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with yttrium oxide addition coated using the
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The sinterability of magnesium silicon nitride (MgSiN;) powder with yttrium oxide (Y,03)
addition was examined using the hot-pressing technique (31 MPa and N, atmosphere) at
1550°C for 90 min; the MgSiN, powder had been coated with 0-4 mass% of Y,03 addition
by a (urea-based) homogeneous precipitation method. Relative densities of the hot-pressed
MgSiN, compacts (ceramics) with and without Y,03 addition were >99.6% apart for

the MgSiNj,ceramic with 4 mass% Y,03 addition (98.4%). The thermal conductivities of the
MgSiN, ceramics with 0-1 mass% Y,03 addition were in the range of 20-21TW.-m~". K™’
whilst the Vickers hardness was 19.7 GPa for the pure MgSiN, ceramic and decreased
slightly with Y,03 addition. Average fracture toughness values were in the range of

1.2-1.6 MPa - m"/2 with significant trend being noted with regards to the ceramic containing
0.5 mass% of Y,0s3. It was concluded that the use of homogeneous precipitation processing
resulted in significant advantages regarding the densification, homogeneous
microstructure, and fracture toughness despite the amount of Y,05 addition being as low
as 0.5 mass%. © 2002 Kluwer Academic Publishers

1. Introduction
The continuing miniaturisation of electronic compo-
nents has led to calls for a low cost electrical insula-
tion material with high thermal conductivity, x. The
number of potential candidate materials for this role
is extremely limited due to the fact that non-metallic
crystals with high « should possess the following char-
acteristics [1]: (i) low atomic mass, (ii) strong inter-
atomic bonding, (iii) a simple crystal structure, and
(iv) low anharmonicity. One recent candidate material
has been that of magnesium silicon nitride (MgSiN,)
[1-6], which is predicted to have a theoretical « value
of up to 75 W.-m~!'.K~! [1] although recent work
[6] has indicated an upper limit in the range 27—
35 W-m~!.K~!. The maximum « so far achieved
has been 25 W-m~!.K~! [2] for the case of hot-
pressed material. Further experimental work might pro-
vide more insight in the true value of the maximum
achievable thermal conductivity for MgSiN,.

The present authors have examined the mechanical
and thermal properties of the pressureless-sintered [7]
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and hot-pressed [8] MgSiN, compacts (ceramics) con-
taining yttrium oxide (Y,O3) as a sintering aid. This
sintering aid was selected for promoting the densifica-
tion of MgSiN, compact due to the formation of lig-
uid phases at the hot-pressing temperature (1550°C)
[7, 8]. The aim of the research was to minimise the
amount of Y,03 addition required to fabricate fully
dense MgSiN; ceramics with large average grain sizes
and homogeneous microstructure; all of which should
maximise «. The pressureless sintering technique was
not able to produce fully dense ceramics [7] and k was
correspondingly low (15-18 W-m™!.K~!) as a re-
sult of phonon scattering at the numerous voids within
the ceramics. However, the hot pressing technique
(1550°C/90 min/31 MPa/N,) [8] achieved almost full
density (~99.9%) and a k value (2021 W-m~!. K1)
only slightly below the maximum so far achieved.

In the present work, the authors have investigated the
mechanical and thermal properties of the MgSiN, ce-
ramics with 0—4 mass% Y,0Os3 addition. The sintering
additive (Y,03) was coated onto individual MgSiN,
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particles using a homogeneous precipitation method
that has been utilized in the past to coat thin layers
(i.e., several nm thick) of sintering aid or, more strictly
speaking, sintering aid precursor onto ceramic parti-
cles [9, 10]. Use of the homogeneous precipitation
method is believed to provide several advantages in-
cluding the need for reduced amounts of sintering aid,
less sever sintering conditions [11], ahomogeneous mi-
crostructure [11], small grain sizes and improved me-
chanical properties [12]. Results obtained in this paper
were compared with those previously obtained for the
MgSiN; compacts hot-pressed in a N, atmosphere un-
der similar conditions [8] except that the Y,0O3 addi-
tion had been mechanically mixed rather than homoge-
neously precipitated as in the present case.

2. Experimental procedure

The MgSiN; powder used in this work had been pro-
duced by the nitridation of magnesium silicide (Mg;Si)
powder at 1350°C for 10 min. The magnesium silicide
was prepared by heating Mg and Si powder compacts
(Mg/Si atomic ratios: 2.0 to 3.0, pressure: 50 MPa) at
700°C for 90 min in an Ar atmosphere. Approximately
3.0 g of the MgSiN, powder was ultrasonically dis-
persed in 300 cm® of deionized water (adjusted to a
pH 2-3) together with 0.6 mol of CO(NH;), and an
amount of Y(NO3)3 - 6H,O equivalent to 0.5-4 mass%
Y,03. The mixed solution was heated to 86°C and held
for 60 min, during which time the CO(NH;), was ex-
pected to hydrolyze, thus increasing the solution pH and
forcing precipitation of Y,Os3 precursor onto the sur-
faces of the MgSiN, particles. Following washing with
de-ionized water and drying in air, a dense MgSiN, ce-
ramic was produced by hot-pressing the coated powder
compact with a diameter of 20 mm and thickness of
~2 mm (1.5 g of mass and 30 MPa of pressure) under
the optimum conditions for density determined in pre-
vious work [8], namely at 1550°C for 90 min in nitrogen
(N3) atmosphere under a uniaxial pressure of 31 MPa.
The heating rate was 30°C - min~! up to 1100°C and
10°C - min~! thereafter to the desired temperature with
the ceramic being furnace cooled following the firing
process.

Relative density of the ceramic was calculated using
the bulk and true densities; the bulk density was deter-
mined by measuring the dimensions and mass of each
ceramic whereas the true density was determined pic-
nometrically at 25.0°C after pulverizing the ceramic.
Crystalline phases within the ceramic were charac-
terised using an X-ray diffractometer (XRD) (Model
RAD-IIA, Rigaku, Tokyo) with Ni-filtered CuK,, radi-
ation at 40 kV and 25 mA, and referenced using Joint
Committee on Powder Diffraction Standards (JCPDS)
cards. The amounts of Mg and Si within the ceramic
were determined using an energy dispersive X-ray
spectroscope (Link Analytical Pentaflet EDAX system,
High Wycombe, UK) with five different readings being
averaged for each ceramic. The amounts of oxygen and
nitrogen in each ceramic were evaluated using an N/O
analyzer (Model TC-136, Leco, St Joseph, MI, USA).

The microstructure of the ceramic was investigated
using a field-emission scanning electron microscope
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(FE-SEM) (Model S-4500, Hitachi, Tokyo; 20 kV ac-
celerating voltage) after coating the surfaces (plat-
inum/palladium) in order to reduce charging effects.
The Vickers hardness, Hy, of the ceramic was eval-
uated using an indentation load, F', and time of 9.8 N
and 15 s, respectively (Akashi MVK-E Hardness Tester,
Tokyo, Japan), with [13]:

Hy = 1.8540% (1)
where d (mm) is the length of the diagonal indent. At
least ten different regions were evaluated in order to ob-
tain an average result for each ceramic. An estimate of
the fracture toughness, K¢, in the ceramic was carried
out by measuring cracks radiating from the indentation
tips during hardness testing and utilizing the following

equation [14]:
Kic = \p( E ) F (2)
IC - HV c%

where E is the Youngs modulus (taken to be
279 GPa [15]), ¢ (mm) is the crack length, and ¥ =
0.016 +0.004.

The thermal diffusivity of the ceramic was measured
using a laser-flash technique on the bulk specimen of
size 10 mm x 10 mm x ~1 mm that was cut from
the ceramic using a diamond saw. The thermal con-
ductivity was calculated on the basis of the following
equation [16]:

k = apCy 3

where a is a thermal diffusivity, p is a density, and Cy
is a specific heat. A specific heat of 767 J - kg~' - K~ ! at
300 K was employed in order to calculate the thermal
conductivity [17].

3. Results and discussion

3.1. Coating of Y,03 on MgSiN, particles
When the MgSiN; particles were coated by sintering
aid (Y;03) through a (urea-based) homogeneous pre-
cipitation method, MgSiN, powder had been dispersed
in a solution (CO(NH;), and Y(NO3)3) adjusted to pH
2-3 with the solution pH being easily raised at 86°C
by the formation of ammonia due to the hydrolysis of
urea. In order to examine the effect of the homoge-
neous precipitation method on the chemical composi-
tion of the MgSiN, powder, the relationship between
Mg/Si atomic ratio for the Mg-Si powder mixture (prior
to the preparation of magnesium silicide) and that for
the MgSiN, powder was examined in order to maintain
the stoichiometric Mg/Si ratio (=1.0) following homo-
geneous precipitation processing. The relationship be-
tween Mg/Si ratios for the Mg-Si powder mixture and
the MgSiN, powder following homogeneous precipita-
tion has been presented in Fig. 1. Note that, in this case,
Y (NOs3)3; was not used during the homogeneous precip-
itation processing. It can be seen that a Mg/Si ratio of 2.0
for the starting Mg-Si mixture resulted in Mg/Si = 0.96
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Figure 1 Relationship between Mg/Si ratios for the Mg-Si mixture and
MgSiN; powder (1350°C, 10 min) following homogeneous precipita-
tion processing. Note that homogeneous precipitation processing was
conducted without the use of Y,0s3.

for the MgSiN, powder. On the other hand, Mg/Siratios
of 2.2 and 2.4 for the Mg-Si powder mixture led to
Mg/Si~ 1.02 for the MgSiN, powder whilst Mg/Si ra-
tios of 2.5 and 3.0 gave values of Mg/Si >~ (.98 for the
MgSiN,; powder. These data indicated that irrespective
of the used Mg/Si ratio the resulting Mg/Si ratio equaled
approximately unity.

The present MgSiN, powder has been prepared by
the following two-step routes [18]: (i) preparation of
Mg, Si by the reaction between Mg and Si at 700°C for
90 min (Equation 4) and (ii) the nitridation of Mg, Si at
1350°C for 10 min (Equation 5).

2Mg + Si — Mg,Si 4)
Mg,Si + N, — MgSiN, + Mgt (5)

When the Mg/Si ratio for the starting Mg-Si pow-
der mixture exceeds stoichiometric value (=1.0) for
MgSiN; (i.e., Mg/Si=2.0 for Mg,Si), most of the ex-
cess Mg is assumed to have evaporated during the two-
step routes, because the Mg/Si ratio for the MgSiN,
powder following homogeneous precipitation was al-
most stoichiometric. Although there is a possibility that
a portion of the residual Mg on the Mg, Si powder may
react with N, to form Mg3zN, (Equation 6), this Mgz N,
also evaporates during heating at 1350°C [18].

Mg;N, — 3Mgt +No (6)

Thus no appreciable changes in chemical composition
appear to occur for the resulting MgSiN, powder, re-
gardless of an increase in Mg/Si ratio for the Mg-Si
powder mixture. Similar results have also been obtained
by Groen et al. [5] through the investigation on the
chemical compositions and lattice parameters of the
MgSiN; powders, using samples with 5 mol% excess
of MgN,,3 and 5 mol% excess of SiNy3.

Since the MgSiN; is known to resist dissolution in
mineral acid and alkali solutions [5, 19], no change
in chemical composition would be expected to occur
during homogeneous precipitation processing. Actu-
ally, the average Mg/Si ratio for five kinds of MgSiN,
(see Fig. 1) is 0.99 and the standard deviation of these

Mg/Si ratios is 0.022. The Mg/Si ratio for the MgSiN,
at the Mg/Si ratio of 2.0 for the Mg-Si mixture, how-
ever, appears to be 0.96 and is slightly lower than other
cases. Since there is a possibility that a proportion of
“transient” material (e.g., MgzN,) may be dissolved
away during homogeneous precipitation processing, it
isdecided touse a MgSiN, powder (Mg/Siratio = 1.02)
whose Mg/Si ratio for the Mg-Si powder mixture is 2.2.

3.2. Densification of MgSiN; with
Y,0;3 addition

The bulk and true (picnometric) densities of the
MgSiN; withno Y,0O3 addition were 3.098 g - cm~3 and
3.120 g - cm~3, respectively. The true density increased
t03.171 g - cm ™3 with increasing amount of Y, 03 addi-
tion up to 4 mass%. Although the bulk density increased
to 3.152 g- cm ™3 with increasing amount of Y,0O3 ad-
dition up to 3 mass%, it decreased slightly down to
3.120 g-cm™3 with a further increase in amount of
Y,0j3 addition up to 4 mass%.

On the basis of the above data, the relative den-
sity (i.e., bulk density/true density) of each MgSiN;
ceramic has been presented in Fig. 2 as a function
of the amount of Y,0O3 addition. The starting powder
prepared using the homogeneous precipitation method
was designated as MgSiN,(HP). It can be seen that,
compared to MgSiN, ceramics whose starting pow-
ders had previously been prepared using the mechani-
cal mixing method (designated as MgSiN,(MM)) [8],
the present MgSiN,(HP) ceramics possessed relative
densities >99.6% for amounts of Y03 addition up
to 3 mass%. Thus, the coating of Y,0O3 onto individ-
ual MgSiN, particles contributes to producing dense
MgSiN,; ceramics.

A marked difference in relative density was noted
for the MgSiN,(HP) and MgSiN,;(MM) ceramics with
no Y,0s addition. Note that the homogeneous precip-
itation processing was still conducted (with no Y,0Oj3
addition) even for the case of MgSiN,(HP) ceramic.
An increased relative density of the MgSiN,(HP) ce-
ramic with no Y,Oj3 addition is, therefore, attributed to
the powder adsorbing a larger quantity of OH™ groups
during the homogeneous precipitation processing that
would be expected to aid densification in the presence
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Figure 2 Effect of Y,O3 addition on the relative density of
(a) MgSiN,(MM) [8] and (b) MgSiN,(HP) compacts hot-pressed at
1550°C for 90 min under a pressure of 31 MPa in a N, atmosphere.
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of a larger quantity of secondary phases. On the
other hand, it is noted that relative densities of the
MgSiN,(HP) ceramics with amounts of Y,O3 up
to 3 mass% were >99.6%. Since densification of
the MgSiN, ceramic with Y,0O3 addition is generally
promoted by the presence of liquid phases during hot
pressing, the present results indicate the contribution of
liquid phases to densification to be different between the
MgSiN,(HP) and MgSiN,(MM) ceramics. Further de-
tails of the liquid phase composition will be described
later, together with the FE-SEM and XRD data.

FE-SEM micrographs illustrating the microstruc-
tures of the MgSiN,(HP) and MgSiN,(MM) ceramics
with 1 mass% Y, O3 addition have been shown in Fig. 3.
The average grain size of the MgSiN,(MM) ceramic
(Fig. 3a) with 1 mass% Y,O3 addition was ~0.5 um
whilst that of the MgSiN,(HP) ceramic with 1 mass%
Y,03 addition (Fig. 3b) was <0.5 um. A further dif-
ference in microstructure for these two ceramics was
that the MgSiN,>(MM) ceramic exhibited only equiaxed
grains whereas the presence of rod-shaped grains was
also noted for the case of the MgSiN,;(HP) ceramic
(Fig. 3b).

The microstructure of the MgSiN,(HP) ceramic was
clearly different compared to that of the MgSiN,(MM)
ceramic. In both cases, the liquid phases that are ex-
pected to form during hot pressing would assist in the
rearrangement of grains, thereby leading to increased

Figure 3 Typical FE-SEM micrographs for the (a) MgSiN2(MM) and
(b) MgSiN,(HP) compacts with 1 mass% Y,O3 addition hot-pressed at
1550°C for 90 min under a pressure of 31 MPa in a N, atmosphere.
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Figure 4 Typical XRD patterns for the MgSiN2(HP) compacts with
(a) 0 mass%, (b) 1 mass%, and (c) 4 mass% Y,O3 addition hot-pressed
at 1550°C for 90 min under a pressure of 31 MPa in a N> atmosphere.
O MgSiNy, O Y2 SizO3Ny.

densification. In order to discuss the formation temper-
atures and compositions of the liquid phases, crystalline
phases of the MgSiN,(HP) ceramics with Y,0O3 addi-
tion were examined using XRD. Typical XRD results
for the MgSiN,(HP) ceramics with and without Y,0O3
addition have been presented in Fig. 4. The ceramics
with no Y,Oj3 addition and with 1 mass% Y,03 addi-
tion showed the presence only of MgSiN, [20] (Fig. 4a
and b). The reaction product (Y,Si303Ny4 [21]) could
not be detected until the amount of Y,0O3 addition in-
creased to 4 mass% (Fig. 4c).

Y,Si303N4 may be formed by the following solid-
state reaction:

3MgSiN, + Y203 — Y2Si303N4 + Mg;N,  (7)

Although Mg3;N, was not detected by XRD, this is at-
tributed to evaporation during hot pressing as forms of
Mg;N, and/or Mg and N,. Although the relative den-
sity of the MgSiN,(HP) ceramic was reduced for the
case of 4 mass% Y,0O3 addition (see Fig. 2), this phe-
nomenon appears to be associated with the formation of
a secondary phase (Y,Si303Ny4) which is thermally sta-
ble and possesses a high melting point (~1900°C) [22].
When the Y;Oj3 is partly consumed by the formation
of Y,Si303Ny, as the case of 4 mass% Y,O3 addition



indicates, the amount of liquid phase appears to be re-
duced to retard the rearrangement of MgSiN, grains,
thereby retarding densification.

Referring to the liquid compositions, Inomata et al.
[23] reported a eutectic liquid in the SizN4-MgSiN,
system forms at ~1520°C. Moreover, liquid phases
in the SizN4-Si0;-Y;03-YN system may form at
1550°C [24]. The liquid composition during hot
pressing is, therefore, complex and the liquid vol-
ume varies according to the amount of Y,0O; addi-
tion. As for the MgSiN,(MM) ceramic with Y,0;
addition, liquid phases in the SizNy4-MgSiN, and
Si3Ny4-Si0;-Y,03-YN systems, which form at the con-
tact points between the MgSiN, and Y,Oj3 grains, are
spread over the grain-boundary region due to capillary
forces. The formation routes of liquid phases for the
MgSiN,(HP) ceramic with Y,0O3 addition may be es-
sentially the same as those for the MgSiN,(MM) ce-
ramic. However, since the starting MgSiN, particles
were coated by Y,O3 films, the liquid phases formed
during hot pressing would appear to spread quickly
over the grain-boundary region in order to help rear-
rangement of the grains towards a more closely packed
configuration.

In general, the thermal and mechanical properties of
MgSiN; ceramics may be affected by their chemical
composition, in particular the amount of oxygen as an
impurity. In order to investigate this, the compositions
of MgSiN,(HP) ceramics with and without Y,03 addi-
tion were examined quantitatively using EDX. First,
the amounts of Mg and Si have been presented in
Fig. 5, together with the resulting Mg/Si ratios. Re-
gardless of an increase in Y,0O3 addition, the amounts
of Mg and Si were 29.2-30.6 mass% (theoretical value:
30.23 mass%) and 34.6-36.0 mass% (theoretical value:
34.93 mass%), respectively. Reflecting these results,
the Mg/Si ratios for the MgSiN,(HP) ceramics were
around unity.

Data illustrating the amounts of nitrogen and oxygen
as a function of Y,0j3 addition have been presented in
Fig. 6. The amounts of nitrogen for the MgSiN,(HP)
ceramics were in the range of 31.0 to 32.7 mass% (the-
oretical value: 34.84 mass%), regardless of an increase
in the amount of Y,O3 addition. The amount of oxygen
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Figure 5 Effect of Y,03 addition on the (a) amount of Si, (b) amount

of Mg, and (c) Mg/Si ratio for the MgSiN, (HP) compact hot-pressed at
1550°C for 90 min under a pressure of 31 MPa in a N, atmosphere.
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Figure 6 Effectof Y03 addition on the amounts of nitrogen and oxygen
of MgSiN,(HP) compact hot-pressed at 1550°C for 90 min under a
pressure of 31 MPa in a N, atmosphere.

was maximum (3.03 mass%) for the MgSiN,(HP) ce-
ramic with no Y,03 addition. Although the amount of
oxygen decreased to a minimum of 1.19 mass% for the
case of 1 mass% Y,0Os3 addition, it increased with a fur-
ther increase in Y,Oj3 addition and reached 1.84 mass%
for the case of 4 mass% Y,03 addition. The maximum
amount of oxygen was obtained for the MgSiN,(HP)
ceramic with no Y,O3 addition.

The presence of oxygen is mainly derived from OH™
groups being adsorbed onto the MgSiN; particles dur-
ing the homogeneous precipitation processing. An in-
crease in the amount of oxygen with increasing Y,0Oj3
addition is similar to that noted for the MgSiN,(MM)
ceramics [8]. Such results are surprising as it might have
been reasonable to expect the MgSiN, (HP) ceramics to
have possessed a larger amount of oxygen due to the
aqueous processing route. The amounts of oxygen de-
termined in the present work are also similar to those
encountered by other researchers [25]. Most of the oxy-
gen is not incorporated into the MgSiN; lattice but in-
stead participates in the formation of secondary phases,
because the maximum solubility limit of oxygen into
MgSiNj; is on the order of 0.5 mass% [25]. These sec-
ondary phases may be present as separate grains in the
MgSiN; matrix [25]. In any case, the presence of oxy-
gen is generally detrimental to the thermal conductivity
of MgSiN; due to the formation of low thermal conduc-
tivity phases, e.g., crystalline phase (Y;SizO3N,4) and
amorphous phases in the Mg-Si-N-Y-O system [8].

3.3. Thermal properties of MgSiN,
ceramics with Y,05 addition

The relationship between thermal conductivity and
amount of Y,Oj3 addition has been shown in Fig. 7. The
MgSiN,(HP) ceramic with no Y,Oj3 addition possessed
avalue of 19.9 W -m~! . K~! whereas the MgSiN, (HP)
ceramic with 1 mass% Y,0O3 addition possessed a max-
imum value of 20.8 W-m~!.K~!. The thermal con-
ductivity of the MgSiN,(HP) ceramic decreased with
a further increase in the amount of Y,O3 addition and
showed a minimum of 18.9 W-m~!. K~ at 4 mass%
Y,0j3 addition.

The thermal conductivity of the MgSiN,(HP) ce-
ramic may also be affected by the location of the
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Figure 7 Effect of Y03 addition on the thermal conductivity of
MgSiN, (HP) compact hot-pressed at 1550°C for 90 min under a pressure
of 31 MPa in a N, atmosphere.
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Figure 8§ Back-scattering image for the MgSiN>(HP) compact with
4 mass% Y03 addition hot-pressed at 1550°C for 90 min under a pres-
sure of 31 MPa in a N atmosphere.

crystalline and amorphous phases. In order to check
the location of Y-containing reaction products, the
backscattered images of MgSiN,(HP) ceramics with
Y,03 addition were observed. Typical results of the
FE-SEM investigation in backscattered mode for the
MgSiN; ceramic with 4 mass% Y,O; addition have
been presented in Fig. 8. This investigation showed ev-
idence of secondary phase grains as indicated by the
presence of bright or Y-rich grains and was similar to
that noted in previous work [8].

Comparing the thermal conductivity data with the
amounts of oxygen, the MgSiN,(HP) ceramic with
Y,03 addition possesses higher thermal conductiv-
ity as the amount of oxygen is reduced. The max-
imum thermal conductivity (20.8 W-m~!.K~!) of
the MgSiN,(HP) ceramic with 1 mass% Y;03 ad-
dition is therefore attributed to the smallest amount
(1.19 mass%) of oxygen in addition to the high relative
density (>99.5%). Nevertheless, the thermal conduc-
tivity of MgSiN, ceramic appears to be less sensitive to
the amount of Y,03, compared to the case of AIN ce-
ramics with Y,Oj3 addition [26]. This fact suggests that
most of the present reaction products do not hamper the
heat transfer between MgSiN; grains, because they do
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not coat the MgSiN, grains but are present as separate
grains. Regarding the presence of such separate grains,
arecent transmission electron microscopy investigation
showed the presence of amorphous phases (as separate
grains) at the triple points for sintering aid-free MgSiN,
ceramics with 1.3 mass% oxygen, which is attributed
to the poor wetting behaviour of the MgSiN, grains by
the amorphous phases [25].

3.4. Mechanical properties of MgSiN,
ceramics with Y,03; addition

The previous section indicated a clear difference in
relative density and grain morphology between the
MgSiN,(HP) and MgSiN>(MM) ceramics with Y,03
addition. In this section, the mechanical properties of
MgSiN,(HP) ceramics with and without Y,0O3 addition
were compared to those of the MgSiN,(MM) ceramics.
The Vickers hardness (Hy) data have been presented in
Fig. 9. Values of Hy for the MgSiN,(HP) ceramic were
slightly lower, compared to those for the MgSiN,(MM)
ceramic [8]. Hy for the pure MgSiN,(HP) ceramic was
19.9 GPa and decreased slightly with Y,0j3 addition to
17.3 GPa at 4 mass% Y,0Oj3 addition.

The trend in Hy is mainly attributed to the increased
presence of secondary phases with increasing amount
of Y,0j3 addition. The range of Hy values encountered
in the present work (17-21 GPa) is similar to that noted
by previous researchers [2].

The effect of Y, 03 addition on the fracture toughness
(Kic) of MgSiN,(HP) and MgSiN,(MM) [8] ceramics
has been presented in Fig. 10. Values of K¢ for the
MgSiN,(HP) ceramics were similar, or slightly greater,
compared to those for the MgSiN,(MM) ceramics [8]
and in the range 1.2—1.6 MPa - m'/? with the maximum
value being noted for the ceramic with 0.5 mass% Y, 03
addition.

It would be reasonable to expect that K¢ values may
be affected by the microstructure of the MgSiN, ce-
ramic with Y, O3 addition. According to the microstruc-
tural observation (see Fig. 3), the MgSiN,(MM) ce-
ramic with Y, O3 addition exhibits only equiaxed grains
whereas the presence of rod-shaped grains is noted in
the MgSiN,(HP) ceramic with Y,0O3 addition. As the
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Figure 9 Effect of Y;O3 addition on the Vickers hardness of

(a) MgSiN>(MM) [8] and (b) MgSiN,(HP) compacts hot-pressed at
1550°C for 90 min under a pressure of 31 MPa in a N, atmosphere.
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Figure 10 Effect of Y,O3 addition on the fracture toughness of
(a) MgSiN2(MM) [8] and (b) MgSiN2(HP) compacts hot-pressed at
1550°C for 90 min under a pressure of 31 MPa in a N, atmosphere.

FE-SEM observation indicates, the presence of rod-
shaped grains in the case of MgSiN,(HP) ceramic with
Y,03 addition appears to contribute to the superior
fracture toughness in comparison with the case of the
MgSiN,(MM) ceramic with Y,0Oj3 addition. Data for
the present MgSiN,(HP) and MgSiN;(MM) ceramics
were, however, both below the previous Kic achieved
for MgSiN, ceramics (3.1-4.4 MPa-m'/? [5]). As the
previous MgSiN, ceramics contained rod-like grains
together with a small amount of 8-SizNy [5], the en-
hancement of fracture toughness appears to be associ-
ated with the difference in microstructure.

Overall, it would appear that the significant differ-
ences present in relative density and grain morphology
of MgSiN,(HP) ceramics had an impact on their frac-
ture toughness characteristics and that the amount of
Y,03 addition could be reduced to 0.5 mass%, com-
pared to the case (1 mass%) of MgSiN,(MM) ceramics.

4. Conclusions

The sinterability of magnesium silicon nitride
(MgSiN,) powder coated with yttrium oxide (Y,0O3)
addition by a (urea-based) homogeneous precipitation
method was examined using a hot-pressing technique
(31 MPa and N, atmosphere) at 1550°C for 90 min.
The results obtained were summarized as follows:

1. The starting MgSiN, powder was prepared by a
two-step routes; (i) the preparation of Mg,Si by a re-
action between Mg and Si, and (ii) nitridation of the
Mg, Si. Although the Mg/Si ratio for the Mg-Si pow-
der mixture varied from 2.0 to 3.0, no appreciable
changes in chemical composition occurred for the re-
sulting MgSiN, powder following the homogeneous
precipitation method.

2. Relative densities of the hot-pressed MgSiN, ce-
ramics with and without Y,O3 additions were >99.6%
apart from the MgSiN, ceramic with 4 mass% Y03
addition (98.4%). The thermal conductivities of the
MgSiNj; ceramics with 0—1 mass% Y,O3 addition were
in the range of 2021 W -m~! . K~!. A further increase
in amount of Y,O3 addition slightly reduced the thermal
conductivity. The Vickers hardness of the pure MgSiN,

ceramic was 19.7 GPa and it decreased slightly with in-
creasing Y,O3 addition. The fracture toughness values
were in the range of 1.2-1.6 MPa-m!/? with a maxi-
mum value for the 0.5 mass% Y,03 addition.

3. Overall, the use of homogeneous precipitation
processing resulted in significant advantages for the
densification and homogeneous fine microstructure.
The optimum amount of sintering aid was reduced to
0.5 mass% compared to the case (1 mass%) of hot-
pressed MgSiN, ceramics whose starting powders were
prepared using the mechanical mixing method.
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