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Figure 6 Intracellular acidification upon exposure to CNTs.

Notes: (A) BEAS-2B cells were exposed to | and 10 pg/mL of MWCNT (VGCF®-X, VGCF®-S, and VGCF®) or CSCNT (CS-L, CS-S, and CS-M) for 24 hours. (B) MESO-|
cells were exposed to |, 10, and 50 pig/mL MWCNT or CSCNT for 24 hours, incubated with an acidotropic probe (LysoSensor™; Life Technologies, Carlsbad, CA, USA),
and analyzed by flow cytometry (10,000 cells). The LysoSensor intensity (%) was calculated as follows: ([FLI channel intensity of cells exposed to CNTs — FLI channel intensity
of untreated cells]/[FLI channel intensity of cells exposed to DM — FLI channel intensity of untreated cells]) x100%. DM is 0.001% gelatin. CNT inhibition intensity (%)
was calculated as follows: ([FLI channel intensity of CNT blank — FLI channel intensity of untreated cells)/[FL| channel intensity of DM blank — FL| channel intensity of
untreated cells]) x100%. The intensity change was determined as follows: intensity (A%) = LysoSensor intensity (%) — CNT inhibition intensity (%). Data are expressed as mean
+ standard error (n=4). (C) BEAS-2B cells were exposed to 10 pg/mL MWCNT (VGCF, VGCF-S, and VGCF-X) or CSCNT (CS-L, CS-M, and CS-S) for 24 hours and visualized
by staining with LysoSensor dye (green), CellLight® Lysosomes-RFP (red [Life Technologies]), and bisbenzimide H33342 fluorochrome trihydrochloride (blue [Nacalai Tesque,
Kyoto, Japan]) for nuclei. Scale bar =20 um. MWCNTSs were provided by Showa Denko KK (Tokyo, Japan); CSCNTs were provided by GSI Creos (Tokyo, Japan).

Abbreviations: CNT, carbon nanotube; CSCNT, cup-stacked carbon nanotube; DM, dispersant medium; MWCNT, multi-walled carbon nanotube; CS-L, CSCNT of length

20-80 pm; CS-S, CSCNT of length 0.5-20 pm; CS-M, CSCNT of intermediate length; VGCF, vapor grown carbon fibers.

epithelial cells, were shown to take up MWCNTs, whereas
cytotoxicity was comparable to what was observed in
BEAS-2B cells or MESO-1 cells in the present study.® The
discordance between those results and ours may be the dif-
ference in internalization time. The previous study evalu-
ated CNT uptake after 3 hours of MWCNT exposure, and
evaluated cytotoxicity on the fourth day. Cellular uptake
is dependent on time and cell type, and therefore a 3-hour
exposure may be too short to evaluate the full extent of
endocytosis.*¥ In contrast, CSCNTs were not toxic to
MESO-1 cells; however, in BEAS-2B cells, toxicity was
also dependent on size (in this case, length), with toxicity
values of CS-L = CS-M > CS-S (Figure 1). These results
are consistent with reports that have demonstrated a positive
association between CNT length and cytotoxicity.#04!
Although the cytotoxicity of CSCNTs of a given diameter
was comparable between cell lines, VGCF-X, which is

shorter than VGCF-S, was more toxic to BEAS-2B cells.
VGCF-X had the shortest length and smallest diameter
among the CNTs tested in this study. However, VGCF-X
agglomerates had the largest diameter, and, as such, were not
taken up by BEAS-2B cells, nor did they fully penetrate the
cell membrane (Figures 3d and 4f). We previously reported
that the volume of BEAS-2B cells is less than half of that
of MESO-1 cells.’? Smaller cells may be more susceptible
to cytotoxicity because of incomplete endocytosis of a CNT
aggregate. This is supported by the observation that LDH
activity was highest in BEAS-2B cells exposed to VGCF-X.
Moreover, the fact that CS-L and CS-M induced cytotoxicity
to a comparable or lesser degree than VGCF despite their
greater lengths could indicate that cytotoxicity is related
to CNT rigidity, which has been previously suggested.®
Although CSCNTs were similar in diameter to VGCF-S,
they have greater flexibility, which predisposes them to
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becoming more easily tangled. Indeed, CS-M and CS-S
appeared to be tangled inside lysosomes in the TEM and
LSM images (Figures 3 and 4). Furthermore, CS-L and
VGCF-S aggregates have similar shape (Figure 3) and
comparable cytotoxicity values. These results demonstrate
that CNT toxicity is a function not only of tube length and
rigidity, but also cell and aggregate sizes, and it is therefore
imprudent to make generalizations about toxicity without
considering multiple parameters.

VGCF-X was the only CNT that caused an increase in
total ROS (Figure 5). This indicates that CNTs are not, in
general, inducers of oxidative stress in cells. It was recently
shown that CNTs can act as OH radical scavengers,!>#2-4
However, VGCF-X has a higher iron content than VGCF
or VGCF-S, since it was not subjected to iron removal heat
treatment, and iron is a potential source of ROS. Nonetheless,
stimulation of intracellular total ROS production did not
directly contribute to cytotoxicity in MESO-1 cells.

We speculated that damage to the lysosome could be the
cause of cytotoxicity. In fact, non-aggregated VGCF and
VGCF-S penetrated the lysosomal membrane, as seen in
the TEM images (Figure 4Ac and e and 4Bc and e). Despite
this, the signal intensity of injured, fluorescently labeled
lysosomes remained unchanged. We recently reported that
highly purified MWCNTs induced the expression of the
autophagic marker light chain 3B, and 3-MA — a widely
used inhibitor of autophagosome formation — reduced
MWCNT-induced cytotoxicity in BEAS-2B cells.* This
was further validated by the present observation that cells
exposed to CNTs showed increased acidification as a result
of autophagy.*® Intracellular acidification was observed in
MESO-1 cells only when exposed to VGCF and VGCF-S
at a concentration of 50 pg/mL, whereas VGCF-X used
at the same concentration did not have this effect while
inducing a comparable degree of cytotoxicity as VGCF-S.
This study was unable to clarify how autophagy was trig-
gered. However, since acidification was unlikely to occur
in lysosomes that had endocytosed CS-S, as in the case of
carbon black (reported in our previous study),* it is probable
that the shape and size of CNTs are involved in promoting
autophagy.

Conclusion

The cellular response to different types of CNTs of vari-
ous dimensions was evaluated. CSCNTs, with their larger
surface area, are more useful for functionalization, and
the length can be adjusted by ball milling.***7 CSCNTs
were also more biocompatible than MWCNTSs, and therefore

have greater potential as a nanobiomaterial, despite being
slightly toxic. The cytotoxicity of both CNTs was dependent
on many factors, including CNT shape (length, diameter,
and aggregation), but also varied according to cell type.
Therefore, it is necessary to confirm biocompatibility in
each target cell type when considering the use of CNTs as
a nanobiomaterial.
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Influence of CNF content on microstructure and
fracture toughness of CNF/alumina composites
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Dense 0.4-5.0wt % carbon nanofiber (CNF)/alumina composites were fabricated by plasma activated sintering. The micro-
structure—particularly the CNFs distribution—of composites containing different amounts of CNFs was observed in detail, and
the influence of the additive amounts of CNF on the microstructure and the fracture toughness of the composites were
investigated. The ratio of CNFs distributed individually in the composites decreased with an increase in the addition of CNFs, and
the other CNFs formed bundles; notably three-quarters of the CNFs formed bundles in the 5.0 wt % CNF/alumina composite.
The alumina grain size distribution of the composites became narrower to smaller grain size side and the average alumina grain
size of the composites decreased with an increase in the addition of CNFs from 0.4 to 1.6 wt %. However, the average alumina
grain size of the composites did not vary greatly with an increase in the addition of CNFs from 1.6 to 5.0 wt %, because the
CNF bundles formed in the 2.5 and 5.0 wt % CNF/alumina composites lowered the grain growth retardation effect of the CNFs.
The 1.6 wt % CNF/alumina composite exhibited the highest fracture toughness, ‘because three-fifths of the CNFs distributed

individually and uniformly in alumina grain boundaries.
©2014 The 'Ceramic Society of Japan. All rights reserved.

Key-words : Alumina, Carbon nanofibers, Composite, Fracture foughness, Microstruciure

1. Introduction

Carbon nanotubes (CNTs) have incredible mechanical prop-
erties and a high aspect ratio,’® so it seems that CNTs are supe-
rior reinforcement fibers for the improvement of the mechani-
cal properties of ceramic materials. With that aim in mind for
alumina ceramics, we have combined the high-dispersion-treated
carbon nanofibers (CNFs), which are a type of multi-walled
CNTs, with alumina.” In the study, we found that the fracture
toughness of the CNF/alumina composites increased with a
decrease in the average alumina grain size of the composites,
regardless of CNF content in the range of 0.4-2.5wt %.” In these
composites, CNFs were observed bending along alumina grain
boundaries. The dependence of the fracture toughness of the
composites on the average alumina grain size could be explained
by the bridging and/or pull-out of the bended CNFs. That
is, the number of bendings per CNF increased as the average
alumina grain size of the composites decreased. As the number of
bendings increased, the resistance for bridging and/or pull-out
of the CNFs increased. Consequently, the fracture toughness of
the composites increased with a decrease in the average alumina
grain size. On the other hand, the CNFs were gathered at the
same sites in the grain boundaries and formed bundles through
the grain growth of alumina during sintering, especially in the
composites containing larger amounts of CNFs. By forming CNF
bundles, the number. of CNFs giving rise to the essential effect
for bridging and/or pull-out was reduced, and the resistance for
bridging and/or pull-out of CNFs in the composites did not
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always increase with an increase in the additive amount of CNFs.
Consequently, the fracture toughness of the composite was not
greatly influenced by the additive amount of CNFs.

Some reports'®-19 on CNT/alumina composites have shown
that the fracture toughness of composites does not always greatly
increase with an increase in the additive amount of CNTs. For
example, Yamamoto et al.!? reported that the fracture toughness
of the CNT/alumina composites  decreased with increasing
MWCNTs content from 0-10mass % because of the presence
of CNT aggregates. Hirota et al.' reported that the fracture
toughness. of the 3-5 vol % CNF/alumina composites showed a
slight increase compared to that of monolithic alumina. Maensiri
et al.!® reported that the fracture toughness of the CNF /alumina
composites increased with a slight dependency on the additive
amount of CNFs, and a 13% increase in fracture toughness com-
pared to monolithic alumina was obtained in the 2.5 vol % CNF/
alumina composite.

In order to achieve a further improvement in the fracture
toughness of CNT/alumina composites by the addition of a larger
amount of CNTs, the CNTs should distribute individually and
uniformly in the composites. However, the influence of CNTs
distribution on microstructure development and the mechanical
properties of the CNT/alumina composites containing a different
amount of CNTs has not yet been reported in detail.

In our first paper” on the CNF/alumina composites, we
reported as mentioned above that the 0.4-2.5 wt % CNF /alumina
composites were fabricated using -the high-dispersion-treated
CNFs and the influence of the addition of the CNFs on the
densification, microstructure development and mechanical prop-
erties of the composites were investigated. In our second paper,!”

©2014 The Ceramic Society of Japan
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we reported that the 0.4wt% CNF/alumina composites were
fabricated using CNFs acid-treated for 0.5, 1 and 5h. The CNFs
acid-treated for 0.5h dispersed more uniformly in the composite
than the high-dispersion-treated CNFs and the composite con-
taining the CNFs acid-treated for 0.5h had a smaller average
alumina grain size and higher fracture toughness. Now, in this
study, the CNFs acid-treated for 0.5h were mixed with alumina
and the 0.4-5.0 wt % CNFs/alumina composites were fabricated
by plasma activated sintering (PAS). The microstructures—
particularly the CNFs distributions—of the composites contain-
ing different amount of CNFs were qualitatively estimated by
observing the backscattered electron (BSE) images of polished
surfaces of these composites under accelerating voltage of 1kV
and were quantitatively estimated by observing the scanning
electron microscopic images of polished and chemically etched
surfaces of these composites. Such qualitative and quantitative
estimations have neither been tried in our previous studies™!?
nor in other studies on CNF/ceramics composites and were
carried out for the first time by us in this study. The influence of
the additive amount of the CNFs on CNF distribution, alumina
grain size distribution and fracture toughness of the composites
fabricated by PAS were investigated.

2. Experimental procedure

2.1 Preparation of the acid-treated CNFs and the

composites

CNFs (VGCF-S; diameter: 100 nm, length: 10-20 pm, Showa
Denko, Japan) were acid-treated for 0.5h using an acid mix-
ture (conc. HSO4: conc. HNO; = 3:1 v/v) under application of
ultrasonic agitation in order to prepare the hydrophilic CNFs and
improve interfacial compatibility between CNFs and the alumina
grain. Raman spectra of the CNFs showed that defects were
induced on them by the acid-treatment for 0.5 h.1”

The acid-treated CNFs were ultrasonically dispersed in ethanol
solution dissolving a small amount of polyvinylbutyral (PVB) as
a dispersant. The CNF-ethanol suspensions were quietly kept for
3 days to allow the remaining bundles or agglomerates of CNF
sediment in the bottom layer of the suspensions. Then, the upper
layer of the suspensions was elutriated to obtain well dispersed
CNF suspensions. These were mixed with high-purity alumina
powder (TM-DAR; purity: 99.99%; average particle size: 0.1 pm;
Taimei Chemicals, Japan) by ball-milling for 24 h. The obtained
slurries were dried and then passed through a 100-mesh sieve.
In this way, the powder mixtures containing 0.4-5.0 wt % CNFs
were prepared.

The powder mixtures were consolidated by plasma activated
sintering (Ed-PAS, ELENIX) at 1300-1525°C for 80s in a
vacuum. They were put under an uniaxial pressure of 50 MPa
during PAS, except for the powder mixture containing 1.6 wt %
CNFs sintered by PAS at 1375°C, which was put under an
uniaxial pressure of 40 MPa during PAS. The heating rate of PAS
was 300°C/min.

2.2 Estimation of composites

The bulk densities of the composites were measured using the
Archimedes method. The relative densities were calculated using
the bulk densities of the composites and the theoretical densities
of alumina (3.987 g/cm?) and VGCF-S (2.0 g/cm?). The micro-
structures of the composites were observed using a scanning
electron microscope (SEM, S-4100 or SU-8000, Hitachi).

The fracture toughness was measured using the Vickers
indentation tester (VMT-7, MATSUZAWA). An 196N load
was applied on the polished surface for 10s. For the composites

which crack tipping were observed, a lower indentation load
(98 N) was applied on the polished surface. The crack-to-indent
ratios (c/a) were larger than 2.5 in every indentation, where c is
the half-length of the surface radial crack and g is the half-
diagonal length of the Vickers indent. This means cracks propa-
gated in the composites were median cracks.'®-2% So the fracture
toughness was calculated by Miyoshi’s formula.??

The alumina grain sizes of the composites were measured
using the line-intercept method.?” The measured individual grain
size was the maximum length of the grain, which is described
as tangent diameter,?>2% in the specified direction. The average
alumina grain size was determined from the sizes of more than
200 grains. The details for preparation of the specimen were
shown in our previous reports. 17

3. Results and discussions

3.1 Densification

The relative densities of the 0.4-5.0 wt % CNF/alumina com-
posites and monolithic alumina ceramic are shown in Fig. 1.
Regardless of the additive amount of CNFs, the relative densities
of the composites sintered by PAS at 1375°C for 80 s were more
than 99%. In addition, the 0.4-1.6wt% CNF/alumina com-
posites sintered by PAS at 1300 and 1450°C, and the 2.5 and
5.0wt% CNF/alumina composites sintered by PAS at 1450
and 1525°C were densified to a relative density of more than
99%. On the other hand, the relative densities of the composites
sintered in vacuum at 1350°C for 2h decreased drastically with
an increase in the additive amount of CNFs, as shown in Fig. 1.
Similar results were obtained for the composites sintered in
vacuum at 1450°C. Though the holding time of PAS was 100
times shorter than that of vacuum sintering, even the composites
containing 5.0 wt % CNFs were densified to near the full density
by PAS. These results indicate that the densification rate of
the composites was accelerated by the unique sintering process
of PAS.

3.2 Microstructures

SEM images of the chemically etched surfaces of the 0.4-
5.0wt % CNF/alumina composites sintered by PAS at 1375°C
for 80's are shown in Fig. 2. The chemical etching for the com-
posites of which the surfaces were polished to a mirror finish was

100
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Z
2 80
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(=]
.g 70
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¢ 60
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0 1 2 3 4 5
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Fig. 1. Relative densities of (()) the 0.4-5.0 wt % CNF/alumina com-
posites sintered by PAS at 1375°C for 80, ([ ]) the composites sintered in
vacuum at 1350°C for 2h and (4) monolithic alumina sintered in air at
1300°C for 2h and then treated by HIP.
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2 <

Fig. 2. SEM images of chemically etched surfaces of the (a) 0.4, (b)

Ces

0.8, (¢) 1.6, (d) 2.5 and (e,f) 5.0wt% CNFs/alumina

composites sintered by PAS at 1375°C for 80s. The circle and arrow in (f) indicate bundles consisting of three and two CNFs,

respectively.

carried out in conc. H3POy at 140°C for 0.5-1 h. By this etching,
not only alumina grain boundaries but also CNFs appeared. The
alumina grain sizes became smaller as the additive amount of
CNFs increased from 0.4 to 1.6 wt %. However, no such obvious
difference in alumina grain sizes was observed in the 1.6-5.0
wt % CNF /alumina composites. Agglomerates of CNFs were not
observed in the 0.4-2.5wt% CNF/alumina composites, but a
few agglomerates 5—10 pim in size were observed in the 5.0 wt %
CNF/alumina composites. As indicated by an arrow and a circle
in Fig. 2(f), two or three CNFs were gathered at the same site
in the composites, namely at the grain boundary, which shows
that these CNFs formed bundles. In the 0.4 and 0.8 wt % CNF/
alumina composites sintered at 1300-1450°C, some CNFs were
observed in the alumina grains. Then, the number of CNFs
distributed in the alumina grains and at the alumina grain bound-
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aries was counted using SEM photographs of the chemically
etched surface of the composites, and the ratio for each composite
was determined. The total number of CNFs was at least 370.
As the results, in the 0.4 and 0.8 wt % CNF/alumina composites
sintered at 1375°C, 17 and 11% of the CNFs entered alumina
grains, respectively, while in the 1.6, 2.5 and 5.0wt% CNF/
alumina composites sintered at 1375°C, only 4, 3 and 2% of the
CNFs entered alumina grains, respectively. In addition, in the
0.4 wt % CNFs/alumina composite sintered at 1300 and 1450°C,
14 and 20% CNFs entered alumina grains, respectively.

The frequency of solo CNFs and CNF bundles distributed in
the 0.4-5.0wt% CNF/alumina composites sintered at 1375°C
for 80 s are shown in Fig. 3. The number of solo CNFs and CNF
bundles consisting of two, three and more than four CNFs was
counted using SEM photographs of the chemically etched surface
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Fig. 3. Frequency of ({>) solo CNF and CNF bundles consisting of
(L)) two, (()) three and (/\) more than four CNFs distributed in the 0.4~
5.0 wt % CNF/alumina composites sintered by PAS at 1375°C for 80s.

. 2 vy, A 2 um
Fig. 4. SEM images of ion-milled surface
sintered by PAS at 1375°C for 80s.

of the composites, and the frequencies were determined from the
ratios of the number of solo CNFs and CNF bundles consisting of
two, three and more than four CNFs to the total number of CNFs.
As the results, the frequencies of solo CNFs distributed in the
0.4,0.8, 1.6, 2.5 and 5.0 wt % CNF /alumina composites were 73,
64, 60, 51 and 24%, respectively. This means that more than
three-fifths the number of CNFs were distributed individually in
the 0.4-1.6 wt% CNF/alumina composites, half the number of
CNFs were distributed individually in the 2.5 wt % CNF /alumina
composite, and only a quarter the number of CNFs was indi-
vidually distributed in the 5.0 wt % CNF /alumina composite. In
this way, the frequency of solo CNFs decreased with an increase
in the additive amount of CNFs; in reverse, the frequency of CNF
bundles increased.

BSE images of the 0.4-5.0 wt % CNF /alumina composites are
shown in Fig. 4. The composites were polished by ion-milling
and were observed using an electron beam under an accelerating
voltage of 1kV without coating of the conductive films. Each
alumina grain was confirmed by the channeling contrast of the
backscattered electrons. Though the dark areas in the BSE images

of the (a) 0.4, (b) 0.8, (c) 1.6, (d) 2.5 and (e,f) 5.0 wt % CNF/alumina composites
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Fig. 5. (a) Average alumina grain sizes of the (()) 0.4, (A) 0.8, ((])
1.6, (<>) 2.5 and (\/) 5.0 wt % CNF /alumina composites sintered by PAS
at various temperatures for 80s. (b) Average alumina grain size of the 0.4
wt % CNF/alumina composites (()) sintered by PAS at various temper-
atures for 80 s and (@) sintered in vacuum at various temperatures for 2h
and then treated by HIP.

of the CNF/alumina composites show either pore or CNF,
most dark areas were CNFs because these composites contained
few pores. In the 0.4-1.6 wt% CNF/alumina composites, uni-
form dispersed dot-like and line-like dark areas were observed
and a lot of them were around 100nm in diameter and width,
which corresponded to the diameter of the CNF. This resulted
from the individual and uniform distribution of more than three-
fifths of the CNFs in the composites. On the other side, there
were two kinds of region in the 2.5 and 5.0 wt % CNF /alumina
composites. One was a region where only a few CNFs were
distributed and the other was a region where many CNFs were
distributed. In the regions where a few CNFs were distributed,
many dark areas were dot-like with sizes of around 100 nm. Such
regions in the 5.0 wt % CNF /alumina composite appeared clearly
and were much wider than those in the 2.5 wt% CNF /alumina
composite. And alumina grains in such regions grew much larger
than those in the other regions, especially, it was remarkable
in the 5.0wt% CNF/alumina composite. In the regions where
many CNFs were distributed, many dot-like and line-like dark
areas were larger than 100 nm, which means that they were CNF
bundles. The formation of such CNF bundles and the existence of
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Fig. 6. Alumina grain size distributions of the (a) 0.4, (b) 0.8, (c) 1.6,
(d) 2.5 and (e) 5.0wt% CNF/alumina composites sintered by PAS at
1450°C for 80s.
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these two regions suggest that the 2.5 and 5.0 wt % CNFs could
not be uniformly mixed with alumina powder by conventional
ball-milling. In addition, in the regions where many CNFs were
distributed, the CNFs migrated with the alumina grain boundaries
during grain growth of alumina and then formed bundles. Such
non-uniform mixing and formation of CNF bundles were
remarkable for the 5.0 wt % CNF /alumina composites.

The average alumina grain sizes and alumina grain size
distributions of the 0.4-5.0 wt % CNF /alumina composites are
shown in Figs. 5 and 6, respectively. While the average alumina
grain size of the 0.4 and 0.8wt% CNF/alumina composites
increased rapidly with an increase in sintering temperature from
1375 to 1450°C, that of the 1.6-5.0wt% CNF/alumina com-
posites increased gradually with an increase in sintering temper-
ature from 1375 to 1525°C. As the addition of CNFs increased
from 0.4 to 1.6 wt %, the alumina grains with a size of more than
3 um decreased and the grain size distribution became narrower,
as shown in Fig. 6. In the 1.6 wt % CNF /alumina composite, the
size of the alumina grains was below 3 um. On the other side,
the grain size distribution of the 2.5wt% CNF/alumina com-
posite extended to a larger grain size side compared with that
of the 1.6 wt% CNF/alumina composite, and that of the 5.0
wt % CNF/alumina composite was almost the same as that of
the 1.6 wt % CNF /alumina composite. Actually, in the 5.0 wt %
CNF/alumina composites, large alumina grains with 5-10 um
existed in the regions where a few CNFs were distributed as
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shown in Fig. 3(f); however, such large grains were not caught in
the measurement of alumina grain size because there were only a
few such regions.

On the other hand, the 0.4wt% CNF/alumina composite
sintered by PAS had a larger average alumina grain size than
the 0.4wt% CNF/alumina composite sintered in vacuum and
then treated by HIP; notably, the composites sintered by PAS at
1450°C, as shown in Fig. 5(b). That is, the unique sintering
process of PAS accelerated the alumina grain boundary migration
rate during sintering and the addition of 0.4 wt % CNFs was not
enough to retard the rapid grain boundary migrations during PAS.
Consequently, 14, 17 and 20% of CNFs entered alumina grains
during PAS at 1300, 1375 and 1450°C, respectively, and alumina
grains grew rapidly at 1450°C, which was different behavior
from the composite sintered in vacuum and then treated by
HIP.!” The grain growth behavior of the 0.8 wt % CNF /alumina
composites was similar to that of the 0.4wt% CNF/alumina
composites.

In the 1.6 wt% CNF/alumina composites in which 60% of
CNFs distributed as solo, because not only solo CNFs but
also CNF bundles distributed uniformly at grain boundaries of
alumina, the rapid alumina grain boundary migrations during
PAS was effectively retarded by such CNFs. Consequently, the
1.6 wt % CNF /alumina composites had a smaller average alumina
grain size with a narrower grain size distribution. In the 2.5
and 5.0 wt % CNF /alumina composites sintered at 1375°C, half
of the CNFs and three-quarters of the CNFs formed bundles,
respectively. The formed CNFs bundles made the grain growth
retardation effect of the CNFs lower in these composites.
Consequently, the average alumina grain size of the 2.5wt%
CNF/alumina composite was almost the same as that of the
1.6 wt % CNF /alumina composite and that of the 5.0 wt % CNF/
alumina composite was slightly smaller than that of the 1.6 wt %
CNF /alumina composite, though the alumina grain sizes of
CNT/alumina composites generally decrease with an increase
in the amount of CNTs, 111311425

3.3 Fracture toughness

The fracture toughness of the 0.4-5.0wt% CNF/alumina
composites sintered by PAS at 1300-1525°C for 80s are shown
in Fig. 7. In this study, the fracture toughness of the 1.6 wt%
CNF/alumina composite sintered at 1300°C for 80s was the
highest (5.4 MPa-m®3), which was 54% higher than that of
monolithic alumina (3.5 MPa-m®%). The fracture toughness of
the composites increased with an increase in CNF content from
0 to 1.6 wt %, showed a maximum at 1.6 wt % and decreased with
an increase in CNF content from 1.6 to 5.0 wt%. SEM images
of Vickers cracks of the 0.4-5.0wt % CNF/alumina composites
sintered at 1375°C for 80s are shown in Fig. 8. Almost Vickers

Fig. 8. SEM images of Vickers cracks on the (a)
1375°C for 80s.

cracks on the CNFs/alumina composites were not deflected, but
bridging and/or pull-out of CNFs were observed in the cracks,
which means that the enhancement of the fracture toughness
of the composites resulted from the bridging and/or pull-out of
CNFs.

The relationship between fracture toughness and the average
alumina grain size of the CNF/alumina composites is shown
in Fig. 9. The fracture toughness of the composites tended to
increase with a decrease in the average alumina grain size. The
solid line in Fig. 9 is the curve for the relationship between
fracture toughness and average alumina grain size of the 0.4 wt %
ATO05-CNF /alumina composites sintered in vacuum and then
treated by HIP, which was shown in our previous study.!” The
fracture toughness of the 0.4-2.5 wt % CNF/alumina composites
were mostly fitted to the curve but those of the 5.0 wt% CNF/
alumina composite obviously deviated from the curve as indi-
cated by a dotted circle in Fig. 9. The fracture toughness of the
5.0wt % CNF/alumina composite were lower than those of the
1.6 and 2.5wt% CNF/alumina composites even at the same
average alumina grain size, which resulted from the formation of
more CNF bundles in the 5.0wt% CNF/alumina composite.
That is, the number of CNF's giving rise to the essential effect for
bridging and/or pull-out was distinctly reduced in the 5.0 wt%
CNF /alumina composite in which three-quarters the number of
CNFs formed bundles. Consequently, the fracture toughness of
the 5.0wt % CNF/alumina composite deviated from the curve.
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Fig. 7. Fracture toughness of the 0.4-5.0wt% CNF/alumina compo-
sites sintered by PAS at (/) 1300°C, () 1375°C, (| ]) 1450°C and
() 1525°C for 80, and that of (@) monolithic alumina sintered in air
at 1300°C for 2h and then treated by HIP.
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0.4, (b,d) 1.6 and (c) 5.0 wt % CNF/alumina composites sintered by PAS at
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