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bstract

i3N4 nanocomposites reinforced with 1-, 2-, and 6-vol% single-walled carbon nanotubes (SWNTs) were processed using spark plasma sintering
SPS) in order to control the thermal and electrical properties of the ceramic. Only 2-vol% SWNTs additions were used to decrease the room
emperature thermal conductivity by 62% over the monolith and 6-vol% SWNTs was used to transform the insulating ceramic into a metallic
lectrical conductor (92 S m−1). We found that densification of the nanocomposites was inhibited with increasing SWNT concentration however,
he phase transformation from �- to �-Si N was not. After SPS, we found evidence of SWNT survival in addition to sintering induced defects
3 4

etected by monitoring SWNT peak intensity ratios using Raman spectroscopy. Our results show that SWNTs can be used to effectively increase
lectrical conductivity and lower thermal conductivity of Si3N4 due to electrical transport enhancement and thermal scattering of phonons by
WNTs using SPS.
2010 Elsevier Ltd. All rights reserved.
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. Introduction

SWNTs are considered to be ideal fiber reinforcements
or the creation of multifunctional nanocomposites with
nhanced fracture toughness and strength, and enhanced
lectrical and thermal conductivities in polymeric, ceramic,
nd metallic based nanocomposites.1–4 SWNTs possess
xceptional mechanical (E > 1 TPa and TS > 7 GPa)5 ther-
al (k ∼ 1750–5800 W m−1 K−1),5–7 and electrical properties

σ ∼ 106 S m−1)5,8 and have considerably high aspect ratios
1,000 up to 10,000) that are critical for their use in the design

f nanocomposites. SWNTs have high electrical conductivity
long the tube axis and depending on the type of the arrange-
ent of bond structure chirality within the nanotube, a SWNT
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cience at Rice University, Houston, TX, 2005.

t
t
s
d
o
s
w
e
c

955-2219/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2010.10.020
erties; Electrical properties; Composites

an be either metallically conducting or semiconducting. Exper-
mental results show that a SWNT rope has a longitudinal
lectrical conductivity of 106 S m−1 at 300 K.5,9 Theory pre-
icts high thermal conductivity values (5800 W m−1 K−1) for
he room temperature longitudinal thermal conductivity of an
ndividual SWNT.7 However, experimental measurements of
ligned bundles of SWNTs showed a measured thermal conduc-
ivity of only 250 W m−1 K−1 at room temperature.8 Although,
WNTs have high thermal conductivity, it is very difficult to
ealize this effect in a composite. This is mainly because SWNTs
re not continuous throughout the bulk composite. Therefore,
hey create more interfacial defects, which may lower the lat-
ice thermal conductivity. In addition, depending on the SWNT
ynthesis method, lot-to-lot variability, chirality of the structure,
efects, and single vs. bundles of SWNTs there are a number
f additional variables that make it difficult to fully under-

tand the effect of SWNTs on thermal and electrical properties
hen used as additives in nanocomposites. Clearly, ongoing

fforts focused on enhancing the production quality, length scale,
hiral structure and defects, and quantity of SWNTs9–12 will

dx.doi.org/10.1016/j.jeurceramsoc.2010.10.020
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elp promote an understanding of their effects in nanocom-
osite systems. Once, continuous and uniform SWNTs are
rocessed into a composite will the potential for enhanced ther-
al conductivity properties be realized and may lead to the

se of SWNTs for high-performance thermal management sys-
ems.

The vast majority of SWNT nanocomposites have been
ocused on polymeric systems due to favorable processing meth-
ds that allow chemical handling of each material at room or low
emperature conditions. However, for both metal and ceramic
anocomposite development the challenge lies with incorpo-
ating SWNTs at high temperature either though conventional
elting casting or sintering methods. This becomes a signifi-

ant hurdle to overcome when SWNTs are not stable at high
emperatures >600 ◦C (in air)13 and oxidize. Therefore, expos-
ng SWNTS to extreme temperatures (>1800 ◦C) and pressures
50 MPa) using conventional ceramic sintering methods puts
hem at higher risk for oxidation and structural damage. The
hallenge for researchers to process SWNTs in high-temperature
eramic matrices such as, carbides, nitrides, and borides, is
rimarily during sintering where temperature requirements usu-
lly exceed 1800 ◦C, using conventional sintering methods.14–16

n addition, creating processing methods that enable homoge-
eous dispersions of SWNTs and ceramic particles is critical
or obtaining uniform densification and physical properties of
he ceramic nanocomposites. The most promising method for
ispersing SWNTs in a ceramic is to use colloidal process-
ng in order to manipulate interparticle pair potential in order
o create homogeneous aqueous or solvent based dispersions
f powders and SWNTs. Our previously published work14 and
ork published by others17–19 has shown that colloidal process-

ng methods are highly effective in obtaining well dispersed
omogeneous SWNTs in oxide and non-oxide ceramics. The
asis for this approach is to treat the ceramic particle and the
WNT as a colloid particle and employ conventional colloidal
rocessing methods that involved manipulating the inter-particle
nd inter-tube pair potentials.20

Despite the processing challenge presented by creating
eramic nanocomposites and the variability between individ-
al and bundles of SWNTs there have been promising results
or oxide and non-oxide based SWNT ceramic nanocompos-
tes. Recent work by others and us shows the potential to
nhance toughness of brittle ceramics and to tailor their electri-
al and thermal conductivity properties.4,16,21–24 For example,
he SWNT–Al2O3 nanocomposites processed using SPS and
onventional ceramic powder mixing/blending methods have
hown to increase fracture toughness by 30%,22 while also cre-
ting a metallic electrically conductive ceramic with anisotropic
hermal properties.23 In addition, Balani et al.25,26 enhanced
he fracture toughness of alumina by 42% over the monolith.
ecently, the work by Zhang et al.19 has shown for the first

ime that pressure-less sintering can be used to densify and con-
olidate MWNT-Al2O3 nanocomposites at 1500 ◦C for 2 h and

btain ∼99% theoretical density without detectable damage to
he MWNT structure. Their results also show modest enhance-

ents to fracture toughness due to pull out of the MWNTs
nd significant increases in flexural strength over the monolith.

l
a
f
c
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ecently, Inam et al.27 reported that using 5-wt% MWNTs in
l2O3 they were able to create excellent electrical conductors
ith conductivity values greater than 500 S m−1.
However, there has been limited success in creating ceramic

anocomposites with significant enhancements to thermal con-
uctivity, which is an important physical property that helps us
nderstand how heat transfers through a solid. Bakshi et al.28

ere able to enhance the thermal conductivity of Al2O3 coat-
ngs using 4-wt% MWNTs. Also, Sivakumar et al.29 reported
70% increase in thermal conductivity of SiO2 using 10-vol%
WNTs. However, the improvements they measured fall short

f the enhancements predicted by rule of mixtures calcula-
ions. On the other hand, Zhan et al.21 observed a decrease
n thermal conductivity with increasing vol% SWNT. There
re a number of reasons for the lower thermal conductiv-
ty values that take into consideration that SWNT bundles
ave lower thermal conductivity values than individual SWNTs
nd that the number of interfaces between the Al2O3 and the
WNTs creates high thermal resistivity thus limiting thermal
onduction in the nanocomposites. It is also important to note
hat residual porosity within the ceramic nanocomposite also
erves to scatter phonons and limit thermal conduction within a
eramic.

Our previous work shows we can enhance the fracture
oughness of Si3N4 by 30% upon optimization of SWNT con-
entration (2-vol% SWNT) and SPS temperature (1600 ◦C).14

n addition, others have published results for MWNT rein-
orced Si3N4 showing that for high concentrations of MWNTs
>4 wt%) they react to form SiC thus decreasing the density
f the nanocomposite. However, using a lower concentration
f MWNTs they were able to maintain the high strength
nd toughness of the monolith.16 Thus, the main challenge
ith processing non-oxide based MWNT or SWNT reinforced

eramic nanocomposites in addition to dispersion of the nan-
tubes is achieving high density after high-temperature and high
ressure assisted sintering. Furthermore, Balazsi et. al.30 pro-
essed MWNT based Si3N4 nanocomposites using SPS and
ot-pressing and report that the SPS method is superior to hot-
sostatic pressure assisted sintering method in obtaining high
ensity and MWNT damage-free structures in Si3N4. They also
reated MWNT–Si3N4 nanocomposites with electrical conduc-
ivity values greater than 100 S m−1. Recently, SPS has been
hown to be a very powerful tool to develop functionally graded
nd MWNT based nanocomposites. Belmonte et al.31 have
hown that they can process high density nanocomposites and
how that SPS can be used to limit MWNT degradation at tem-
erature and that SPS is a powerful tool to develop silicon nitride
ith controlled microstructures.32

The goal of this paper is to investigate the effect of SWNTs on
he electrical and thermal properties of Si3N4 after densification
sing SPS. The purpose of the manuscript is to discuss the effect
f SPS temperature on SWNT stability at high-temperatures
>1700 ◦C) and demonstrate that our approach that uses col-

oidal processing and SPS is successful in retaining pristine
nd dispersed SWNTs in the sintered microstructure that allow
or the enhancement and decrease of the electrical and thermal
onductivity properties, respectively.
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. Materials and experimental methods

All of the nanocomposite and monolith specimens were made
rom powders that were dispersed using colloidal processing
ethods (as described in detail in our previous published work14

nd as an approach used by others17) followed by SPS. The
tarting Si3N4 powders are �-phase content > 90 mass%, with
n average particle size of 0.96 �m and <10 mass% sintering
dditives (Y2O3, MgO and Al2O3). Commercially available
WNTs (Carbon Nanotechnologies Inc., Houston, TX, USA),

n powder form and purified to less than 2-wt% residual metal
atalyst were used as received. The nanocomposites made in
his study each contain a mixture of well-dispersed single and
undled SWNTs. A cationic surfactant, cetyltrimethylammo-
ium bromide (C16TAB) (Sigma–Aldrich Corp., St. Louis, MO,
SA) was used as a dispersant throughout this study. We used
PS (Dr. Sinter SPS-1050, Sumitomo Coal Mining Co. Ltd.,
okyo, Japan) to densify our nanocomposites using a maxi-
um pulse current of 5000 A and maximum pulse voltage of

0 V. The pulse cycle was 12 ms on and 2 ms off with a heat-
ng rate of 200 ◦C min−1. The temperature was monitored on
he surface of the die wall using optical pyrometry. It has been
xperimentally estimated that the die surface temperature and
he powder compact temperature can be up to 150 ◦C off the set-
oint temperature. An external pressure of 25 kN was applied
s the powders were heated inside a graphite die lined with
raphite foil to prevent surface reactions between the powder
nd the inner die wall. A vacuum of 10−2 Torr was used and
intering occurred under vacuum.

Bulk densities (ρ) were measured using the Archimedes
ethod. Phase identification of the sintered materials was per-

ormed by X-ray diffractometry (XRD) and the relative content

f �/� phase in the dense bodies was determined from the
elative intensities of selected diffraction peaks.33 Structural
haracterization of SWNT after high temperature sintering
n a ceramic was performed using Raman spectroscopy. The

d
w
w
1

able 1
intering density and electrical and thermal properties for Si3N4 and SWNT–Si3N4 n

aterial SPS temp.
(◦C)

SPS time
(min)

Theoretical
density (%)

Ele
con

i3N4 1600 0 96.4 3.
1600 3 93.1 3.
1700 0 95.0 8.
1700 3 94.2 3.
1800 3 97.2 1.

.0 vol% 1300 3 82.5 6.
1600 0 87.3 1.
1600 3 95.4 4.
1690 0 95.0 1.

.0 vol% 1300 3 82.5 4.
1600 0 91.0 4.
1600 3 90.5
1680 0 96.6 1.

.0 vol% 1300 3 76.5 22.
1600 3 91.0 91.
1800 0 84.3 0.
Ceramic Society 31 (2011) 391–400 393

intered microstructures were examined by scanning electron
icroscopy (SEM, JEOL 6500F, JEOL USA Inc., Peabody,
A).
The thermal diffusivity (α) of the monolith and composites

ere measured from room temperature to 1000 ◦C, by laser-
ash method, using a thermal-constant analyzer (FL5000, Anter
orporation, Pittsburgh, PA). To evaluate the thermal diffusivity,
0 mm diameter and 3 mm thick disc specimens were used. The
hermal conductivity κ at room temperature was calculated using
he equation:

= αCPρ.

he room temperature specific heat (CP) of the specimens was
alculated using the rule of mixtures for SWNT–Si3N4 com-
osites. We did not measure room temperature or at temperature
pecific heat values. The room temperature specific heat val-
es calculated were 0.67, 0.6502, 0.6504, and 0.6512 J g−1 K−1

or 0, 1, 2 and 6-vol% SWNT nanocomposites were used to
alculate room temperature thermal conductivity values. Room
emperature electrical conductivity (σ) measurements of the
WNT–Si3N4 nanocomposites were made using a four-point
robe technique, in observation with ASTM B193-02, using
combination of volt-meters (Hewlett-Packard 4339A, High
esistance Meter (Agilent 345A 81/2 Digital Multimeter).

. Results

.1. Spark plasma sintering of silicon nitride and
WNT–Si3N4 nanocomposites

High-density monolithic ceramics and nanocomposites were
btained using SPS as seen in Table 1. The monolithic ceramic

ensity values averaged around 95% theoretical density (T.D.)
hen sintered at 1600, 1700 or 1800 ◦C (0- or 3-min hold time)
here the highest density monolith (97% T.D.) was sintered at
800 ◦C, 3-min hold. Shrinkage displacement profiles obtained

anocomposites, measured and calculated at room temperature.

ctrical
ductivity (S m−1)

Thermal diffusivity
(cm2 s−1)

Thermal conductivity
(W m−1 K−1)

1E−11 0.075 15.77
6E−11 0.120 24.15
0E−11 0.080 16.47
0E−11 0.136 27.70
5E−11 0.112 23.49

2E−6 0.037 5.22
8E−9 0.062 11.38
7E−5 0.065 12.93
8E−8 0.101 20.06

4E−6 0.050 8.642
7E−5 0.066 12.42

0.107 20.16
8E−8 0.065 13.07

01 0.043 6.78
91 0.077 14.40
69 0.059 10.14
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ig. 1. Shrinkage displacement curves for Si3N4 and SWNT–Si3N4 nanocompo
t temperature for 3 min (a) for the monolith material at temperatures of 1600,
WNT concentrations.

uring SPS for the monoliths at 1600, 1700, and 1800 ◦C (3-min
old) are shown in Fig. 1(a). As expected, the degree of shrink-
ge displacement increases with increasing temperature up to
800 ◦C. The 1800 ◦C shrinkage displacement curve undergoes
high temperature conversion from � to � Si3N4 which is indi-
ated by the steep shrinkage curve that is absent during lower
emperature sintering runs.

The nanocomposites (1-, 2-, and 6-vol% SWNT) density val-
es averaged to be approximately 91% theoretical density (T.D.)
hen sintered at 1600, 1700 or 1800 ◦C (0- or 3-min hold time).
he highest density nanocomposite values (∼98% T.D.) were
btained using 2-vol% SWNT and sintered at 1680 ◦C (0-min
old). However, increasing SWNT content from 1- or 2-vol%
WNT to 6-vol% SWNT decreases the average nanocompos-

te density values from, 93% to 88% T.D., respectively. As
xpected as the sintering temperature increases the overall den-
ity for the nanocomposites increases except for the 6-vol%
WNT nanocomposite system which decreases in density with

ncreasing temperature.
Shrinkage displacement profiles measured during SPS for the

onolith, 2-vol% SWNT, and 6-vol% SWNT nanocomposites

1600 ◦C for 3-min hold time) are shown in Fig. 1(b). Clearly,
he shrinkage displacement profiles show that the time for den-
ification or shrinkage to take place increases as the SWNT
oncentration increases in the nanocomposite. However, the 2-

a
s

p

ig. 2. Representative scanning electron micrographs for 2-vol% SWNT–Si3N4 na
min at 1300 ◦C and (b) 0-min at 1600 ◦C.
uring SPS show rapid densification. SPS shrinkage curves for material sintered
and 1800 ◦C, and (b) for the nanocomposites at 1600 ◦C for 0, 2, and 6-vol%

ol% SWNT nanocomposite undergoes a steady increase in
isplacement over time at temperature and the 6-vol% nanocom-
osite does not increase shrinkage displacement upon reaching
he final sintering temperature. This is likely due to the fact
hat the 6-vol% SWNT nanocomposites powders were not well
ispersed due to the difficulty in using colloidal processing to
isperse a high concentration of nanosize fibers thus, limit-
ng densification. As expected, a high concentration of SWNTs
nhibits densification of the ceramic because they act as physical
arriers to sintering.

.2. Microstructure and crystal structure of sintered
anocomposites

Scanning electron micrographs for the 2-vol% SWNT–Si3N4
anocomposites sintered at 1300 and 1600 ◦C are shown in
ig. 2(a) and (b), respectively. The micrographs show that
WNTs are homogeneously dispersed throughout the sintered
atrices. The 1300 ◦C sintered nanocomposite has a matrix

omposed of �-Si3N4 which has an equiaxed grain structure
Fig. 2(a)). The 1600 ◦C nanocomposites has a mixture of �-

nd �-Si3N4, which is mixture of equiaxed and rod-like grain
tructures (Fig. 2(b)).

XRD was used to confirm and fully characterize the �–�
hase transformation for the monolith (Fig. 3(a)) and a 6-vol%

nocomposites densified using SPS. The nanocomposites were sintered for (a)
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ig. 3. XRD spectra show phase transformation from a-to-b Si3N4 for both Si3N
WNT–Si3N4 nanocomposites sintered at 1300, 1600 and 1800 ◦C from zero to

WNT–Si3N4 nanocomposite (Fig. 3 (b)). The onset of the �-
o �-Si3N4 phase transformation takes place at the same tem-
erature (1600 ◦C) for both the nanocomposite and monolithic
aterials and a mixed �- and �-Si3N4 grain structure is produced

pon holding the temperature at 1600 ◦C for 3 min. Therefore;
WNTs do no impede Si3N4 phase transformation at tempera-

ure and phase transformation results are very reproducible and
ccurately controlled using SPS. XRD analysis also showed that
fter SPS at 1300 ◦C (0-min hold) and 1800 ◦C (3-min hold) both
ystems were 100% �-Si3N4 and 100% �-Si3N4, respectively.
he XRD spectra for the 6-vol% SWNT nanocomposites does
ot show any SiC peaks suggesting that the sintering procedure
id not result in any considerable reactions between SWNTs and
i3N4 at temperature (up to 1800 ◦C).

.3. Raman spectroscopy of SWNT–Si3N4 nanocomposites
fter SPS

Our previously work shows that evidence of SWNTs was
ound in the ceramic after SPS as high as 1800 ◦C.14 In this
tudy we take a closer look at the affect of SPS temperature
nd time on the structure of SWNTs within a sintered Si3N4
anocomposite as shown in Fig. 4. The SWNT Raman spectrum
as four characteristic bands three of which are described here:
radial breathing mode (100–300 cm−1)34,35 a tangential mode

G-band, 1500–1600 cm−1),34,35 and a D mode,34,35 as seen in
ig. 4(a). The defect-induced D mode originates from double-
esonant Raman scattering35 that is likely a result of impurities
r defects in the crystalline structure. However, the peak shape

s indicative of metallic or semiconducting nature of the tubes
nd the SWNTs used in this study indicate they are primarily
onductive SWNTs with some structural defects due to pro-
essing, as indicated by the small defect peak at 1300 cm−1.

a
p
s
D

SWNT–Si3N4 nanocomposites using SPS. XRD spectra for (a) Si3N4 and (b)
n at temperature.

aman spectroscopy was used to characterize the as-received
WNT material (Fig. 4(a)), the affect of SWNT concentration
or a given sintering temperature (1600 ◦C) and time (3-min)
Fig. 4(b)), and the affect of SPS temperature for a given SWNT
oncentration (Fig. 4(c)). As expected, Fig. 4(b) shows that the
ntensity of the SWNT peaks increase with increasing SWNT
oncentration from 1- to 2- to 6-vol% SWNT nanocomposites.
ig. 4(c) shows that as sintering temperature increases, from
300 ◦C to 1600 ◦C (2-vol% SWNT–Si3N4 nanocomposites) the
WNT peak intensities decrease. It also shows that the SWNT
eak intensity decreases as you increase time at temperature
rom a 0-min to a 3-min hold, at 1600 ◦C. Therefore, the effect of
PS time and temperature indicate that in order to retain the as-
rocessed concentration of SWNTs without sintering induced
tructurally damaged that the lowest temperature and shortest
imes at temperature will ensure the least amount of sintering
amage onto the SWNTs.

In order to quantify the amount of structural damage intro-
uced to the SWNTs after high-temperature sintering, we
alculated the D:G ratios taken from measured Raman inten-
ities for both as-received SWNTs and for SWNTs in the final
intered microstructures (Fig. 4). The calculated ratio indicates
he degree of structural damage in the SWNTs, either as a
esult of their production synthesis or, in this case, from SWNT
ynthesis and subsequent high-pressure and high-temperature
intering within a nanocomposite. The type of structural dam-
ge can either be atomic defects in the structure or imperfections
n crystal order.11 The higher the D:G ratio the greater degree
f structural damage to the SWNTs. As-received SWNTs have

D:G ratio of 0.108, which indicates that the synthesized and
urified material contained some random disorder in the SWNT
tructure from the production process.36 Therefore, the baseline
:G ratio used to compare against the SWNTs in the sintered
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Fig. 4. Raman spectroscopy shows SWNTs survive high temperature sintering
u
(
S

n
n
i
c
n

d
H
v
a
0
a
a
s
d
h
t
e
D
t
(
f
1
i
t
s
p
v
m
i
M
t
n

3

p
1
t
(
e
s
c
a
u
T
m
h
s
T
c
e
a
o
c
r
e
2

sing SPS for (a) as-received SWNTs before processing into nanocomposites
b) 1, 2, and 6-vol% SWNTs sintered at 1600 ◦C for 0 min and for (c) 2-vol%
WNT nanocomposites sintered from 1300 to 1600 ◦C.

anocomposites will be 0.108. The D:G ratios calculated for the
◦
anocomposites sintered at 1600 C (3-min hold) with increas-

ng SWNT concentration (from 1-, 2- and 6-vol% SWNT) were
alculated to be, 0.296, 0.615, and 0.230, respectively. The
anocomposite with the highest calculated degree of structural

p
r
n
p
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amage was the 2-vol% SWNT nanocomposite (D:G = 0.615).
owever, the D:G ratios for the other two composites, 1- and 6-
ol% SWNT nanocomposites, sintered at the same temperature
nd time have considerably lower D:G ratios between 0.296 and
.230, respectively. These calculated D:G ratios do not follow
trend that results in an increased amount of structural dam-

ge with increasing SWNT concentration. Rather, these results
uggest that there is variability between the nanocomposite pow-
ers processed prior to sintering that may influence localized
eating mechanisms during SPS if the powder mixtures con-
aining SWNTs are not well dispersed. Now, if we look at the
ffect of SPS temperature and SPS time at temperature on the
:G ratio for the 2-vol% SWNT nanocomposite we see a clear

rend that quantifies structural damage with sintering conditions
Fig. 4(c)). For example, the D:G ratios increase in intensity
rom, 0.208 to 0.23, with increasing temperature from, 1300 to
600 ◦C (0-min hold). In addition, the D:G ratios increase in
ntensity from, 0.231 to 0.615, with increasing time at tempera-
ure (1600 ◦C) from 0- to 3-min hold, respectively. These results
uggest that SPS can be used to obtain high-density nanocom-
osites with little structural damage. However, there seems to be
ariability between SPS runs that are most likely due to powder
ixture dispersion levels and variability of SWNTs that result

n significant structural damage to the SWNTs after sintering.
onitoring D:G ratios may be useful for verifying the quality of

he SPS processing run and may be helpful in assessing overall
anocomposite processing integrity.

.4. Electrical properties of SWNT–Si3N4 nanocomposites

Table 1 shows the measured and calculated room tem-
erature electrical conductivity values for the monolith and
-, 2- and 6-vol% SWNT nanocomposites. It is well known
hat sintered silicon nitride is an excellent electrical insulator
s ∼ 10−12 S m−1). Our monolithic materials have an average
lectrical conductivity value of 4.6 × 1011 S m−1, which is con-
idered to be an insulator. This value increases towards electrical
onductivity with increasing SWNT concentration from, 1-, 2-
nd 6-vol% SWNT, with average electrical conductivity val-
es of, 1.33 × 10−5, 1.71 × 10−5, and 57.0 S m−1, respectively.
herefore, using up to 6-vol% SWNTs results in the transfor-
ation of the ceramic insulator into a metallic conductor. The

ighest room temperature electrical conductivity value mea-
ured was 92 S m−1 for the 6.0-vol% SWNT nanocomposite.
his value lies near the low end for room temperature metallic
onductive materials37 where copper is at the high end with an
lectrical conductivity value of 59.6 × 106 S m−1. A plot of the
verage room temperature electrical conductivity as a function
f SWNT concentration (Fig. 5(a)) shows that we were able to
hange the insulator into a semi-electrically conducting mate-
ial using 2-vol% SWNTs. This plot also suggests that there
xists an electrical conduction percolation threshold between
- and 6-vol% SWNTs that will impart electrical conductive

roperties within the ceramic. Fig. 5(b) shows the range of
oom temperature electrical conductivity values for each SWNT
anocomposite as a function of SPS sintering temperature. This
lot shows that the 6-vol% SWNT nanocomposite has the high-
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ig. 5. Room temperature electrical conductivity values measured for Si3N4 an
ol%.

st overall measured electrical conductivity values than the 1-
r 2-vol% SWNT nanocomposites as a function of sintering
emperature from 1300, 1600 and 1800 ◦C. As the temperature
ncreases from 1600 to 1800 ◦C the electrical conductivity drops
ignificantly. The same observation is made for the 1- and 2-
ol% SWNT nanocomposites. These values also suggest that
he electrical conductivity values are more sensitive to SWNT
oncentration than SPS sintering temperature.

.5. Thermal properties of SWNT–Si3N4 nanocomposites

Table 1 shows the measured room temperature thermal dif-
usivity values and calculated thermal conductivity values for
he monolith and 1-, 2- and 6-vol% SWNT nanocomposites.
he average thermal conductivity value for the monoliths is
1.4 W m−1 K−1. This average value decreases independent of
WNT concentration (1-, 2- and 6-vol% SWNT) to average ther-
al conductivity values of, 12.4, 13.5, and 10.4 W m−1 K−1,

espectively. Therefore, on average the room temperature ther-

al conductivity value of the monolith decreases by, 57.9%,

3.1% and 48.6%, for the 1-, 2-, and 6-vol% SWNT nanocom-
osites, respectively. However, the average room temperature
nd subsequent high temperature thermal conductivity values

t
o
v
d

ig. 6. (a) Room temperature thermal conductivity values decrease with small addit
oom temperature to 1000 ◦C for high-density monolithic ceramic, and for the 1, 2, a
NT–Si3N4 nanocomposites as function of (a) SPS temperature and (b) SWNT

eported here were measured on less than 100% dense nanocom-
osites. Therefore, we must contribute a fraction of the lower
hermal conductivity properties to be from porosity but when
ompared to the monolithic materials that also contain residual
orosity the effect of pores on the thermal properties is neg-
igible. Our measured room temperature thermal conductivity
roperties suggest that by adding less than 1-vol% SWNTs to a
eramic you can significantly lower the thermal conductivity of
he ceramic, nearly 50% reduction.

We also investigated high temperature thermal diffusivity
rom room temperature up to 1000 ◦C for the highest den-
ity ceramics and nanocomposites, as seen in Fig. 6(b). As
xpected, the thermal diffusivity values for the monolith and
he nanocomposites follow the same general trend that shows a
teady decrease in thermal diffusivity with increasing tempera-
ure. However, the nanocomposites have a considerably lower
tarting thermal diffusivity value than the monolith and main-
ain the same level of lower thermal diffusivity values than the

onolith with increasing temperature up to 800 ◦C. At tempera-

ures equal or greater than 800 ◦C the thermal diffusivity values
f the monolith and the nanocomposites converge to very similar
alues. These results suggest that the SWNTs can tailor thermal
iffusivity and thermal conductivity properties in ceramics up

ions of SWNTs to the ceramic. (b) Thermal diffusivity values measured from
nd 6-vol% SWNT nanocomposites.
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o high temperatures. However, in order to fully understand the
ffect of SWNTs on thermal and electrical properties in ceramics
equires further investigation at high temperatures.

. Discussion

The ability to manage electrical and thermal conductivity
roperties in ceramics has widespread use for application at high
emperature as smart skins, stress sensors, and thermal manage-

ent materials. However, in order to realize these materials in
pplication we need to further investigate the effects of process-
ng SWNTs in ceramics and how they affect the electrical and
hermal properties of the ceramic. For this study we focused
n investigating both electrical and thermal properties of a high
emperature ceramic that contain a homogeneous random dis-
ersion of SWNTs. Our results shows that SWNTs can be used to
ffectively tailor both electrical and thermal properties of silicon
itride. However, as the nanocomposite room temperature elec-
rical conductivity increases with increasing SWNT addition,
he opposite trend is observed for thermal conductivity proper-
ies. Some factors effecting the modest enhancement of electrical
onductivity can be related to nanocomposite powder process-
ng and sintering methods. Our previously published work14

nd work published by other groups17 shows that colloidal pro-
essing methods are very effective in creating homogenously
ispersed SWNT–ceramic nanoparticle suspensions and that
he SWNT dispersion level is retained within the final sintered

icrostructure. However, the effect of high temperature pres-
ure assisted sintering on the stability of the SWNT structure
s not well understood because researchers have used different
intering methods and maximum temperatures. The SWNTs in
his study were dispersed using colloidal processing methods
nd the dispersion state was retained after sintering which is
lso verified by our measured electrical resistivity results that
how enhancements to electrical conductivity of the ceramic
ikely due to a homogeneous dispersion of SWNTs. In addi-
ion, the argument can be made that the better the dispersion
evel the less likely that there are large agglomerated bundles
f SWNTs throughout the ceramic or that the SWNT bundles
re restricted to locations around the grain boundaries. The lat-
er case would result in higher electrical conductivity results.
ur electrical conductivity results are lower than other reported
anocomposites processed using conventional powder mixing
echniques because the SWNT dispersion is not restricted to
nly the grain boundaries but are also found within the grains
f silicon nitride. When SWNTs are present in a material above
he percolation limit, they also provide a continuous electrical
onduction path that are not dependent on SWNT alignment or
rientation within the matrix therefore, this homogeneous and
andom distribution of SWNTs in the ceramic leads a systematic
ncrease in electrical conductivity.23

The interesting phenomenon observed in these novel
anocomposites is that we see opposite effects on electrical

nd thermal properties with small additions of SWNTs. The
igh thermal conductivity values for SWNTS in the axial direc-
ion should increase the overall thermal conductivity when
sed in a composite but instead the thermal conductivity is

h
u
c
f
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educed by at least 50% over the monolithic ceramic, while
he electrical conductivity seems to increase with increasing
WNT concentration. Although conventional wisdom would

ndicate that for almost all materials, electrical and ther-
al conductivities move in the same direction it is believed

hat the introduction of SWNTs into ceramics increases the
umber of phonon scattering points, thereby lowering the ther-
al conductivity of the ceramic.15 Thermal conductivity can

e expressed as the sum of lattice thermal conductivity (by
honons) and electronic thermal conductivity (by electrons or
oles): K(total) = K(lattice) + K(electronic). We observed adding
WNTs into Si3N4 increased electronic component of the ther-
al conductivity and in the meantime lower the lattice thermal

onductivity. The net effect of much lower thermal conduc-
ivity indicates that lattice thermal phonon scattering at the
nterfaces reduced conductivity significantly. We also have take
nto consideration that the SWNTs are randomly and homo-
eneously dispersed throughout the matrix material therefore,
he transverse thermal conductivity properties which are signif-
cantly lower than their axial thermal conductivity properties
lso contribute to the lower than expected thermal conductivity
roperties. In order to take advantage of the high thermal con-
uctivity properties in a ceramic the SNWTs have to be aligned
hrough the matrix and not randomly homogeneously dispersed
s in our present study. This increase in electrical conductiv-
ty should also increase thermal conductivity but instead they
ecrease due to differences in anisotropic thermal properties
etween individual tubes and bundles of tubes.6 In addition,
umerous highly resistive thermal junctions between the tubes
an contribute to additional extrinsic phonon scattering mecha-
isms such as tube–tube interactions that are barriers to thermal
ransport in ropes of nanotubes.38 It can also be assumed that
he inter-tube coupling in ropes is strong, based on mechanical
roperties and enhanced electrical properties reported for SWNT
einforced-alumina composites processed using SPS.14,22,23 In
ddition, microstructural observations indicate that SWNT ropes
re intertwined with Si3N4 grains, suggesting that a significant
egree of curvature or bending occur in the bundles that may
ecrease thermal flux properties in the SWNTs.21 The poten-
ial to enhance the thermal conductivity of the ceramic may be
ossible if methods can be developed to align SWNT bundles
ithin the bulk nanocomposite. It should be noted that there
as only been one published report41 that shows an increase
n thermal conductivity for carbon nanotube reinforced Si3N4
eramic nanocomposites using MWNTs as reinforcements.
he nanocomposite system was processed using a different
ethod that was not colloidal processing and results in different
icrostructures than those observed in this study. However, for

he MWNT–Si3N4 system there was a measured 4% increase in
hermal conductivity at 200 ◦C.

The composites processed using SPS experienced a hot-
ressing stress during consolidation that produce a mechanical
tress on the SWNTs in the axial (hot-pressing) direction. Others

ave reported that this leads to lower thermal conductivity val-
es in the transverse direction for SWNT–alumina composites at
oncentrations greater than 10-vol% SWNTs.21 Our thermal dif-
usivity measurements conducted in the transverse direction, at
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oom temperature, for the SWNT–Si3N4 nanocomposites were
he same in the axial direction. Therefore, a homogenous and
andom dispersion of SWNTs within the ceramic is believed to
e the reason for the consistent thermal measurements for the
ransverse and axial directions. Thermal diffusivity values mea-
ured for the 6-vol% SWNT composite show a small increase
n the transverse direction over the axial direction, indicating
hat there is a critical concentration of SWNTs that can be
ffectively dispersed homogeneously and otherwise leads to
nisotropic behavior in ceramic materials. In addition, SWNTs
ossess a very high surface area and when they are well dispersed
ith Si3N4 particles the increase in the available interfacial

rea between SWNTs and between SWNTs and Si3N4 par-
icles is substantial. The interface effect, also known as the
akpitza effect39 has a tendency to reduce the thermal flux

nd reduce thermal conductivity for composites. The thermal
iffusivity values decrease with the incorporation of SWNTs
ver the temperature profile tested and all specimens show a
ecrease in thermal diffusivity with increasing test temperature.
hese results are consistent with results observed for pure carbon
aterials.40 The observed reduction in thermal diffusivity with

ncreasing temperature can be attributed to the dominant effect
f Umklapp scattering (phonon–phonon scattering) reducing the
honon mean free path length.15,40

Considering the high-temperature and high-pressure sinter-
ng conditions that are necessary to densify the monolith it is
very surprising that SWNTs are retained in the final sintered
icrostructure. However, we found direct evidence using Raman

pectroscopy measurements that some or most of SWNTs sur-
ived the SPS sintering process. However, comparing the D to G
eak ratios we also found that there are some structural defects
n the as-received SWNTs and an increase in the ratio was mea-
ured after SPS suggesting that there is high a risk to using high
emperature that results in an increase in SWNT defects. There
s no clear trend that shows increasing D:G ratio with increas-
ng sintering temperature or time. However, this method for
haracterizing the SWNTs after SPS shows to be useful for help-
ng understand the relationship between nanocomposite powder
rocessing and sintering conditions.

. Summary

Multifunctional SWNT–Si3N4 nanocomposites were pro-
essed using 1-, 2-, and 6-vol% SWNTs and densified using SPS.
ur previous work has shown these composite have mechani-

ally properties equal to fully sintered Si3N4 and under certain
rocessing conditions have the potential to increase the frac-
ure toughness of an already structurally tough ceramic material
y 30% over the monolith. The insulating ceramic was trans-
ormed into a metallic electrical conductor with a value of
2 S m−1 at room temperature. However, our nanocomposites
an also be used as thermal management material with up to a
0% reduction in thermal conductivity using small additions of

WNTs. The Raman spectroscopy study showed that SWNTs
re retained in the final sintered microstructure. However, we
lso detected structural damage to the SWNTs as a function of
intering temperature up to 1800 ◦C. We also report that SPS can
Ceramic Society 31 (2011) 391–400 399

e used to successfully process SWNTs in a high-temperature
eramic without a noticeable reaction between SWNTs and the
eramic. SPS also allows for processing high-density nanocom-
osite with precise control over the phase transformation of
he matrix material. Further studies are needed in order to
nderstand the effects of high-temperature and pressure on the
tructures of SWNTs in a high-temperature ceramic but the
nitial findings reported here suggest that there is significant
otential for these novel nanocomposites in high temperature
pplications.
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