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Abstract

Densification evolution has been analysed in liquid phase assisted spark plasma sintering (SPS) of silicon nitride (SizNy4)-based materials.
Monolithic ceramics with variable amounts of Al,03/Y,0Oj5 sintering additives, and carbon nanotubes (CNTs) containing SizN, composites have
been considered. The shrinkage behaviour of SPSed monolithic Siz;N, showed a noticeable enhancement of the particle rearrangement stage,
exhibiting a complete wetting of the grain boundary phase even for the lowest additive content (1.70 vol.%), unlike the corresponding hot pressed
(HPed) material. An improvement of the liquid phase wetting by the presence of electromechanical forces is proposed to explain the enhanced
densification occurring in the particle rearrangement stage of the SPS process. Furthermore, the addition of CNTs seems to increase the efficiency

of this mechanism, decreasing the particle rearrangement temperature.
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1. Introduction

The outstanding thermomechanical and tribological proper-
ties achieved with silicon nitride (SizN4) ceramics during the
last decades have promoted their use in different technological
applications, such as engine components, ball bearings or metal
cutting and shaping tools [1]. The densification of these
materials is quite complex and commonly entails the use of
sintering additives (generally a mixture of rare earth and
metallic oxides) and temperatures above 1700 °C for promoting
the liquid phase sintering (LPS) [2]. LPS mechanism includes
particle rearrangement, solution-precipitation and Ostwald
ripening grain growth stages that usually overlap. In this way,
o — [(-phase transformation and grain growth jointly occur in
SizN, densification when conventional sintering (CS) techni-
ques, such as pressureless sintering (PS), hot pressing (HP) or
hot isostatic pressing (HIP), are employed. This complex
sintering progression is advantageously used for tailoring
microstructures and, hence, properties [3].
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On the other hand, the spark plasma sintering (SPS) technique
[4-6], a pressure assisted pulsed direct current sintering process,
enhances the sinterability of Si;N4 leading to dense materials
with negligible grain growth and phase transformation at reduced
temperatures [7-10]. The phenomena responsible for the
enhanced sintering are still under debate [5,11-16] and many
efforts are presently focused on modelling the temperature and
current profiles during SPS and also on analysing the
microstructure evolution in different materials [15,17-20].
One of the first hypotheses was that a plasma generation
between particles would cause the particle surface cleaning and
mass transport improvement [14], but this proposal has been
particularly controversial because the lack of experimental
evidence of such a plasma formation [13]. Among the numerous
SPS mechanisms proposed, a general consensus on the important
role of both the Joule rapid heating [15] and the intrinsic field
effects [4,15] exits. In the particular case of the LPSed Si3;Ny-
based materials, Shen et al. [16] proposed a dynamic ripening
mechanism to explain the very fast in situ formation of a tough
interlocking microstructure. Then, this mechanism was mainly
focused on the solution-precipitation stage of the LPS process,
pointing to the enhanced motion of charged species caused by the
electric field and rapid heating as responsible for the increased
diffusion and homogenization in the liquid phase during this

0272-8842/$36.00 © 2010 Elsevier Ltd and Techna Group S.r.l. All rights reserved.

doi:10.1016/j.ceramint.2010.08.019


http://dx.doi.org/10.1016/j.ceramint.2010.08.019
mailto:mbelmonte@icv.csic.es
http://dx.doi.org/10.1016/j.ceramint.2010.08.019

160

stage. However, the dynamic ripening mechanism does not
entirely explain the enhanced shrinkage observed during the first
stages of sintering in Si;N,-based materials by SPS, where large
densification without grain growth and with reduced phase
transformation have been observed [7-10,21,22]. Therefore,
some insight into the previous particle rearrangement stage is
needed.

Here we focus on the effect that the pulsed electric field can
have on the liquid phase distribution, thus affecting particle
rearrangement. Two different Si;Ny-based ceramics are
considered: monolithic materials with different amounts of
sintering additives and composites containing an electrically
conductive second phase as carbon nanotubes (CNTs). The
shrinkage rate, the microstructure and the morphological
characteristics of each SPSed material are analysed. In the case
of monolithics, results are compared with HP shrinkage data of
similar materials. The improvement in the liquid phase wetting
caused by the applied electric field is pointed out as the main
responsible for the enhanced densification occurring during the
initial densification stage of the SPS process.

2. Experimental procedure

For the Si;N4; monolithic materials, three different
compositions (Table 1) containing «-SisNy (95% o-phase,
SN-E10 grade, UBE Industries, Japan) and distinct amounts of
aluminium oxide (Al,O3, grade SMS8, Baikowski Chimie,
France) and yttrium oxide (Y,0s3, grade C, H. C. Starck GmbH
& Co., Germany), as sintering additives, were attrition milled in
ethanol for 2 h using SizN, grinding media. Afterwards, solvent
was evaporated in a rotary-evaporator at 90 °C and the resultant
mixture was oven dried at 120 °C before sieving through a
63 pm mesh. The different compositions were labelled as
SN2AS5Y, SN1A3Y and SNO.5A2Y (Table 1).

Regarding Si3;N,4 composites, multi-walled carbon nanotubes
(MWCNTs, Nanolab Inc., MA, USA) in concentrations ranging
from 1.8 to 8.6 vol.% were added to the SN2AS5Y matrix powder,
as described elsewhere [23]. In this case, the compositions were
labelled as 1.8CNT, 5.3CNT and 8.6CNT (Table 1).

Disc shaped samples of 3 mm thickness and 20 mm
diameter were SPSed (SPS-510CE, SPS Syntex Inc., Japan)
using a heating rate of 133 °C min~', an uniaxial pressure of
50 MPa and a holding time of 5 min, under 4 Pa of vacuum
atmosphere. In the monolithic materials the maximum sintering

Table 1
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temperatures ranged from 1500 to 1675 °C, whereas in the
composites it was set at 1585 °C to avoid nanotubes damage.
For comparative purposes, some hot-press (HP, W150/200-
2200-100, FCT Systeme GmbH, Germany) sintering runs of the
monolithic compositions were done at temperatures of 1600-
1750 °C, 10 °C min~ ' of heating rate, an uniaxial pressure of
50 MPa, holding times of 5 and 90 min, under 0.1 MPa of N,.
HP technique was not used for the composites as it did not allow
getting dense materials with undamaged nanotubes.

The sintering parameters for the complete set of monolithic
materials (SPSed and HPed experiments) are summarized in
Table 2. Temperature was controlled with a pyrometer that in
the case of SPSed experiments was focused in a hole drilled
through half the thickness of the die wall at half the height of the
die. The SPS parameters, including voltage, current, tempera-
ture, vacuum level, axial pressure and total displacement (d,),
were computer recorded during the whole sintering process.

Apparent density of the specimens was determined by water
immersion and/or helium pycnometry methods (Model MVP-1,
Quanta Chrome Co., USA). Crystalline phases and o/
transformation degree were determined by X-ray diffraction
(XRD, Bruker D5000, Siemens, Germany) procedures [24].
Microstructures of the specimens were observed using a field
emission scanning electron microscope (FESEM, Hitachi S-
4700, Japan) on polished and plasma etched (CF4/5 vol.% O, at
100 W for 40s) samples. Specimens containing MWCNTs
were also prepared for observation in the transmission electron
microscope (TEM, 200 kV JEOL JEM 2000 FX, Japan).
Average Si3N, grain diameter (dsp) and apparent aspect ratio
(AR5o) were estimated on FESEM micrographs by image
analysis techniques, measuring at least 1000 features.

3. Results and discussion
3.1. Monolithic ceramics

Density and a-phase content of each monolithic specimen
are summarized in Table 2. For the composition with the
highest amount of additives, SN2ASY, SPS technique allowed
attaining materials with a high density (d. > 95%) and
reduced phase transformation (76% a-phase) at temperatures as
low as 1500 °C. The SN2ASY material became fully dense, still
retaining high a-phase contents (41%), at 1600 °C. Conversely,
at this temperature, highly porous HPed specimens were

Materials description: specimen label, powders composition in weight percentage (wt.%), sintering additives ratio, total volume percentage (vol.%) of sintering

additives, and MWCNTSs content in the composites (wt.% and vol.%).

Materials Composition SisNy Al,O3 Y,03 (wt.%) Y,05/A1,05 Additives MWCNTs MWCNTs
label (wt.%) (wt.%) (vol.%) (wt. %) (vol.%)

SizN4 monolithic ceramics SN2AS5Y 93.0 2.0 5.0 2.5 4.85 - -
SN1A3Y 96.0 1.0 3.0 3.0 2.74 - -
SNO.5A2Y 97.5 0.5 2.0 4.0 1.70 - -

Si3N, composites 1.8CNT 92.0 2.0 5.0 2.5 4.85 1.0 1.8
5.3CNT 90.0 2.0 5.0 2.5 4.85 3.0 5.3
8.6CNT 88.0 2.0 5.0 2.5 4.85 5.0 8.6
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Table 2

Sintering parameters, densities and a-phase content for the SPSed and HPed monolithic materials. 7 and ¢ are the maximum sintering temperature and the holding

time, respectively; d and d,; are the apparent and the relative densities.

Composition Sintering Sample ID T (°C) t (min) d(g cm ™) dyer (%) a-Phase (%)
SN2A5Y SPS SPS2A5Y-1500 1500 0 3.08 95.4 76
SPS2A5Y-1600 1600 5 3.23 100.0 41
SPS2A5Y-1650 1650 5 3.23 100.0 6
HP HP2A5Y-1600 1600 5 2.44 75.5 85
HP2A5Y-1750 1750 90 3.23 100.0 0
SNI1A3Y SPS SPS1A3Y-1600 1600 5 3.21 100.0 43
HP HP1A3Y-1750 1750 90 3.18 99.0 6
SNO.5A2Y SPS SPS0.5A2Y-1600 1600 5 2.96 92.8 39
SPS0.5A2Y-1675 1675 5 3.19 100.0 15
HP HP0.5A2Y-1750 1750 90 3.12 97.8 13

obtained; actually it was necessary to increase the temperature
and holding time up to 1750 °C and 90 min, respectively, to get
fully dense HPed SN2AS5Y samples, which also led to the
complete o — (-phase transformation. When the amount of
additives was reduced to 2.74 vol.% (SN1A3Y), similar results
as SN2ASY in terms of densification and a-phase content were
found for the SPSed material at 1600 °C, whereas the HPed
SN1A3Y showed some porosity (1%) and residual amount of
o-phase (6%). Finally, the composition with the lowest additive
content, SNO.5A2Y (1.7 vol.%), showed less sinterability
requiring SPS temperatures of 1675 °C to get fully densifica-
tion. In this case, HPed material had a d,. of ~98% at 1750 °C
and higher temperatures would be required for complete
densification.

Fig. 1 shows the SPS shrinkage curves for the 1600 °C runs
of the three different additive compositions. The displacement,
d,, curves (Fig. la) evidence that shrinkage began at lower
temperatures as the additive content increased, particularly for
the SN2ASY specimen, the sintering start temperature was
approximately 100 °C below the start temperature in the other
two compositions. The displacement rate, d(d,)/dt, versus
temperature curves for all the compositions (Fig. 1b) exhibited
two peaks typically associated to the two steps of LPS, that is,
the rearrangement of the SizN, particles (first maximum) and
the solution-precipitation process (second maximum) [3]. The
maximum shrinkage temperature shifted to lower values as the
amount of additives increased, from 1342 °C for SNO.5A2Y to
1280 °C for SN2AS5Y, showing a inverse linear dependence
with the total additive content (Fig. 1c). Besides, the solution-
precipitation peak also shifted to lower temperatures when
increasing additives content. The shift is particularly notable
for the SN2ASY composition, maximum occurs at 1415 °C as
opposite to 1576 °C for the SNO.5A2Y.

These differences in densification behaviour among
compositions can be explained considering the distinct types
of grain boundary phases. In this sense, the average
composition of the grain boundary phase for each material
was estimated from the present additive contents plus the SiO,
covering the SizNy particles, which was calculated from the O,
amount in the starting Siz;N, powders provided by the supplier
(2 wt.%). For simplification reasons the presence of N element
in the glassy phase was not considered. Those compositions

were tentatively placed in the corresponding Y,03;-Al,05—
SiO, phase equilibrium diagram (Fig. 2) [25]. Despite the fact
that the SN2ASY grain boundary composition is located in a
different compatibility triangle from that of SN1A3Y and
SNO.5A2Y, all three have the same invariant point (Fig. 2) and,
therefore, the onset of liquid phase formation should occur at
the same temperature (<1400 °C). However, SN2A5Y will be
completely melted at 1500 °C, whereas SNI1A3Y and
SNO.5A2Y will need higher temperatures (Fig. 2). This would
explain the large shift of the shrinkage rate peaks towards lower
temperatures for the SN2AS5Y composition.

Petzow and Herrmann [3] studied the sintering behaviour of
Si3N4 ceramics containing mixtures of Al,O3 plus Y,03 ranging
from 3.5 to 8.5 vol.%, using CS techniques. They observed
similar peaks to the present case but at higher temperatures,
~1320 and ~1600 °C, respectively, being the solution-pre-
cipitation peak about four times more intense than that of the
particle rearrangement stage. Considering the faster heating rates
typical of SPS runs, compared to those of CS techniques, if same
mechanisms had taken place, shrinkage phenomena in SPS
would have occurred at higher temperatures in a narrower
temperature span [26], but the opposite trend was observed (Fig.
1b). Comparing with Petzow’s data [3], also plotted in Fig. 1b for
similar Y,03/Al,05 additive ratio materials (2.0 [3] versus 2.5
for SN2ASY specimen), it can be stated that densification
accelerated for the SPS process in spite of the smaller volume of
additives of present materials (4.9 vol.% versus 6.0 vol.% for
Ref. [3]); that is, the rearrangement stage took place at slightly
lower temperatures and, besides, a remarkable decrease
(~200 °C) in the temperature of the solution-precipitation stage
was observed. Even more, the particle rearrangement was
strengthened versus the solution-precipitation process in the SPS
experiments, as the intensity ratio between the corresponding
peaks, lierrangement/Tsol-precs Was twice (0.50) that of the CSed
sample (0.25). This unusual enhancement of the rearrangement
stage relative to the solution-precipitation stage must be
attributed to the influence of an electric field.

Furthermore, experimental evidence of an improved wetting
in the SPS process of Siz;N,4 materials was obtained through the
microstructural observation of the SNO.5A2Y specimen (Fig.
3). This composition contained just 1.70 vol.% of additives and,
according to the literature [27], their high Y,05/Al,05 ratio
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Fig. 1. Shrinkage behaviour of SPSed monolithic materials: (a) displacement
(d,) and (b) displacement rate (d(d,)/df) curves versus sintering temperature, (c)
maximum temperature of the particle rearrangement stage as a function of the
additives content. Petzow’s data re-plotted from Ref. [3] for conventionally
sintered SizN, with 6.0 vol.% of additives in a 2:1 weight ratio (Y,05:A1,03)
are also included in (b).

should lead to a poor liquid wettability. This was confirmed in
the corresponding HPed specimen as large pockets of glassy
phase were observed across the specimen (Fig. 3a and b).
However, the SPSed sample (Fig. 3c and d) showed a well
distributed grain boundary glassy phase surrounding the SizNy4
grains in the whole material, supporting the statement that the
electric field affects the liquid wetting.

Similarly as electromigration has been considered as the
main effect in SPS of solid particles, the electromechanical
forces acting on liquids should be correspondingly considered
in the liquid phase SPS process. These forces are interface
related phenomena and typically act when dielectric or aqueous
liquids are in contact with an electrode or a dielectric film and a

341,05°25i0,
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Fig. 2. Y,03-Al,03-Si0O, phase equilibrium diagram [25] (in wt.%) showing
the location of the SN2ASY (1), SNI1A3Y (2), and SNO.5A2Y (3) grain
boundary compositions.

voltage (ac or dc) is applied to the system. Experimentally,
these forces manifest by a reduction of the liquid contact angle
and by the height-of rise effect [28,29], both phenomena being
dependent of the squared applied voltage, V. Then, as particle
rearrangement is governed by capillary forces acting on the
liquid phase at grain junctions and the shrinkage rate increases
as the contact angle decreases, a strong effect of the
electromechanical forces on the initial step of LPS can be
predicted, which would explain the enhanced sintering rate
observed in SPSed SizN,4 during the first sintering stage.

Fig. 4 shows the scheme of a classical electrowetting on
dielectric (EWOD) device. In the SPS set up, the voltage is
supplied through the carbon die, SizN4 grains would act as
dielectric layers and the liquid would be the grain boundary
liquid phase formed at high temperature. In this way, the
voltage applied on sintering would reduce the solid-liquid
interfacial tension, lowering contact angle and increasing
capillary forces at contacts between particles [28-30]. As the
voltage applied in SPS tests is rather low (~5 V), the main
limitation to the proposed model would be the high voltages
(>100 V) experimentally reported [28] for significant contact
angle reduction in electrolyte droplets over a dielectric layer.
However, two important circumstances should not be missed,
the low Si3N, particle size and the high sintering temperatures.
Regarding the first one, recent studies state that the above
phenomena can take place at voltages as low as 6-15 V [31-33]
for high dielectric constant materials if the thickness of the
dielectric layer decreases down to 2070 nm.

On the other hand, the reduction in the contact angle from 6,
where there is not applied voltage, to 6 when a voltage V is
applied is given by the following expressions [28], depending
on the system configuration:

& - & )

cosf =cosby+——
O 2 deor

(1)

for liquid wetting on the metallic electrode, where ¢ is the
dielectric constant of the liquid, &, the vacuum permittivity, y;
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Fig. 3. FESEM micrographs of the polished and etched surfaces corresponding to HP0.5A2Y-1750 (a and b) and SPS0.5A2Y-1675 specimens (c and d), showing the
different grain boundary glassy phase distributions at two magnifications. Light grey areas correspond to the intergranular glassy phase.

the liquid/vapour surface energy per unit area and dgpy is the
thickness of the electric double layer;
&4 & >

COSG_COSHO+2'd'VlvV 2)
for liquid wetting on a dielectric layer (EWOD model). In this
equation, & is the dielectric constant of the dielectric layer and
d is its thickness. Main differences between both systems are
related to the thickness of the involved layer. In the case of the
electric conductor, Eq. (1), that is the electric double layer
formed at the contact surface, which is 1-10 nm in thickness;
whereas, for the EWOD configuration, Eq. (2), it is the
thickness of the dielectric layer that is in the micrometer range.
This means that the voltage required for the same contact angle
reduction is \/ d/dgpr. = 10 — 10*? times higher in the EWOD
than in the classical electrowetting mechanism. Therefore, the

Fig. 4. Scheme of the electrowetting on dielectric device.

high voltages (>100 V) reported for a significant reduction in
contact angle in EWOD could go down to values as low as 3 V
if the substrate is an electrical conductor. This represents the
base for understanding the proposed crucial role of the tem-
perature. Ceramics are generally good dielectric materials
whose electric conductivity increases with temperature.
Electrons, generally trapped in localized states, can move
through an insulator because of random thermal fluctuations
will give that electron enough energy to get out of its localized
state, and move to the conduction band. Once there, the
electron can move through the crystal before relaxing into
another localized state. Additionally, in the presence of an
electric field, the electron does not need as large thermal
fluctuation and it will be able to jump more frequently by
the Frenkel-Poole effect [34]:

JoE - exp <_q ) (¢B Y qE/”8)> (3)

kg - T

where J is the current density, E the applied electric field, g the
elementary charge, ¢g the voltage barrier (in zero applied
electric field) that an electron must cross to move from one
atom to another in the crystal, ¢ is dynamic permittivity, kg is
Boltzmann’s constant and 7 is the temperature. Assuming that
there is not applied electric field, a simple calculation can be
made to compare the current density at the SPS temperature, Jr,
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with the current density at room temperature, Jgr:

Jr —q-¢g (1 1 70
T ———))=~10 4
Trr oceXp( ks \T RT @

where T and RT are the SPS and room temperatures, respec-
tively, and an energy barrier for SizN, of 5 eV, independent of
the temperature, has been introduced [35]. Therefore, due to the
high sintering temperatures (above 1500 °C) and the presence
of an electric field in the SPS tests, contact angle reduction in

Fig. 5. FESEM micrographs of the polished and etched surfaces corresponding
to SPSed SN2ASY materials as a function of the sintering temperature: (a)
SPS2A5Y-1500, (b) SPS2A5Y-1600 and (c) SPS2A5Y-1650.

SPS of Si3N,4 would be better modelled by Eq. (1) than by the
EWOD equation (Eq. (2)), and significant changes in wetting
could be expected in spite of the low voltages involved in SPS.

Besides the described electromechanical forces acting on the
liquid phase, the dynamic ripening mechanism [16] can account
for the enhanced sintering also observed in the solution-
precipitation stage (Fig. 1b). This phenomenon is identified in
Fig. 5 for SN2ASY specimens as microstructure evolves from
sub-micron equiaxed grains with negligible grain growth
(average particle size, dsg, of 190 nm and aspect ratio, AR5, of
1.4) at 1500 °C, towards coarser bimodal microstructures at
1600 and 1650 °C (dsp = 300 and 570 nm, AR5y = 1.8 and 2.4,
respectively), in correspondence with a significant decrease in
the a-phase content from 76% at 1500 °C to 6% at 1650 °C
(Table 2).

3.2. SisN/MWCNTs composites

The shrinkage behaviour of the SN2AS5Y matrix is strongly
modified by adding MWCNTs (Fig. 6). In this way, the peak
temperature linked to the particle rearrangement stage
decreased from 1280 to 1220 °C (Fig. 6b) with just
1.8 vol.% of MWCNTs (1.8CNT). That temperature progres-
sively increased, following a second order polynomial fitting,
with the amount of nanotubes, although it never exceeded that
of the monolithic material. Conversely, the temperature of the
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Fig. 6. Shrinkage behaviour of SPSed composites: (a) displacement rate (d(d,)/

dr) curves versus sintering temperature and (b) maximum temperature of the
particle rearrangement stage as a function of the MWCNTSs content.
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Fig. 7. TEM micrograph for the composite containing 5.3 vol.% of MWCNTs.
The nanotubes are pointed out by arrows.

solution-precipitation stage for the composites shifted ~100 °C
towards higher values compared to the monolithic material. The
intensity ratio between particle rearrangement and solution-
precipitation peaks was around 0.5 for all the composites,
similarly to the monolithic materials, which again evidences the
increased weight of particle rearrangement in the sintering
process, explained by the effect of the electric field on the liquid
as well.

On the other hand, as it has been previously reported by the
present authors [10,36], the electrical conductivity of the
composites increased more than ten orders of magnitude with
small additions of MWCNTs, changing from typically insulator
Si3Ny to a semiconductor material, at room temperature. As the
MWCNTs were located around the Si3Ny grains (Fig. 7), they
would act as effective local conductive electrodes, enhancing
the effectiveness of the electromechanical forces. Conse-
quently, particle rearrangement should be improved justifying
that it took place at lower temperatures compared to the
monolithic material (Fig. 6b). However, this effect must
compete with the well known retardation of densification
associated to the development of tensile stresses in composites
that contain non-sinterable particles of high aspect ratio
[37,38]. This competition would explain the progressive
increase in the particle rearrangement temperature with the
MWCNTs content. Similarly, the MWCNTSs networks would
hinder the densification as sintering progresses, shifting the
solution-precipitation maxima towards higher temperatures
and refining the matrix grain size due to the incomplete
development of that stage. In fact, the microstructural analysis
of the composites with similar «-phase content (~40%)
revealed that the addition of MWCNTs decreased dsq and AR5
from 297 to 233 nm (22%) and from 1.79 to 1.56 (13%) for
SN2AS5Y and 8.6CNT materials, respectively, as seen in Fig. 8.

It could be argued that MWCNTs additions introduce some
impurities, which may decrease the melting temperature of the
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Fig. 8. (a) Average Si3;N, grain diameter (dso) and (b) apparent aspect ratio
(ARsp) for the composites as a function of the MWCNTSs content. The a-phase
content for all the specimens was ~40%.

liquid phase. Nevertheless, this would not explain by itself the
observed phenomenon as the nanotubes contain just ~1 wt.%
of impurities, mainly iron (0.94 wt.%), and the rearrangement
temperature increases with the MWCNTSs additions.

4. Conclusions

The sintering kinetic and the homogenization of the liquid
phase in SizNy-based materials extraordinarily increase when
the SPS technique is employed. The displacement rate curves
of SPSed monolithic materials show a noticeable enhancement
of the particle rearrangement stage compared to conventional
sintering data. Furthermore, experiments conducted by SPS
and HP in Si3N, with very low additive content reveal large
glassy pockets in the case of the HPed material, in contrast to
the complete grain boundary phase wetting of the SPSed
specimen.

An improvement of the liquid phase wetting and the
capillary forces by the presence of an electric field is proposed
to explain the enhanced densification occurring in the particle
rearrangement stage of the liquid phase SPS process.

Small additions of an electrically conductive phase as
carbon nanotubes increase the effectiveness of the proposed
mechanism, leading to a decrease in the particle rearrangement
temperature compared to the monolithic materials. However,
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the interconnected MWCNTs retard the densification in the
further stages and refine the matrix grain size.
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