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In this study, carbon nanofibers (CNFs) having different amounts of defect were prepared by acid-treating for 0.5, 1 and 5h and
were combined with alumina. Then, the influence of the amount of defect on the CNFs on microstructure development of the
CNFs/alumina composites and relationship between the fracture toughness and the average alumina grain size was investigated.
The intensity ratio of D-band to G-band (D/G) in Raman spectra of the CNFs increased from 0.34 for pristine CNFs to 0.95 for
the CNFs acid-treated for 5 h with the acid-treatment time, which indicates that the amount of defect on the CNFs increased with
the acid-treatment time. The alumina grain growth in the dense composites sintered at 1200­1300°C was not influenced by the
amount of defect on the CNFs, however, the composite containing CNFs having the moderate amount of defect (D/G = 0.56)
showed the slowest alumina grain growth rate at 1350­1450°C. The fracture toughness of the composites containing the CNFs
acid-treated for 0.5 h increased with a decrease in average alumina grain size and reached 5.6MPa·m0.5 at the average alumina
grain size of 0.84¯m, which was 60% higher value compared to monolithic alumina (3.5MPa·m0.5). However, fracture toughness
of the composites containing CNFs acid-treated for 1 and 5 h increased with a decrease in average alumina grain size, showed the
maximum values of 5.0 and 4.5MPa·m0.5 at average alumina grain sizes of 1.3 and 1.6¯m, respectively, and decreased as the
average alumina grain size decreased further. The maximum fracture toughness of the composite containing the CNFs acid-
treated for 5 h was lower than that of the composite containing the CNFs acid-treated for 1 h.
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1. Introduction

Alumina ceramics have been widely used as engineering mate-
rials, medical materials, electrical insulators and optical materials
due to their high wear resistance, thermal resistance, chemical
durability, biocompatibility, hardness, strength and electrical
resistance.1)­3) However, the brittleness of alumina ceramics
limits their application fields, so the improvement of the tough-
ness is required.
It seems that carbon nanotubes (CNTs) are the best reinforce-

ment fibers to improve the mechanical properties of alumina
ceramics because CNTs have incredible mechanical properties
and high aspect ratio.4)­11) However, CNTs have two embarrassing
properties to be combined with alumina ceramics. First, CNTs are
tangled with each other and often form large agglomerates.12)­21)

Second, CNTs are hydrophobic and so interfacial compatibility
between CNT and alumina grain is poor.22) In order to fabricate
the reliable CNTs/alumina composites with higher toughness and
higher strength, the uniform dispersion of CNTs in the composites
and the enhancement of interfacial compatibility between CNT
and alumina grain have been required.19)­31)

In our previous study,32) carbon nanofibers (CNFs), which are a
kind of multi-walled CNTs (MWCNTs), were high-dispersion-
treated in order to disentangle agglomerates of the CNFs. The
high-dispersion-treatment is one of the mechanical dispersion

technique using an ultra fine grinding machine which is similar to
wet jet milling. In this treatment, the CNFs were passed through
slit like channels using high pressure ethanol fluid (200MPa) with
a small amount of dispersants. Consequently, uniform and dense
composites were successfully fabricated. Also, the fracture tough-
ness of the composites increased with a decrease in average alu-
mina grain size. This indicates that the fracture toughness of the
composites could be improved by controlling the microstructure.
There are many studies on acid-treated CNTs/alumina compo-

sites.13),14),16),26),27),29)­31),33)­35) The acid-treatment of CNTs has
been recognized as an useful method for inducing defects with
hydrophilic functional groups on the CNTs.27),31),36)­41) The
hydrophilic functional groups on the CNTs improve the disper-
sibility of the CNTs in polar solvents27),36) and enhance the
interfacial compatibility between CNT and alumina grain.29),30)

Estili et al. acid-treated MWCNTs using the acid mixture (conc.
H2SO4:conc. HNO3 = 3:1 v/v) under the optimized reflux
condition and obtained MWCNTs individually decorated alumina
with intimate bonding.29),30) Consequently, the composite showed
70% increase in fracture toughness due to crack deflections and
frictional pull-outs of the MWCNTs, originated from the high
interfacial compatibility and wetting between the MWCNTs
and alumina. Wei et al. acid-treated MWCNTs using the acid-
mixture (conc. H2SO4:conc. HNO3 = 3:1 v/v) under application
of ultrasonic and prepared the composite using the acid-treated
MWCNTs. The obtained composite showed 79% increase in
fracture toughness.34) Yamamoto et al. induced nanodefects on³ Corresponding author: S. Taruta; E-mail: staruta@shinshu-u.ac.jp
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MWCNTs during the acid-treatment in the acid mixture (conc.
H2SO4:conc. HNO3 = 3:1 v/v), and fabricated the composite
using the MWCNTs with nanodefects. The obtained composite
showed 25% increase in fracture toughness through mechanical
interlocks originated from a nanoscale anchor effect on the
nanodefect of the MWCNTs.31) In this way, the acid-treatment of
MWCNTs improved the fracture toughness of the composites.
However, there are no reports on the influence of amount of defect
on the CNTs on sintering behavior and mechanical properties of
the composites.
In this study, in order to prepare CNFs having different amounts

of defect, CNFs were acid-treated for different periods of time.
The acid-treated CNFs were mixed with high purity alumina
powder and the acid-treated CNFs/alumina composites were
fabricated. And the influence of amount of defect on the CNFs
on microstructure development of the composites and relation-
ship between the fracture toughness and the alumina grain size
was investigated.

2. Experimental procedure

2.1 Acid-treatment of CNFs
CNFs (VGCF-S; diameter: 100 nm, length: 10­20¯m, Showa

Denko, Japan), which are a type of MWCNTs, were acid-treated
for 0.5­5 h using the acid mixture (conc. H2SO4:conc. HNO3 =
3:1 v/v) under application of ultrasonic in order to prepare
the hydrophilic CNFs having different amounts of defect. The
acid-treated CNFs were filtered, rinsed with distilled water and
freeze-dried. In this study, the CNFs acid-treated for 0.5, 1 and
5 h were described as AT05-CNFs, AT1-CNFs and AT5-CNFs,
respectively.
In order to compare with the acid-treated CNFs, the high-

dispersion-treated CNFs,32) which had smaller amount of defect
and hydrophobic surface compared to the acid-treated CNFs,
were also used and were described as HDT-CNFs.

2.2 Preparation of composites
The AT05- or AT1-CNFs were dispersed in ethanol solution

dissolving a small amount of polyvinylbutyral (PVB) as a disper-
sant by ultrasonic. The AT05- or AT1-CNFs ethanol suspensions
were kept quietly for 3 days to sediment remaining bundles or
agglomerates of the CNFs into the bottom layer of the suspen-
sions. Then, the upper layer of the suspensions were elutriated to
obtain well dispersed CNFs suspensions. The AT5-CNFs were
dispersed in ethanol without any dispersant by ultrasonic.
The acid-treated CNFs suspensions were mixed with high

purity alumina powder (TM-DAR, purity 99.99%, average parti-
cle size 0.1¯m, 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
0.4­1.6wt% CNFs were prepared.
The powder mixtures were compacted by cold isostatic pressing

(CIP) at 200MPa and sintered in a vacuum at 1150­1450°C for
0.5­6 h. Then, the sintered composites were treated by hot
isostatic pressing (HIP) at 180MPa in a nitrogen atmosphere to
be densified further. The temperatures and times of HIP were the
same as those of sintering in vacuum but the composites sintered
in vacuum at 1450°C for 4 h or 6 h were treated by HIP at 1450°C
for 2 h.

2.3 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/cm3) and VGCF-S (2.0 g/cm3). The micro-
structures of the composites were observed using a scanning
electron microscope (SEM) and a transmission electron micro-
scope (TEM).
The fracture toughness was measured using the Vickers inden-

tation fracture method. The composites were finally polished to a
mirror finish using diamond slurry with a particle size of 1¯m,
and then a 196.1N load was applied on the polished surface
for 10 s. The crack-to-indent ratios (c/a) were larger than
2.542)­44) in every indentation, where c is the half-length of the
surface radial crack and a is the half-diagonal length of Vickers
indent. So the fracture toughness was calculated by the Miyoshi’s
formula45) Eq. (1):

KIC ¼ 0:018
E

H

� �0:5

� P

c3=2
ð1Þ

where E is the Young’s modulus of the specimen, H is the
Vickers hardness of the specimen and P is the applied indentation
load.
The alumina grain sizes of the composites, which were

polished and thermally etched in air at 50­75°C lower temper-
atures than the sintering temperatures for 1 h, were measured
using the line-intercept method46) on the SEM photographs.
The measured individual grain size was the maximum length of
the grain, which is described as tangent diameter,47),48) in the
specified direction. The average alumina grain size was deter-
mined from the sizes of about 200 grains.

3. Results and discussions

3.1 Acid-treatment of CNFs
SEM images of the pristine and acid-treated CNFs are shown

in Fig. 1. Cracks and flaws were observed on the surface of a few
AT5-CNFs but not observed on the surface of AT05- and AT1-
CNFs. The CNFs were not shortened by the acid-treatment.
Also, the nanodefects reported by Yamamoto et al.31) were not
observed in this study. Raman spectra of the acid-treated CNFs
measured using infrared ray of the wave length of 785 nm are
shown in Fig. 2. D-band (defect-mode) and G-band (E2g2 mode)
were observed at 1315 and 1582 cm¹1, respectively. The intensity
ratio of D-band to G-band (D/G) increased with the acid-
treatment time as shown in Fig. 2(b) while it did not alter after
ball-milling or high-dispersion-treatment as shown in Fig. 2(c).
These results indicate that the defects were induced on the CNFs
by the acid-treatment and increased with the acid-treatment time.
As the results, the acid-treated CNFs, especially AT5-CNFs,
dispersed uniformly in ethanol by ultrasonic though the pristine
CNFs did not dispersed in ethanol by ultrasonic and formed large
agglomerates.

3.2 Densification behavior of composites
Relative densities of the 0.4­1.6wt% CNFs/alumina compo-

sites sintered in vacuum at 1150­1450°C for 2 h are shown in
Fig. 3. At 1150°C, the acid-treated CNFs/alumina composites
had higher relative densities than the HDT-CNFs/alumina
composite, as shown in Fig. 3(a). The 0.4wt% HDT-CNFs/
alumina composite was densified rapidly at range of 1150­
1200°C and reached relative density of 99% at 1250°C. How-
ever, the 0.4wt% acid-treated CNFs/alumina composites were
densified slower at range of 1150­1350°C than the 0.4wt%
HDT-CNFs/alumina composite and reached relative density of
99% at 1400°C. On the other hand, the relative densities of the
composite sintered in vacuum became lower with an increase in
the CNFs content, as shown in Fig. 3(b). These results were
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observed not only for AT1-CNFs/alumina composite but also
for HDT-, AT05- and AT5-CNFs/alumina composites.
By the subsequent HIP treatment, the 0.4wt% AT05-CNFs/

alumina composite sintered in vacuum at 1250­1350°C was
densified to relative density of more than 98%, and the 0.4wt%
AT1- and AT5-CNFs/alumina composites sintered in vacuum
at 1250­1350°C were densified to relative density of more than
99%. However, the 0.8wt% AT1-CNFs/alumina composite
sintered in vacuum were not densified further by the subsequent
HIP treatment. Therefore, the microstructure development and
fracture toughness of the 0.4wt% CNFs/alumina composites,
which densified to the relative density of more than 98%, were
discussed in following paragraphs.

3.3 Microstructure development of composites
SEM images of fractured surfaces of the 0.4wt% CNFs/

alumina composites sintered in vacuum at 1250 and 1450°C for

2 h, and then treated by HIP are shown in Figs. 4 and 5. Large
agglomerates of the CNFs were not observed in all composites.
At 1250°C, most CNFs were distributed uniformly at intergra-
nulars of alumina, regardless of acid-treatment time of CNFs, and
the obvious difference in the microstructure of these composites
was not found. At 1450°C, many HDT-, AT05- and AT1-CNFs
were still distributed uniformly at intergranulars of alumina.
However, some HDT-CNFs were gathered at the same sites of
the intergranulars of alumina and formed bundles as enclosed
by the circle in Fig. 5(a). In the AT05- and AT1-CNFs/alumina
composites, a few bundle consisting of 2­3 CNFs were observed.
In the AT5-CNFs/alumina composite sintered at more than
1350°C, a large number of CNFs entered intragranulars of
alumina as shown in Fig. 5(f ) and bundles of the CNFs were
hardly observed. The CNFs sinking in the alumina grains as
shown by the arrow in Fig. 5(c) were observed frequently in
the composites containing acid-treated CNFs. When the sinking

Fig. 1. (Color online) SEM images of (a) pristine, (b) AT1- and (c) AT5-CNFs. The arrows indicate cracks on AT5-CNFs.

Fig. 2. (Color online) (a) Raman spectra of the pristine and acid-treated CNFs, (b) change in the intensity ratio of D-band to
G-band (D/G) of CNFs with acid-treatment time and (c) the D/G value of the pristine, ball-milled, HDT- and AT1-CNFs.
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CNFs fell out the alumina grains as shown by arrows in Fig. 5(e),
the traces of the CNFs, which are like channels, remained there.
While the HDT-CNFs having a smaller amount of defect
(D/G = 0.34) rarely sank in the alumina grains, the AT05- and
AT1-CNFs having a larger amount of defect (D/G = 0.56 and
0.59) sank in the alumina grains and the AT5-CNFs having a
much larger amount of defect (D/G = 0.95) not only sank in the
alumina grains but also entered the grains. These results suggest
that the interfacial compatibility between CNF and alumina grain
was enhanced by inducing defects on the CNFs.

TEM images of the 0.4wt% AT05- and AT5-CNFs/alumina
composites are shown in Fig. 6. Almost interfaces between
AT05-CNF and alumina grain were clear, and lattice images of
alumina and ordered inner-walls of AT05-CNFs were also
observed clearly. However, interfaces between AT5-CNF and
alumina grain were not always clear. In addition, disordered
inner-walls of AT5-CNFs were frequently observed near the
non-clear interface between AT5-CNF and alumina grain. The
non-clear interface might have more intimate bonding than the
clear interface because the defect induced on the CNFs enhanced
interfacial compatibility between CNF and alumina grain.29),30)

Therefore, AT5-CNFs having a much larger amount of defect
might bond more intimately to alumina grains.
Relationships between sintering temperature and average

alumina grain size of the 0.4wt% CNFs/alumina composites
are shown in Fig. 7. Alumina grains in all composites grew larger
with an increase in sintering temperature. The composites sintered
at the same temperatures in the range of 1200­1300°C showed
almost the same average alumina grain sizes (around 0.4, 0.8 and
1.2¯m for the composites sintered at 1200, 1250 and 1300°C,
respectively), regardless of acid-treatment time of the CNFs.
However, at 1350°C, the average alumina grain sizes of the
AT05-, AT1- and AT5-CNFs/alumina composites (1.3, 1.6 and
1.8¯m, respectively) were smaller than that of the HDT-CNFs/
alumina composite (2.0¯m), in addition, it was smaller as the
acid-treatment time of the CNFs was shorter. At 1450°C, while
the average alumina grain sizes of the AT05- and AT1-CNFs/
alumina composites (1.8 and 2.1¯m) were smaller than that of the
HDT-CNFs/alumina composite (2.5¯m), that of the AT5-CNFs/
alumina composite (2.6¯m) was as large as that of the HDT-
CNFs/alumina composite. These results indicate that the grain
boundary migration of alumina was influenced by the amount of
defect on the CNFs and the composite containing CNFs having a
moderate amount of defect (D/G = 0.56) showed the slowest
alumina grain growth rate at higher temperatures (1350­1450°C).
Schematic illustrations of microstructure development of the

dense composites containing a smaller amount of CNFs such as
0.4wt% are shown in Fig. 8. Generally, when the dense alumina
ceramics are sintered further, the alumina grow extremely. When
second phase particles are doped in alumina, the inclusion

Fig. 3. (Color online) (a) Relative densities of the 0.4wt% ( ) HDT-,
( ) AT05-, ( ) AT1- and ( ) AT5-CNFs/alumina composites sintered in
vacuum at various temperatures for 2 h. (b) Relative densities of the ( )
0.4, ( ) 0.8 and ( ) 1.6wt% AT1-CNFs/alumina composites sintered in
vacuum at various temperatures for 2 h.

Fig. 4. SEM images of fractured surfaces of the 0.4wt% (a) HDT-, (b) AT05-, (c) AT1- and (d) AT5-CNFs/alumina
composites sintered in vacuum at 1250°C for 2 h and then treated by HIP.
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particles can either (1) move along with boundaries offering little
impedance; (2) move along with boundaries with the inclusion
mobility controlling the boundary velocity; or (3) be so immobile
that the boundary pulls away from the inclusion, depending on
the relative values of the boundary driving force, the boundary
mobility and the inclusion particle mobility.49) At lower sintering
temperatures (1200­1300°C), the average alumina grain sizes
of the composites did not depend on the amount of defect on
the CNFs, as shown in Fig. 7. Such microstructure could be
shown as an illustration in Fig. 8(a). When the composites were
sintered at higher temperatures (1350­1450°C), the alumina grain
boundaries migrated to the directions of solid arrows in Fig. 8(a)

and the CNFs in the composites migrated to the directions of
dotted arrows in Fig. 8(a) with the alumina grain boundaries. It
was easy for the HDT-CNFs having a smaller amount of defect
to migrate rapidly on alumina grain boundaries, which is just like
a water drop on the leaf of lotus. That is, the HDT-CNFs could
move along with boundaries offering little impedance, which is
corresponding to above (1). So the HDT-CNFs were gathered
at the same sites of grain boundaries and formed bundles of
the CNFs. Consequently, the grain growth retardation effect of
the HDT-CNFs on the alumina grain was smaller at higher
temperatures, especially at 1450°C, and the alumina grain growth
progressed much more, as shown in Fig. 8(b). On the other hand,

Fig. 5. (Color online) SEM images of fractured surfaces of the 0.4wt% (a) HDT-, (b) and (c) AT05-, (d) and (e) AT1-, and
(f ) AT5-CNFs/alumina composites sintered in vacuum and then treated by HIP at 1450°C for 2 h. The circle in (a) shows a
bundle of CNFs in the composite. The arrow in (c) shows a sinking CNF in an alumina grain and the arrows in (e) show a CNF
fell out the surface of alumina grains.

Fig. 6. (Color online) TEM images of the 0.4wt% (a) AT05- and (b) AT5-CNFs alumina composites sintered in vacuum and
then treated by HIP at 1350°C for 2 h. The bold arrows indicate the direction parallel to inner-walls of the CNFs.
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because the AT05-CNFs had a larger amount of defect than the
HDT-CNFs, it was not easy for the AT05-CNFs to migrate
rapidly on the alumina grain boundaries. That is, the AT05-CNFs
moved along with boundaries with the CNFs mobility controlling
the boundary velocity, which is corresponding to above (2).
So the AT05-CNFs were distributed at intergranular even at
higher temperatures and did give a larger grain growth retardation
effect to the alumina grain growth, as shown in Fig. 8(c). It was
very difficult for the AT5-CNFs having a much larger amount
of defect to migrate on the alumina grain boundaries at higher
temperatures. That is, the AT5-CNFs were so immobile that the
boundary pulls away from the CNFs, which is corresponding to

above (3). Therefore, the AT5-CNFs entered alumina grains at
higher temperatures and the alumina grains in the AT5-CNFs/
alumina composite grew much larger than those in the AT05-
and AT1-CNFs/alumina composites, as shown in Fig. 8(d).
Consequently, the alumina grain became as large as those in the
HDT-CNFs/alumina composite at 1450°C, as shown in Fig. 7.
Because the AT1-CNFs had a larger amount of defect than
the AT05-CNFs but had a smaller amount of defect than the AT5-
CNFs, they played an intermediate role between the AT05-CNFs
and the AT5-CNFs. Therefore, the average alumina grain size of
the AT1-CNFs/alumina composite became smaller than that of
the AT5-CNFs/alumina composite but became larger than that of
the AT05-CNFs/alumina composite at higher temperatures.

3.4 Fracture toughness of composites
In this study, the fracture toughness of the 0.4wt% AT05-

CNFs/alumina composite sintered in vacuum at 1250°C for 2 h
and then treated by HIP was the highest (5.6MPa·m0.5), which
was 60% higher value compared to fracture toughness of mono-
lithic alumina (3.5MPa·m0.5).
Relationships between facture toughness and average alumina

grain size of the obtained composites are shown in Fig. 9(a).
Fracture toughness of the 0.4­2.5wt% HDT-CNFs/alumina
composite increased rapidly with a decrease in average alumina
grain size.32) Similarly, fracture toughness of the 0.4wt% AT05-
CNFs/alumina composite increased with a decrease in average
alumina grain size. However, fracture toughness of the 0.4wt%
AT1- and AT5-CNFs/alumina composites increased with a
decrease in average alumina grain sizes, showed the maximum
value at average alumina grain sizes of 1.3 and 1.6¯m, respec-
tively, and decreased as the average alumina grain sizes decreas-
ed further. The maximum value of the fracture toughness of
the AT5-CNFs/alumina composite was lower than that of AT1-
CNFs/alumina composite.
The Vickers cracks on many CNFs/alumina composites were

not almost deflected, but bridgings and/or pull-outs of the CNFs

Fig. 7. (Color online) Relationships between sintering temperature and
average alumina grain size of the 0.4wt% ( ) HDT-, ( ) AT05-,
( ) AT1- and ( ) AT5-CNFs/alumina composites sintered in vacuum
at various temperatures for 2 h and then treated by HIP.

Fig. 8. (Color online) Schematic illustrations of microstructure development of dense CNFs/alumina composites. (a): the
microstructure of the composites sintered at lower temperatures, which did not depend on the amount of defect on the CNFs.
When these composites sintered at higher temperatures, alumina grain boundaries migrated the direction of the solid arrows in
(a) and CNFs migrated the direction of the dotted arrows in (a). (b), (c) and (d): the microstructure of the composites sintered at
higher temperatures, which were containing CNFs having a smaller amount of defect (HDT-CNFs), a larger amount of defect
(AT05-CNFs) and a much larger amount of defect (AT5-CNFs), respectively.
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were observed in the cracks, as shown in Fig. 9(b). This means
that the enhancement of the fracture toughness of almost all
the composites resulted from the bridgings and/or pull-outs of
CNFs. However, only in the 0.4wt% AT1-CNFs/alumina com-
posites sintered at 1450°C for 2­6 h and then treated by HIP,
not only bridgings and/or pull-outs of CNFs but also crack
deflections were observed, as shown in Fig. 9(c) and the
composites were shown by closed mark ( ) in Fig. 9(a). The
average alumina grain sizes of these composites were relatively
large (2­3¯m) and these composites showed larger fracture
toughness than other composites with the same average alumina
grain size of 2­3¯m. Such crack deflections have been observed
for CNTs/alumina composites prepared using acid-treated
CNTs.14),29),35) It is considered that they might be caused in the
composites which contained CNTs having a moderate amount of
defect (D/G = 0.59 in this study) and had larger average alumina
grain sizes (more than 2.1¯m in this study). On the other hand,
some fractured CNFs exposed their inner-walls in the crack, as
shown by arrows in Fig. 9(d). Such fractures of CNFs are called
the “sword-in-sheath fracture”,50) and they were rarely observed in
Vickers crack and fractured surface of the HDT-CNFs/alumina
composite. These results indicate that strength of the CNFs,
especially that of outer-walls, was degraded by the acid-treatment.
The CNFs are bended at intergranulars of alumina in the

composites due to the superior flexibility, as shown in Fig. 10.

Such bending is one of the unique property of CNFs, which is
different largely from the property of ceramic whiskers and
fibers. It was reported in our previous paper32) that because the
number of bendings per CNF could increase with a decrease in
average alumina grain size and the resistance for bridging and/or
pull-out of the CNFs could be increased with an increase in the
number of bendings per CNF, the fracture toughness of the HDT-
CNFs/alumina composites increased with a decrease in average
alumina grain size. Because of the similar reason, the fracture
toughness of the AT05-CNFs/alumina composites increased with
a decrease in average alumina grain sizes and that of the AT5-
CNFs/alumina composites increased with a decrease in average
alumina grain sizes in the range of 1.6­2.8¯m. Also, because the
CNFs acid-treated for longer times might bond more intimately
with alumina grains, they showed a larger resistance for bridging
and/or pull-out. Consequently, the acid-treated CNFs/alumina
composites showed a higher fracture toughness than the HDT-
CNFs/alumina composite in the average alumina grain size range
of 0.8­2.5¯m, especially, AT1-CNFs/alumina composite showed
a much higher value in the average alumina grain size range of
2.1­2.5¯m due to not only bridgings and/or pull-outs of the
CNFs but also the crack deflections.
The compressive stress was loaded to the inside of the bending

CNF and the tensile stress was loaded to the outside of the
bending CNF, as shown by arrows in Fig. 10. Such internal stress
should be larger as the bending state of the CNFs was sharper.
When the external tensile stress was applied for the CNFs by
the cracks propagation, the external and the internal tensile stress
was loaded to the outside of the bending CNFs. The total tensile
stress should be larger as the bending state of the CNFs was
sharper. As the alumina grain became finer, the CNFs were
bended more sharply in the composites. The other side, the
strength of the CNFs was lowered by the acid-treatment. There-
fore, the acid-treated CNFs in the composite having finer alumina
grains were fractured more easily when cracks propagated in the
composites. This is the reason why the fracture toughness of
the AT1- and AT5-CNFs/alumina composites showed the maxi-
mum value at average alumina grain sizes of 1.3 and 1.6¯m,
respectively, and decreased as the average alumina grain sizes
decreased further. In particular, the CNFs acid-treated for longer
times such as the AT5-CNFs were fractured much more easily in
the composites having finer microstructures by a smaller external
tensile stress because such CNFs were bonded much more inti-
mately with alumina grains and had a lower strength. Con-
sequently, the maximum fracture toughness of the AT5-CNFs/

Fig. 9. (Color online) (a) Relationships between fracture toughness
and alumina grain size of the ( ) 0.4­2.5wt% HDT-, 0.4wt% ( )
AT05-, ( and ) AT1- and ( ) AT5-CNFs/alumina composites. The
AT1-CNFs/alumina composite in which crack deflections were observed
was shown by closed-mark ( ). SEM images of (b) crack bridgings and
pull-outs of CNFs in a Vickers crack on the AT05-CNFs/alumina
composite sintered in vacuum at 1250°C for 2 h and then treated by HIP,
(c) Vickers crack on the AT1-CNFs/alumina composite sintered in
vacuum at 1450°C for 4 h and then treated by HIP, and (d) fractured CNFs
in a Vickers crack on the AT1-CNFs/alumina composite sintered in
vacuum at 1250°C for 2 h and then treated by HIP. The insertion in (b) is
a lower magnification image of (b).

Fig. 10. (Color online) SEM image of the bending CNF in the 0.4
wt% HDT-CNFs/alumina composite sintered in vacuum at 1450°C for
2 h. The arrows indicate the interior compressive or tensile stress.
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alumina composite was lower and appeared at larger alumina
grain sizes than that of the AT1-CNFs/alumina composite. So if
the AT05-CNFs/alumina composite have much finer average
alumina grain size, fracture toughness of the composite will be
decreased.
The acid-treated CNFs/alumina composites showed higher

fracture toughness than the HDT-CNFs/alumina composite,
particularly in the range of relatively larger average alumina
grain sizes. In addition, if the CNFs show a much higher com-
patibility to alumina such as the AT5-CNFs and have a higher
resistance for tensile load, the fracture toughness of the com-
posites will be dramatically improved, particularly in the range of
finer average alumina grain sizes.

4. Conclusions

In this study, the influence of the amount of defect on the CNFs
on microstructure development and fracture toughness of the
CNFs/alumina composites which densified to relative density of
more than 98% was investigated.
The defects induced on the CNFs by the acid-treatment

influenced the microstructure development of the composites
sintered at higher temperatures (more than 1350°C). The AT05-
CNFs having a moderate amount of defect (D/G = 0.56)
migrated more slowly with grain boundaries and controlled the
boundary migrations of alumina. Consequently, the composite
showed the finest microstructure at such higher temperatures.
The fracture toughness of the composites containing the CNFs

acid-treated for 0.5 h increased with a decrease in average
alumina grain sizes and achieved and reached 5.6MPa·m0.5 at the
average alumina grain size of 0.84¯m, which was 60% higher
value compared to monolithic alumina (3.5MPa·m0.5). However,
fracture toughness of the composites containing the CNFs acid-
treated for 1 and 5 h increased with a decrease in average alumina
grain sizes, showed the maximum values of 5.0 and 4.5MPa·m0.5

at average alumina grain sizes of 1.3 and 1.6¯m, respectively,
and decreased as the average alumina grain size decreased
further. The defects induced on the CNFs by the acid-treatment
led to more intimate bonding between the CNF and the alumina
grain while they lowered the strength of the CNFs. On the other
hand, in the composites having finer alumina grains, the CNFs
were bended more sharply along alumina grain boundaries,
which caused a larger internal tensile stress along the outside
surface of the bending CNF. So the acid-treated CNFs were
fractured more easily when cracks propagated in the composites
having finer alumina grains. Consequently, the fracture toughness
of the composites containing the CNFs acid-treated for 1 and 5 h
showed the maximum values and decreased with a decrease in
average alumina grain sizes.
On the other hand, because the acid-treated CNFs were bonded

more intimately with alumina grains, the composites containing
the acid-treated CNFs (D/G = 0.56­0.95) showed higher frac-
ture toughness than the composite containing the HDT-CNFs
(D/G = 0.34) in the range of average alumina grain size of 0.8­
2.5¯m. Therefore, if the CNFs show a much higher compatibility
to alumina such as the AT5-CNFs and have a higher resistance
for tensile load, the fracture toughness of the composites will
be dramatically improved in the range of finer average alumina
grain sizes.

Acknowledgements This study was supported by CLUSTER
(the second stage) of the Ministry of Education, Culture, Sports,
Science and Technology of Japan, and a Grant-in-Aid for Scientific
Research from the same Ministry.

References
1) C. B. Carter and M. G. Norton, “Ceramic Materials Science

and Engineering”, Springer, New York (2007) pp. 3­14,
pp. 619­651.

2) J. A. Rodríguez and M. F.-García, “Synthesis, Properties, and
Applications of Oxide Nanomaterials”, John Wiley & Sons,
New Jersey (2007) pp. 683­713.

3) L. L. Hench and J. Wilson, “An Introduction to Bioceramics”,
World Scientific Publishing, Singapore (1993) pp. 25­40.

4) T. Hayashi, Y. A. Kim, T. Natsuki and M. Endo, Chem-
PhysChem, 8, 999­1004 (2007).

5) T. Xiao, Y. Ren, K. Liao, P. Wu, F. Li and H. M. Cheng,
Compos. Sci. Technol., 68, 2937­2942 (2008).

6) A. H. Barber, I. K. Ashiri, S. R. Cohen, R. Tenne and H. D.
Wagner, Compos. Sci. Technol., 65, 2380­2384 (2005).

7) C. Wei, K. Cho and D. Srivastava, Phys. Rev. B, 67, 115407
(2003).

8) M. F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly and
R. S. Ruoff, Science, 287, 637­640 (2002).

9) M. Endo, Y. A. Kim, T. Hayashi, K. Nishimura, T. Matusita, K.
Miyashita and M. S. Dresselhaus, Carbon, 39, 1287­1297
(2001).

10) M. F. Yu, B. S. Files, S. Arepalli and R. S. Ruoff, Phys. Rev.
Lett., 84, 5552­5555 (2000).

11) J. P. Salvetat and A. J. Kulik, Adv. Mater. (Deerfield Beach
Fla.), 11, 161­165 (1999).

12) S. Sarkar and P. Kr, Ceram. Int., 38, 423­432 (2012).
13) I. Ahmad, H. Cao, H. Chen, H. Zhao, A. Kennedy and Y. Q.

Zhu, J. Eur. Ceram. Soc., 30, 865­873 (2010).
14) S. W. Kim, W. S. Chung, K.-S. Sohn, C.-Y. Son and S. Lee,

Mater. Sci. Eng., A, 517, 293­299 (2009).
15) G. Yamamoto, M. Omori, K. Yokomizo, T. Hashida and K.

Adachi, Mater. Sci. Eng., B, 148, 265­269 (2008).
16) K. Lu, J. Mater. Sci., 43, 652­659 (2008).
17) D. Jiang, K. Thomson, J. D. Kuntz, J. W. Ager and A. K.

Mukherjee, Scr. Mater., 56, 959­962 (2007).
18) S. Maensiri, P. Laokul, J. Klinkaewnarong and V.

Amornkitbamrung, Mater. Sci. Eng., A, 447, 44­50 (2007).
19) J. Fan, D. Zhao, M. Wu, Z. Xu and J. Song, J. Am. Ceram.

Soc., 89, 750­753 (2006).
20) J. Sun, M. Iwasa, T. Nakayama, K. Niihara, L. Gao and X. Jin,

J. Ceram. Soc. Japan, 112, S403­S406 (2004).
21) J. Sun, L. Gao and W. Li, Chem. Mater., 14, 5169­5172

(2002).
22) K. Hirota, Y. Takaura, M. Kato and Y. Miyamoto, J. Mater.

Sci., 42, 4792­4800 (2007).
23) A. C. Zaman, C. B. Üstündağ, F. Kaya and C. Kaya, Ceram.

Int., 38, 1287­1293 (2012).
24) E. V. Zharikov, K. S. Zaramenskikh, N. A. Popova, P. P.

Faikov, L. D. Iskhakova, M. N. Gerke, S. V. Kutrovskaya and
D. S. Nogtev, Glass Ceram., 68, 80­84 (2011).

25) A. C. Zaman, C. B. Üstündağ, A. Çelik, A. Kara, F. Kaya and
C. Kaya, J. Eur. Ceram. Soc., 30, 3351­3356 (2010).

26) S. Bi, X. Su, G. Hou, G. Gu and Z. Xiao, Phys. B, 405, 3312­
3315 (2010).

27) S. C. Zhang, W. G. Fahrenholtz, G. E. Hilmas and E. J.
Yadlowsky, J. Eur. Ceram. Soc., 30, 1373­1380 (2010).

28) L. Kumari, T. Zhang, G. H. Du, W. Z. Li, Q. W. Wang, A.
Datye and K. H. Wu, Ceram. Int., 35, 1775­1781 (2009).

29) M. Estili, A. Kawasaki, H. Sakamoto, Y. Mekuchi, M. Kuno
and T. Tsukada, Acta Mater., 56, 4070­4079 (2008).

30) M. Estili and A. Kawasaki, Scr. Mater., 58, 906­909 (2008).
31) G. Yamamoto, M. Omori and H. Kimura, Nanotechnology, 19,

315708 (2008).
32) N. Ueda, T. Yamakami, T. Yamaguchi, K. Kitajima, Y. Usui, K.

Aoki, T. Nakanishi, F. Miyaji, M. Endo, N. Saito and S. Taruta,
J. Ceram. Soc. Japan, 118, 847­854 (2010).

33) S. Bi, G. Hou, X. Su, Y. Zhang and F. Guo, Mater. Sci. Eng., A,
528, 1596­1601 (2011).

Journal of the Ceramic Society of Japan 120 [12] 560-568 2012 JCS-Japan

567



34) T. Wei, Z. Fan, G. Luo and F. Wei, Mater. Lett., 62, 641­644
(2008).

35) T. Wei, Z. Fan, G. Luo, F. Wei, D. Zhao and J. Fan, Mater. Res.
Bull., 43, 2806­2809 (2008).

36) F. Avilés, J. V. Cauich-Rodríguez, L. Moo-Tah, A. May-Pat
and R. Vargas-Coronado, Carbon, 47, 2970­2975 (2009).

37) Q. Huang and L. Gao, J. Mater. Chem., 14, 2536­2541
(2004).

38) P. W. Chiu, G. S. Duesberg, U. D.-Weglikowska and S. Roth,
Appl. Phys. Lett., 80, 3811­3813 (2002).

39) H. Hu, P. Bhowmik, B. Zhao, M. A. Hamon, M. E. Itkis and
R. C. Haddon, Chem. Phys. Lett., 345, 25­28 (2001).

40) J. Chen, A. M. Rao, S. Lyuksyutov, M. E. Itkis, M. A.
Hamon, H. Hu, R. W. Cohn, P. C. Eklund, D. T. Colbert, R. E.
Smalley and R. C. Haddon, J. Phys. Chem. B, 105, 2525­2528
(2001).

41) J. Chen, M. A. Hamon, H. Hu, Y. Chen, A. M. Rao, P. C.
Eklund and R. C. Haddon, Science, 282, 95­98 (1998).

42) K. Niihara, R. Morena and D. P. H. Hasselman, “Fracture
Mechanics of Ceramics”, Ed. by R. C. Bradt, A. G. Evans, P. P.

Hasselman and F. F. Lange, Plenum, New York (1983) pp. 97­
105.

43) K. Niihara, R. Morena and D. P. H. Hasselman, J. Mater. Sci.
Lett., 1, 13­16 (1982).

44) K. Niihara, R. Morena and D. P. H. Hasselman, J. Am. Ceram.
Soc., 65, C-116 (1982).

45) T. Miyoshi, N. Sagawa and T. Sasa, J. Jpn. Soc. Mech. Eng. A,
51, 2489­2497 (1985) [in Japanese].

46) Ceram. Soc. Japan, “Characterization of Ceramics” (1987) pp.
5­8 [in Japanese].

47) E. E. Underwood, A. R. Colcord and W. C. Wangh, “Ceramic
microstructures” Ed. by J. A. Pask and R. M. Fulrath, Wiley
and Sons, Berkeley (1966) pp. 25­52.

48) E. E. Underwood, “Quantitative stereology”, Addison Wesley
(1970).

49) W. D. Kingery, H. K. Bowen and D. R. Uhlmann, “Introduc-
tion to Ceramics”, John Wiley & Sons, New York (1975) pp.
448­459.

50) M. F. Yu, O. Lourie, M. J. Dyer, K. Moloni, T. F. Kelly and
R. S. Ruoff, Science, 287, 637­640 (2000).

Ueda et al.: Microstructure development and fracture toughness of acid-treated carbon nanofibers/alumina compositesJCS-Japan

568


