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Abstract

The influence of carbon nanotubes (CNTs) addition on basic mechanical, thermal and electrical properties of the multiwall carbon nanotube
(MWCNT) reinforced silicon nitride composites has been investigated. Silicon nitride based composites with different amounts (1 or 3 wt%) of
carbon nanotubes have been prepared by hot isostatic pressing. The fracture toughness was measured by indentation fracture and indentation
strength methods and the thermal shock resistance by indentation method. The hardness values decreased from 16.2 to 10.1 GPa and the fracture
toughness slightly decreased by CNTs addition from 6.3 to 5.9 MPa m'’. The addition of 1 wt% CNTSs enhanced the thermal shock resistance of
the composite, however by the increased CNTs addition to 3 wt% the thermal shock resistance decreased. The electrical conductivity was

significantly improved by CNTs addition (2 S/m in 3% Si;N4/CNT nanocomposite).

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Silicon nitride has very good combination of mechanical,
physical, and chemical properties. The strength, hardness, and
toughness at room and elevated temperatures make it suitable
for use in several structural applications [1]. To obtain superior
mechanical properties, a fine-grained microstructure with
elongated beta grains is preferred. These in situ grown beta
silicon nitride grains can significantly improve the fracture
toughness over monolithic ceramics, producing self-rein-
forced silicon nitrides [2]. Ex situ toughening of silicon
nitrides is also accomplished with the addition of fibers such as
SiC and carbon [3,4].

Carbon nanotubes (CNTs) offer new possibilities to improve
the functional and mechanical properties of advanced ceramics
thanks to their small size, large aspect ratio, low mass and
excellent mechanical, electrical and thermal properties [5,6].
For high-temperature applications, the high thermal conduc-
tivity of CNTs suggests that their incorporation, even at low
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volume fraction, might provide the thermal transport needed to
reduce material operating temperatures and improve thermal
shock resistance [7]. Such composites may find applications in
catalyst supports, hydrogen storage, electrodes for fuel cells,
supercapacitors, and ultrafiltration membranes. During the last
decade new ceramic/carbon nanotube composites have been
developed and a number of authors have reported improved
mechanical and functional properties in the case of ceramic/
CNT composites compared to the monolithic material [8—16].
Three main problems have been recognized during these
investigations: dispersion of the CNTs in the matrix,
densification of the composites and degradation of the CNTs
[17-20].

An increase of the fracture toughness and of electrical
conductivity has been achieved in CNTs reinforced alumina
matrix composites, but only modest improvements of
electrical and mechanical properties were found in carbon
nanotube silicon carbide-, polymer-, metal oxide matrix
composites [21-24]. CNT-CMC materials have demonstrated
significant enhancements in electrical conductivity at rela-
tively low CNT volume fractions. It was reported that CNT-
dispersed Al,Oj; fabricated by the spark plasma sintering (SPS)
method, which is one of the densification techniques at low
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temperatures, had extremely high fracture toughness, because
of the bridging effect of CNTs [25]. Furthermore, the strength
of these materials is degraded by CNT dispersion due to
insufficient densification, although CNTs should improve the
mechanical properties. CNT dispersed silicon nitride compo-
sites have been made by Balazsi et al. [26] with improvements
in strength, stiffness, and toughness. Tatami et al. [9]
developed CNT dispersed SizN, ceramics with high density,
electrical conductivity, and superior mechanical properties by
using novel sintering aids (Y,03;—Al,O3-TiN-AIN).

Most work on CNT-CMC:s has focused on the measurement
of toughness using the indentation/crack length technique but
most results for toughening have been disappointing. Data has
shown very little or no increase in toughening upon introduction
of CNTs — either single- or multi-walled — into various ceramic
matrices [21,27,28]. Toughening has been obtained through the
toughening mechanisms e.g. crack bridging by CNTs, crack
deflection at CN'T/matrix interface and nanotube pull-out on the
fracture surface [1,29]. The mechanical properties strongly
depend on the type of nanotubes, as well as nanotube/matrix
interactions [26].

Recently, different investigations have been focused on the
study of the grain boundaries in different CNTs/CNFs
reinforced ceramic composites [30-33]. Vasiliev [30,31] based
on the results of transmission electron microscopy (TEM) and
high-resolution transmission electron microscopy (HREM),
presented a new way of perceiving grain boundaries in alumina/
SWCNTSs composite. Balazsi [32] investigated the interface
between the beta-SizN, crystallites and MWCNTs by TEM and
HREM in the composites based on silicon nitride and
reinforced by 1 and 3 wt% of MWCNTs. Kothari et al. [33]
during investigation of the effect of MWCNTSs and dense as
received and heat treated CNFs on the reinforcement in
amorphous silicon nitride coatings, found that the heat
treatment of CNFs changed the character of the CNT/matrix
interface and increased the pull-out. Significantly longer pull-
out was found however in the case of MWCNTs.

However, only few researchers [11] have been concerned
with thermal properties of carbon nanotube composites in
ceramic systems. The thermal shock resistance of brittle
materials generally depends on a number of thermal and
mechanical properties mainly thermal expansion coefficient,
thermal conductivity, thermal diffusivity, Young’s modulus,
fracture toughness, strength, heat transfer coefficient, specimen
size and duration of the thermal shock. Several thermal shock
parameters have been defined to relate these materials to their

Table 1
Starting compositions and preparation conditions of sintered samples.

thermal resistance, considering the crack initiation (R para-
meter) and crack propagation (R”’ parameter) conditions,
respectively. They are defined as following [34]:

R— oc(l—v) _ AT, (1)
oE
Kic\’

R" — ( ) (1 —+ \)) (2)
o,

where o is the tensile strength, E the Young’s modulus, o the
coefficient of thermal expansion, K¢ is fracture toughness and
v is the Poisson’s ratio.

Higher values of R represent greater resistance to fracture
initiation during quenching and higher values of R” indicate
less crack propagation once the critical temperature drop AT,
necessary to initiate fracture, is exceeded.

In convectional testing thermal shock resistance is quantified
by measuring of residual strength of polished specimens after
quenching. This standardized method requires a large number
of prepared (at least 30 samples) and it cannot allow multiple
shock measurements. For these reasons an alternative indenta-
tion-quench method has been developed by Andersson and
Rowcliffe [35]. In this technique, the thermal shock resistance
is measured by studying the propagation of median/radial
cracks around a Vickers indentation after single or repeated
quenching. The critical temperature difference AT, ;,4, of the
material can be defined with reference to the number of
propagating cracks and the amount of crack extension.

The thermal shock resistance of Si3N,/CNTs composites has
not yet been reported, but many authors have studied thermal
shock resistance of different ceramic materials by water
quenching or indentation tests (silicon nitride, silicon carbide,
[3-sialons, alumina/silicon carbide nanocomposites, etc.) [36—40].

The aim of the present contribution is to investigate the
influence of the carbon nanotubes (CNTs) addition on the
hardness, fracture toughness, thermal shock resistance and
electrical conductivity of multiwall carbon nanotube (MWNT)
reinforced silicon nitride composites.

2. Experimental materials and methods
2.1. Starting material and experimental setup
Some details about composition of the starting powder

mixtures and preparation can be seen in Table 1. Si3Ny (Ube,
SN-ESP), Al,O3 (Alcoa, A16) and Y,O3 (H.C. Starck, grade C)

Samples Starting powders (wt%) CNT (MWNT) Ball milling Ultrasonic agitation (wt%) Sintering conditions
(Wt%) (Wt%)
SisNy Al,O3 Y,0;3 Temp. (°C) Holding time Pressure (MPa)
SN 90 4 6 - 3h 1700 3h 20
SN-CNT1 90 4 6 1 3h 3 h (mixture + MWCNT) 1700 3h 20
SN-CNT2 90 4 6 3 3h 3 h (mixture + MWCNT) 1700 3h 20
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Fig. 1. The morphology of multiwall carbon nanotubes (MWCNTs).

were used as starting powders. Different amounts of CNTs
(multiwall carbon nanotubes, produced as described elsewhere
[41]) were added in addition to batches (1 and 3 wt%). The
morphology of multiwall carbon nanotubes (MWCNTS) is
shown by SEM (Fig. 1). The SEM is revealing the non-
homogeneous dimensions of MWCNTs prepared by chemical
vapour deposition (CVD). The MWCNTs are 10-70 nm in
diameter and 8—10 pm in length. The powder mixtures together
with the added CNTs were milled in ethanol in a planetary type
alumina ball mill for 3 h. The powder mixtures and CNTs were
introduced in an ethanol bath and sonicated together. After
sonication surfactants (polyethyleneglycol, PEG) were added to
the powder mixture. The batches were dried and sieved. Green
samples were obtained by dry pressing at 220 MPa. Before
sintering an oxidation was applied at very low heating rates up to
400 °C, to eliminate the PEG from samples. The samples without
CNT were fabricated in the same manner, and their properties
were evaluated. Hot isostatic pressing was performed at 1700 °C
in high purity nitrogen by a two-step sinter-HIP method using BN
embedding powder. The heating rate was not exceeding 25 °C/
min. The gas pressure was 20 MPa. The dimensions of the as-
sintered specimens were 3.5 mm X 5 mm x 50 mm. All sur-
faces of the samples were finely ground and polished on a
diamond wheel, and the edges were chamfered.

2.2. Density, microstructure and mechanical properties

The density of the sintered materials was measured by
Archimedes method with distilled water. The fracture surfaces
were studied using an SEM (JEOL JSM-7000F). Microfracto-
graphy was used to analyse the fracture lines and surfaces of the
specimens to study the fracture micromechanisms in the
monolithic material and in the composites.

Hardness was determined by Vickers indentation (hardness
testers LECO 700AT) and calculated according to the equation
[42]:

H = 1.8544 (d%) 3)

where d is the indentation diagonal and P the indentation load.

The fracture toughness was measured by Indentation
strength (IS) and Indentation fracture (IF) method. Vickers
indentations were introduced into the specimens with dimen-
sions of 3 mm x 4 mm X 45 mm that were then loaded in four-
point-flexure mode (inner span of 20 mm and outer span of
40 mm). The specimens were tested with the crosshead speed of
0.5 mm/min at ambient temperature and atmosphere. The
strength (oy) value has been determined and the fracture
toughness was calculated using the equation [43]:

3/4
)

Kic = 0.88(0 P,/ “)

The IF values was determined by the measurement of the
crack lengths created by Vicker’s indentations at the load of 98 N.
Fracture toughness was calculated using a formula valid for
semi-circular crack systems as proposed by Shetty et al. [44]:

HP 0.5
Kic = 0.0899 ()

41 )

where H is the hardness, P is the indentation load and [ =c¢c — a
is the length of the indentation crack (c — half length of the
radial crack, a — half length of diagonal).

For the investigation of thermal shock resistance the
indentation-quench method was used. Thermal shock tests were
conducted on bars with dimension of 3 mm x 4 mm X 25 mm.
They were ground and polished with final diamond paste of
1 pm. All indentations were made with a 98.1 N load to obtain
the pre-cracks approximately in the same length. Each indent
generated four cracks, so that 12 cracks were made on one
sample. Measurements were performed on three samples of each
material.

The length of the cracks was measured using optical
microscopy. After the indentation the samples were heated in a
vertical tube furnace in air to the required temperature and held
there for 25 min. Then the specimens were rapidly immersed
into a ~20 °C water bath. Final radial crack lengths were then
measured with optical microscope. The procedure was repeated
at increasing quenching temperatures AT, up to the critical
value of AT, at which radial crack became unstable and the
specimen failed.

The electrical conductivity of monolithic and composite
materials was measured at ambient temperature using a two-
point probe setup, carried out on a precision impedance
analyzer Agilent 4294A. Specimens with the dimension of
3mm X 4 mm X 10 mm were cut from the centre of the hot
pressed samples for these measurements. As the probes two
copper electrodes with area of 1 mm?® were applied on opposite
faces of the experimental discs. Measurements were carried out
at frequency range from 40 Hz to 40 kHz.

3. Results and discussion
3.1. Microstructure

Morphological observation of fracture surfaces of HIP
samples is presented in Fig. 2. The microstructure of sintered
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Fig. 2. Fracture surfaces of HIP samples: (a) CNT/Si3N, composites with 1%CNT, (b) CNT/Si3;N4 composites with 3%CNT, (c) SizN, reference sample.

MWCNT composites consisted mainly of [-SizN, grains
(several micro meters in length) and nanotubes. The CNTs are
located mainly in the inter-granular positions and they have a
good contact to the surface of silicon nitride grains. As can be
observed, the dispersion of MWNTs is still far from optimum,
in most of the cases they are in interconnected groups.
Agglomeration of bundles of MWCNTs between the silicon
nitride boundaries inhibits the densification of composites. For
this reason, CNT added samples had significantly larger
porosity than reference sample and the reinforcement processes
(e.g. pullouts, crack bridging) are still not enough for a
significant strengthening. However, separated MWNTSs can
also be observed.

3.2. Hardness and fracture toughness

The density and basic mechanical properties are summarized
in Table 2. High density monolithic ceramic and nanocomposites
have been achieved. The reference sample without any nanotube
addition has the highest degree of densification. An addition of
MWCNTS decreases the density from 3.14 to 2.65 g cm ™. The
hardness of the composites is lower compared to the hardness of
the monolithic material. The Vickers hardness of the composites
significantly decreased with increasing content of the MWCNTSs.
The hardness for the silicon nitride/CNTs composites was
13.3 GPa and 10.1 GPa respectively. Tatami et al. [9] developed

CNT (1.8 wt%) dispersed SizN, ceramics with hardness of
14.3 GPa. The lower hardness of the composite compared to the
monolithic material is mainly dependent on the residual porosity
that remains in the material after the sintering, similar to that
observed in other investigation [15]. Together with the porosity,
the clusters of the CNFs/CNTs are characteristic processing
defects present in our material and presented in all of the work
dealing with similar composites. This indicates the still present
difficulties at the preparation of defect free carbon nanotubes or
carbon nanofibers reinforced ceramic composites but also the
potential for the improvement of their functional and mechanical
properties.

SizN, samples have an indentation fracture toughness of
6.2-6.3 MPam'?. The fracture toughness of the composites
with 1wt% and 3wt% CNT is 6.0 and 5.9 MPam'?
respectively. The variation of fracture toughness with indenta-
tion load (R-curve-like behaviour) is estimated by changing the
indentation load over a range 9.81-98.1 N. Silicon nitride
shows a characteristic toughening (R-curve) behaviour with an
increased crack growth resistance connected with increased
crack length. In the case of composites, classic R curve
behaviour is not evident, Fig. 3. However, Pasupuleti et al. [1]
achieved improved fracture toughness of SizN4/CNT connected
with self-reinforcement effect. They also showed R-curve
behaviour for composites and crack-path deflection as main
toughening mechanisms. Xia et al. [29] reported that the

Table 2

Physical and mechanical properties of the investigated materials.

Samples Density (g cm™) HV1 (GPa) Kicina (MPa m'?) IS (MPa m'?) Electrical cond. (S/m) Reyp, (°C)
SN 3.28 1624+ 0.5 63+04 6.7+0.2 - 780
SN-CNT1 3.14 13.3£0.6 6.0+ 0.4 57+03 257 x 10712 870
SN-CNT2 2.65 10.1 £ 0.6 59+03 44+04 1.98 600
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Fig. 3. R-curve like behaviour of sintered materials.

predominant toughening mechanisms in Si;N4/CNT compo-
sites were pullout and crack deflection. In our case these
toughening mechanisms are not present in the composites from
two reasons. The first, the main reason is the relatively high
porosity mainly in the case of composite with 3 wt% of CNTs.
This porosity eliminates the possibility of toughening by CNTs
moreover limit the toughening by the elongated Si;N, grains,
too. The second reason is the non uniform distribution of CNTs,
the effect of this will be visible in the case of full dense
materials only.

3.3. Thermal shock resistance

Petterson et al. [38] in his study mentioned that the material
with better thermal shock resistance can absorb the residual
stress at the higher loads better than the poorer material. When
too high a load is used (the initial cracks are too long) the crack
growth depends both on the relaxation of residual stress in the
material and on the thermal shock. A good choice seems to be
an initial crack length of 100 £ 10 wm for testing of SizNy
based ceramics. The initial cracks size for silicon nitrides
samples were ~120 wm at indentation load 98.1 N. The
dependence of radial crack growth on temperature for tested
materials is plotted in Fig. 4. There are visible three different
areas which characterize the crack evolution after quenching:
(a) an initial radial cracks growing slightly with increasing AT
(area to AT ~ 200 °C); (b) a radial crack growing stable
extension (area from AT ~ 200 °C to AT ~ 700 °C); (c) aradial
crack growing unstable extension and the specimens failed. A
critical temperatures AT, when the Si3N, failed is ~780 °C.

In the case of Si3N4/CNT reinforced composites the initial
crack length was above 125-130 wm at indentation load 98.1 N.
Again are visible different areas which characterize the crack
evolution after quenching: (a) an initial radial cracks growing
slightly with increasing AT (area to AT ~ 250 °C for SN-CNT1,
to AT ~ 200 °C for SN-CNT2); (b) a radial crack growing stable
extension (area from AT ~ 250 °C to AT ~ 700 °C for SN-
CNT1, from AT ~ 200 °C to AT ~ 600 °C for SN-CNT2; (¢) a
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Fig. 4. Crack propagation at thermal shock tests; the temperature difference at
which unstable cracking begins are marked by arrows.

radial crack growing unstable extension and the specimens failed
(AT, ~ 870 °C for SN-CNT1 and AT, ~ 620 °C for SN-CNT?2).

With increasing the carbon nanotube content a decrease of
thermal shock resistance has been observed. Thermal shock
resistance can be improved by the increased flexural strength and
fracture toughness and by decreased Young’s modulus and
coefficient of thermal expansion. Materials with very strong R-
curve behaviour are probably most suitable for thermal shock
applications. Because fracture toughness for Siz;N4/CNT is not
differ significantly from the values of monolithic silicon nitride
(materials with R-curve behaviour enhanced thermal shock
resistance), the reason for lower thermal shock resistance could
be degraded strength values by CNT dispersions due to
insufficient densification [10]. The other possible reason is a
difference in thermal properties of the materials — different
thermal expansion coefficients of silicon nitride (3 x 10°° Kil)
and MWCNTSs (1.6-2.6 x 107° K.

Microfractographic observation of thermally shocked speci-
mens with Vickers indentation showed wheel defined radial
crack pattern. The propagation of Vickers indentation crack of
SN-CNT1 before thermal shock is shown in Fig. 5a, after
thermal shock at AT =870°C in Fig. 5b. These cracks
increased in size with increasing temperature, but always
reached instability first in the longitudinal direction (i.e. crack
aligned parallel to the specimen length). This indicates a
slightly higher tension in the transverse direction, consistent
with some edge effect in the thermal transfer process (via ry in
the Biot coefficient) [37].

3.4. Electrical conductivity

It is well known that silicon nitride is an insulator with
extremely low electrical conductivity. It was found that
electrical conductivity increase with CNT content. As shown
in Table 2, the room temperature electrical conductivity is about
2 S/min 3 wt% Si3;N4/CNT nanocomposite while 1 wt% SizN,/
CNT is still insulator. In a previous study we demonstrated an
increase in thermal conductivity for carbon nanotube added
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Fig. 5. Vickers indentation crack of SN-CNTI, (a) before thermal shock; (b) after thermal shock (AT = 870 °C).

SizN,4 ceramic nanocomposites using MWCNTs as reinforce-
ments [45]. The SN-CNT2 nanocomposites showed a 4%
increase in thermal conductivity at 200 °C compared to SN
sample. In a recent work by Corral et al. [46] demonstrated that
singlewall carbon nanotubes (SWCNTSs) can be used to
effectively tailor both electrical and thermal properties of
silicon nitride. However, as the nanocomposite room tempera-
ture electrical conductivity increases with increasing SWCNT
addition, the opposite trend is observed for thermal con-
ductivity properties. They suggested that several factors should
be taken account for the lower thermal conductivity. One factor
is the higher porosity of composites with MWCNT addition.
The other possible factors can be the CNT induced phonon
scattering points and the interface effects between CNTs and
matrix all reducing the thermal conductivity. Tatami et al. [9]
achieved the electrical conductivity of 2.8 S/m in the silicon
nitride sample with 1.8 wt% of CNT prepared by GPS
technique, 79 S/m in the sample prepared by HP and about
30 S/m for composite fabricated by HIP. Balazsi et al. [47]
investigated the influence of the carbon nanotube (CNT), black-
carbon (BC) and graphite (GR) addition on the electrical
conductivity of SizNy. It was found that the size and shape of
the mixed graphite additives resulted in a very limited graphite
grain connection in the matrix, which resulted in the lowest
electrical conductivity of the composite prepared using this
additive. The composite with the highest conductivity produced
with carbon black additions thanks to their nano size producing
bunchy, chain cluster forms in the pores and on the surface of
the matrix grains. In the case of 5% CNT addition an electrical
conductivity in the range of 4.32—12 S/m was achieved.
Zhan et al. [20] measured the conductivity on alumina-based
material and obtained 15 S/m at about 15% CNT. The
thermoelectric properties of 10 vol.% single-wall carbon
nanotube/3Y-TZP nanocomposite produced by SPS have been
studied by Zhan and Mukherjee [11]. According to these
results, the electrical conductivity decreased from approxi-
mately 500 S/m to approximately 200 S/m when the tempera-
ture increased from room temperature to 550 K. A further
increase of the testing temperature resulted in a slight increase
of electrical conductivity. Shi and Liang [48] studied the effect
of the MWCNT addition on the electrical and dielectric
properties of MWCNT/3Y-TZP composite prepared by SPS.
They found a very strong influence of the CNTs addition on the
electrical conductivity of the composite in the range of addition

from 1 to 2 wt% of CNTs. MWCNT/3Y-TZP composites have
been prepared by pressureless sintering + HIP by Ukai et al.
[16]. For the materials with weight % of CNTs from 0.25 to 1.0
the electrical conductivity was found to be in the interval from 5
to 60 S/m.

4. Conclusions

In this study the carbon nanotube dispersed silicon nitride
ceramics with high density, good mechanical properties, higher
electrical conductivity and comparable thermal shock resis-
tance to silicon nitride ceramics was prepared.

The hardness values decreased with addition of MWCNTs
and the fracture toughness is comparable with fracture
toughness of silicon nitride. With increasing the carbon
nanotube content a decrease of thermal shock resistance has
been observed. Because fracture toughness for SizN4/CNT is
not differ significantly from the values of monolithic silicon
nitride (materials with strong R-curve behaviour are probably
most suitable for thermal shock applications), the reason for
lower thermal shock resistance could be degraded strength
values by CNT dispersions due to insufficient densification.
The room temperature electrical conductivity is about 2 S/m in
3 wt% Si3N4/CNT nanocomposite while 1 wt% SizN4/CNT is
still insulator.
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