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In the ceramic processing, use of the fine powders is more desirable in order to enhance densification and
eventually the properties of ceramics. However, during the particle size reduction (using ball milling), the
powders are also prone to surface oxidation. In this perspective, the present contribution systematically
investigates the influence of Si particle size and its oxygen content on nitridation, densification, micro-
structure and thermal conductivity of sintered reaction bonded Si3N4 (SRBSN) mixed with 3.5% Y2O3–
1.5% MgO (sintering additive). Despite it’s relatively low density, the SRBSN sample with Si as received
powders exhibited high thermal conductivity when compared to SRBSN with planetary ball milled sam-
ples. A maximum thermal conductivity of �90 W/m K was measured for the SRBSN sample (using high
purity Si as received powders) after gas pressure sintering at 1950 �C for shorter sintering time of 3 h.
It is a promising result as far as the industrial applications are concerned. Normally in the literature very
high sintering temperatures and extensive sintering times were reportedly used for obtaining high ther-
mal conductivity of Si3N4 ceramics. In the present work, the improvement in thermal conductivity of the
SRBSN with Si as received powders can be attributed to its coarse grain microstructure, large elongated b-
Si3N4 grains, relatively small amount of grain boundary phase (mainly because of low amount of oxygen
in starting raw Si powders when compared to Si planetary ball milled powders) and large phonon scat-
tering distance. As far as the thermal transport properties are concerned, the present research reveals that
the use of Si powders with moderate particle size and low amount of oxygen is beneficial to improve the
thermal conductivity of SRBSN.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

Silicon nitride (Si3N4) ceramics have been widely studied for
various structural applications (both at room and high tempera-
tures) as they exhibit excellent mechanical properties, good refrac-
toriness, very high resistance to thermal shock and chemical
attack, excellent creep resistance, good tribological and wear prop-
erties [1–4]. In the last two decades, considerable research efforts
have been directed in developing Si3N4 with high thermal conduc-
tivity and good mechanical properties in view of its potentiality for
power electronic device applications [1,5,6]. Historically AlN has
been used as circuit substrates of power devices as it exhibits high
thermal conductivity of more than 200 W/m K [6,7]. However, its
low mechanical properties (bending strength: 300–400 MPa and
fracture toughness: 3–4 MPa m1/2) results in low reliability. Hence
in the recent past, Si3N4 has been tried as an alternative substrate
material for electronic devices [5,6,8,9].

It is well known that Si3N4 can be processed either sintering di-
rectly Si3N4 starting powders (SSN) or via reaction bonded Si3N4

(RBSN) [3]. In the RBSN processing route, Si powder compact is
heat treated in nitrogen atmosphere to transform it into Si3N4

and post sintering of the nitride sample may be required for further
enhancement of densification [10]. Nitridation is typically carried
out in a nitrogen or nitrogen-containing atmosphere between the
temperatures of 1200–1450 �C. In order to control the rate of
development and the exothermicity of the reaction, and the ther-
mal properties and molecular diffusivity of the gas; hydrogen, he-
lium, or argon can be added to the nitrogen gas. The RBSN
materials have been studied extensively since the 1970s [10–29].
However, they were not considered as good structurally as sintered
Si3N4 ceramics since RBSN materials did not have good mechanical
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properties as they contain 15–20 vol.% of porosity. In order to im-
prove the mechanical properties of RBSN ceramics, sintering is an
essential step after the nitridation. The sintered reaction bonded
Si3N4 (SRBSN) has several advantages when compared to the con-
ventional sintering of Si3N4-powder compacts. The low cost of
SRBSN is due to low raw material cost and low costs of machining
because of the lower sintering shrinkage and minimum distortions
during post-sintering, the ability to produce complex shaped com-
ponents with near-net-shape and with good mechanical properties
[10–12,22,23].

Sintering additives such as rare earth oxides, SiO2, Al2O3, ZrO2,
MgO and MgSiN2 have been used to enhance densification and
mechanical, thermal, oxidation properties of Si3N4 ceramics
[3,4,24–29]. However, the use of SiO2 and Al2O3 are not suitable
for improving thermal conductivity of Si3N4 as they dissolve in
b-Si3N4 lattice and thereby lower the thermal conductivity
[30,31]. On the other hand, use of rare earth oxides (Y2O3, Yb2O3

etc.) in combination with MgO or MgSiN2 has been widely studied
in order to improve thermal conductivity of Si3N4 [32–35]. As far as
the role of sintering additive is concerned, it promotes densifica-
tion and enhances thermal conductivity by removing lattice
oxygen. A careful review of literature reveals that the sintered
Si3N4 (SSN) ceramics have relatively low thermal conductivity
when compared to SRBSN ceramics [6,29]. It is mainly because of
high amount of oxygen impurity presence in the starting Si3N4

powders. Nevertheless, it was possible to improve thermal conduc-
tivity of Si3N4 (more than 140 W/m K) using optimal amount of
sintering additive and use of extreme sintering conditions along
with annealing treatment [5,6,27–29,34].

Although Si3N4 with very high thermal conductivity is essen-
tially required, in view of commercial applications of Si3N4, use
of such extreme processing conditions is not desirable as it adds
up to the processing cost. Hence in this work, we explored whether
thermal conductivity can be improved via SRBSN route with con-
trolling particle size of Si (in combination with Y2O3–MgO sinter-
ing additive) by employing suitable sintering conditions and
reducing the sintering time duration. It has to be noted here that
in the present work, the Y2O3–MgO is selected as a sintering addi-
tive as it was reported to be very effective in improving densifica-
tion, thermal conductivity and mechanical properties of Si3N4

ceramics [5,29–32]. In the present study, high purity Si powders
with different particle sizes of 4.60 lm (Si as received) and
0.43 lm (Si particle size was reduced by planetary ball milling)
were used. The effect of Si particle size and its oxygen content on
nitridation, densification, microstructure and thermal conductivity
of sintered reaction bonded Si3N4 (SRBSN) mixed with 3.5 wt.%
Y2O3–1.5 wt.% MgO was systematically studied. The thermal con-
ductivity of SRBSN samples is correlated with the microstructure
and the phonon mean free path in view of understanding the heat
conduction mechanisms.

2. Experimental details

Commercially available high purity Si powder (99.9999%), MgO (Sigma–Aldrich,
99.99%) and Y2O3 (Grade C, H.C. Starck GmbH and Co., Goslar, Germany) were used
as starting materials. The amount of sintering additives and the mass ratios be-
tween Y2O3:MgO were fixed to 5 wt.% and 3.5:1.5 by weight, respectively. The start-
ing Si powder had an average particle size (D50) of 4.60 lm with an impurity
content of 0.91 wt.% O2. The particle size of the powders were measured using laser
diffraction particle size analyzer (LS 13 320, Beckman Coulter). In order to study the
size effect of Si, the Si powders were crushed with planetary mill at 300 rpm for
10 h using ethanol and Si3N4 balls as milling media. After milling, the Si powder
had D50 of 0.43 lm and O2 of 2.27 wt.%. From this it can be realized that the oxygen
content of Si powders is significantly increased along with particle size reduction
during milling. The increase in oxygen content can be attributed to the oxidation
of the newly formed Si surfaces that are formed by fracture of particles during mill-
ing. This increased amount of oxygen is expected to exist mainly as surface oxide
layer (SiO2) on the powders. The SEM micrographs and particle size distribution
of the Si as received and Si planetary ball milled powders are shown in Fig. 1.
The Si as received powders are characterized by faceted morphology, whereas the
Si planetary ball milled powders are very fine and agglomerated in the form. In both
the cases, the Si powders are narrowly distributed (Fig. 1b and d). The sintering
additives were crushed with planetary mill at 300 rpm for 10 h using ethanol and
Si3N4 as milling media. Finally, the powders in appropriate amount were mixed
by wet ball-milling for 3 h in a polyethylene bottle (for material compositions with
Si planetary ball milled powders)/nylon jar (for material compositions with Si as re-
ceived powders), using Si3N4 balls and ethanol as media. After the vacuum drying
and sieving, approximately 0.7 g of the mixed powder was pressed into circular disc
(�15 mm in diameter and 2.7 mm of thickness) using a stainless steel die, followed
by cold isostatic pressing at 200 MPa. According to the geometry method, the com-
positions prepared using Si as received and Si planetary ball milled powders have
green densities of 1.35 and 1.42 g/cm3, respectively, corresponding to 56.01% and
59.04% theoretical densities (qth), respectively.

The Si compacts were nitrided in an alumina tube furnace with a flowing mixed
gas (N2:H2 = 95:5) of flow rate 0.15 L/min at final nitridation temperature of
1450 �C for 2.5 h. In fact, the nitridation process of the compacts is carried out over
a range of temperature from room temperature (RT) to 1450 �C (i.e. RT, 600 �C,
1200 �C, 1300 �C,1350 �C, 1450 �C) with different heating rate/cooling rate and
soaking time schedule for the total time duration of 36 h for the nitridation process.
The nitride samples were placed in a BN-coated graphite crucible which was com-
pletely filled with 50BN–50Si3N4 as a packing powder and the sintering was carried
out in a graphite resistance furnace (GPS, FPW 100/150-2200-100-LA, Elatec Inc.,
Andover, MA, USA). The post sintering of the samples was performed at 1850,
1900 and 1950 �C for 3 h under N2 gas pressure of 2–5 MPa. The gas pressure was
set at 2 MPa at room temperature and was increased to 5 MPa at the sintering tem-
perature. The heating rate was set at 10 �C/min and the samples were cooled by
turning off the furnace power.

The microstructure of nitrided and gas pressure sintered samples were ob-
served using scanning electron microscopy (SEM) (JSM-5800, JEOL, Tokyo, Japan)
and their phase identification was performed on the cross section of the samples
using X-ray powder diffraction (XRD) (D/MAX 2200, Rigaku, Tokyo, Japan) with
Cu Ka radiation of 36 kV and 26 mA. Additionally the quantitative analysis of a-
and b-Si3N4 phase was also calculated according to the method reported by Delvin
and Amin [36].

Thermal diffusivity of the Si3N4 samples (15 mm diameter and 1 mm thickness)
was measured at room temperature using the laser-flash method (Netzsch LFA 457,
Selb, Germany). Prior to thermal diffusivity measurements, the samples were grin-
ded and polished on both sides, the surface of the samples was coated with carbon
by spraying colloidal graphite to enhance the absorption of the flash energy. In this
procedure, the front face of the disk sample is subjected to a short duration laser
pulse and the thermal history of the opposite face is assessed. Each data point rep-
resents the mean of five individual measurements, with variation being <±0.1%. The
thermal diffusivity (a), was calculated from the following expression,

a ¼ 0:1338
d2

t1=2
ð1Þ

where d is the thickness of the specimen and t1/2 is the half rise time to initiate the
pulse in the test piece. The thermal conductivity (k) of the samples was calculated
based on the measured density (q), thermal diffusivity (a) and the specific heat val-
ues (Cp) according to the following equation:

k ¼ qaCp ð2Þ

The specific heat values of the samples (gas pressure sintered at 1950 �C, for
3 h) are also measured using the laser-flash method (Netzsch LFA 457, Selb, Ger-
many). A constant value of specific heat, 0.68 J/g K was used to calculate thermal
conductivity for all the samples.
3. Results and discussion

3.1. Nitridation of Si compacts

The nitridation results of the RBSN samples are presented in Ta-
ble 1. It is interesting to observe that both the samples are exhib-
iting different characteristics in terms of nitridation (%), b/(a + b)
phase ratio, densification and linear shrinkage after the nitridation
at 1450 �C, for 2.5 h. In particular, the RBSN sample with Si plane-
tary ball milled powders shows high amount of b Si3N4 phase
(63.2%), high relative density (71.1% qth) and relatively more linear
shrinkage (2.7%) and less nitridation rate (91.2%) when compared
to the RBSN with Si as received sample. This indicates that the
starting powder particle characteristics of the samples strongly
influence the nitridation characteristics. As mentioned in the previ-
ous section, both the Si powders have significant differences with
respect to particle size and oxygen content. The high density and
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Fig. 1. SEM micrographs and particle size distributions of Si as-received and Si planetary ball milled powders. (a and b), Si as received powders; (c and d), Si planetary ball
milled powders. The planetary ball milling of Si powders was carried out at 300 rpm for 10 h using ethanol and Si3N4 balls as milling media.

Table 1
Nitridation results of the Si compacts at 1450 �C, 2.5 h. (⁄Si as received represents (Si–3.5 wt.% Y2O3–1.5 wt.% MgO), where Si as received powders are used ; ⁄Si planetary ball
milled represents (Si–3.5 wt.% Y2O3–1.5 wt.% MgO) where Si powders are planetary ball milled).

Samples Nitridation (%) b/(a + b) (%) Bulk density (g/cm3) Relative density (% qth) Linear shrinkage (%) XRD-phase assemblage

⁄Si as received 94.25 54.0 2.12 65.74 0.35 a Si3N4, b Si3N4, Y5Si3O12N, YSiO2N
⁄Si planetary ball milled 91.22 63.2 2.30 71.08 2.69 a Si3N4, b Si3N4, Y5Si3O12N
Pure Si 89.22 19.01 1.84 57.10 – a Si3N4, b Si3N4, Si
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Fig. 2. (a) XRD patterns of the nitride bodies of Si3N4–3.5% Y2O3–1.5% MgO reaction bonded Si3N4 (RBSN) using Si as received and Si planetary ball milled powders. For
comparison purpose the XRD pattern of pure Si without any sinter additive addition is also shown. (b) The SEM fracture surfaces of RBSN using Si as received and (c) Si
planetary ball milled powders. The nitridation of all the samples were carried out at 1450 �C for 2.5 h.
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large amount of b phase in RBSN sample of Si planetary ball milled
powders can be attributed to the use of submicron size Si powders
along with high amount of oxygen (as a result of planetary ball
milling) in the powders. However, the nitridation of RBSN sample
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Fig. 3. (a) Relative density and weight loss as a function of sintering temperature of
Si3N4–3.5% Y2O3–1.5% MgO sintered reaction bonded Si3N4 (SRBSN) using Si as
received and Si planetary ball milled powders. Filled symbols represent the relative
density and open symbols weight loss. (b) The cross sectional XRD patterns SRBSN
samples after gas pressure sintering at 1950 �C for 3 h under 5 MPa N2 gas pressure.
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of Si planetary ball milled powders is relatively low, which imply
that such Si powders characteristics show negative influence on
the nitridation rate. The XRD of both the RBSN samples is shown
in Fig. 2(a). Since there is no Si peak detectable in both the XRD
patterns of RBSN samples with the sintering additive, it infers that
the nitriding reaction is completed. Another interesting observa-
tion is the presence of a very small amount of secondary phases
such as YSiO2N and Y5Si3O12N in the RBSN samples. The formation
of these secondary phases can be attributed to the chemical reac-
tion between rare-earth oxide, SiO2 on the surface of Si particles
and Si or newly formed Si3N4 during nitridation. However, no sec-
ondary phases containing Mg were detected by XRD. These XRD re-
sults are consistent with the literature for the RBSN processed with
the similar sintering additive [5,29].

As a reference we also presented XRD pattern of RBSN sample
without any sintering additive, which shows the presence of resid-
ual Si peak (see Fig. 2a and Table 1). It also can be noted here that
RBSN sample without sintering additive has very strong a Si3N4

peaks, which is quite opposite to the RBSN samples mixed with
the Y2O3–MgO sintering additive. Based on the results presented
in Table 1, it can be said that sintering additive accelerates the
nitridation reaction and enhances the densification by liquid phase
formation during nitridation. Zhu et al. reported more than 95%
nitridation, low amount of b Si3N4 phase (23.4%), relative density
of 71.1% qth for Si3N4–5 mol.% Y2O3–5 mol.% MgO after nitridation
at 1400 �C for 8 h [29]. In another work, the RBSN with same
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composition exhibited nitridation of 94%, b Si3N4 phase (12.6 wt.%)
and relative density of 71% qth after nitridation at 1350 �C for 8 h
[25]. A comparison of these results with the present work reveals
that nitridation processing conditions has significant effect on
the nitridation characteristics of RBSN.

The SEM micrographs of fracture surfaces of the nitrided sam-
ples are shown in Fig. 2b and c. Both the RBSN samples with Si
as received and Si planetary ball milled are characterized with por-
ous microstructure. Most of the Si3N4 grains are equiaxed in
agglomerated form for both the samples. In particular, RBSN sam-
ple with Si planetary ball milled shows a very fine uniform micro-
structure with equiaxed small grains (Fig. 2c). Intergranular
fracture is the major mode of fracture in both the samples.
1800 1850 1900 1950 2000
18

20

Sintering Temperature (oC)

Ph

Fig. 5. The phonon mean free path of Si3N4–3.5% Y2O3–1.5% MgO SRBSN samples as
a function of gas pressure sintering temperature.
3.2. Densification and microstructural characterization

The characteristics of sintered specimens after the post-sinter-
ing (SRBSN) at different temperatures using gas pressure sintering
are presented in Table 2. The relative density and weight loss of the
samples as a function of sintering temperature are shown in
Fig. 3a. It is observed that SRBSN samples using Si planetary ball
milled powders are almost fully densified at all the sintering tem-
peratures. In case of SRBSN samples using Si as received powders,
the samples could be densified to �97% qth up to 1900 �C and it is
increased to �99% qth with further increase of sintering tempera-
ture to 1950 �C. The densification of SRBSN samples clearly indi-
cate that the very fine Si particle size and high amount of oxygen
in the Si powders after ball milling is aiding in densifying the RBSN
samples relatively at lower sintering temperatures. On the other
hand, the weight loss of both the samples increased with temper-
ature up to 2.7%. However, the amount of weight loss for the sam-
ples with Si planetary ball milled is relatively high. Such high
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amount of weight losses can be attributed to high oxygen content
in the starting powders. These weight losses might have been due
to the reaction between Si3N4 and SiO2 (surface oxide layer on Si
powders) during sintering:

Si3N4ðsÞ þ 3SiO2ðlÞ ! 6SiOðgÞ þ 2N2ðgÞ ð3Þ

As a representative, XRD of SRBSN samples after sintering at
1950 �C for 3 h is shown in Fig. 3b. It has to be noted here that both
samples exhibited similar XRD patterns at all the sintering temper-
atures. As a-Si3N4 was not detected in the SRBSN samples, it can be
inferred that complete a–b phase transformation occurred under
the sintering conditions. Crystalline b Si3N4 major phase and sec-
ondary Y2Si3O3N4 phases were observed in the samples after the
gas pressure sintering. Fig. 4 shows SEM microstructures of SRBSN
samples after sintering at 1850 and 1950 �C for 3 h. All the samples
were basically made up of distinct bimodal microstructures with
rod like grains distributed in fine matrix grains. The SRBSN sample
of Si as received powders composed of very large elongated grains
and fine matrix grains at both the sintering temperatures. How-
ever, more frequency of large elongated grains is noticeable at
1950 �C. On the contrary, the SRBSN sample with Si planetary ball
milled powders microstructure is composed of very small elon-
gated grains and very fine matrix grains at both the sintering tem-
peratures (Fig. 4b and d). Nevertheless the grain size is relatively
coarse for the sample sintered at 1950 �C when compared to the
other sintering temperature.

3.3. Thermal conductivity

Table 2 also presents thermal diffusivities and thermal conduc-
tivities of SRBSN samples after sintering over a range of tempera-
ture from 1850 to 1950 �C for 3 h. It can be observed that the
thermal diffusivity of SRBSN sample with Si as received powders
increases significantly from 29.2–41.4 cm2/s with increase of sin-
tering temperature. A very small increase in thermal diffusivity
(from 21.7 to 25.4 cm2/s) with the sintering temperature is evi-
denced for the sample of Si planetary ball milled powders. Interest-
ingly, the thermal conductivity significantly increased with
temperature from 62.4 to 89.6 W/m K for the SRBSN sample with
Si as received powders, whereas a slight increment in thermal con-
ductivity up to 1900 �C and then it decreased with further increas-
ing temperature for the SRBSN samples using Si planetary ball
milled. The slight reduction in the sintered density and presence
of large amount of grain boundary phase in the SRBSN samples
using Si planetary ball milled might have caused such reduction
in thermal transport properties for the samples after GPS at
1950 �C for 3 h. Zhu et al. made a comparative thermal conductiv-
ity study of SRBSN and sintered silicon nitride (SSN) using
two different sintering additive compositions of Y2O3–MgO and
Yb2O3–MgO [29]. They reported that a maximum thermal
conductivity of 86 W/m K was achievable for SSN (irrespective of
sinter additive type) and 93 W/m K was possible for SRBSN with
5 mol.% Yb2O3–5 mol.% MgO after gas pressure sintering at 1900 �C,
for 6 h under a N2 pressure of 1 MPa. In another work, Kusano
and co-workers reported thermal conductivity of 89 W/m K for
SRBSN (using low grade Si powder containing 1.6% impurity oxy-
gen) with 5 mol.% Y2O3–5 mol.% MgO after gas pressure sintering
at 1900 �C for 6 h [30]. They also reported that the thermal conduc-
tivity of the SRBSN can be improved to 100 W/m K by using a
reagent grade high purity Si powder (containing 0.3% oxygen). In
a different work, Zhu et al. reported that the thermal conductivity
of SRBSN can be increased up to 133 W/m K by increasing gas pres-
sure sintering time duration to 24 h at 1900 �C [31]. From this it
can be said that proper selection of Si powders, sintering additive
and sintering conditions is very important to improve thermal
conductivity properties of SRBSN. In the present work, obtainment
of thermal conductivity of �90 W/m K for the SRBSN sample (using
high purity Si as received powders) after gas pressure sintering at
1950 �C for shorter sintering time of 3 h is a promising result.
Recently, Toshiba and Kyocera have been trying to use Si3N4 as a
substrate material with active metal brazing (AMB) copper con-
ductor for electronic applications [37,38]. The thermal conductivity
of Si3N4 ceramics for such applications is reportedly varied from
58–90 W/m K [37,38,39]. Hence achieving thermal conductivity
of 90 W/m K for Si3N4 ceramics via SRBSN after GPS for 3 h is
beneficial for industrial applications.

In the present work, it is interesting to note that the SRBSN
sample of Si as received powders exhibiting higher thermal diffu-
sivity/conductivity at all sintering temperatures when compared
to SRBSN samples using Si planetary ball milled powders despite
its low densification. The existence of such differences in thermo-
physical properties of the samples can be attributed to its micro-
structure. Another possibility also can be due to the differences
in the oxygen content of starting Si powders. Since the Si planetary
ball milled powders were measured with high amount of oxygen, it
might have resulted in excessive grain boundary phase.

According to Kitayama et al. the thermal conductivity of b Si3N4

at room temperature is controlled by the dissolved oxygen in the
lattice of Si3N4, which causes phonon-defect scattering, thereby
lowering the thermal conductivity [24]. The dissolution of oxygen
in the b Si3N4 lattice results in the formation silicon vacancies,
which scatter phonons and reduce phonon mean free path. It is
well known that the phonon scattering plays a significant role in
the thermal conductivity of ceramics. In order to understand the
phonon scattering effects, the average phonon mean free path of
Si3N4 samples is calculated from the measured thermal conductiv-
ity values. The resultant average phonon mean free path ‘i’ is given
by [40],
i ¼ 3
k

vCp
ð4Þ
where k is the thermal conductivity, v the average sound velocity
and Cp the specific heat capacity. A sound velocity of 11 km s�1

for Si3N4 is used to calculate phonon mean free path of SRBSN sam-
ples [41].

The average phonon mean free path in the SRBSN samples as a
function of sintering temperature is shown in Fig. 5. The phonon
mean free path increases (from 25 to 36 lm) with sintering tem-
perature for the SRBSN sample with Si as received powders,
whereas it varied narrowly from 19 to 22 lm for the SRBSN sam-
ples using Si planetary ball milled powders. Since the phonon
mean free path is considerably larger than the grain size of SRBSN
samples, depending on the sintering temperature it is expected
that the phonons travel over less number of grains for SRBSN sam-
ples using Si as received powders when compared to SRBSN sam-
ples using Si planetary ball milled powders as the Si as received
samples exhibits relatively coarse microstructure with bigger
Si3N4 grains. The increase in thermal conductivity of samples with
increase in sintering temperature can be mainly attributed to grain
growth and large elongated b Si3N4 grains. The thermal conductiv-
ity of Si3N4 ceramics can be enhanced due to the promoted reduc-
tion of lattice oxygen content of b Si3N4 by enhanced grain growth
via solution–reprecipitation process [28]. The increased fraction of
large grains increases contiguity of b Si3N4–b Si3N4 , which leads to
the improvement of thermal conductivity. Since the grain size of
SRBSN samples using Si planetary ball milled powders possessed
very fine grain microstructure, the phonon scattering by grain
boundaries would be more and resulted in very low thermal con-
ductivity when compared to the SRBSN sample of Si as received
powders.
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4. Conclusions

(a) The present investigation reveals that SRBSN sample of Si as
received powders is advantageous as there is no need for Si particle
size reduction (which adds up the processing cost and even in-
creases oxygen content in the powders) and more importantly this
sample exhibits relatively better thermal conductivity properties
when compared to SRBSN using Si planetary ball powders.
Although the use of fine powders are more effective in improving
sinterability and properties of materials, the presence of high
amounts of oxygen in the powders adversely affects thermal con-
ductivity properties of SRBSN. Hence, future studies are needed
to explore the possibility of reducing the Si particle size and con-
trolling the oxygen content in the Si powders.

(b) The densification, thermal conductivity and phonon scatter-
ing distance of SRBSN samples are significantly affected by the Si
particle size and the sintering temperature. The SRBSN sample
using Si as received powders measured with maximum thermal
conductivity of �90 W/m K and phonon scattering distance of
36 lm after gas pressure sintering at 1950 �C for 3 h. The obtain-
ment of such high thermal conductivity is encouraging to carry
out more research for further increase in the thermal conductivity
of SRBSN to a maximum extent by optimizing processing
parameters.
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