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bstract

igh density carbon nanofibers (CNFs) reinforced aluminum nitride (AlN) composites were successfully fabricated by plasma activated sintering
PAS) method. The effects of CNFs on the microstructure, mechanical and electrical properties of the AlN composites were investigated. The
xperimental results showed that the grain growth of AlN was significantly inhibited by the CNFs. With 2 wt.% CNFs added into the composites,
he fracture toughness and flexural strength were increased, respectively to 5.03 MPa m1/2 and 354 MPa, which were 20.9% and 13.4% higher than

hose of monolithic AlN. The main toughening mechanisms were CNFs pullout and bridging, and the main reason for the improvements in strength
hould be the fine-grain-size effect caused by the CNFs. The DC conductivity of the composites was effectively enhanced through the addition of
NFs, and showed a typical percolation behavior with a very low percolation threshold at the CNFs content of about 0.93 wt.% (1.51 vol.%).
2011 Elsevier Ltd. All rights reserved.
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. Introduction

Aluminum nitride (AlN), as an important III–V group wide-
and-gap semiconductor, has aroused great interest due to its
igh thermal conductivity, high electrical resistivity, low dielec-
ric constant and low thermal expansion coefficient.1 However,
he applications of AlN ceramic have been restricted due to
ts inherent brittleness and relative low strength compared with
ther structural ceramics such as silicon nitride, zirconia, etc.2

hus, the mechanical properties (especially fracture toughness
nd flexural strength) of AlN need to be improved to an accept-
ble level so as to increase its reliability in service. In addition,
or AlN to be used as a functional material for some special
pplications such as wave-absorbing material, plasma etching
lectrode, EDM-machinable ceramic substrates and electrical
eedthrough, a higher electrical conductivity is required.3–5
Ever since their discovery, carbon nanofilaments such as
ingle-wall carbon nanotubes (SWCNTs), multi-wall carbon
anotubes (MWCNTs) and carbon nanofibers (CNFs) have
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al properties; A. Sintering

een considered as the most ideal reinforcing or functionaliz-
ng elements to improve the mechanical, thermal and electrical
roperties of ceramic-matrix composites due to their extremely
igh aspect ratios, low density, high tensile strength, and high
hermal and electrical conductivity.6–8 Therefore, it is expected
hat the tailoring of carbon nanofilaments into AlN matrix might
esult in a set of desirable mechanical and electrical proper-
ies in AlN for wider application. However, to the best of our
nowledge, there has not yet been a report on the fabrication and
roperties of AlN-carbon nanofilaments system. Among the car-
on nanofilaments, CNFs have generated considerable interest
n the composite application fields due to their many potential
dvantages such as low price and good dispersibility compared
ith SWCNTs and MWCNTs.9–11 However, most studies to
ate have confirmed that CNTs can enhance the mechanical and
unctional properties of ceramic matrix,12–19 with only limited
ork having been done on CNFs reinforced ceramic composites.
herefore, it is imperative to explore whether the incorpora-

ion of CNFs into AlN matrix could improve the mechanical
roperties and electrical properties of the AlN composites.

It has been reported that the plasma activated sinter-

ng (PAS), also known as spark plasma sintering (SPS), is
n efficient method to achieve high density CNTs/ceramic
anocomposites at relatively lower temperature with shorter
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temperature is also given. The displacement curves show a sim-
ilar tendency of all the as-sintered samples. The displacement
slightly increased at the initial stage owing to the thermal expan-
Fig. 1. Morphologies of starting m

oaking time.13–15,20,21 Therefore, in this article, PAS method
as employed to fabricate CNFs/AlN nanocomposites. The

ffects of CNFs on the microstructure, mechanical and electrical
roperties of AlN were carefully investigated.

. Experimental procedure

High purity AlN powder (type H, >99.9% purity, ∼0.5 �m,
okuyama K.K., Tokyo, Japan) and CNFs (“VGCF–H”, ∼99%
urity, ∼150 nm in diameter and 4–5 �m in length, Showa
enko K.K., Tokyo, Japan) were used as the starting pow-
ers. The morphologies of AlN powder and CNFs are shown
n Fig. 1(a) and (b), respectively. The amount of CNFs ranged
rom 0 to 7 wt.%. In order to enhance the sinterability, 2 wt.% of
aF2 (>98.5% purity, ∼2 �m, Shanghai Chemistry, Shanghai,
hina) and 1 wt.% of Y2O3 (99.8% purity, <1 �m, Shanghai
uelong, Non-ferrous Metal Co. Ltd., Shanghai, China) were
dded as sintering aids. According to the designed composition,
NFs were weighed and dispersed in ethanol, using an ultrasonic
ath (power: 250 W) for 30 min. AlN powder and sintering aids
ere also weighed and dispersed by the same method. Finally,

he CNFs suspension was mixed with the AlN powder and the
intering aid slurry, and dispersed for 30 min by ultrasonic bath.
he mixed slurry was milled for 12 h using agate balls as milling
edia, and then dried at 70 ◦C for 8 h and further sieved to 100
esh.
The powders were loaded into a graphite die with an inner

iameter of 30 mm, and then sintered by PAS (Ed-PASIII, Elenix
td., Japan) at 1650 ◦C (heating speed: 120 ◦C/min) for 5 min
nder an uniaxial pressure of 30 MPa in a vacuum (<10−2 Pa).
uniaxial pressure of 30 MPa was applied to the powders and

ept constant before the as-sintered samples were taken out. The
emperature was measured using an optical pyrometer focused
n a little hole at the surface of the die. After sintering, the
ooling rate was set as 100 ◦C/min. The as-sintered compacts
ere cut, ground and polished for the following measurements.
The bulk density of the specimens was measured by the

rchimedes immersion technique with deionized water, and
he relative density was calculated by the rule of mixtures.

he flexural strength was determined by a three-point bend-

ng test (sample size 3 mm × 4 mm × 20 mm, span 16 mm,
rosshead speed 0.5 mm min−1). The elastic modules was
alculated simultaneously using the linear portion of the

F
P

ls: (a) AlN powder and (b) CNFs.

oad–displacement curve. The fracture toughness was deter-
ined by the single-edge notched beam (SENB) method (sample

ize 2 mm × 4 mm × 20 mm, span 16 mm, gap width ≤0.2 mm,
ap depth 0.5 ± 0.1 mm). The hardness was determined by
eans of Vickers indentation method with a load of 49 N for

0 s. At least five specimens were used for each test.
Phase compositions of the as-sintered CNFs/AlN compos-

tes were characterized by X-ray diffraction (XRD, X-Pert Pro,
etherlands). Fracture surfaces and the crack propagation paths

produced by Vickers indenter) were observed by field-emission
canning electron microscopy (FE-SEM, JSM-6700F, JEOL,
apan). The electrical conductivity measurements of the com-
osites were performed at room temperature by a DC four-probe
echnique (Keithley 2400, US).

. Results and discussion

.1. Sintering behavior

Fig. 2 shows the Z-axis displacement of the CNFs/AlN com-
osites during PAS process as a function of time. The monitoring
ig. 2. Z-axis displacement curves of different CNFs/AlN composites during
AS process as a function of time.
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Table 1
Bulk density and relative density of different CNFs/AlN composites.

Material Bulk density (g/cm3) Relative density (%)

Monolithic AlN 3.26 99.7
1 wt.% CNF/AlN 3.24 99.5
2 wt.% CNF/AlN 3.19 98.6
3 wt.% CNF/AlN 3.14 97.6
5 wt.% CNF/AlN 3.13 98.3
7
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Fig. 3. X-ray diffraction patterns of as-sintered samples: (a) monolithic AlN,
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wt.% CNF/AlN 2.96 94.2

ion of the samples and the absence of any densification at
ow temperature, and decreased afterwards when the effect of
ensification overcame those of thermal expansion. The slight
hrinkage in the range of 800–1000 ◦C might be caused by
he rearrangement of the particles under the pressure. With the
ncrease of temperature, liquid phases were formed and wet the
itride particles. A large amount of particles were quickly rear-
anged by grain boundary sliding under the simultaneous actions
f capillary forces and the applied pressure, resulting in a rapid
hrinkage. This pronounced shrinkage occurred in the temper-
ture range of 1000–1650 ◦C and ended at 1650 ◦C. Thus, the
amples were sintered at 1650 ◦C. Then, a moderate shrinkage
as observed for all the samples during the cooling process,
hich should be associated with the thermal shrinkage of both

he samples and the graphite plungers. Fig. 2 also shows that
he shrinkages of the samples during sintering were at the same
evel when the CNFs content dropped below 3 wt.%, while they
ere gradually restricted when the content was increased to over
wt.%.

Table 1 shows the bulk density and relative density of the
s-sintered samples. It was noticed that even if the addition of
NFs was up to 5 wt.%, the relative density could still attain 98.
%, indicating that CNFs content below 5 wt.% had no remark-
ble deleterious effect on the densification process. However,
ith the CNFs content increased to 7 wt.%, the relative density
ropped considerably to 94.2%. The decrease in density should
e caused by the high CNFs content which strongly restricted the
earrangement of AlN particles during the sintering process. The
esults are in accord with the tendency of Z-axis displacement
urves in Fig. 2.

Fig. 3 shows the XRD patterns of the as-sintered samples.
he samples were almost pure AlN phase together with a trace
f CaYAlO4 and Y4Al2O9 liquid phases formed during the
intering process. The liquid phases strongly promoted the den-
ification of the CNFs/AlN composites, similar to the report
f sintering high density AlN ceramics at low temperature with
aF2 and Y2O3 as additives.22 CNFs could be detected by XRD
easurement when its content was over 2 wt.%, which indi-

ated the preservation of CNFs in the composites after PAS.
NFs were not observed when their content was below 2 wt.%

n the composites, which might be due to the limitations of the
easurement technique.
Fig. 4 shows the fracture surface of the CNFs/AlN compos-
tes. The fracture mode of all the composites was predominantly
ntergranular. CNFs appeared to be distributed homogeneously
n the AlN matrix. However, some clusters (marked by arrows

2
T
a

b) 2 wt.% CNFs/AlN, (c) 3 wt.% CNFs/AlN, (d) 5 wt.% CNFs/AlN, (e) 7 wt.%
NFs/AlN.

n Fig. 4(d)–(f)) could be observed in the composites contain-
ng CNFs more than 3 wt.%, and big clusters presented in the
omposites with 7 wt.% CNFs (see the insert of Fig. 4(f)), which
ould lead to the lower relative density of the composites. It was,
herefore, difficult to induce a well dispersion of CNFs in AlN

atrix for the case of the CNFs content more than 3 wt.% by
sing ultrasonic and ball milling methods. In addition, it was also
bserved that the AlN grain size decreased with the increase of
NFs content, from about 4 �m for monolithic AlN (Fig. 4(a))

o 2–3 �m for 2 wt.% CNFs/AlN (Fig. 4(c)) and about 1 �m for
wt.% CNFs/AlN (Fig. 4(f)). This suggested that the AlN grain
rowth was significantly inhibited by CNFs during the sintering
rocessing.

.2. Mechanical properties

Fig. 5 shows the fracture toughness, flexural strength, hard-
ess and elastic modulus of the CNFs/AlN composites as a
unction of CNFs content. The fracture toughness of the com-
osites increased by 20.9% gradually from 4.16 MPa m1/2 for
onolithic AlN to 5.03 MPa m1/2 for 2 wt.% CNFs/AlN com-

osites, indicating the good toughening effect of the CNFs. The
oughening mechanisms were clearly explained from the SEM

icrographs of the fracture surfaces and the indentation crack
ropagation paths for the composites. As shown in Fig. 6(a),
he CNFs are homogeneously dispersed within the AlN matrix
nd almost distribute at the grain boundary of 2 wt.% CNFs/AlN
omposites. There are a large number of residual holes left by
he pulling out of the CNFs (indicated by arrows in Fig. 6(a)),
ndicating the presence of an ideal CNFs–AlN interfacial struc-
ure suitable for crack bridging and pullout. Fig. 6(b) shows

typical SEM micrograph of the crack propagation path of

wt.% CNF/AlN composites produced by Vickers indentation.
he existence of CNFs pullout and bridging in the crack prop-
gation path strongly indicated the crack bridging effect of the
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Fig. 4. SEM micrographs of fracture surfaces of CNFs/AlN composites: (a) monolithic AlN, (b) 1 wt.% CNFs/AlN, (c) 2 wt.% CNFs/AlN, (d) 3 wt.% CNFs/AlN,
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e) 5 wt.% CNFs/AlN, (f) 7 wt.% CNFs/AlN (insert is a typical image of big CN

NFs during the crack propagation, which in turn resulted in the
ncrease of fracture toughness. However, with the CNFs content
urther increased to 7 wt.%, the fracture toughness decreased
o 3.76 MPa m1/2. The decrease of fracture toughness might be
scribed to the poor interfacial bonding between the CNFs clus-
ers and AlN matrix, which weakened the crack bridging effect
f the CNFs considerably.

The flexural strength of the composites shows a trend similar
o that of the fracture toughness, as demonstrated in Fig. 5(b).
ddition of 2 wt.% CNFs improved the flexural strength of
lN-based ceramic by 13.4% from 312 MPa (without CNFs) to
54 MPa, which indicated the good strengthening effect of the
NFs. Concerning about flexure strength of inorganic polycrys-

alline materials, there is a linear relationship between strength
σ ) and the inverse square root of grain size (d−1/2), as expressed
f
y the Hall–Petch equation:23,24

f = σo + kd−1/2 (1)

p
f
t

usters). (Note: The clusters are marked by arrows.)

hereσo and k are material constants. The smaller d is, the higher
f will be, if the densities of materials are not changed. There-

ore, the former increment of σf might be due to the decrease in
of AlN grains with the almost same density (Table 1), and the

atter reduction could be explained by the poor cohesion force
etween CNFs and AlN as well as the CNFs clusters existing in
he composites.25,26

The hardness of CNFs/AlN composites decreased as the
NFs content increased (Fig. 5(c)). Many studies reported

hat the hardness could be improved in CNTs/ceramic
ystem,16–18,27 and the enhancement of the hardness was
ttributed to a strong bonding of CNTs and ceramic matrix
rains, which could enable an effective load transfer from the
atrix to the CNTs. However, on the fracture surfaces of the
NFs/AlN composites in the present case, some CNFs had been

ulled-out, which reflected a certain degree of weakness of inter-
acial bonding between the CNFs and AlN matrix. In addition,
he CNFs clusters existing in the intergranular of the compos-
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Fig. 5. Mechanical properties of CNFs/AlN composites: (a) fracture to

tes that contained CNFs more than 3 wt.% would decrease
he bonding strength of the AlN matrix (see Fig. 4(d)–(f)).
herefore, the addition of CNFs resulted in a lower hard-
ess in the composites than in monolithic AlN (Fig. 5(c)).

he elastic modulus of the composites followed the same

rend as the hardness (Fig. 5(d)), presumably for the same
easons.

c
T
A

ig. 6. SEM micrographs of 2 wt.% CNFs/AlN showing fracture surface after three p
ullout and bridging (b). (Note: The residual holes left by the pulling out of CNFs in
ss, (b) flexural strength, (c) Vickers hardness and (d) elastic modulus.

.3. Electrical properties

Fig. 7 displays the DC electrical conductivity of the compos-
tes versus CNFs mass fraction, which suggests an increase of the

onductivity along with the amount of CNFs in the composites.
he conductivity was about 1.0 × 10−12 S m−1 for monolithic
lN, and it increased sharply when around 1 wt.% CNFs were

oint bending tests (a) and details of indentation crack propagation with CNFs
Fig. 6(a) and CNFs pullout and bridging in Fig. 6(b) are marked by arrows.)



2142 Z. Shi et al. / Journal of the European Cer

Fig. 7. DC Electrical conductivity σdc of CNFs/AlN composites as a func-
tion of CNFs content (insert: lgσdc plotted against lg(PCNFs − Pc), where Pc

is percolation threshold).
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dded. When the content of the CNFs increased to 2 wt.%, the
onductivity increased to ∼0.2 S m−1, and then it increased
lightly with the further increase of CNFs content. The curve
ndicates a typical percolation behavior of the DC conductiv-
ty of the composites. According to the percolation theory,28–30

hen the conducting loading is above the percolation threshold,
he DC conductivity of certain composites follows the scaling
aw as described by:

dc = σc(PCNFs − Pc)t , for PCNFs > Pc, (2)

here σdc and σc are the DC conductivities of the com-
osites and the conducting component, respectively. PCNFs is
he volume fraction of the CNFs, Pc is the critical volume
raction or percolation threshold, and the exponent t reflects
he dimensionality of the system. The t values of 1.30 and
.94 are widely considered as corresponding to two and three
imensions, respectively.31 In our study, by fitting the σdc val-
es to Eq. (2), the percolation threshold Pc and exponent t
ere determined to be 1.51 ± 0.05 vol.% (about 0.93 wt.%) and
.60 ± 0.06, respectively (see the insert of Fig. 7). The per-
olation threshold value calculated confirms our experimental
esults, and is similar to the value (Pc ≈ 1.50 vol.%) of the
NFs/Al2O3 composites reported by Hiroaki et al.5 and much
igher than that of CNT/ceramic composites reported by Rul
t al.32 (Pc ≈ 0.64 vol.% in SWCNT/MgAl2O4 composites) and
hmad et al.19 (Pc ≈ 0.79 vol.% in MWCNT/Al2O3 compos-

tes). The difference is considered to be caused by the higher

spect ratio of CNTs compared with CNFs due to the inversely
roportional relationship between the percolation threshold and
he aspect ratio of conductive phase.33 However, the t values
ormally lower than 1.94 would not be the sign of a two dimen-
ional network but rather a result of thermally induced hopping
ransport between weakly connected parts of the network.34
amic Society 31 (2011) 2137–2143

. Conclusions

In this study, carbon nanofibers/aluminum nitride
CNFs/AlN) composites were successfully prepared by
lasma activated sintering (PAS). The experimental results
eveal that CNFs have an important effect on the microstructure,
echanical and electrical properties of the composites. The
EM images show that the AlN grain growth is significantly

nhibited by the CNFs. The flexural strength and fracture
oughness of the composite containing 2 wt.% CNFs are
bviously increased compared with those of monolithic AlN.
he improvement of the fracture toughness can be attributed

o the crack bridging and pullout, while the flexural strength
mprovement should be caused by the fine AlN grain size from
he restrictive effect of the CNFs during PAS. Furthermore, the
C conductivity of the composites shows a typical percolation
ehavior with a very low percolation threshold at the CNFs
ontent of about 0.93 wt.% (1.51 vol.%), suggesting that
he CNFs sharply promote the electrical conductivity of the
omposites. Hence, CNFs are considered to be able to form
new generation of engineered CNFs/AlN composites with

ignificantly improved mechanical and electrical properties.
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