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Abstract

The effect of rare-earth oxide addition (1–5 mass% of Ln2O3 addition; Ln=Y, La, Nd, Sm, Gd, Dy, Er, and Yb) on the prop-

erties of hot-pressed (1550 �C, 90 min, 31 MPa) magnesium silicon nitride (MgSiN2) compact (ceramic) has been investigated. The
role of rare-earth oxide addition on the relative density was classified as follows: (i) positive effect (Y2O3, La2O3, and Yb2O3 addition),
(ii) no appreciable effect (Nd2O3 and Er2O3 addition), and (iii) negative effect (Sm2O3, Gd2O3, and Dy2O3 addition). The grain sizes of
the MgSiN2 ceramics with rare-earth oxide addition were almost comparable to or slightly smaller than those of the pure MgSiN2
ceramic. The average Vickers hardness of the MgSiN2 ceramic with 1 mass% of Y2O3 addition showed the highest value (21.5 GPa)
amongst the MgSiN2 ceramics with rare-earth oxide addition. The thermal conductivity of the MgSiN2 ceramic had a maximum for
the case of 1 mass% of Yb2O3 addition (26.6 W.m

�1.K�1) and was believed to be the highest value so far reported for MgSiN2
ceramic. It was concluded that the relative density and Vickers hardness were best enhanced through the use of Y2O3 addition,
whereas the addition of Yb2O3 was most suitable for enhancing the thermal conductivity. # 2002 Elsevier Science Ltd. All rights
reserved.
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1. Introduction

The continuing trend towards miniaturization of
electronic integrated circuits and fuel-efficient engine
components requires the development of novel materi-
als with high thermal conductivity. It has been sug-
gested that electronically insulating materials with high
thermal conductivity, �, need to possess the following
characteristics: (i) simple crystal structure, (ii) low
atomic mass, (iii) strong covalent bonding, (iv) low
anharmonicity, and (v) high purity.1 One material that
fulfils these requirements is aluminum nitride (AlN) but
it has the disadvantages of severe processing conditions
and of � being strongly dependent on the degree of
oxygen contamination.1

Recently, several researchers1�7 have focused on
magnesium silicon nitride (MgSiN2) as being a potential

ceramic with high thermal conductivity, due to MgSiN2
being deducted from AlN by systematic substitution of
two Al atoms in the AlN crystal structure by Mg and Si
atoms. Furthermore, single-phase MgSiN2 may easily
be prepared using conventional techniques.4,5 The
reported maximum thermal conductivity of MgSiN2 so
far obtained has been 25 W.m�1.K�1 1,3 and significantly
lower compared to the theoretical value of 320
W.m�1.K�1 for AlN.8 In spite of this, however, MgSiN2
ceramics may still be an attractive proposition due to
their high Vickers hardness (�20 GPa) and low coeffi-
cient of thermal expansion (3.8�10�6 K�1 at 300 K),9

close to that (3.0�10�6 K�1) of silicon (Si). In order to
enhance the thermal conductivity of MgSiN2, the fol-
lowing conditions need to be met: (i) full densification
upon sintering, (ii) increased grain size, (iii) localiza-
tion of the secondary oxide phases at the grain triple
points, and (iv) reduced number of defects in the grains/
lattice; all of which inhibit phonon scattering.
Referring to the first condition, i.e., full densification

of MgSiN2 ceramics, Hintzen et al.
3 and the present
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authors6,7 have noted yttrium oxide (Y2O3) to be a useful
sintering aid in the densification of MgSiN2. Although it
might be reasonable to assume that other rare-earth oxi-
des also lead to improved densification and mechanical/
thermal properties, no systematic research on this phe-
nomenon has so far been conduced. In view of this, the
aim of the present paper is to determine the effect of
different rare-earth oxide additions on the densification
and mechanical/thermal properties of MgSiN2 ceramics.

2. Experimental procedure

2.1. Starting materials, compaction, and firing

The startingMgSiN2 powder utilized in the present study
was prepared by the nitridation of magnesium silicide
(Mg2Si) powder at 1350

�C for 10 min in a nitrogen atmo-
sphere. Yttrium oxide (Y2O3), lanthanum oxide (La2O3),
neodymium oxide (Nd2O3), samarium oxide (Sm2O3),
gadolinium oxide (Gd2O3), dysprosium oxide (Dy2O3),
erbium oxide (Er2O3), and ytterbium oxide (Yb2O3) (all
99.99% purity, Wako Pure Chemical Ltd., Tokyo) were
selected as sintering aids. The rare-earth oxide powders
were individually mixed with MgSiN2 powder in quan-
tities ranging from 1–5 mass% using a zirconium oxide
(ZrO2) mortar and pestle in the presence of hexane.
After drying, approximately 1.5 g of the mixed powder
was uniaxially pressed at 30 MPa to result in a compact
with a diameter of 20 mm and thickness of �2 mm.
Each of the compacts was placed in a graphite die and
hot-pressed at 1550 �C for 90 min in a nitrogen atmo-
sphere under a pressure of 31 MPa as these conditions
had proved most suitable in previous work.7 The heat-
ing rate was 30 �C.min�1 up to 1100 �C and 10 �C.min�1

up to 1550 �C with the compact being furnace-cooled
following the hot pressing procedure.

2.2. Measurements and observation

The relative density of the hot-pressed compact
(ceramic) was calculated using the bulk and true den-
sities; the bulk density was determined by measuring the
dimensions and mass of the ceramics whereas the true
density was determined picnometrically at 25.0 �C fol-
lowing pulverization of the ceramic. Crystalline phases
present in the ceramic were characterized using an X-ray
diffractometer (XRD) (Model RINT2000, Rigaku
Corp., Tokyo) and monochromatic CuKa radiation at 40
kV and 40 mA, and referenced using Joint Committee on
Powder Diffraction Standards (JCPDS) cards. The lat-
tice parameters of the MgSiN2 (orthorhombic system)
were determined using 13 XRD reflections (110, 011,
120, 200, 002, 121, 201, 122, 202, 040, 320, 123, and 203)
with silicon being used as an internal standard in order
to correct the reflection angles.

The microstructure of the ceramic was investigated
using a field-emission scanning electron microscope
(FE–SEM) (Model S-4500, Hitachi, Tokyo; accelerating
voltage, 5.0 kV) after coating the surfaces with Pt–Pd in
order to reduce charging effects. Prior to observation by
FE-SEM, the grain boundaries were etched using Mur-
akami’s reagent.10 The Vickers hardness, Hv, of the
ceramic was measured using an indentation load and
time of 9.81 N and 15 s, respectively (Model MVK-E,
Akashi Corp., Tokyo). At least ten different regions
were evaluated for each ceramic in order to obtain an
average value. The fracture toughness, KIC, of the cera-
mic was calculated on the basis of the following equa-
tion:11

KIC

Hva1=2
¼ k

c

a

� ��3=2
ð1Þ

where a is the indent radius (mm), c is the radial crack
length (mm), and k is an experimental constant (= 0.203).
Thermal diffusivity and specific heat data for the cera-
mic were obtained at 20 �C using a laser-flash technique
(Model TC-7000, Shinku-Riko, Tokyo). The thermal
conductivity, �, of a material may be expressed as fol-
lows:12

� ¼ ��Cv ð2Þ

where � is the thermal diffusivity, � is the density, and
Cv is the specific heat at constant volume. The specific
heats of MgSiN2 ceramics with rare-earth oxide addi-
tion were measured using the laser-flash technique.13

3. Results and discussion

3.1. Densities and microstructures of MgSiN2 ceramics
with rare-earth oxide addition

As reported in previous work,6,7 the densification of
MgSiN2 compacts was promoted by the addition of
Y2O3 as a sintering aid. In this section, the effect of dif-
ferent rare-earth oxide addition on the density/micro-
structure ofMgSiN2 ceramic was systematically examined.
The true (picnometric) and bulk densities of the pure
MgSiN2 ceramic were 3.128 and 2.878 g.cm

�3, respec-
tively. The true density of the MgSiN2 ceramic was
slightly enhanced with increasing amount of rare-earth
oxide addition whereas the bulk densities of MgSiN2
ceramics varied according to the kind of rare-earth
oxide used as a sintering aid. On the basis of these den-
sity data, the relative densities of MgSiN2 ceramics with
rare-earth oxide addition were calculated by dividing
the bulk densities by the true densities.
Fig. 1 illustrates the trends in relative density for the

MgSiN2 ceramics with increasing amounts of rare-earth
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oxide addition. It should be noted that the relative den-
sity of the pure MgSiN2 ceramic was 92.0%. The effect
of rare-earth oxide addition on the density of MgSiN2
ceramic could be classified into three main groups, i.e.
(i) positive effect (Y2O3, La2O3, and Yb2O3 addition),
(ii) no appreciable effect (Nd2O3 and Er2O3 addition),
and (iii) negative effect (Sm2O3, Gd2O3, and Dy2O3
addition). As a comparison, the relative density of the
MgSiN2 ceramic with 1 mass% of Y2O3 addition
attained 99.9%, whereas that of the MgSiN2 ceramic
with 5 mass% of Sm2O3 addition was only 69.8%.
Although no appreciable negative effects were observed
below 2 mass% of Dy2O3 and Gd2O3 addition, further
increases above this amount resulted in MgSiN2 cera-
mics with reduced relative densities.
Microstructures of the MgSiN2 ceramics with rare-

earth oxide addition were examined using FE-SEM.
Typical FE-SEM micrographs for the polished surfaces
and their chemically-etched surfaces of MgSiN2 cera-
mics with and without rare-earth oxide addition have
been presented in Fig. 2. The observation of polished
surfaces showed that the number of pores in the
MgSiN2 ceramic with Sm2O3 addition [Fig. 2(f)] was
larger than the numbers of pores in other cases
[Fig. 2(a)–(e)]. Referring to the observation of chemi-
cally-etched surfaces, the pure MgSiN2 ceramic was
composed of polyhedral grains with a typical size of �1
mm [Fig. 2(a)]. Typical grain sizes of the MgSiN2 cera-
mics with Y2O3 and Yb2O3 addition were as low as
�0.5 mm [Fig. 2(b) and (d)]. On the other hand, the
MgSiN2 ceramic with 1 mass% of La2O3 addition con-
tained grains with a typical size of �1 mm [Fig. 2(c)].
The grain sizes of the MgSiN2 ceramic with Er2O3 and
Sm2O3 addition ranged from 0.5 to 1 mm [Fig. 2(e) and
(f)].

Grain sizes of the MgSiN2 ceramics with rare-earth
oxide addition are nearly comparable to, or slightly
smaller than those of the pure MgSiN2 ceramic. Such
changes in grain sizes of MgSiN2 ceramics by the rare-
earth oxide addition were also confirmed by the obser-
vation of fracture surfaces, although the SEM micro-
graphs for these fracture surfaces are omitted in this
paper.
In order to examine the reactions between MgSiN2

and rare-earth oxides, the crystalline phases were
checked using XRD. Typical XRD patterns for the
MgSiN2 ceramics with 5 mass% of rare-earth oxide
addition have been shown in Fig. 3. The ceramic with
Yb2O3 addition included MgSiN2,

14 Yb2Si3O3N4,
15 and

Yb2Si3O5N2.
16 The ceramics with Sm2O3 and Er2O3

addition contained Sm2Si3O3N4
17 and Er2Si3O3N4,

18

respectively, as reaction products. Reflection intensities
for Sm2Si3O3N4 were much higher compared to those
for Yb2Si3O3N4 and Er2Si3O3N4. Although other XRD
patterns have not been presented in this work,
Ln2Si3O3N4 (Ln=Y, La, Nd, Gd, and Dy) was also
detected for each MgSiN2 ceramic with rare-earth oxide
addition.
As a typical case, the reaction between MgSiN2 and

Yb2O3 may be expressed as follows:

3MgSiN2 þYb2O3 ! Yb2Si3O3N4 þMg3N2 ð3Þ

3MgSiN2 þ 2Yb2O3 ! Yb2Si3O5N2 þ 2YbN

þMg3N2 þ 1=2O2 ð4Þ

Although Mg3N2 and YbN were not detected by
XRD, it may be the case that they are present as amor-
phous phases or else evaporated during hot pressing.
Densification of the MgSiN2 compact is, therefore,
affected by the chemical and thermal stabilities of the
reaction products, in particular Ln2Si3O3N4. Compar-
ing the X-ray reflection intensities for Sm2Si3O3N4,
Er2Si3O3N4, and Yb2Si3O3N4, the X-ray reflection
intensity for Sm2Si3O3N4 was much higher compared to
those of Yb2Si3O3N4 and Er2Si3O3N4. This fact suggests
that Sm2Si3O3N4 is more chemically and thermally
stable compared to either Yb2Si3O3N4 or Er2Si3O3N4.
The delay in densification of the MgSiN2 compact by
the addition of Sm2O3 may, therefore, be attributed to
an increase in the amount of Sm2Si3O3N4 formed dur-
ing hot pressing.
Generally speaking, Ln2Si3O3N4 is a thermally stable

compound and possesses a high melting point, e.g.
�1900 �C for Y2Si3O3N4

19 and �1700 �C for Sm2Si3O3
N4.

20 Thus, densification of the MgSiN2 compact with
rare-earth oxide addition appears to occur along with the
formation of liquid phases and Ln2Si3O3N4. Referring to

Fig. 1. Effect of rare-earth oxide addition on the relative density of

MgSiN2 compact hot-pressed at 1550
�C for 90 min under a pressure

of 31 MPa. *: No addition; &: Y2O3 addition; : La2O3 addition;

l: Nd2O3 addition; k: Sm2O3.addition; : Gd2O3 addition; : Dy2O3
addition; : Er2O3 addition; &: Yb2O3 addition.
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the liquid composition, Inomata et al.21 pointed out that
a eutectic liquid in the Si3N4–MgSiN2 system forms at
�1520 �C. Moreover, as the case of the MgSiN2 cera-
mic with Y2O3 addition indicates, liquid phases in the
Si3N4–SiO2–Y2O3–YN system may be present at
1550 �C.22 The liquid composition present during hot
pressing is therefore complex and the liquid volume
varies according to the type of rare-earth oxide. In
addition to this, the amount of liquid phase may be
small when the rare-earth oxide is consumed by the
formation of Ln2Si3O3N4.

20 The reason why densifica-
tion of the MgSiN2 compact was retarded by the addi-
tion of Sm2O3 is explained by the amount of liquid
phase present being insufficient for the rearrangement of
grains as a result of the solid-state reaction between
MgSiN2 and Sm2O3 to form Sm2Si3O3N4.

3.2. Mechanical and thermal properties of MgSiN2
ceramics with rare-earth oxide addition

The mechanical and thermal properties of MgSiN2
ceramics with rare-earth oxide addition will be descri-
bed in this section. The Vickers hardness values for the
MgSiN2 ceramics with and without rare-earth oxide

Fig. 2. Typical FE–SEM micrographs for the polished surfaces and their chemically-etched surfaces of MgSiN2 compacts with 1 mass% of rare-

earth oxide addition hot-pressed at 1550 �C for 90 min under a pressure of 31 MPa. (a) No addition [relative density (RD): 92.0%]; (b) Y2O3
addition (RD=99.9%); (c) La2O3 addition (RD=94.8%); (d) Yb2O3 addition (RD=93.1%); (e) Er2O3 addition (RD=91.4%); (f) Sm2O3 addition

(RD=85.0%).

Fig. 3. Typical XRD patterns for the MgSiN2 compacts with 5

mass% of (a) Sm2O3, (b) Er2O3 and (c) Yb2O3 additions hot-pressed

at 1550 �C for 90 min under a pressure of 31 MPa. *: MgSiN2; k:
Sm2Si3O3N4; : Er2Si3O3N4;&: Yb2Si3O3N4;~: Yb2Si3O5N2.
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addition have been presented in Fig. 4. The Vickers
hardness values for the MgSiN2 ceramics with 1 mass%
of rare-earth oxide addition were higher compared to
those52 mass% of rare-earth oxide addition. The aver-
age Vickers hardness value (21.5 GPa) for the MgSiN2
ceramic with 1 mass% of Y2O3 addition was slightly
higher than that for the pureMgSiN2 ceramic (20.7 GPa).
Average Vickers hardness values for the MgSiN2 cera-
mics with other rare-earth oxide additions were in the
range of 18.1 to 20.6 GPa; nearly comparable to, or
slightly lower than, the pure MgSiN2 ceramic value.
The above trends may be correlated to the relative

density, grain size, and mechanical properties of the
reaction products (Ln2Si3O3N4 and Ln2Si3O5N2) and
amorphous materials. The Vickers hardness being
enhanced by the addition of Y2O3 (21.5 GPa) is attrib-
uted chiefly to the high relative density (99.9%) and
comparatively small grain size [see Fig. 2(b)]. The general
decrease in Vickers hardness with an increasing amount
of rare-earth oxide addition (5 2 mass%) is attributed
to an increase in the amount of reaction products.
On the basis of the Vickers hardness data, the effect of

rare-earth oxide addition on the fracture toughness and
thermal conductivity of the MgSiN2 ceramic was exam-
ined. The amount of rare-earth oxide addition was fixed
to be 1 mass%, because (i) their relative density and
Vickers hardness values being generally higher com-
pared to those ceramics with 52 mass% of rare-earth
oxide addition, and (ii) the amount of rear-earth oxide
addition should be minimized in order to optimize the

mechanical and thermal properties. Note that 1 mass%
of Y2O3 (the lightest molecular weight (=225.8) among
the rare-earth oxides under investigation) corresponds
to 0.36 mol% whereas that of Yb2O3 [the largest mole-
cular weight (=394.1)] corresponds to 0.21 mol%.
Average values for the fracture toughness and thermal

conductivities of MgSiN2 ceramics with 1 mass% of
rare-earth oxide addition are listed in Table 1, together
with their relative densities and Vickers hardness values.
The fracture toughness value of the pureMgSiN2 ceramic
was 0.98 MPa.m1/2, whereas the fracture toughness
values of MgSiN2 ceramics with rare-earth oxide addi-
tion were around 1 MPa.m1/2. No appreciable difference
in fracture toughness was noted for the MgSiN2 ceramics
with rare-earth oxide addition.
Although the thermal conductivity of the MgSiN2

ceramic with 1 mass% of Yb2O3 addition reached 26.6
W.m�1.K�1, values for the remaining MgSiN2 ceramics
with and without rare-earth oxide addition were in the
range of 19.0–21.2 W.m�1.K�1. It should be noted that
the thermal conductivity of the MgSiN2 ceramic with 1
mass% of Yb2O3 addition (26.6 W.m

�1.K�1) is believed
to be the highest value so far reported for MgSiN2. In
contrast this, the MgSiN2 ceramic with Y2O3 addition
indicates �=21.1 W.m�1.K�1 despite this ceramic pos-
sessing the highest relative density (99.9%). It is sug-
gested that the superior thermal conductivity of the
MgSiN2 ceramic with Yb2O3 addition indicates that
phonon scattering may chiefly be retarded through the
elimination of some oxygen during hot pressing [see
Eqn. (3)], although it should be noted that reaction
products, i.e., Yb2Si3O3N4 and Yb2Si3O5N2, were still
detected within the MgSiN2 ceramic.
In order to determine the level of oxygen and rare-

earth metal ion solid solution into MgSiN2, the lattice
parameters of MgSiN2 (orthorhombic system) with
rare-earth oxide addition were measured quantitatively
using XRD. Although the data have not been presented

Fig. 4. Effect of rare-earth oxide addition on the average Vickers

hardness of MgSiN2 compact hot-pressed at 1550
�C for 90 min under

a pressure of 31 MPa. *: No addition; &: Y2O3 addition; : La2O3
addition; l: Nd2O3 addition; k: Sm2O3 addition; : Gd2O3 addition;

: Dy2O3 addition; :Er2O3 addition;&: Yb2O3 addition.

Table 1

Average values for the Vickers hardness, fracture toughness, and

thermal conductivities of MgSiN2 compacts with 1 mass% of rare-

earth oxide addition hot-pressed at 1550 �C for 90 min under a pres-

sure of 31 MPa

Additive Relative

density

Vickers

hardness

Fracture

toughness

Thermal

conductivity

(%) (GPa) (MPa.m1/2) (W.m�1.K�1)

None 92.0 20.7 0.98 19.8

Y2O3 99.9 21.5 1.00 21.1

La2O3 94.8 18.1 1.03 22.1

Nd2O3 90.0 19.4 1.00 22.3

Sm2O3 85.0 19.2 0.97 21.1

Gd2O3 89.5 20.0 1.09 21.4

Dy2O3 90.9 18.4 1.02 19.0

Er2O3 91.4 20.7 0.89 20.4

Yb2O3 93.3 19.0 1.01 26.6
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in this work, no appreciable change in lattice para-
meters (compared to that of pure MgSiN2; a=0.5272
nm, b=0.6479 nm, and c=0.4987 nm) was observed
due to the addition of rare-earth oxides. It would
therefore appear that no significant solid solution exists
for either oxygen or rare-earth metal ions into MgSiN2.
This assumption is partly supported by Bruls,23 who
reported the solubility limit of oxygen into MgSiN2 to
be less than 0.5 mass% in addition to the presence of
oxygen-containing reaction products as separate grains
in the matrix.

4. Conclusions

The effect of rare-earth oxide addition (1–5 mass%)
on the properties of hot pressed (1550 �C, 90 min, 31
MPa) magnesium silicon nitride (MgSiN2) compact
(ceramic) has been examined; the rare-earth oxides
employed in this work were Ln2O3 (Ln=Y, La, Nd,
Sm, Gd, Dy, Er, and Yb). The results obtained have
been summarized as follows:

1. The relative density of the pure MgSiN2 ceramic
was 92.0%. The effects of rare-earth oxide addi-
tion on the relative density of MgSiN2 ceramics
were classified as follows: (i) positive effect (Y2O3,
La2O3, and Yb2O3 addition), (ii) no appreciable
effect (Nd2O3 and Er2O3 addition), and (iii) nega-
tive effect (Sm2O3, Gd2O3, and Dy2O3 addition).
The MgSiN2 ceramics with 1 mass% of rare-earth
oxide addition generally exhibited a higher relative
density compared to that of 5 2 mass% of rare-
earth oxide addition. The grain sizes of the
MgSiN2 ceramics with rare-earth oxide addition
were nearly comparable to or slightly smaller than
the case of the pure MgSiN2 ceramic.

2. The Vickers hardness value was highest for the
MgSiN2 ceramic with 1 mass% of Y2O3 addition
(21.5 GPa). Fracture toughness values for the
MgSiN2 ceramics with and without rare-earth oxide
addition were �1 MPa.m1/2. The thermal con-
ductivity had a maximum for the MgSiN2 ceramic
with 1 mass% of Yb2O3 addition (26.6 W.m

�1.

K�1). It was concluded that the addition of Y2O3
into the MgSiN2 compact was most suitable for
enhancing the relative density and Vickers hardness
whereas the addition of Yb2O3 was most suitable
for enhancing the thermal conductivity.
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