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Abstract

Interface of multiwalled carbon nanotube (MWCNT)/alumina (Al,O3) nanocomposites have been studied using TEM. At low sintering
temperature (7y;,,=1500 °C), a 3-5 nm thick amorphous interface region was noticed. Nanocomposite sintered at 1700 °C possessed a well-
defined graphene layer coating on matrix grains as the interface between CNT and Al,O3. A mechanism of such layered interface formation has
been proposed. No traceable chemical reaction product was observed at the interface even after sintering at 1700 °C. It was noticed that while DC
electrical conductivity (opc) of 1500 °C sintered 2.4 vol% MWCNT/AlL,O3 nanocomposite was only ~0.02 S/m, it raised to ~21 S/m when
sintering was done at 1700 °C. Such 10? times increase in op¢ of present nanocomposite at a constant CNT loading was not only resulted from
the exceptionally high electron mobility of CNT but the well-crystallized graphene interface on insulating type Al,O3 grains also significantly
contributed in the overall increase of electrical performance of the nanocomposite, especially, when sintering was done at 1700 °C.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

In composites, optimum interface performance is essential since
it decides how effectively applied load (mechanical), electron
(electrical/electronic) and phonon (thermal) transfer occurs among
its constituents [1]. Therefore, interface characterization is indis-
pensable to establish the exact structure-property relationship in
composites. CNT reinforced ceramic matrix nanocomposites viz.
CNT/ALO;, CNT/Si3Ny, CNT/ZrO,, CNT/SiC, CNT/SiO»-ZnO
are not exception in this regard [2-6]. Although, many reports are
available on property evaluation of the most ancient, economic and
versatile ceramic i.e. Al,Os reinforced with CNT [7-13], limited
work has been performed on CNT/Al,Oj interface characterization
[7-8,13—14]. Further, most of these reports dealt with structural
integrity of CNT in sintered nanocomposites and position of
nanotubes in matrix phase (i.e. within, outside or at grain boundary
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position). The primary aim of present work was to study the
interface/interaction region of pressureless sintered CNT/ALO;
nanocomposites and changes in interface nature with increasing
T}, using TEM. Finally, correlation between observed CNT/AlO;
interface and o ¢ of present nanocomposites was analyzed.

2. Experimental procedures
2.1. Raw material and sample preparation

Multiwalled CNT (IMWCNT: Shenzhen NTP, China, > 95
wt% pure) and Al,O; powder (Almatis, ACC Ltd., India,
99.8 wt% pure) were used as raw materials [12]. The nano-
composite fabrication procedure can be found elsewhere [12].
In brief, nanocomposite powder mixtures were prepared by
wet-mixing of as-received dispersed raw materials followed by
drying and sieving. Sintering was done in a graphite resistance
heating furnace (1000-4560-FP20; Thermal Technology Inc.
U.S.A.) under static Argon (Ar: 35-70 kPa) (Table 1).
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Table 1

Batch details, sintering schedule, nomenclature and theoretical density of studied specimens.

Batch id CNT (wt%) Sintering schedule Sintered as Specimen id TD (g/ce)
A 0.00 1500 °C/2 h./Ar Pellet AlS 3.970
1600 °C/2 h/Ar Pellet Al6
1700 °C/2 h/Ar Pellet Al7
B 0.07 1500 °C/2 h/Ar Pellet BI15 3.967
1600 °C/2 h/Ar Pellet Bl6
1700 °C/2 h/Ar Pellet B17
C 0.13 1500 °C/2 h/Ar Pellet Ccl5 3.963
1600 °C/2 h/Ar Pellet Ccie
1700 °C/2 h/Ar Pellet Cc17
D 0.27 1500 °C/2 h/Ar Pellet DI15 3.957
1600 °C/2 h/Ar Pellet DI6
1700 °C/2 h/Ar Pellet D17
E 0.54 1500 °C/2 h/Ar Pellet ElS 3.944
1600 °C/2 h/Ar Pellet El6
1700 °C/2 h/Ar Pellet E17
F 1.09 1500 °C/2 h/Ar Pellet FI5 3.917
1600 °C/2 h/Ar Pellet Fl6
1700 °C/2 h/Ar Pellet F17
G 35.00 1500 °C/2 h/Ar Powder GI5 2.771
1600 °C/2 h/Ar Powder Gl6
1700 °C/2 h/Ar Powder G17
2.2. Interface characterization 100 ™
For interface observations, sintered nanocomposites were [
observed through TEMs (Tecnai G*30ST and Tecnai G°20ST, . 807 ]
4
FEI Company, The Netherlands). It may be seen from Table | that S
beside bulk nanocomposites containing 0.07-1.09 wt% CNT (.e. ‘g’ 60 |
CAY ¢ . . . =1 ~ .
batch #A’—‘F”), nanocomposite powder containing 35 wt% 3 !
MWCNT (i.e. batch ‘G’) was also heat-treated at the sintering 2 [
temperatures. Purpose of using such a high nanotube concentration = a0l i
was to minimize chances of structural damage of CNTs and F I T
. . . . . . —0— 15000C/2 hrs./Ar
m.te.rface regions in pe.:lletlzed panoc9n}p051tes causeq by ultrasonic 16000G/2 s /Ar
slicing, dimple grinding and ion-milling steps required for TEM 20 - A—17000C/2 hrs./Ar 4
bulk specimen preparation and to raise the probability of finding L
CNT/ALO;5 interface due to significantly high CNT content. 00 02 04 06 08 10 30 35

2.3. Electrical property measurement

Room temperature (RT) opc of pelletized MWCNT/AL,O3
nanocomposites and pure Al,O3; was measured by standard
2-probe method using a 2400 Sourcemeter, Keithley Instru-
ment Inc., U.S.A. Results were correlated with the nature of
interface formed in the nanocomposites.

3. Results and discussions
3.1. Physical properties of the sintered specimens

Plot of relative density (RD) values of all the specimens is
shown in Fig. 1. The RD values were calculated using the

CNT concentration (wt.%)

Fig. 1. Physical properties of the studied specimens.

theoretical density (7D) values of corresponding specimens
given in Table 1. Theoretical density of each of the specimens
were calculated using Rule of Mixture taking pp03=3.97 g/cc
and pywenr=1.775 g/ce [11,13]. Densities of sintered bulk
specimens were evaluated using the Archimedes water immer-
sion technique and that for specimen ‘G’ were evaluated by
standard Tapping method. Detailed discussion on physical
properties and microstructure of present nanocompostes can be
found elsewhere [11,13].
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3.2. Interface analyses of the sintered specimens

TEM images of as-received MWCNTs indicated presence of
tubes of different diameters having partialy alligned graphene
layers and apperently smooth external surfaces (Fig. 2(a-b)).
However, in certain cases (Fig. 2(b)), a very thin layer was
noticed on the externatl wall of CNTs that possibly came from
residual amorphous carbon (3-5 wt%) and/or other impurities
present in as-received MWCNT [15]. Except Fig. 2(a-b),
interested readers can found additional TEM images of as-
received MWCNTs in our earlier communications [15-16].
TEM image of D15 confirmed structural stability of CNT after
sintering at 1500 °C for 2 h in Argon (Fig. 3(a)). Bamboo
structured CNTs and attachment of nanotubes with Al,O3
grains were also observed (Fig. 3(a)). Interface in D15 had no
well-defined crystalline pattern; it was rather amorphous in
nature having thickness of 3-5 nm (Fig. 3(b)). Presence of
CNT agglomerates at intergranular pores was noticed in FI17
(Fig. 4(a)). Interestingly, at higher magnification, existence of
certain reaction zone was observed in FI7 through which
CNTs were attached with the matrix grains (Fig. 4(b)). Thus,
sintering at 1700 °C possibly helped in formation of a distinct
interface in the nanocomposites to hold CNT and Al,O5 grains
together and played a significant role in property enhancement

of studied specimens [12]. To further confirm this, sintered
nanocomposite powder (batch ‘G’) was studied using TEM.
Fig. 5(a) shows that in G15, CNTs were attached with Al,O3
grains by the so-called pinning action [8,10,14] and there was
no interface formed between filler and matrix. Fig. 5(b) shows
side-by-side attachment of CNT and Al,O3 in G15 without any
traceable chemical reaction product at the boundary. Similarly,
in G16, penetration of survived CNTs in matrix was noticed
(Fig. 6(a)). Surprisingly, a graphene layer coating of a few
nanometer thicknesses and having interlayer spacing of ~0.34
nm was found around the matrix grains after sintering at
1600 °C (Fig. 6(b)). Finally, after sintering at 1700 °C of the
nanocomposite powder, TEM study confirmed characteristic
existence of the graphene layer encapsulation of the matrix
grains that acted as interface between CNT and Al,O5 (Fig. 7
(a-b)). A possible sequence of such layered interface formation
in this nanocomposite is shown in Fig. 8. It has been reported
that at temperature > 1500 °C in Argon, splitting of external
graphene layers of MWCNTs from either highly strained
regions or defects is possible [16]. Under high temperature
and/or pressure, such deformed/splitted nanotubes are tending
to form different caged nano-structures [17]. Further, as
reported by Sarkar and Das [15-16], formation of various
nano-structures or distinct graphene layers was more favorable

Fig. 2. TEM images of as-received MWCNT showing partially aligned graphene layers (a) in a thin CNT and (b) thick CNT having very thin layer (indicated by
pointed arrows) on the external surface possibly of residual amorphous carbon or other impurities; scale bar: 10 nm.

Fig. 3. TEM images of D15 showing: (a) attachment of CNTs with Al,O5 grains; scale bar: 50 nm, and (b) amorphous interface; scale bar: 5 nm.
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Fig. 6. TEM images of G16 showing (a) penetrated CNT in matrix grain; scale bar: 50 nm, and (b) formation of graphitic layer on Al,Os; scale bar: 5 nm.

in singlewalled CNTs (SWCNTs) than MWCNTs when
exposed to high temperature (~ 1800 °C) in inert atmosphere.
In SWCNT, splitting of only a single graphene layer entirely
damaged the tubular morphology and transformed into other
polygonal nano-shapes by stacking of such splitted layers from
many such SWCNTs at high temperatures (~ 1800 °C). On
contrary, in MWCNTs, due to the presence of interwall van
der Walls attractive forces and possibly certain cross-linking
effects, the splitted layers did not completely detach from the

parent nanotube and formed nano-scale corrugation on the
external wall of heat-treated MWCNTs [16]. In present case,
pressure on CNTs might arouse from the overall volume
shrinkage of consolidating nanocomposites. Thus, once the
strained/defective layers splitted from external wall of
MWCNTs during sintering they retreated in the opposite
direction for strain relaxation and surrounding growing
Al,O5 grains squeezed the splitted graphene layers within
them and by the action of heat and pressure, the squeezed
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Fig. 7. TEM images of G17 showing (a) attachment of CNTs with Al,O5 grain through graphene layer encapsulation; scale bar: 50 nm and (b) HRTEM image of

the layered interface; scale bar: 5 nm.
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Fig. 8. Schematic of proposed mechanism of layered interface formation in
CNT/AL,O5 nanocomposites.

layers ultimately deposited on the surface of Al,O3 grains to
create the thin graphene layer encapsulation. By this process,
Al,O5 grains attached with a rather narrow diameter CNT
through this layer, especially, at higher T§;, (Fig. 8). The
graphene encapsulation not only provided an interface between
CNT and Al,Os, but also stopped growth of encapsulated
Al,O5 grains resulting in finer grain size in nanocomposites
over pure Al,Oj sintered under identical condition. During
TEM studies, no Al-O-C compound was detected in these
nanocomposites as reported by others [8,13].

3.3. Electrical properties of the sintered specimens

RT opc values of pelletized specimens sintered at three T;,s
are shown in Fig. 9. ogpc of pure Al,O3 at RT was taken as
107'% S/m [18]. It may be seen from the figure that increasing
CNT content in highly resistive Al,O; rendered significant
enhancement in opc, especially, at CNT loading > 0.6 vol%.
Furthermore, with increase in T;,, the so-called percolation
threshold i.e. conductive network of CNT was decreased from
1.2 vol% MWCNT loading for 1500 °C sintered specimens to

10 | —0—15000C/2 hrs /Ar ]
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Fig. 9. Plot RT opc versus CNT concentration of pelletized nanocomposites.

0.6 vol% MWCNT for 1600° and 1700 °C sintered nanocom-
posites. Such lowering of percolation threshold on increasing
T,;, was aroused due to the fact that at low Ty;,, shrinkage of
nanocomposites was less and thus, desired interconnected
network of highly conducting CNTs was only achieved for
specimens containing 1.2 or 2.4 vol% CNT. Since, 1.2 or
2.4 vol% CNT/Al,0O5 nanocomposites characteristically con-
tained agglomerated CNTs along the matrix grain boundaries,
even at low shrinkage, these specimens exhibited highly
conducting nature compared to pure Al,Os;. On the other
hand, sintering at higher temperatures (i.e. 1600 or 1700 °C)
resulted in further shrinkage of nanocomposites leading to the
formation of desired percolating CNT network in nanocompo-
sites containing > 0.6 vol% CNT by reducing the spacing
among the tubes and ensured enhanced tunneling effect of
electrons through individual CNTs or bundles. While an abrupt
increase in opc from~ 102 S/m for pure Al,Oj3 to 10~*S/m
for E15 specimen was observed among the 1500 °C sintered
specimens, among 1600 and 1700 °C sintered specimens,
percolation was noticed at 0.6 vol% CNT loading and opc
changed from~ 1072 S/m for pure Al,O3 to~ 1073 S/m for
the nanocomposite (Fig. 9). The low percolation concentration
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(i.e. > 0.6 vol% CNT) obtained for present CNT/Al,O5; nano-
composites were consistent with the previous reports on CNT/
ceramic nanocomposites and was attributed to high aspect ratio
of present MWCNTs (83 < //d < 150), high electrical con-
ductivity ~ 1.85 x 10° S/m and current density (10’ A/cm?)
along tube axis of undamaged MWCNTs [18-25]. Among
all the specimens, the highest o at RT was obtained for batch
‘F’ sintered nanocomposites (P6pc=0.0146 S/m; % pc=
1.36 S/m and “7g =21 S/m). Now, the question is that why
opc of FI7 was found to be 10° times higher than that of F15
although both of the specimens contained 2.4 vol% nanotube?
The reasons are the following:

i. Increased densification at higher T§;,, ensured better con-
nectivity among the nanotubes and resulted in higher op¢
at constant CNT loading.

ii. In a recent communication, Liu et al. [6] reported that
reaction between CNT and ZnO helped in effective
removal of residual amorphous carbon from the nanotubes
and created higher oxygen vacancies in ZnO during
sintering of a CNT/SiO,-ZnO nanocomposite and drasti-
cally enhanced the opc of the nanocomposite over pure
Si0O,. In a similar way, in present study high temperature
sintering might helped in amorphous carbon removal from
MWCNTs and rendered better connectivity among the
tubes resulting in increased opc of the nanocomposites.

iii. Formation of a well-crystallized and a few layer thick
graphene interface on insulating Al,O5 grains at higher T,
rendered exceptional increase in opc to the high tempera-
ture (> 1600 °C) sintered nanocomposites even at constant
CNT loading. This was due to the fact that carrier mobility,
current density in graphene nano-ribbons that resembles the
interface formed in present nanocomposite can go up to
2 x 10° cm?*V-s and 10''-10"* A/m? which are compar-
able or even better than MWCNT [19,26-30]. Since,
attachment of reinforcing nanotubes with the graphene
interface was found to be much better in 1700 °C sintered
nanocomposites (Fig. 4(b) and clarified in Fig. 7(a and b)),
opc also increased 10° times over FI5 containing an
amorphous interface (Fig. 3(b)).

4. Conclusions

At low T;,, pressureless sintered CNT/Al,O3 nanocompo-
site possessed an amorphous interface. Attachment of CNT
with Al,Os3 grains was primarily a result of pinning by
nanotubes. At 1700 °C, a thin graphene layer encapsulation
was formed on Al,O; grains that provided a prominent
interface between CNT and Al,O5 and helped in grain refining
of sintered nanocomposites. The layered encapsulation was
formed by splitting of strained/defective external graphene
layers of MWCNTs at high T, (> 1500 °C) followed by
bending towards and squeezing by the neighboring Al,Oj
grains to form the close structure. The graphene interface in
1700 °C sintered nanocomposites contributed notably in over-
all increase of opc by 10° times over the low temperature
sintered specimens by minimizing the effect of insulating

matrix and providing better connecting path among the
nanotubes free from amorphous carbon and other impurities
for electron transport.
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