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Fracture behavior of AIN ceramics with rare earth oxides
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Abstract

The effect of three types of additives, Sm»O3, La,O3 and Y,Os3, on the thermal and mechanical properties of AIN ceramics was
investigated. Thermal conductivities of AIN ceramics with Sm,O; and Y»O; addition were 176 and 173 Wm~! K~!, respectively.
However, in the case of La,Os addition the value was limited to 101 Wm~—' K~!. The strengths of AIN ceramics with Sm>O3 and
La,O; addition were 455 and 407 MPa, respectively, which are higher than that with Y,Oj3 addition. Fracture toughnesses of those
with Sm»0O5 and La,O; addition were also higher than that with Y,O5 addition. The fracture behavior on the fracture surfaces was
found to be a mixed mode of transgranular fracture and intergranular fracture. The specimens with Sm,03 and La,O5 addition had
more transgranular fracture than that with Y,O; addition. The strengthening mechanism of Sm,0O3 and La,O; addition was clar-
ified by using a theory on the fracture toughness considering the crack propagation path. As a result, we concluded that the
improvement of strength and fracture toughness of AIN ceramics with Sm,;O; and La,O; addition were mainly achieved by

strengthening the grain boundary. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Aluminum nitride (AIN) is expected to be highly sui-
table for such applications as substrates and packages
for IC/LSI, structural parts for semiconductor processes
and filler for high thermal conductive resin because of
its high thermal conductivity, excellent electrical insula-
tion and thermal expansion coefficient close to that of
silicon (Si).!™ In previous studies,” Y,0; and CaO
have been found to be better sintering aids for achieve-
ment of high density and high thermal conductivity.
Then, high thermal conductive AIN parts were devel-
oped and put into practical application, but the expan-
sion of their application is restricted in a low strength
for AIN ceramics.®® Therefore, in order to expand the
applications of AIN, it is first of all necessary to develop
stronger AIN ceramics with high thermal conductivity.
As a point of interest, Komeya et al. discovered in pre-
vious research that the density and the strength of AIN
ceramics were strongly influenced by rare earth oxides
added as sintering aids. Although Sm,03; and La,O;
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addition have been more effective in strengthening AIN
than the other rare earth oxides addition in the refer-
ences, there are few reports on the sintering behavior
and strengthening effect of these sintering aids. It has
also been reported that AIN ceramics with various types
of rare earth oxides addition have high thermal con-
ductivity and have almost similar values of about 170
Wm~! K~1.° However, the strengthening mechanism of
high thermal conductive AIN ceramics with Sm,O3 and
La,O; addition have not been made clear. Thus, the
authors investigated the thermal and mechanical prop-
erties of AIN ceramics with Sm,0O3 La,O3; and Y,0;
addition and clarified the strengthening mechanism as
well as the phase reaction and sintering behavior.

2. Experimental

High purity and fine powders of AIN (Tokuyama Co.,
Ltd.,, F grade, 0.6 pum), La,O; (Shinetsu Chemical
Industry Co., Ltd., 0.7 pm) and Sm,0O3 (Shinetsu Che-
mical Industry Co., Ltd., 0.4 pm) were prepared as raw
materials. Y,Oj3 (Shinetsu Chemical Industry Co., Ltd.,
0.6 um) was used for a reference sintering aid. Table 1
shows the characteristics of the raw powders. It is noted
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Table 1

Characteristics of raw powders
AIN Y>0;
(Tokuyama Co.) (Shinetsu Chem. Ind. Co.)

Particle size (um) 0.6 0.6

BET (m? g7 ") 3.36 11.9

Purity (mass%)  99.9 99.9

Impurity (ppm) (0] 8300 Dy,O; <100
C 280 Ho,O0; <100
Si 280 Er,O; <100
Fe <10 Yb,0; <100
Ca 7 CaO <10

L'd_7_03 Sm203
(Shinetsu Chem. Ind. Co.) (Shinetsu Chem. Ind. Co.)
0.7 0.4
1.0 1.3
99.9 99.9
CeO, <50 Nd,O; <100
CaO <50 Eu,0; <100
Pr¢Oyy <50 Gd,0; <100
Nd203 <30 Pr601 1 <50
SiO, <30 CaO <30

that the oxygen content in AIN powder is 0.8 wt.%.
Batch compositions with 5 wt.% additives were pre-
pared. The powder mixture was ball-milled in ethanol
with a plastic pot and Al,O; balls, and the ethanol was
eliminated by evaporation. Paraffin was added to the
mixed powder, which was molded into a pellet of 15 mm
diameter by 5 mm thickness and a plate of 40 by 40 by 4
mm?> under a uniaxial pressure of 50 MPa, followed by
CIP at 200 MPa. Dewaxing was performed at 500 °C in
air. The relative density of each green body was about
55%. The green bodies were fired at 1850 °C in N, for 2
h under 0.6 MPa. The relative density of the AIN sin-
tered body was measured by the Archimede’s method.
Phases present and lattice constant of AIN were ana-
lyzed by X-ray diffraction with Cuk, radiation using Si
powder as an internal standard. Sintered bodies were
machined to the shape of 10 mm diameter by 2 mm
thickness to measure thermal conductivity by the CO,
laser flash method'® and to that of 3x3x30 mm? to

Table 2
Properties of sintered AIN specimens

measure bend strength and fracture toughness. The
bend strength was measured by a 3-point bending test
with a span of 16 mm and a crosshead speed of 0.5 mm/
min, and fracture toughness was measured by the sur-
face crack in flexure (SCF) method.!! Microstructure
was observed by a scanning electron microscope (SEM)
and a transmission electron microscope (TEM). Frac-
tured surface was evaluated by SEM using the specimen
after fracture toughness tests.

3. Results and discussion
3.1. Sinterability

Table 2 summarizes the characteristics of sintered
AIN specimens. Full densification was achieved through

the liquid phase sintering process in each specimen. This
phenomenon can be understood by the eutectic point in

Composition

S mass% Y,03

S mass% La,O3 S mass% Sm,0;

Density (g cm ™)
Phases present
Mean grain size (um)

Thermal conductivity (Wm~' K1)
Thermal diffusivity (cm? s~!)

Lattice constant ¢ (A)
Standard deviation (£A)

Bending strength o (MPa)
Standard deviation (+MPa)

Fracture toughness Kic (MPa m'/?)
Standard deviation (=MPa m'/?)

Fraction of transgranular fracture f (%)

Disappeared fracture energy (J m—2)
Standard deviation (£J m~2)

Fracture toughness of grain Gfg’i" Jm™2)

Fracture toughness of grain boundary G ™ (J m—2)

3.25 3.27 3.30
AIN Y,ALO, AIN LaAlO; AIN SmAIO;
4.0 4.0 3.3

173 101 176

(0.75) (0.44) (0.76)

4.9794 4.9787 4.9796
(0.0002) (0.0001) (0.0002)

353 407 455

(30) (40) (54)

2.9 3.0 3.1

0.1 0.1 0.1)

23 57 40

28 30 32

) (@) (2

43 36 43

8 11 10
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Fig. 1. X-ray diffraction profiles of AIN with (A) 5 mass% Y,0s, (B) 5 mass% La,05 and (C) 5 mass% Sm,Os;.

the binary system of Al,O; and additives, namely
1760 °C for the Y,0; addition,'? 1830 °C for La,O;
addition'® and 1825 °C for Sm,O; addition.'* Fig. 1
illustrates XRD profiles of the sintered specimens. AIN
was identified as a main phase. However, second phases
of AIN ceramics with Sm,O3 and La,O5 addition were
identified as Perovskite types formed by the reaction
with Al,O3, whereas that with Y,O; addition is identi-
fied as monoclinic type.'?

3.2. Thermal conductivity

Thermal conductivity shown in Table 2 is scattered in
the range of 101-176 Wm~! K~! in the three specimens:
173 Wm~! K~! for Y,O; addition, 101 Wm~' K~! for
La,O5 addition and 176 Wm~! K~! for Sm,0O5 addition.
This difference is considered to be related to their
microstructures. Fig. 2 shows SEM photographs of

fracture surfaces of sintered AIN specimens. The
microstructures were composed of isotropic AIN grains
and grain boundary phases for all specimens. The grain
size estimated was 3.3 pm for Sm,0j3 addition, 4.0 um
for La,O3 addition and 4.0 um for Y,O5 addition by the
intercept method, in which the number of measured
grains was about 200. Fig. 3 shows typical TEM pho-
tographs of sintered AIN specimens. The dihedral angle
of La,O5 addition is smaller than those of other addi-
tions, meaning that wettability is better. Fig. 4 shows
lattice constant ¢ and the thermal conductivity of sin-
tered AIN specimens. In this figure, lattice constant ¢ of
AIN with La,Os5 is shorter than those with Y,O5; and
Sm,0; additions. Therefore, The AIN grain in the speci-
men with La,O3 addition is considered to contain more
oxygen than that with Y,03 and Sm>O5 addition. Since
the oxygen in the AIN grain and the grain boundary dis-
turbs phonon transfer,'®"!° the thermal conductivity of
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Fig. 2. SEM photographs of fractured surface of AIN with (A) 5 mass% Y,03, (B) 5 mass% La,O3 and (C) 5 mass% Sm,QOs3. Those pictures were
taken at around 100 um below fracture origin perpendicularly. Average grain size of AIN is (A) 4.0, (B) 4.0 and (C) 3.3 um, respectively.

AIN ceramics with La,O; addition seems lower than
those with Sm,03 and Y,03 addition. A delayed reaction
between Al,Os in AIN and La,05 addition would influ-
ence microstructure and thermal conductivity, because
the particles of raw La,O; powder are coarser than
those of raw Sm»,O3; and Y,O5; powders.

3.3. Strength and fracture toughness

Fig. 5 illustrates the bend strength and the fracture
toughness of AIN ceramics with Sm,03, La,O; and
Y,0; addition. The bending strengths of AIN ceramics
with Sm>O5; and La,O; addition were 455 and 407 MPa,
respectively, which are about 50-100 MPa higher than
that with Y,O;3 addition. Furthermore, the fracture
toughnesses with Sm,03 and La,O; addition were 3.1
and 3.0 MPa m!/2, respectively, whereas that with Y,O;
addition was 2.9 MPa m'/2. It is significant to recognize
that both bend strength and fracture toughness were
simultaneously increased by Sm,05 and La,O5 addition.
Although the difference of these fracture toughnesses is
small, their standard deviations have also a quite small
value (= £0.1 MPam!”?= 3% of K;¢) and we obtained
similar results on the relationship between fracture
toughnesses and fracture behavior of AIN ceramics with
Y,05,%° we regarded them as different value to carry out
following discussion.

According to linear fracture mechanics, the strength
(op) is expressed by Eq. (1).2!

K¢
ofr = Y«/ﬁ (1)

where Kjc is fracture toughness, C is flaw size and Yis a
geometrical constant. This equation explains that
strength is proportional to fracture toughness and C~1/2,
The strength of La,0s3 addition is higher than that of
Y,0;5 addition, although grain size of La,03 addition is
the same as that of Y,0; addition. It is considered that
strengthening of La,O; addition is achieved by an
improvement of fracture toughness, because fracture
toughness of La,O5 addition is higher than that of Y,O3
addition. On the other hand, grain size of Sm,Oj; is
smaller than that of Y,03 addition. Judging from the
result of La,O5 addition, it seems that strengthening of
Sm,O; addition is influenced by not only grain size but
also the improvement of fracture toughness.

3.4. Fracture behavior

In order to investigate toughening mechanism of
Sm>0O; and La,O5 addition, their fracture behavior of
SCF specimen were estimated. As shown in Fig. 2,
fracture surfaces of Sm,O3 and La,0O; addition exhib-
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Fig. 3. TEM photographs of AIN with (A) 5 mass% Y,03, (B) 5 mass% La,O3; and (C) 5 mass% Sm,0O3. Conditions of dihedral angle and grain
boundary: (A) width and thinness, (B) narrow and thickness and (C) width and thinness, respectively.

ited transgranular fractures as well as intergranular
fracture, although fracture surface of Y,O; addition
exhibited almost intergranular fracture. The fraction of
transgranular fractures was calculated by the number of
the transgranular fractured grains over the number of
the grains observed in several SEM photographs.??
Approximately 200 grains were measured for the calcu-
lation. The fraction of transgranular fracture was 40%
in Sm>O5 addition and 57% in La,O3 addition, whereas
that of Y,Os addition was 23%. Sm,0O; and La,Oj3
addition with high fracture toughness and high strength
had more transgranular fracture than a Y,O; addition.
In order to find out the toughening mechanism of
Sm>0; and La,O; addition, the theory?? of the influence
of the crack path on the fracture toughness of poly-
crystalline ceramics with a stochastic model based on
the difference between the released energies in inter-
granular and transgranular crack propagation was used.
In this theory, the expected values of the fraction of

transgranular fracture on fracture surface, j}, and the
critical energy release rate, Gyc, of polycrystalline cera-
mics were formulated as functions of grain size d, the

fracture toughness of grain, G-, and grain boundary,

GO were formulated as follows,
A d =2y
= 2
A p 2
. . 2
Gic = foga‘“( = %)
boundary £ 2 1 2}}7C
+ G 1 Gt 30} @
where,
p/
_ 4
P=5 )
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Fig. 6. Fracture toughness of grain in sintered AIN specimens.
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Fig. 7. Fracture toughness of grain boundary in sintered AIN specimens.
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These equations were drived from an assumption that
when a crack propagates in the selective region of
intergranular fracture with a length yc, the crack pro-
pagates intergranularly. It should be noted that the
intergranular fracture includes not only the fracture of
the interface between AIN grains and the secondary
phase. d* is calculated from the condition of y-<d/2,
which is the critical grain size for transgranular fracture.
This theory was verified in polycrystalline alumina with
equiaxed grains. AIN ceramics in this paper has also
equiaxed grains, so the above theory seems to be satis-
factory. By substituting the experimental data of the
grain size, d, the fraction of transgranular fracture f'and
the critical energy release rate Gyc for Egs. (2)—(6). The
fracture toughnesses of grain, GE#", and grain bound-
ary, GPaundary were calculated. Gy was converted from
Irwin’s equation®* in this study by setting 280 GPa for
Young’s modulus and 0.25 for Poisson ratio. The crack
length a was set to 100 um, which is almost equal to the
crack length of the SCF method.

Fig. 6 shows calculated value of the fracture toughness
of AIN grain. The fracture toughnesses of AIN grain in
the specimen with Sm,0O5 and Y,05 addition were 43 and
43 J m~2, respectively. While, that of the La,O5 addition
was 36 J m~2, namely, the AIN grain in specimen with the
Sm,0O3; and Y,O5; addition was strengthened. It is con-
sidered that oxygen in AIN grain makes AIN grain
weak, because the desoluted oxygen form vacancy at
AIN site and stacking fault.>> The reason why AIN grain
was weaken by La,O; addition is that AIN grain in the
specimen with La,O5 addition had more oxygen content
than that with Sm,0O; and Y,O; addition as mention
above. This result also means that the improvement of
the fracture toughness of AIN grain and the thermal
conductivity simultaneously achieves.

Fig. 7 shows the fracture toughness of the grain
boundary of AIN specimens. The fracture toughness of
the grain boundary for Sm,03 and La,O5 addition is 10
and 11 J m~2, respectively, while that with the Y,O;
addition is 8 J m~2. In this work, the grain boundary of
AIN for Y,0; addition was Y4Al,Oy, whereas the grain

boundary of AIN for Sm,O; and La,0O5 addition was
Perovskite type compound. Although we consider that
the fracture toughness of the grain boundary depends
on the grain boundary phase, they have not been clar-
ified at this time. In the future work, we hope that
strengthening mechanism of the grain boundary will be
made clear by direct measurement of fracture toughness
of their grain boundary with AIN bycristals and/or
analysis of grain boundary structure with TEM.

4. Conclusion

Fracture behavior of AIN ceramics with rare earth
oxides was investigated. Both Sm,O; and La,O3 pro-
moted the densification of AIN as well as Y,O3 addi-
tion, which is based on the liquid phase formed in the
Al,Oj-rare earth oxide systems. Thermal conductivities
of the sintered bodies with Sm,0O5 and Y,O5 are 176 and
173 W m~'K~!, respectively, whereas the value was
limited to 101 W m—'K~! for La,O; addition because of
lower dihedral angle between solid-liquid phases and
higher oxygen content in AIN grain of the specimen with
La,O; addition. Strengths of 455 and 407 MPa were
obtained using Sm,03 and La,O; addition, respectively.
These values are higher than that for Y,O; addition.
Many transgranular fractured grains were observed in
the fractured surfaces of the two high strength speci-
mens. By substitution of the experimental data into the
theory of fracture toughness and fracture behavior of
polycrystalline ceramics, the fracture toughness of AIN
grain and grain boundary was estimated. The fracture
toughness of AIN grain increased with an increase in the
length of c-axis of AIN, namely, with a decrease of
oxygen content in AIN grain. This means that the frac-
ture toughness of AIN grain and thermal conductivity
simultaneously improve. The fracture toughness of
grain boundary from Sm>O; and La,O; addition was
higher than that from the Y,O5 addition. It should be
possible to strengthen the grain boundary phase and/or
phase boundary between AIN grain and grain boundary
phase by using Sm,05 and La,03 addition.
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