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Multi-walled carbon nanotubes (MWCNTSs) underwent failure during crack opening in a
MWCNT/alumina composite. Transmission electron microscope observations and single
nanotube pullout tests revealed that the MWCNTSs, rather than pulling out from the alu-
mina matrix, broke in the outer shells and then the inner core was pulled away, leaving
fragments of the outer shells in the matrix (i.e., they underwent failure in a “sword-in-
sheath” fracture mode, as observed for MWCNTs under tensile loading). Some MWCNTSs
failed leaving either a very short sword-in-sheath failure or a clean break. Theoretical pre-
dictions based on the MWCNT failure and pullout models suggested that the use of
MWCNTs having a much higher load carrying capacity may lead to composites with a
higher fracture toughness. These results may provide new insight into the fracture mech-
anisms and suggest a new design methodology for MWCNT-based ceramic composites,

leading to improved fracture toughness.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Advanced engineering ceramics such as Al,O3, Si3Ny, SiC and
ZrO, produced by conventional manufacturing technology
have high stiffness, excellent thermostability and relatively
low density, but extreme brittle nature restricted them from
many structural applications [1]. In order to overcome the
toughness problem, incorporation of particulates, flakes and
short/long fibers into ceramics matrix, as a second phase, to
produce tougher ceramic materials is an eminent practice
for decades [2]. Recently, researchers have focused on the car-
bon nanomaterials, in particular carbon nanotubes (CNTSs),
which are nanometer-sized tubes of single- (SWCNTSs) or mul-
ti-layer graphene (MWCNTs) with outstanding mechanical,
chemical and electrical properties [3-7], motivating their use
in ceramic composite materials as a fibrous reinforcing agent.

Until now, however, most results for strengthening and
toughening have been disappointing, and only little or no
improvement have been reported in CNT/ceramic composite
materials [8,9], presumably owing to the difficulties in homo-
geneous dispersion of CNTs in the matrix and in formation of
adequate interfacial connectivity between two phases.

The strengthening and toughening mechanisms of com-
posites by fibers are now well established [2]; central to an
understanding is the concept of interaction between the ma-
trix and reinforcing phase during the fracture of the compos-
ite. The fracture properties of such composites are dominated
by the fiber bridging force resulting from debonding and slid-
ing resistance, which dictates the major contribution to the
strength and toughness. It has been demonstrated through
scanning electron microscope (SEM) [10] that the MWCNT/
alumina composites exhibits the three hallmarks of
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toughening found in the micron-scale fiber composites; crack
deflection at the MWCNT/alumina interface, crack bridging
by MWCNT, and MWCNT pullout on the crack plane, which
would be effective in improvement of fracture toughness of
the brittle ceramics. Therefore, a fundamental understanding
of the interfacial nature is essential for making decisions on
fundamental materials design of composites with CNTs for
higher strength and toughness. Effort has been devoted to
understanding the CNT/matrix interface in the fracture pro-
cess [10-13]. In one study, Wagner and co-workers have inves-
tigated the crack bridging behavior of a MWCNT/polymer
composite by using a single nanotube pullout technique. A
single MWCNT was pulled out from a polyethylene-butene
matrix, and MWCNTSs were effective as a filler in reinforcing
the polymer [13]. Unfortunately, making ceramic composites
with CNTs has been a significant challenge [8,9], the under-
standing of the interfacial nature between CNTs and the
ceramics matrix is so far from satisfactory.

This paper explains why previous reports indicated only
modest improvements in the fracture properties of MWCNT-
based ceramic composites. Here, the failure mechanism of
the MWCNTs during crack opening in a MWCNT/alumina
composite is investigated through transmission electron
microscope (TEM) observations and single nanotube pullout
tests. Contradictory to the conventional understanding
[10,14], (which have reported that pullout phenomena evi-
dently occurred in the bulk CNT/alumina composites), no
pullout behavior was observed, instead MWCNT's broke prior
to pullout from the matrix. Achieving tougher ceramic com-
posites with MWCNTs is discussed based on these results.

2. Experimental

The alumina composite made with 0.9vol.% pristine
MWCNTSs was prepared by precursor method [15]. Further de-
tails of the composite preparation are described elsewhere
[16]. The MWCNT material (acquired from Nano Carbon Tech-
nologies) was synthesized by a catalytic chemical vapor depo-
sition method followed by high temperature annealing. The
diameters and lengths of the pristine MWCNTs from SEM
(Hitachi S-4300) and TEM (Hitachi HF-2000) measurements
ranged from 33 to 124nm (average: 70nm) and 1.1 to
22.5 um (average: 8.7 um), respectively. TEM observations re-
vealed that the MWCNTSs have a “crystalline” multi-walled
structure with a narrow central channel [16,17]. Similar obser-
vations have been made by others on this type of MWCNT
[18]. The 52 mg pristine MWCNTSs were dispersed in 400 ml
ethanol with aid of ultrasonic agitation. Aluminum hydroxide
15.2 g (Wako Pure Chemical Industries) was added to this
solution and ultrasonically agitated. Seventy-three milli-
grams of magnesium hydroxide (Wako Pure Chemical Indus-
tries) was added to prevent excessive crystal growth of
alumina. The resultant suspension was filtered and dried in
an air oven at 60 °C. Finally, the product obtained in the pre-
vious step was put into a half-quartz tube and was dehy-
drated at 600°C for 15min in argon atmosphere. The
composites were prepared by spark plasma sintering (SPS,
Sumitomo Coal Mining SPS-1050) in a graphite die with an in-
ner diameter of 30 mm at a temperature of 1500 °C under a

pressure of 20 MPa in vacuum for 10 min. In order to compare
the physical and mechanical properties of the composites, a
MWCNT-free alumina sample was prepared under similar
processing conditions.

The single nanotube pullout experiments were carried out
using an in situ SEM (Quanta 600 FEG; FEI) method with a
nanomanipulator system [19]. An AFM cantilever (PPP-ZEILR,
nominal force constant 1.6 N/m; NANOSENSORS) was
mounted at the end of a piezoelectric bender (ceramic plate
bender CMBPO1; Noliac) on an X-Y linear motion stage, and
the composite with fracture surface (that was coated with
platinum) was mounted on an opposing Z linear motion
stage. The piezoelectric bender was used to measure the res-
onant frequency of each cantilever in vacuum. A single
MWCNT on the fracture surface was clamped onto a cantile-
ver tip by local electron-beam-induced deposition (EBID) of
a carbonaceous material [20]. As a precursor source for the
EBID, we used n-docosane (Cy,Hae, Alfa Aesar), which was dis-
solved in toluene to make a 3 mass% solution. A small
amount of the solution was dropped on a cut-in-half copper
TEM grid. After the solution evaporated, the TEM grid with
paraffin source was mounted on the AFM chip, as shown in
Fig. 1. The deposition rate of the EBID depends on several fac-
tors [20]. Thus, the amount of the paraffin source, deposition
time, and distance between the paraffin source and the canti-
lever tip were experimentally-optimized.

The cantilevers serve as force-sensing elements and the
spring constants of each were obtained in situ prior to the
pullout test using the resonance method developed by Sader
et al. [21]. The applied force is calculated from the angle of
deflection at the cantilever tip, and the nanotube elongation
is determined by counting the numbers of pixels in the ac-
quired SEM images [22]. A crosshead speed - i.e., movement
rate of the cantilever — of about 100 nm/s was applied for
the pullout tests. The transition from linear to nonlinear
deformation of a rectangular cantilever occurs at the deflec-
tion of cantilever tip (d)/cantilever length (L) ratio of around
15% [23]. The largest deflection of 16.6 + 1.2 um (the force con-
stant of this cantilever was 1.53 N/m) was observed for the
tensile-loading experiment, and the cantilever length (L) em-
ployed this experiment was 450.31 + 0.23 pm. Thus, the §/L
ratio of 3.7+0.3% shows that Sader’s method to calibrate
the cantilever is reliable.
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Fig. 1 - SEM image showing the experimental setup for
pullout tests.
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3. Results and discussion

The physical and mechanical properties, and electrical con-
ductivity of the composite and MWCNT-free alumina sample
are shown in Table 1. The details of physical and mechanical
evaluations can be found in the Supplementary material. X-
ray diffraction analysis of the sintered body revealed that
the aluminum hydroxide has been transformed to o-alumina
during SPS at 1500 °C under 20 MPa. The aluminum hydroxide
powder with 0.9 vol.% pristine MWCNTSs can be solidified by
SPS to near-theoretical density. Measured bending strength,
fracture toughness and Vickers hardness are 543.8 +60.9
MPa, 4.74 = 0.12 MPa m%? and 17.0 + 0.4 GPa, respectively.
SEM images shown in Fig. 2 display the morphology of the
fracture surface of the composite. From the fracture surface,
the following features can be noted. First, as shown in
Fig. 2a, the fracture surface of the composite exhibits protrud-
ing MWCNTSs from the crack flank. Most of MWCNTSs are lo-
cated in the intergranular phase and their lengths are in the

Table 1 - The properties of the alumina composite sample
ith 0.9 vol.% MWCNTSs, and of the MWCNT-free alumina

Sample Composite Alumina
Relative density (%) 98.9 98.6

Grain size (um) 143+031 1.69+0.35
Bending strength (MPa) 543.8+60.9 502.3+19.4
Fracture toughness (MPam¥?) 4.74+0.12 4.37+0.07
Hardness (GPa) 17.0+ 0.4 17.3+0.5
Young’s modulus (GPa) 358.0 357.0

Poisson’s ratio 0.20 0.21
Electrical conductivity (S/m) 1.4 10-10-10~12

range 0-11.8 pm (number average of 160 protruding MWCNTs
is 2.8 ym). Second, some MWCNTSs are observed to debond
from the matrix and leave traces on the fracture surfaces,
as exemplified in Fig. 2b. These MWCNTs are partially ex-
posed to the crack plane, and the exposed area of such
MWCNTs lie parallel to the crack plane. Therefore, such
MWCNTs are less effective at reinforcing, i.e., they are not
load bearing during the failure of the composite, and no sig-
nificant damage may be induced in such MWCNTs during
crack opening. Third, the morphology of the fracture surface
of the matrix shows clearly the edge and corner fractural fea-
ture, indicating that intergranular fracturing took place in the
matrix. Its microstructure consisted of equiaxed grains struc-
ture with a grain size of 1.43 +0.31 um. In addition to the
above features, some MWCNTSs on the fracture surface show
a clean break near the crack plane, and that the diameter of
MWCNT drastically slenderized toward their tip, as illustrated
in Fig. 2c and d, respectively. As SEM cannot clearly resolve
the thickness of a single MWCNT, TEM was used to determine
if the fracture phenomenon of MWCNTs was indeed occur-
ring during crack opening.

TEM observations on the fracture surface demonstrated
that a diameter change in the MWCNT structure was evi-
dently observed for a certain percentage of the MWCNTs
(Fig. 3a). At least, 25% MWCNT appear to have an apparent
diameter change. (The observation was made for 281
MWCNTSs.) As shown in Fig. 3b, the high magnification TEM
image clearly showed a change in diameter, and this mor-
phology is quite similar to a “sword-in-sheath”-type failure
as observed in the failure mode of MWCNTSs under tensile
loading [7,17,19,24]. Key features are illustrated in enlarged
TEM image, taken from the square area in Fig. 3b. The inset
showed that outer-walls having approximately 10 shells were
observed to break up at location where the MWCNT undergo

Fig. 2 - SEM images of fracture surface of the composite used for the measurement of bending strength. (a) Numerous
individual MWCNTs protrude from the clack plane. (b) Shown is a debonded MWCNT from the matrix that may be not load
bearing during crack opening. (c,d) Some MWCNTSs have broken in the multi-wall failure.
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Alumina matrix

Fig. 3 - TEM images of the fracture surface of the composite acquired (a) low and (b) high magnification images.

failure, and that edges of such outer shells were clearly ob-
served to lie perpendicular to the axis of cylinder, demon-
strating the sword-in-sheath failure. Note that MWCNT
failure was also observed in fracture surfaces of alumina
composites made with arc-discharge-grown and chemical va-
por deposition (CVD)-grown MWCNTSs prepared under the
same processing conditions (Fig. S1 in Supplementary mate-
rial). The details will be discussed in a separate article. Since
no apparent variation in the diameter of the MWCNTSs has
been observed along the axis in the as-received MWCNTSs,
these results imply that some MWCNTs underwent failure
in the sword-in-sheath manner prior to pullout from the ma-
trix, and no apparent damage appeared to be induced in some
of MWCNTs that were not load bearing, as exemplified in
Fig. 2b.

The MWCNT failure during crack opening motivated our
research of the crack bridging characteristics through the sin-
gle nanotube pullout tests. We fractured composite specimen
by conducting the bending tests, which caused single
MWCNT to project from the crack plane. This allows single
MWCNT “pickup” with cantilever tip for subsequent tensile
loading using the nanomanipulator. As mentioned above,
however, the MWCNTs crossing the crack planes were
strained during crack opening and possibly underwent fail-
ure, as shown in Figs. 2c and d, and 3. Therefore, by observing
the fracture surface on the composites, MWCNTs with no
apparent damages were selected for the pullout tests.

Results obtained from the pullout experiments revealed
that strong load transfer was demonstrated, and no pullout
behavior was observed for all 15 MWCNTs tested in this re-
search. Eight of these MWCNTs fractured at the composite
surface and the remaining 7 MWCNTSs underwent failure in
the region between the fixed point on the cantilever and the
crack plane, as shown in Fig. 4. Two series of SEM and TEM
images for each of two individual MWCNTs, captured before
and after their breaking, are shown inFigs. 5 and 6. In the first
series (Fig. 5; sample number 14 - see Supplementary Table S1
and Video S1), a MWCNT projecting 5.72 + 0.01 pm from the
fracture surface (Fig. 5a) was “welded” to a cantilever tip by lo-
cal EBID, and then loaded in increments until failure. The
resulting fragment attached on the cantilever tip was at least
10.9 um long (Fig. 5b), whereas the other fragment remained
lodged in a grain boundary of the alumina matrix (Fig. 5c),
suggesting that MWCNT underwent failure in a sword-
in-sheath manner. TEM images of the broken MWCNT
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Fig. 4 - Fracture location of single MWCNTSs under pullout
loading. Of the 15 MWCNTs tested here, 8 MWCNTSs
fractured on the composite surface (sample numbers: 3, 4, 7,
8, 11-14) and remaining 7 MWCNTs fractured in the middle
(sample numbers: 1, 2, 5, 6, 9, 10, and 15).

fragments revealed a variety of structural patterns. They are
presented as examples of what happens as a result of loading
to break. Images show a change in diameter at location where
the MWCNT underwent failure, and that the inner core pro-
truding from the outer shells has a multi-walled closed-end
structure, as shown in Fig. 5d and e, respectively. (Given that
uniformity of the interwall spacing of 0.34-nm-thick cylinder
structure, approximately 11 shells underwent failure.) There
results strongly suggest that the MWCNTSs broke in the outer
shells and the inner core was then completely pulled away,
leaving the companion fragment of the outer shells in the
matrix.

The sword-in-sheath failure did not always occur. Instead
a few MWCNT failed leaving either a very short sword-in-
sheath failure or a clean break. As for one example (Fig. 6;
sample number 10 - see Supplementary Table S1 and Video
S2), a MWCNT projecting 5.34 + 0.01 pm from the crack plane
(Fig. 6a) underwent failure on the composite fracture surface.
The resulting fragment attached on the cantilever tip (Fig. 6b)
was at least 5.7 um long, and no fragment was observed at the
original position on the crack plane, suggesting that in this
case the MWCNT failed by breaking inside the matrix, and
did not pull out. Fig. 6c shows the TEM image of the tip of
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Fig. 5 - SEM images show (a) a free-standing MWCNT having a 5.72 + 0.01 pm-long on the fracture surface of the composite.
(b) After breaking, one fragment of the same MWCNT attached on the cantilever tip had a length ~10.9 pm. (c) The other
fragment remained in the matrix. (d,e) TEM images show a change in diameter at location where the MWCNT underwent
multi-wall failure, and that it clearly has a multi-walled closed-end structure.
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Fig. 6 - In the second series, (a) a tensile-loaded MWCNT with a length of 4.46 + 0.01 pm fractured on the crack plane. (b) The
resulting fragment on the cantilever tip had a length ~5.7 pm. (c) TEM image shows the MWCNT which underwent the very

short sword-in-sheath failure or clean break.

the same MWCNT which underwent very short sword-in-
sheath failure or clean break during crack opening.

In each case the MWCNTs underwent multi-wall failure
bearing load of 19.7 + 2.1 uN for the sample number 14 and
16.9+2.0uN for the sample number 10, respectively. The
reader is referred to a full list of the MWCNTs tested in the
pullout experiments in Table S1 in Supplementary material
that shows the geometry, breaking force, fracture strength,
and other properties. Considering mean failure force for the
15 samples tested, of 14.4 pN, it reveals a increase in the sus-
tainable load by factors of 19.5 [19], 6.8 [7], and 2.2 [17], com-
pared with mean failure resistance of MWCNTSs under tensile
loading. The enhancement in the failure load is not clear so

far. According to the current TEM observations on MWCNTs
protruding from the fracture surface, structural changes and
deformations from constant-diameter cylinders (such as oc-
cur due to a radial compressive stress of the MWCNT that
comes from the difference of coefficients of thermal expan-
sion between MWCNT and ceramics matrix) were frequently
observed (see Fig. S2 in Supplementary material) and were
not present in the as-received MWCNTSs. As per Yu et al. [19]
and Peng et al. [7], the outer most shell of MWCNTs was
evidently carrying the load under tensile loading and an inner
core was not load bearing. Thus, multi-wall failure of
MWCNTs observed in this research suggests that some
enhancement of load transfer to inner shells may be
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facilitated in particular locations through above mentioned
structural irregularities.

Next, we schematically describe possible processes and
mechanics, explaining the MWCNT failure during crack open-
ing (Fig. 7). As for one example, considering the sample number
14 (Fig. 5), the initial state of the MWCNT in an ideal case is a
completely impregnated and isolated embedded in the matrix
(Fig. 7a). Tensile stresses parallel to the axis of MWCNT length
lead to matrix crack formation. Subsequently, interfacial deb-
onding between two phases may occur (Fig. 7b), perhaps over
a limited distance (but this is unlikely to make a major contri-
bution to the fracture energy). Since there is variability in
MWCNT strength in the debonded region on either side of
the crack plane, and it is possible for the MWCNT to break at
a certain position, when the stress in the MWCNT reaches a
critical value. As displacement increases, the MWCNTs, rather
than pulling out from the alumina matrix, undergo failure in
the outer shells and the inner core is pulled away, leaving the
fragments of the outer shells in the matrix (Fig. 7c and d).

The reinforcement-matrix interface is usually character-
ized by the critical shear stress needed to debond the inter-
face and the subsequent shear resistance for a relative
sliding of the reinforcement and matrix. When the maximum
shear stress reaches the interface shear strength 1, the deb-
onding at the reinforcement-matrix interface occurs, and
then the reinforcement is pulled out. The corresponding crit-
ical pulling force is

F} = Tp - TDLemp, (1)

max

where D is the diameter of the reinforcement, and Lemy is the
embedded length in the matrix. On the other hand, reinforce-
ment failure occurs when the maximum axial nominal stress
reaches reinforcement strength o, and the corresponding
critical breaking force is

F} .x = OtAf, (2)

mq

where A is the effective cross-sectional area of the reinforce-
ment. When F} . is larger than F all reinforcements are
debonded at the interfaces and are pulled out without rein-
forcement failure, i.e.,, weak interface results in interfacial

debonding and reinforcement pullout, whereas a strong
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interface leads to reinforcement failure. There is some work
on direct observations to measure the force required to
separate a single MWCNT from polymer matrix composites,
however, to our best knowledge no work has been carried
out on the measurement of the interfacial shear strength in
ceramic composites. Recent investigations conducted by Li
and co-workers [25] used molecular dynamics (MD) method
to estimate the 1, between MWCNT and ceramics, in which
the estimated 1, has been reported to be in the range of
1-40 MPa. Considering the sample number 14 (that are appli-
cable to estimate the Leyp from the acquired TEM image, as
shown in Fig. 5d), the force needed to pull the MWCNT out
from the matrix is calculated to be 31 uN, assuming the
following values: 1, =20MPa, D= 94nm, Lemp= 5.2 pm. In
contrast, the measured Fj, of the same MWCNT was
19.7 £ 2.1 uN. This implies that MWCNTs failure prior to pull-
out from the matrix seems to naturally occur. Furthermore,
some enhancement in the critical pulling force such as due
to the radial compressive stress applied to the MWCNT [26]
and the formation of interfacial phase between reinforce-
ment/matrix [27] is expected, i.e., the force required to sepa-
rate a MWCNT from the matrix is anticipated to be much
higher than the above. These results raise a question: if no
MWCNT failure took place in this composite, how toughness
enhancement could be achieved? The R-curve - i.e., crack
growth resistance as a function of crack size - is theoretically
given in terms of the material parameters, such as reinforce-
ment volume fraction, reinforcement strength, interfacial
shear strength, and Young’s modulus of reinforcement and
matrix, etc. The critical value of apparent stress intensity
factor (K7), for a straight-through crack in a semi-infinite body
is derived in terms of the bridging stresses on the premise
that the bridging length is much smaller than the whole crack
length [28], as follow;

~Aa o
(K, = KO + @ | e 3)

where K? is the critical stress intensity factor of the matrix
(=4.37 MPam¥?), Aa is the crack extension length, and oy(x)
is the homogenized traction on the crack surface as a
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Matrix
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Fig. 7 - Schematic description of possible fracture mechanisms of the MWCNT (sample number 14). (a) Initial state of a
MW(GCNT. (b) Tensile stresses lead to matrix crack and partial debonding formation. (c,d) As displacement increases, the
MW(GCNTSs, rather than pulling out from the alumina matrix, undergo failure in the outer shells and the inner core is pulled

away, leaving the fragment of the outer shells in the matrix.
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Fig. 8 - Theoretically-calculated crack growth resistance as a
function of crack length for the MWCNT/alumina composite.

function of crack opening displacement x [28]. Corresponding
to these two failure modes, i.e., toughness enhancement can
be earned just by MWCNT failure or MWCNT pullout, there
are two types of R-curves as shown in Fig. 8. For MWCNT fail-
ure case (similar to failure mode observed in our composite),
the (K7), estimated with the actual material parameters and
the interfacial shear stress of 20 MPa increased up to about
5.8 MPa m¥? until the o, (x) reached critical MWCNT strength
oc (=21.8 GPa). As can be seen from examples of Fig. 8, it
seems that the use of MWCNT having much higher load car-
rying capacity is one possible route of achieving tougher
MWCNT/ceramic composites. For the MWCNT pullout case,
however, the potential for contribution to the fracture tough-
ness enhancement is small. The (K}), was increased slightly
with an increase in crack length Aa, and then finally going
asymptotically to about 4.5 MPa mY2. In this theoretical con-
sideration, MWCNT pullout mode is just the case that if only
interface shear strength of 20 MPa is present at the interface
of the MWCNTs and the matrix, the fracture toughening ef-
fect is very small and could not be improved effectively sim-
ply by increasing the MWCNT length, or Young’s modulus of
MWCNT and matrix. Failure analyses suggest that the direct
measurement of the force required to separate a single
MWCNT from polycrystalline ceramics will be a fascinating
area for further study for fundamental material design of
MWCNT/ceramic composites, leading to improved fracture
toughness.

Recently Estili et al. have proposed a possible approach
for toughening MWCNT/alumina composites, and attempted
to engineer strong inter-wall shear resistance in the entire
MWCNT structure by embedding MWCNTs in a compres-
sive-stress ceramic environment [29]. They reported that
acid-treated MWCNTs with nano-scale defects on their sur-
face underwent multi-wall failure during crack opening in
the composite, and claimed that the breaking force of
MWCNTs increased dramatically in the compressive-stress
ceramic environment. Although the MWCNTs used as the
starting materials in their research are the same CNTs as
those tested in the present study, their finding of multi-wall
failure is based on the use of acid-treated MWCNTSs. It has
been shown that defects associated with the acid etching

can cause stress concentrations and then decrease the
strength of the MWCNT [17]. In contrast, our study which
used pristine MWCNTs with no acid-etched defects, indi-
cates that multi-wall failure is an intrinsic and inherent
characteristic of the MWCNT/alumina composites. As de-
scribed earlier, multi-wall failure has been confirmed in
our recent study for arc-discharge-grown MWCNTSs, as well
as CVD-grown MWCNTSs. Based on this result, we claim that
the multi-wall failure is the major cause for the modest
enhancement in the fracture properties of MWCNT-based
ceramic composites. In addition, no fracture properties have
been measured for the acid-treated MWCNTs and the
prepared MWCNT/alumina composites prepared in Estili
et al. [29]. They conducted only pullout tests on the fracture
surface of the composite. Thus, their proposal that residual
compressive stress in the alumina matrix is effective in
increasing the inter-wall shear resistance and improving
the mechanical properties of the composite is based on a
qualitative comparison with literature data and may need
to be substantiated through direct measurements of the
fracture properties (Supporting information can be found
in the Supplementary material).

Creating tough, fracture-resistant ceramics has been a
central focus of MWCNT/ceramic composites research.
Although there are a few papers that report significant
improvement in the fracture toughness [30], the improve-
ments by addition of MWCNTs reported in other studies
has been limited [31]. The results reported here suggest that
modest improvements in toughness reported previously
may be due to the way MWCNT’s fail during crack opening
in the MWCNT/ceramic composites. The design of tougher
composites with MWCNTSs as a filler will need to account,
or in some way circumvent, the sword-in-sheath failure
reported here.

4, Conclusions

It has been demonstrated from TEM observations, and single
nanotube pullout experiments on the MWCNT/alumina
composite having fracture toughness 4.74+0.12 MPam?2
that strong load transfer was revealed, and no MWCNT
pullout behavior was observed. The MWCNTs, rather than
pulling out from the alumina matrix, broke in the sword-
in-sheath fracture mode, and some MWCNTs failed leaving
either the very short sword-in-sheath failure or clean break.
We have then also shown that the MWCNTs embedded in
the alumina matrix may withstand a much larger tensile load
by an inner-walls load-distribution through the structural
changes and deformations from constant-diameter cylinders.
It was shown from a theoretical analysis assuming the inter-
facial shear strength of 20 MPa that an important factor
affecting the toughness enhancement in our composite was
MWCNT strength, and contribution from MWCNT pullout
was limited for reinforcement. In totality, our finding suggests
important implications for the design of tougher ceramic
composites with MWCNTs. The important factor for such
tougher ceramic composites will thus be the use of MWCNT
having a much higher load carrying capacity (as well as a
good dispersion in the matrix).
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