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.e particle size effect of MgO as a sintering additive on the thermal conductivity of sintered reaction-bonded silicon nitride
(SRBSN) was investigated. It was revealed that the size of MgO is critical for thermal conductivity with regard to the micro-
structural evolution process. .at is, the abnormal grain growth promoted by an inhomogeneous liquid-phase distribution led to
higher thermal conductivity when coarser MgO was added, whereas a relatively homogeneous liquid-phase distribution induced
moderate grain growth and lower thermal conductivity when finer MgO was added.

1. Introduction

Silicon nitride is considered as a viable component in engines
and other parts given its excellent mechanical properties as
well as its useful chemical and high-temperature resistance
capabilities [1–4]. Meanwhile, since the mid-1990s, Japanese
researchers and others have examined its thermal properties.
In recent years, sintered reaction-bonded silicon nitride
(SRBSN) has been reported to obtain a high thermal con-
ductivity of 177W·m−1·K−1 [5]. Its excellent mechanical
properties and high thermal conductivity make SRBSN an
attractive material for high-power electronic devices [6–10].

It is known that the particle size of silicon powder is one
of the most critical factors affecting the mechanical prop-
erties of the resulting SRBSN [11–13]. Specifically, the pore
size of reaction-bonded silicon nitride (RBSN) is generally
dependent on the particle size of the starting silicon powder.
In most cases, larger pores in RBSN are difficult to eliminate
during the postsintering process, resulting in the degrada-
tion of the mechanical properties of SRBSN. .erefore, fine

silicon powder is suitable as a starting material of SRBSN,
and the particle size of silicon can be easily decreased
through a milling process [14, 15].

Notably, it has also been proved that the grain size is
a dominant microstructural factor with regard to the
thermal conductivity of SRBSN [16, 17]. First, the self-
purification of Si3N4 grains with the exclusion of lattice
oxygen generally occurs with the grain growth via a solution-
reprecipitation process [18]. Secondly, because the intrinsic
thermal conductivity of the glassy intergranular phase is
much lower than that of Si3N4 grains, the elimination of the
grain boundaries with grain growth would be beneficial
when attempting to realize high thermal conductivity [5, 15].

In the present study, we present further improvements of
the thermal conductivity of SRBSN based on well-known
theories of abnormal grain growth in the research field of
silicon nitrides..erefore, a preliminary attempt is carried out
to obtain a coarse microstructure in SRBSN by adjusting the
particle size of the MgO additive. .e coarse MgO additive
used here was expected to induce composition fluctuations of
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the liquid phase and thus abnormal grain growth in the
SRBSN.

2. Experimental Procedure

.e silicon (grade 4NE, 99.99%, Vesta Ceramics, Ljungaverk,
Sweden), yttria (grade C, H.C. Starck, Goslar, Germany), and
magnesia (metal basis 99.99%, Sigma Aldrich) were used as
starting powders. In order to control the particle size, each
raw powder was crushed in ethanol by planetary milling at
300RPM for 12 h using ZrO2 balls and jars. .e particle size
distributions of each powder were measured using a laser
diffraction particle sizing analyzer (Beckman Coulter LS-
13320, USA). Also, the specific surface area of specific
powder was measured by the BET method (3 Flex, Micro-
meritics, USA). .e nominal composition of the starting
powder mixture was set as Si3N4 : Y2O3 :MgO� 93 : 2 : 5 at
a molar ratio assuming that Si is perfectly nitrided. .e
powder mixtures were ball milled in ethanol in a polyethylene
bottle at 200RPM for 4 h..e dried powders were shaped into
V � 15mm pellets by cold isostatic pressing at 200MPa. .e
green compacts were then placed in an alumina tube furnace
to fabricate nitrided bodies (RBSN) by flowing a 95%N2-5%
H2 mixed gas and heating up to 1450°C with a heating rate of
2.5°C/min and without a holding time. .e phase identifi-
cation was conducted by an X-ray diffractometer (D/Max
2200, Rigaku, Japan) using Cu α radiation at 40 kV and
100mA..en, the nitridation degree was calculated based on
the actual and theoretical weight increases of the nitrided
compacts [11]. After nitridation, the contents of metallic
elements (Si, Y, andMg from the starting powder and Zr from
the ZrO2 milling media) were analyzed by ICP-AES (in-
ductively coupled plasma atomic emission spectrometry,
Spectro Flame Modular EOP, SPECTRO) using a destructive
approach. Postsintering was carried out at 1900°C for 6 h
under static N2 pressure of 0.9MPa. After postsintering, the
contents of the metallic elements were analyzed by XRF (X-
ray fluorescence spectrometry, XRF-1800, SHIMADZU, Ja-
pan) nondestructively. In order to observe the microstructure
of the sintered body, the surface was initially polished to
a 1µm finish and then plasma etched (SNTEK, Korea) using
a gas mixture of CF4 and O2 (volume ratio, 46 : 4). .e mi-
crostructure was observed by a scanning electron microscope
(SEM; JSM-5800, Jeol, Tokyo, Japan). .e grain sizes were
quantitatively analyzed using commercial software (Image-
Pro 7.1, Image Cybernetics, USA). .e thermal conductivity
(K) at room temperature was calculated based on the fol-
lowing equation:

K � α · q · Cp, (1)

where q is the bulk density. .e thermal diffusivity (α) was
measured using a laser-flash method (LFA437, Netzsch,
Germany), and the heat capacity (Cp) was set as a constant
value 0.68 J·g−1·K−1 [19].

3. Results and Discussion

.e particle sizes and compositions of the powder batches
are summarized in Table 1. After high-energy planetary

milling for 12 h, the particle sizes of Si and MgO were clearly
decreased, while that of Y2O3 had not obviously changed. In
addition, the specific surface area of Y2O3 was measured by
BET adsorption isotherm model and found to be almost
same (13.8m2·g−1 and 13.1m2·g−1) regardless of milling
time. Specifically, the particles of the pulverized MgO
(1.7 µm) were approximately three times smaller than those
of the as-received MgO powder (5.9 µm).

.e nitridation degrees of the Si compacts and the relative
densities of the Si compacts, RBSN, and SRBSN are plotted in
Figure 1. Both specimens exhibited nitration degrees higher
than 90% and were free from residual Si based on XRD
analyses (Figure 2)..e relative densities of the RBSN samples
increased compared to those of the corresponding Si com-
pacts. .is is attributed to the filling of internal pores with the
transformation from Si to Si3N4 (weight gain ∼66.5%) [20].
.e relative density of the SRBSN specimens exceeded 98%
regardless of the particle size of MgO.

.e microstructures of the SRBSN specimens are pre-
sented in Figures 3(a) and 3(b). It was noted that the grain
size of Si3N4 was affected by the characteristics of the MgO
additive. Specifically, coarser MgO additive was advanta-
geous for promoting the grain growth. Generally, the ho-
mogeneity of powder mixtures deteriorates with an increase
in the starting particle size. Based on the above findings of
the sintering of Si3N4, the SRBSN specimens in the current
research using coarse MgO additives resulted in an in-
homogeneous distribution of the liquid phase and enhanced
abnormal grain growth..e different grain sizes of the Si3N4
in the SRBSN samples were clearly identified, as shown in
Figures 3(c) and 3(d), using Image-Pro 7.1 software.

It is highly consistent and was very interesting to observe
as well that the inhomogeneous microstructure featuring
abnormally grown large elongated grains could be suc-
cessfully tailored using coarse sintering additives. .e
critical factor proposed in this study is the particle size of the
MgO additive. In previous studies, the number of irregularly
shaped boundaries between β-Si3N4 grains was shown to
increase with a decrease in the MgO content [21], and Mg
species became volatile at a high postsintering temperature
of 1900°C. Other work reported that the vaporization loss of
Mg was especially severe when the total weight loss of the
samples exceeded 10wt.% [22]. In other words, the absolute
amount of residual Mg species and consequent composition
of the liquid phase at the sintering temperature are affected
by the volatilization of the MgO additive. In order to de-
termine the dependency of the evaporation loss of MgO on
its particle size, the residual contents of Mg species in
both the RBSN and SRBSN samples were measured by ICP
and XRF, respectively. .ese results are shown in Table 2.

Table 1: .e particle size and composition of the specimens.

Specimen Material
Particle size (D50, µm)
Si Y2O3 MgO

Ac Si + additive (coarse) 1.0 1.5 5.9
Af Si + additive (fine) 1.6 1.6
.e size of as-received Si, Y2O3, and MgO is around 4.0, 1.6, and 6.0 µm,
respectively.
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Except for the differences in numbers caused by the ap-
paratus employed, it was revealed that the compositions of
the two specimens were nearly identical regardless of the size
difference in the MgO additive. Generally, it is postulated
that coarser ceramic powders in a powder mixture are
dispersed unevenly. .erefore, one of the possible causes of
the abnormal grain growth is that the eutectic melting
point and the viscosity of the liquid phase in the MgO-rich
regions were most likely much lower than in the MgO-free
regions [23]. .erefore, the Si3N4 grains in the MgO-
rich regions would preferentially grow and then act as
seeds during the postsintering process, resulting in a coarser
microstructure with abnormal grain growth.

.e area fractions of Si3N4 grains in different sizes in the
SRBSN samples are plotted in Figure 4. It was noted that the
area fraction of small Si3N4 grains (0∼2 µm2) was dominated
by the particle size of silicon, while that of large grains
(10∼50 µm2 and 50∼100 µm2) was strongly affected by the
particle size of the MgO additive. .e SRBSN sample with
a high area fraction of large Si3N4 grains was expected to
have high thermal conductivity, as both the lattice oxygen
content and the number of grain boundaries decrease with
the grain growth of Si3N4.

.e thermal diffusivity and thermal conductivity are
shown in Table 3. High thermal conductivity of
87.8W·m−1·K−1 was achieved in the sample doped with the
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Figure 2: XRD patterns and phase analysis for the RBSN (a) and SRBSN (b) specimens..e values (RN) in the figure indicate the nitridation
degree for RBSN specimens after the nitriding process.
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Figure 1: Measurement of densities and nitridation degree for the SRBSN fabricated by the postsintering of RBSN.
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coarse MgO additive, while a low value of 77.3W·m−1·K−1
was obtained in the sample doped with �ne MgO.�erefore,
it is reasonable to conclude that the coarser MgO additive
contributed to the inhomogeneous distribution of the liquid
phase in the SRBSN sample during the postsintering process,
which has a signi�cant in�uence on the high thermal
conductivity by promoting the abnormal grain growth.

4. Conclusion

In this study, the e�ects of the particle size of MgO when
used as an additive on the microstructure and thermal
conductivity of SRBSN were systematically investigated.
�e coarser MgO became unevenly distributed in the
powder mixture, leading to composition �uctuations of
the liquid phase during the postsintering process. Con-
sequently, the Si3N4 grains around the MgO-rich regions
preferentially grow to a large size, promoted by the ab-
normal grain growth and thus resulting in a higher
fraction of larger Si3N4 grains in the �nal SRBSN product.
As a result, high thermal conductivity of 87.8W·m−1·K−1
was successfully obtained in the SRBSN sample with
coarse MgO additive.

87.8 W·m–1·K–1 77.3 W·m–1·K–1(a) (b)

(c) (d)

Figure 3: SEM micrographs ((a) Ac and (b) Af) and image analysis ((c) Ac and (d) Af) of the SRBSN.

TABLE 2: Analysis of elemental contents for both RBSN and SRBSN.

Material
Elemental content of

RBSN (by ICP)
Elemental content of
SRBSN (by XRF)

Ac Af Ac Af
Mg 0.5 0.6 0.1 0.1
Si 56.0 56.7 17.6 18.4
Y 2.6 2.7 0.3 0.4
Zr 0.3 0.3 0.0 0.0
Unit: at.%.
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Figure 4: Comparison of area fraction of the SRBSN fabricated by
the postsintering of RBSN.

Table 3: �ermal di�usivity, density, and thermal conductivity for
specimens.

Specimen
�ermal
di�usivity
(cm2·s−1)

Density
(g·cm−3)

�ermal
conductivity [5]
(W·m−1·K−1)

Ac 40.1 3.2 87.8
Af 35.5 3.2 77.3
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Data Availability

.e data (Table 2) used to support the findings of this
study may be released upon application to the Research
Institute of Industrial Science and Technology and Center
for Research Facilities of Changwon National University,
which can be obtained by contacting the equipment analyst
or the corresponding author (yjpark87@kims.re.kr).

Conflicts of Interest

.e authors declare that they have no conflicts of interest.

Acknowledgments

.is work was financially supported by Fundamental Re-
search Program of Korea Institute of Materials Science
(Grant no. PNK5580).

References

[1] P. F. Becher, G. S. Painter, N. Shibata, S. B. Waters, and
H. T. Lin, “Effects of rare-earth (RE) intergranular ad-
sorption on the phase transformation, microstructure
evolution, and mechanical properties in silicon nitride with
RE2O3+MgO additives: RE�La, Gd, and Lu,” Journal of the
American Ceramic Society, vol. 91, no. 7, pp. 2328–2336,
2008.

[2] J. H. Kim, B. Venkata Manoj Kumar, S. H. Hong, and
H. D. Kim, “Fabrication of silicon nitride nanoceramics and
their tribological properties,” Journal of the American Ceramic
Society, vol. 93, no. 5, pp. 1461–1466, 2010.

[3] H. Kita, H. Hyuga, N. Kondo, and T. Ohji, “Exergy
consumption through the life cycle of ceramic parts,”
International Journal of Applied Ceramic Technology, vol. 5,
no. 4, pp. 373–381, 2008.

[4] J. She, J. F. Yang, D. D. Jayaseelan et al., “.ermal shock
behavior of isotropic and anisotropic porous silicon nitride,”
Journal of the American Ceramic Society, vol. 86, no. 4,
pp. 738–740, 2003.

[5] Y. Zhou, H. Hyuga, D. Kusano, Y. I. Yoshizawa, and K. Hirao,
“A tough silicon nitride ceramic with high thermal con-
ductivity,”AdvancedMaterials, vol. 23, no. 39, pp. 4563–4567,
2011.

[6] J. S. Haggerty and A. Lightfoot, “Opportunities for enhancing
the thermal conductivities of SiC and Si3N4 ceramics through
improved processing,” in Ceramic Engineering and Science
Proceedings, Wiley, Hoboken, NJ, USA, vol. 16, no. 4, pp.
475–487, 2008.

[7] F. Lang, H. Yamaguchi, H. Nakagawa, and H. Sato, “Cyclic
thermal stress-induced degradation of Cu metallization on
Si3N4 substrate at −40°C to 300°C,” Journal of Electronic
Materials, vol. 44, no. 1, pp. 482–488, 2015.

[8] A. Fukumoto, D. Berry, K. D. T. Ngo, and G.-Q. Lu, “Effects of
extreme temperature swings (−55°C to 250°C) on silicon
nitride active metal brazing substrates,” IEEE Transactions on
Device and Materials Reliability, vol. 14, no. 2, pp. 751–756,
2014.

[9] H. Miyazakia, S. Iwakiri, K. Hirao et al., “Effect of high
temperature cycling on both crack formation in ceramics and
delamination of copper layers in silicon nitride active metal
brazing substrates,” Ceramics International, vol. 43, no. 6,
pp. 5080–5088, 2017.

[10] C. Buttay, D. Planson, B. Allard et al., “State of the art of high
temperature power electronics,” Materials Science and En-
gineering, vol. 176, no. 4, pp. 283–288, 2011.

[11] M. Müller, W. Bauer, and R. Knitter, “Processing of micro-
components made of sintered reaction-bonded silicon nitride
(SRBSN). Part 1: factors influencing the reaction-bonding
process,” Ceramics International, vol. 35, no. 7, pp. 2577–
2585, 2009.

[12] S. H. Lee, C. R. Cho, Y. J. Park et al., “Densification of reaction
bonded silicon nitride with the addition of fine Si pow-
der—effects on the sinterability and mechanical properties,”
Journal of the Korean Ceramic Society, vol. 50, no. 3,
pp. 218–225, 2013.

[13] F. F. Lange, “Relation between strength, fracture energy, and
microstructure of hot-pressed Si3N4,” Journal of the American
Ceramic Society, vol. 56, no. 10, pp. 518–522, 1973.

[14] Y. J. Park, M. J. Park, J. M. Kim, J. W. Lee, J. W. Ko, and
H. D. Kim, “Sintered reaction-bonded silicon nitrides with
high thermal conductivity: the effect of the starting Si powder
and Si3N4 diluents,” Journal of the European Ceramic Society,
vol. 34, no. 5, pp. 1105–1113, 2014.

[15] X. Zhu, Y. Zhou, K. Hirao, and Z. Lenčéš, “Processing and
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