y203 system, unreacted Y203 was detected in addi- 
tion to YAM, because the Y203 was in excess of the 
amount required for the YAM yield. 

3. The phase reaction in the A1N-Y203-A1203 sys- 
tem was quite different from that of the A1N-AI203: 
namely, y-A1ON and 27R coexisted even at 1950 ~ 
which is inconsistent with McCauley and Corbin's 
diagram [11]. 

4. Using such couples as YAG/A1N, YAG/y-A1ON 
and YAG/27R, the phase reaction behaviour was 
examined. As a result, it was confirmed that the most 
active reaction occurred in the YAG/v-A1ON couple. 

5. By the dilatometric method, the shrinkage initia- 
tion temperature of the A1N-10 wt % Y203-20 wt % 
A1203 system was confirmed to be approximately 
1500 ~ which was lower by about 250 ~ than that of 
the A1N-10 wt % Y203. This fact suggests that the 
existence of A1203 strongly affects the phase reaction 
of the A1N-Y203. 

6. The grain morphology depended on the phase 
present, in which the grains based on A1N and y- 
A1ON were granular, and those based on 27R poly- 
typoid were plate-like. 
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