
Effects of rare earth dopants on grain boundary bonding in
alumina–silicon carbide composites

Zhen-Yan Denga,*, You Zhoub, Manuel E. Britob, Yoshihisa Tanakaa, Tatsuki Ohjib

aMetal Matrix Composite Research Group, National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan
bSynergy Materials Research Center, National Institute of Advanced Industrial Science and Technology, Nagoya 463-8687, Japan
Abstract

Effects of trace rare earth impurities on grain boundary bonding in Al2O3–5 vol.% SiC composites were investigated. It was

found that doping of 800 ppm different rare-earth impurities (Y3+, Nd3+ and La3+) led to a fracture-mode change from trans-
granular in dopant-free composites to intergranular in rare-earth doped composites. The fracture toughness of rare-earth doped
composites was higher than that of the composites without dopants, due to an increased crack deflection in doped composites

caused by the intergranular fracture. Boundary chemistry analyses showed that rare-earth impurities and Si4+ ions both segregated
at the Al2O3 grain boundaries and resulted in a weak grain boundary bonding.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been shown that trace impurities and additives
influence the grain growth and properties of technical
ceramics such as high-purity Al2O3.

1�3 For example, the
addition of MgO causes Al2O3 grain-boundary rough-
ening and inhibits abnormal grain growth.1,3 Codoping
of SiO2 and MgO in Al2O3 increases their mutual bulk
solid solubility and decreases interfacial segregation
over single doping, which is beneficial to improving
corrosion resistance of Al2O3 ceramics to aqueous HF.

2

Recently, the effects of doping and codoping of Zr4+

and rare-earth impurities in high-purity Al2O3 have
received considerable attention, due to a significant
improvement in high-temperature creep resistance by
doping.4�7 Cho et al.4 and Yoshida et al.6 found that
doping of 450–1000 ppm Y3+, La3+ and Lu3+ in Al2O3
reduced the creep rate approximately in two orders of
magnitude. Wakai et al.5 found that doping as little as
100 ppm of Zr4+ in Al2O3 caused the creep hardening
effect. Increasing the amount of zirconium dopant fur-
ther reduced the creep rate. Li et al.7 found that codop-
ing with ions of differing size can result in an improved
creep behavior compared with the singly doped compo-
sitions. Further investigations showed that outsize ions
segregating to more energetically favorable grain
boundary sites, which block a few critical diffusion
pathways, are the controlling mechanisms for the
improvement in creep resistance of Al2O3.

8�12 At the
same time, the Al2O3 grain boundary was strengthened
by doping Zr4+ or rare-earth dopants in Al2O3.

13

Al2O3–SiC particle composites have been studied for
many years,14�16 since the pioneer work of Niihara.14

However, the investigations about the effect of trace
impurities and additives on the microstructure and
mechanical properties of Al2O3–SiC composites are not
as many as pure Al2O3 ceramics. Deng et al.

17,18 found
that SiC particles with a thick SiO2 surface layer were
easy to be entrapped in the Al2O3 matrix grains such
that the oxidation and creep resistance of Al2O3–SiC
composites was improved considerably. Jeong et al.19

found that MgO, as a sintering additive, had a key role
in improving the densification and controlling the
microstructure of Al2O3–SiC nanocomposites. In this
paper, the effects of rare-earth dopants on the fracture
mode and fracture toughness of Al2O3–SiC composites
are presented.
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2. Experimental procedure

The a-Al2O3 powder that was used in this study (TM-
DAR, 0.21 mm, surface area 13.6 m2/g, Taimei Chemi-
cal Co., Nagano, Japan) had a purity of 99.99%. The
a-SiC powder (2.3 mm, Showa Denko Co., Japan) had a
purity of 99.7% (F.C: 0.19 wt.%; F.SiO2: 0.13 wt.%;
Fe: 0.008 wt.%; Al: 0.002 wt.%). In order to remove the
native SiO2 on SiC particle surfaces, SiC powder was
mixed with a HF aqueous solution for 4–6 hours, then
repeatedly washed by a distilled water till a pH value of
�7. A slurry of 5 vol.% SiC+95 vol.% Al2O3 was
prepared by using the distilled water. A doping level of
800 ppm (rare-earth ion/Al3+ ratio) was achieved by
adding an appropriate amount of rare-earth nitrate
aqueous solution to the composite slurry. Three types of
rare-earth nitrates (Y(NO3)3.6H2O, purity 99.9%;
Nd(NO3)3.6H2O, purity 99.9%; La(NO3)3.6H2O, purity
99%; Katayama Chemical Co., Japan) were used in this
study. The slurry was milled for 48 h by nylon balls,
then dried and sieved using a 100-mesh nylon sieve. To
minimize powder contamination, all powder processing
was conducted using precleaned Teflon ware under
clean-room conditions.
The specimens were fabricated by hot-pressing in a
graphite die under an Ar atmosphere for 1 h at 40 MPa.
The heating and cooling rates were 15 and 10 �C/min,
respectively. The hot-pressing temperature was 1550 �C
for all the composites. After they were hot-pressed, all
the materials were >99.5% of theoretical density, as
measured by the Archimedes method with distilled
water as the immersion medium. The hot-pressed speci-
mens were cut into pieces measuring 3 mm�4 mm�25
mm, then ground before toughness measurement.
Fracture toughness was measured using the single-edge-
precracked-beam (SEPB) method, according to JIS
R1607. A span of 16 mm of the three-point bend
test and a crosshead speed of 0.5 mm/min were used
for strength measurement of the toughness specimens.
At least six specimens were used for each toughness
point.
A piece of each composite was polished to a 1 mm

diamond finish, then indented under a load of 98 N and
a dwelling time of 15 s, to observe the crack propaga-
tion. The fracture morphology by bending tests and the
crack from the corner of indentation were observed by
scanning electron microscopy (SEM). The grain mor-
phology and boundary chemistry were analyzed via
Fig. 1. TEM micrographs of Al2O3–SiC composites without dopants (a) and doped with 800 ppm Y3+ (b), Nd3+ (c) and La3+ (d) rare-earth

impurities.
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transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM).
3. Results and discussion

3.1. Grain morphology

Fig. 1 shows the grain morphologies of the Al2O3–SiC
composites with and without rare-earth dopants. In
general, the matrix Al2O3 grain sizes of the composites
are in the range of 1–2 mm, depending on the type of the
dopants. The average Al2O3 grain sizes of the compo-
sites with rare-earth dopants are smaller than that of the
composite without dopants, due to the inhibition effect
of rare-earth dopants on Al2O3 grain growth20 (note
that the value of scale bar in Fig. 1b is half of those in
other three). SiC particles are usually located at the
Al2O3 grain boundaries. The Al2O3 grain morphologies
are equiaxed in the composites without dopants and
doped with Y3+ dopants. However, there are some
lathlike Al2O3 grains in the Nd3+ and La3+ doped
composites, indicating that these rare-earth dopants
caused anisotropic Al2O3 grain growth; similar phe-
nomena have been observed in Nd3+ and La3+ doped
pure Al2O3 ceramics.

7,21

3.2. Fracture-mode change

Fig. 2 shows the fracture morphologies of the com-
posites with and without rare-earth dopants after bend-
ing tests (note that the value of scale bar in Fig. 2a is 2.5
times of those in other three). It is obvious that trans-
granular fracture dominates in pure Al2O3–SiC compo-
site, as shown in Fig. 2a. This is consistent with other
observations on the fracture mode of the Al2O3–SiC
systems.19,22�24 To our knowledge, the fracture-mode of
the Al2O3–SiC composites has been reported to be
always transgranular. However, there is an obvious
fracture-mode change in rare-earth doped Al2O3–SiC
composites, that is, the intergranular fracture dominates
in these composites, as shown in Fig. 2b–d. Because of
the fracture-mode change, the fracture toughness of the
Al2O3–SiC composites is improved, as listed in Table 1.
Fig. 2. SEM micrographs of the fracture surfaces of Al2O3–SiC composites without dopants (a) and doped with 800 ppm Y3+ (b), Nd3+ (c) and

La3+ (d) rare-earth impurities.
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For example, doping of 800 ppm La3+ in Al2O3–SiC
composite increased the fracture toughness up to �5.0
MPa.m1/2, a value of 1.5 times of the fracture toughness
of the dopant-free composite. Moreover, the improve-
ments in fracture toughness by doping with Nd3+ and
La3+ are more obvious than those by doping with Y3+.
Fig. 3 shows the crack propagation in a dopant-free

composite and an La3+ doped composite. The inter-
granular fracture in La3+-doped composite significantly
increased the crack deflection, compared to the dopant-
free composite; similar phenomena were found in other
rare-earth doped composites. It is well known that crack
deflection increases the critical strain energy release
rate.25 Therefore, the increase in crack deflection in
rare-earth doped composites is an important mechanism
to increase their toughness. Because the grain size of
Y3+ doped composite is smaller than that of the
dopant-free composite and its grain morphology is
equiaxed (Fig. 1), and the fracture toughness of Y3+

doped composite was improved slightly relative to that
of the dopant-free composite. As some lathlike Al2O3
grains existed in Nd3+ and La3+ doped composites,
pullout and bridging occurred during crack propaga-
tion, like whiskers; these result in the higher fracture
toughness of Nd3+ and La3+ doped composites than
that of Y3+ doped composite. In fact, some pits left
behind by the pullouts of the lathlike Al2O3 gains can be
clearly seen in the fracture surfaces of Nd3+ and La3+

doped composites, as shown in Fig. 2c and d.
Usually, the fracture mode in pure Al2O3 ceramics is
intergranular.13,22 The transgranular fracture in con-
ventional Al2O3–SiC composites results from a
strengthened Al2O3 grain boundary due to the existence
of SiC particles.15,24 Therefore, it can be deduced that
the fracture mode change in rare-earth doped Al2O3–
SiC composites is due to a weakened Al2O3 grain
boundary bonding.
Fig. 3. SEM micrographs of the crack propagation in Al2O3–SiC composites without dopants (a) and doped with 800 ppm La3+ rare-earth impu-

rities (b).
Table 1

Fracture toughness of Al2O3–5 vol.% SiC composites with different

rare-earth dopants
Dopant
 Fracture toughness

(MPa.m1/2)
Pure
 3.34�0.61
800 ppm Y3+
 3.66�0.42
800 ppm Nd3+
 4.79�0.69
800 ppm La3+
 5.04�0.72

Fig. 4. HRTEM micrograph of a typical grain boundary between two

Al2O3 grains in Y
3+ doped Al2O3–SiC composite.
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3.3. Boundary chemistry

Fig. 4 shows a typical grain boundary between two
Al2O3 grains in Y

3+ doped Al2O3–SiC composite, indi-
cating no amorphous phase at the Al2O3 grain bound-
ary. In fact, all of the Al2O3 grain boundaries in the
present Al2O3–SiC composites were clean in accordance
to HRTEM observations. Therefore, the most possible
boundary state is that rare-earth dopants segregated to
the Al2O3 grain boundaries rather than formed the
amorphous phase with Si4+ ions dissolved from SiC
particles.
Chemical compositions on the Al2O3 grain bound-

aries were analyzed via an X-ray energy dispersive
spectrometer (EDS) attached to the field emission type
analytical TEM. A composition analysis by EDS line
scanning on an Al2O3 grain boundary in Y3+ doped
Al2O3–SiC composite with a probe diameter of 0.7 nm
showed weak signals of Y and Si elements (Fig. 5). The
weak element signals originate from the following facts:
(1) native SiO2 on SiC particle surfaces was removed
during washing by the HF aqueous solution so that the
amount of Si4+ ions diffusing into Al2O3 grain bound-
aries is very low; and (2) some of the Y3+ dopants were
consumed to form Y-rich islands, as shown in Fig. 6.
This implies that a rare-earth dopant level lower than
800 ppm could produce the fracture-mode change.
Similar phenomena were observed in other Nd3+ and
La3+ doped Al2O3–SiC composites.
It was understood that doping of rare-earth impurities
in pure Al2O3 ceramics strengthened the Al2O3 bound-
ary bonding.4�7,13 The strong Al2O3 grain bonding in
Al2O3–SiC composites should produce the transgra-
nular fracture.22�24 Logically, it can be deduced that the
fracture-mode change in rare-earth doped Al2O3–SiC
Fig. 5. (a) TEM micrograph showing the position of EDS line scanning across a grain boundary between two Al2O3 grains in Y
3+ doped Al2O3–SiC

composite and (b) detected signals along the scanning line for different elements.
Fig. 6. TEM micrograph of Y3+ doped Al2O3–SiC composite, show-

ing a Y-rich island (arrow) which consists of Y, Al and Si elements.
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composites originated from a weak Al2O3 interface
caused by the coaction of the rare-earth dopants and
Si4+ ions dissolved from the SiC particle surfaces. In fact,
some similar phenomena, that the coexistence of rare-earth
oxides and other oxides weakens the interface bonding,
has been found in Al2O3/LaAl11O18 composites

26�28 and
SiC ceramics.29
4. Conclusions

The effects of doping of trace rare-earth impurities
(Y3+, Nd3+ and La3+) on the microstructure and
mechanical properties of Al2O3–5 vol.% SiC particle
composites were investigated. The fracture toughness of
rare-earth doped composites was higher than that of the
dopant-free composites, due to a fracture-mode change
and its resultant increased crack deflection. The inter-
granular fracture in rare-earth doped composites is
believed to originate from a weak grain boundary
bonding caused by segregation of rare-earth dopants
and Si4+ ions dissolved from the SiC particle surfaces.
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