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bstract

he fine grains of Al2O3–Cr2O3/Cr-carbide nanocomposites were prepared by employing recently developed spark plasma sintering (SPS) tech-
ique. The initial materials were fabricated by a metal organic chemical vapor deposition (MOCVD) process, in which Cr(CO)6 was used as a
recursor and Al2O3 powders as matrix in a spouted chamber. The basic mechanical properties like hardness, fracture strength and toughness, and
he nanoindentation characterization of nanocomposites such as Elastics modulus (E), elastic work (We) and plastic work (Wp) were analyzed.
he microstructure of dislocation, transgranular and step-wise fracture surface were observed in the nanocomposites. The nanocomposites show

racture toughness of (4.8 MPa m1/2) and facture strength (780 MPa), which is higher than monolithic alumina. The strengthening mechanism from

he secondary phase and solid solution are also discussed in the present work. Nanoindentation characterization further illustrates the strengthening
f nanocomposites.

 2011 Elsevier Ltd. All rights reserved.

eywords: Al2O3; Spark plasma sintering; Nanocomposites; Mechanical properties; Nanoindentation

i
a
r
m
I
p
u
i
f
t

.  Introduction

The Cr3C2 is a good reinforcement material for Al2O3 due
o its high melting point, high hardness, high Young’s modulus
nd wear resistance.1–3 It is also a material with high electri-
al conductivity and the Cr3C2/Al2O3 composite has potential
pplications for electrical discharge machining (EDM).4 Chro-
ia (Cr2O3) has been used to improve the physical properties

f Al2O3.5–9 As Cr2O3 has the same corundum crystal structure
imilar to Al2O3, Al2O3–Cr2O3 can form substitutional solid
olution in all ranges at high temperature. The addition of Cr2O3

as found to increase the hardness, tensile strength, and thermal

hock resistance of Al2O3.

∗ Corresponding author at: Department of Materials Science and Engineering,
ational Cheng-Kung University, Tainan 701, Taiwan. Tel.: +886 6234 8188;

ax: +886 6276 3586.
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It has been found that the combination of conventional flu-
dized bed technology with chemical vapor deposition (CVD) is
n effective method to deposit particles. Several researchers have
eported the coating of secondary phase particles on the ceramic
atrix material using MOCVD process in a fluidized bed.10–13

n previous study,14 Al2O3/Cr-species composites have been
repared by using Cr(CO)6 as the precursor of MOCVD and
sing alumina as the fluidizing matrix materials. The results
ndicate that besides Cr2O3, the decomposed Cr(CO)6 contains
ree carbon. When the spouted powders were used as the ini-
ial powder in the spark plasma sintering (SPS) process, some
r2O3 reacted with Al2O3 to form Al2O3–Cr2O3 solid solu-

ion and some Cr2O3 reacted with carbon to form Cr3C2. The
r3C2 inhibited Al2O3 gain growth and the fine grain sized
l2O3–Cr2O3/Cr-carbide nanocomposites were fabricated as

eported before.15
The nanoindentation test has been established as an impor-
ant tool for the mechanical characterization of materials on the
ubmicron scale.16,17 According to the reports of Oliver and
harr,18,19 such a test is usually conducted using instrumented

dx.doi.org/10.1016/j.jeurceramsoc.2011.07.029
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achines in which indenter load (P), and indenter displacement
h), can be continuously and simultaneously recorded during
ndenter loading and unloading. The unloading data are then
nalyzed to yield the hardness (H), and the Young’s modulus
E). The loading curve is considered to follow Kick’s law20

 =  Ch2 (1)

here P  is the indenter load and h  is the elastic displacement
penetration depth) of the indenter. C  is a constant that depends
n elastic and plastic materials properties, as well as inden-
er geometry. The total work done by loading (Wt) and the
lastic work done by the elastic unloading (We) are calculated
rom the areas underneath the loading and unloading curves,
espectively.21 The plastic work done (Wp) by the indentation
rocess is the area enclosed by loading and unloading curve, i.e.,

p =  Wt −  We (2)

lastic modulus of the test material can be calculated from the
oading–unloading curves of the load (P) as a function of the
isplacement (h), given by

r =
√

π

2β
√

Ac

× dp

dh

∣∣∣∣
hmax

(3)

here Er is the reduced Young’s modulus, hmax is the maximum
enetration depth, Ac is the projected contact area measured at
max and β is a constant equal to 1.034 for a Berkovich inden-
er. The reduced Young’s modulus (Er) is given through the
quation,

1

Er

= 1 −  υ2

E
+ 1 −  υ2

i

Ei

(4)

here υ  and υi (0.07) are Poisson ratio of the material and inden-
er, respectively, and Ei (1141 GPa) is Young’s modulus of the
ndenter. The Young’s modulus (E) can be calculated from Eqs.
3) and (4), which is given by,

 =  (1 −  υ2)

[
2
√

Ac

S
√

π
− (1 −  υ2

i )

Ei

]−1

(5)

 = dp

dh

∣∣∣∣
hmax

(6)

here S  is the unloading stiffness measured at the maximum
enetration displacement.

In the present study, the initial nanocomposite powders
onsisting of nanosized Cr2O3 particles coated on Al2O3 pow-
ers have been fabricated by a metal organic chemical vapor
eposition (MOCVD), in which Cr(CO)6 was used as a pre-
ursor and Al2O3 powders as matrix in a spouted chamber.
hen, the fine grains of Al2O3–Cr2O3/Cr-carbide nanocom-
osites were prepared by employing recently developed spark
lasma sintering (SPS) technique. The basic mechanical proper-

ies such as density, fracture strength, and toughness measured
f Al2O3–Cr2O3/Cr3C2 nanocomposites have been measured.
esides, the nanoindentation characterizations of these compos-

tes are also discussed in this work.
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.  Experimental  details

.1.  Powder  and  sample  preparation

�-Alumina (Al2O3, 99.99%, Taimei Chemicals Co. Ltd.,
apan) with grain size about 150 nm was used as the matrix
aterial in this study. Chromium hexacarbonyl (Cr(CO)6, 99%,
trem Chemicals Co., USA) was used as the precursor of
hromium oxide in a MOCVD process. Cr(CO)6 was initially
eated for evaporation at 75 ◦C and He gas was inserted as
he carrier gas for transporting these precursor vapors, into the
eaction chamber in a spouted bed. The nanosized composite
owders fabricated in the spouted bed for 30 and 60 min were
amed as S-30 and S-60, respectively. The pressure of reaction
hamber was controlled at 10 Torr, and the reaction temperature
as kept at 300 ◦C.

.2. Densification

The as spouted powders were densified by using SPS process
SPS-515S, Shumitomo, Japan). 1.5 g of powder (monolithic
l2O3, S-30, S-60) was put into a graphite mold of 15.5 mm
iameter. The uniaxial pressure of 50 MPa was imposed on the
owder and the vacuum level was less than 6 Pa. The samples
ere heated with a heating rate of 200 ◦C/min from room tem-
erature to 600 ◦C and then with 100 ◦C/min from 600 ◦C to
350 ◦C. The holding time at the sintering temperature, 1350 ◦C
as kept for 10 min.

.3. Density,  fracture  strength  and  toughness

The density was calculated according the Archimedes prin-
iple. The fracture strength was determined by 3-point bending
Shimadzu AG-IS 100KN, Japan) method. The toughness was
easured by single-edge-precracked beam (SEPB). A precrack
ith depth of 0.254 mm was conducted in the center of sample
y a diamond cutter with a thickness of 0.15 mm. The density,
racture strength and toughness reported in this work are the
verage of five testing results.

.4. Microstructure

The microstructures and composition of the specimens were
haracterized by field emission gun scanning transmission elec-
ron microscopy (FEG-STEM, FEI Tecnai G2 F20, Netherlands)
nd field emission scanning electron microscope (FESEM,
HILIPS XL40, Netherlands). The content of Al and Cr was
nalyzed by X-ray Fluorescence (XRF, Rigaku Rix2000, Japan).

.5. Nanoindentation  test

For the nanoindentation tests, the surfaces of the samples
ere mechanically polished using diamond paste down to 1 �m.

isplacement-sensing indentation tests were performed using a
anoindentation by Universal Nanomechanical Tester (UNAT,
SMEC GmbH, Germany) with a diamond Berkovich inden-

er. Five peak loads (300 mN, 600 mN, 900 mN, 1200 mN and
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Fig. 1. TEM micrographs of (a) nanoparticles deposited on alumina particle and (b) EDS spectrum of the coating particle.

Fig. 2. SEM micrographs of fracture surface of 1350 ◦C fully dense SPS specimen of (a) Al2O3, (b) S-30, and (c) S-60.
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Table 1
The content of Al and Cr of 300 ◦C fluidized bed powder from XRF analysis.

Fluidized powder Al (wt.%) Cr (wt.%) Others (C & O) (wt.%)
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luidized for 30 min 58.75 2.72 38.53
luidized for 60 min 57.33 4.98 37.78

500 mN) were used to investigate the elastic modulus (E), plas-
ic work (Wp) and elastic work (We) of the nanocomposites. The
ndenter achieved the peak load within 10 s and kept for 5 s hold
ime at the peak load. For each peak load, at least 10 indentations,
paced at 40 �m, were made. Elastic modulus (E), plastic work
Wp) and elastic work (We) were calculated by means of the
anoindenter software Inspector X (produced by the ASMEC
mbH), based on the model of Oliver and Pharr.18,19

.  Results  and  discussion

.1.  Fracture  strength  and  toughness

The compositions of the decomposed precursor Cr(CO)6
nclude Cr2O3 and carbon (C) analyzed by XPS in our previous
tudy.14 Fig. 1 shows the nanosized chromium oxide (Cr2O3)
articles coated on alumina (Al2O3) matrix powder. The con-
ent of Al and Cr has been calculated from the XRF analysis
nd shown in Table 1. It is observed that the Cr content in S-
0 spouted powders was 4.98 wt.%, higher than that in S-30
2.72 wt.%).

The pure alumina powder and initial powder of S-30 and S-60
ere densified by spark plasma sintering at 1350 ◦C for 10 min.
uring sintering, the solid solution of Al2O3–Cr2O3 and sec-
ndary phase of carbide, Cr3C2 particles were formed in the
atrix of nanocomposites due to the reaction between Cr2O3

nd Al2O3, and between Cr2O3 and C. From the TEM diffrac-
ion pattern illustrated in our previous report,15 it is clear that
he secondary phase is Cr3C2. The density and porosity of pure
lumina bulk and S-30 and S-60 nanocomposites are listed in
able 2. The density of pure alumina is found to be 99.25%,
nd due to uncertain amount of carbide and solid solution in
he alumina matrix, the relative density of nanocoposites were
ot calculated accurately. But the low apparent porosity of S-30
0.3%) and S-60 (0.1%) indicates that almost fully dense S-30
nd S-60 nanocomposites were fabricated by SPS. The fracture
urfaces of the nanocomposites are shown in Fig. 2. It indicates

hat the pure alumina exhibits larger grain size (∼1.5 �m) than
hat of S-30 (∼1.0 �m) and S-60 (∼0.6 �m) densification sam-
les. The nanosized reinforced particles (Cr3C2) about 100 nm

able 2
ensity and porosity of pure alumina and S-30 and S-60 nanocomposites.

ulk Apparent density (g/cm3) Relative density (%)

l2O3 3.95 99.25

Apparent density (g/cm3) Apparent porosity (%)

-30 4.07 0.3
-60 4.1 0.1

a
s
6
a
T
S
c
s

3

m

ig. 3. (a) Hardness, (b) fracture strength, and (c) toughness of alumina and
l2O3–Cr2O3/Cr3C2 nanocomposite.

re found in the intergranular and intragranular locations, as
hown by thick and thin arrows in Fig. 2(c), respectively. S-
0 densification sample has smallest grain size due the more
mounts of secondary phase particles to inhibit its grain growth.
he hardness, fracture strength and toughness of the S-30 and
-60 nanocomposites are shown in Fig. 3. From this figure, we
an see that the S-60 nanocomposite exhibits highest fracture
trength and toughness.
.1.1.  Secondary  particles  strengthening
Nanocomposites consist of nano-particles dispersed within

atrix grains and intergrains. The fracture mode changes from
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Table 3
Contact displacement (�m) of monolithic Al2O3, and Al2O3–Cr2O3/Cr-carbide
nanocomposites sintered at 1350 ◦C under various indentation loading.

Bulk 300 mN 600 mN 900 mN 1200 mN 1500 mN

Al2O3 0.649 1.058 1.220 1.517 1.730
S-30 0.644 1.003 1.204 1.478 1.664
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ig. 4. (a) TEM micrograph and (b) SEM micrograph of the step fracture surface
f Al2O3–Cr2O3/Cr-carbide nanocomposite.

hat of the intergranular fracture in monolithic alumina to that
f the mixture of intergranular and transgranular fracture in
anocomposites, as shown in Fig. 2. These nanocomposites
esult in the generation of thermally induced residual stresses
fter sintering. The mismatch in thermal expansion coeffi-
ient (TEC) between the matrix (�-Al2O3 = 8.4 ×  10−6/◦C), and
he dispersed particles (Cr3C2 = 11.2 ×  10−6/◦C) yields highly
ocalized residual stresses around the particles. Due to higher
EC of the Cr-carbide particles, the compress stress would be

nduced in the alumina matrix and increase the strength. This
s different than that of secondary particles SiC, which results

n tensile stress in alumina matrix.22 The stress around the Cr-
arbide induces the formation of dislocation in alumina matrix,
s shown in Fig. 4(a). The crack propagation path changes when

p
l
v

-60 0.638 0.993 1.133 1.432 1.594

t becomes closer to the Cr-carbide particles. The step-wise frac-
ure surface rather than a planar cleavage plane is observed in
he nanocomposites, as shown in Fig. 4(b). Similar result was
eported by Choi et al.,23,24 who indicated that the nanocracking
round the dislocation resulted in the step-wise fracture surface.
ence, it is assumed that the reinforcement of the Cr3C2 parti-

les, small grain size of Al2O3 matrix and the compress residual
tresses in the matrix grains result in improvement of the strength
f nanocomposites.

.1.2.  Solid  solution  strengthening
The formation of chromium (III) oxide solid solution in

luminium (III) oxide was confirmed by X-ray diffraction obser-
ations, reported in our previous paper.14 The Cr3+ ions increase
he growth rate of Al2O3 grain because of the coherency strain
nergy at grain boundary.25–27 However, this phenomenon is not
ound in the nanocomposites. It is attributed that the secondary
articles of Cr3C2 inhibits the growth of alumina matrix. The
racture strength is increased by the grain-boundary modifica-
ion caused the compressive stress generated by the substitution
f bigger ion Cr3+ ion (0.076 nm) in place of smaller Al3+ ion
0.068 nm). The localized compressive stress helps in strength-
ning the grain boundary, and then the fracture strength increases
y this effect.28

.2.  Nanoindentation

Typical indentation load–displacement hysteresis loops
nder indentation loads (Pmax = 300, 600, 900, 1200, 1500 mN)
egistered for the monolithic alumina and Al2O3–Cr2O3/Cr3C2
anocomposites are depicted in Fig. 5. Under the same peak
oad, the indentation displacement of the monolithic alumina
s larger than that of the Al2O3–Cr2O3/Cr3C2 nanocompos-
tes. This observation implies that the hardness increases in the
l2O3–Cr2O3/Cr3C2 nanocomposites and it is consistent with

he results shown in Fig. 3(a).
Fig. 5(a) shows that a larger displacement difference between

00 mN and 600 mN is found compared to the difference
etween 600 mN and 900 mN, 900 mN and 1200 mN, 1200 mN
nd 1500 mN. The numerical data of the displacement of
onolithic Al2O3, and Al2O3–Cr2O3/Cr-carbide nanocompos-

tes under various peak loads are listed in Table 3. The plastic
ork (Wp) done by the indentation process is the area enclosed
y loading and unloading curve. For monolithic alumina, it is
uggested that the significant plastic formation already hap-

ened at the peak load of 600 mN. When the 600 mN peak
oad conducted on the monolithic alumina, the corresponding
alue of plastic work (Wp) 155.9 nJ was calculated. Consid-
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Fig. 5. The load–displacement curves of (a) monolithic Al2O3, (b) S-30, and
(c) S-60 with the load from 300 mN to 1500 mN followed by SPS sintered at
1350 ◦C.
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ig. 6. Wp/Wtot of Al2O3 and Cr3C2/Al2O3 nanocomposites at 1350 ◦C with
he load from 300 mN to 1500 mN.

ring the nanocomposites of S-30 and S-60, Fig. 5(b) shows
he larger displacement difference happens between 600 mN
nd 900 mN. Fig. 5(c) indicates larger displacement difference
etween 900 mN and 1200 mN. The value of plastic work (Wp)
one in S-30 nanocomposite at the peak load of 900 mN was
65.5 nJ and the plastic work (Wp) done in S-60 nanocomposite
t the peak load of 1200 mN was 412.2 nJ. These results indicate
hat nanocomposites are able to endure higher plastic deforma-
ion than monolithic alumina. Consistent results are found in
ig. 6, which shows that the Wp/Wtot ratio of Al2O3, S-30 and
-60 is the function of peak load and the largest value of Wp/Wtot
atio is at 600 mN, 900 mN and 1200 mN, respectively.

The elastic modulus of monolithic Al2O3, S-30 and S-60
anocomposites can be measured from the slope of unload-
ng curves. Fig. 7 shows that in all three samples, the elastic
odulus decreases with the increase of peak load. The sig-
ificantly decrease in elastic modulus for monolithic happened
etween 300 mN and 600 mN and for S-30 nanocomposite, that

ig. 7. The elastic modulus of Al2O3 and Cr3C2/Al2O3 nanocomposites sintered
t 1350 ◦C for 10 min by SPS with the load from 300 mN to 1500 mN.
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s happened between 600 mN and 900 mN. Similarly, for S-
0 nanocomposite, the elastic modulus decreases significantly
etween 900 mN and 1200 mN. This result is consistent with the
esults shown in Figs. 5 and 6.

Guicciardi et al.29 indicated that when the contact displace-
ent is smaller than its mean grain size, due to the indentation

ize effect (ISE)30 a larger elastic modulus would be measured.
t mainly reflects the response of the Al2O3 single phase. While
ighly distorted atomic bonds, those found at the grain bound-
ries are to have lower elastic modulus than the undistorted
onds. In order to present the effect of size effect, the displace-
ent should be equal to or larger than the mean grain size. By

ncreasing the peak load, the contact depth becomes deeper and
lastic modulus tends to decrease gradually. In all three sam-
les, the data dispersion reduces with the increasing peak load.
anocomposites of S-30 and S-60 have higher elastic modulus

han that of monolithic alumina. It is attributed to the secondary
hase of Cr3C2 with a higher elastic modulus and the forma-
ion of solid solution, in which the larger Cr3+ ion replaces Al3+

o induce compressive stress in the grain boundary. Therefore,
he nanoindentation characterization of nanocomposites further
llustrates the strengthening of mechanical properties.

. Conclusions

A comparison with monolithic alumina, the
l2O3–Cr2O3/Cr3C2 nanocomposites exhibit higher hard-
ess, fracture strength and toughness due to the strengthening
f secondary phase of Cr3C2 particles and solid solution of
l2O3–Cr2O3. Small grain size of Al2O3 matrix, transgran-
lar fracture, and step-wise fracture surface are observed
n nanocomposites. Nanoindentation characteristic further
llustrates the strengthening of nanocomposites, which shows
hat nanocomposites have higher plastic deformation and
ndure higher plastic work and elastic modulus than that of
onolithic alumina.
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