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bstract
he wear resistance of Al2O3 composite with 6 vol.% of SiC nanoparticles fabricated by thermoplastic forming technology and natural sintering
as studied under reciprocating dry sliding conditions and compared with the results obtained in unreinforced alumina with similar grain size
btained by hot pressing. The nanocomposite wear resistance at contact loads of 20 N corresponding to initial Hertzian contact pressures of 1.8 GPa,
as found to be superior to that of the alumina by a factor of 6.
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. Introduction

Experiments carried out by many researchers1,2 have shown
hat the mechanical properties and wear of alumina can be sig-
ificantly enhanced by the dispersion of ceramic particles in the
anometer size range. Several mechanisms have been proposed
or the enhancement of the mechanical properties (strength
nd toughness) of nanocomposites; these include thermal resid-
al stresses, change in grain boundary morphology, dislocation
ctivity, enhanced interfacial fracture energy, etc.3

However, the most remarkable and reliable benefit offered
y nanocomposites is in their tribological properties. In recent
orks, for Al2O3–SiC nanocomposites, significant improve-
ents of the resistance to severe wear and surface finish

ollowing grinding and polishing have been reported,4–15 com-
ared with pure alumina. These nanocomposites tend to exhibit
surface covered in plastic deformation grooves, while for the
ame severe wear conditions, the monolithic exhibits intergran-
lar fracture. Commercial applications require performing and
eliable manufacturing technologies. Recent works16–21 demon-
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trate the feasibility of pressureless sintering to fabricate dense
lumina–SiC composites by using an affordable recipe for cold
sostatic pressed alumina–SiC starting from submicrometric �-
lumina and �-SiC powders and using MgO and Y2O3 as a
ensification aids. However, the addition of densification aids
ay reduce the creep resistance of these materials due to the

ormation of intergranular glassy phase at high temperature, i.e.
700 ◦C. Ceramic injection molding (CIM) was chosen for the
roduction of small and complex shaped components with nar-
ow dimensional tolerances used in engineering applications.
or axially symmetric, elongated component geometries such
s tubes or rods, thermoplastic extrusion is a more appropri-
te forming technology. Moreover, as far as we know, there
s no technology routine yet adopted for mass production of
omponents.

The purpose of the present work is to analyze the feasibility
f the near net shape manufacturing approach using thermo-
lastic processing technologies in producing high sliding wear
esistance Al2O3–SiC nanocomposites.

. Experimental procedure
.1. Materials processing

The starting powders chosen were AKP30 �-alumina (Sum-
tomo, Japan, BET specific surface area of 7–9 m2/g and

dx.doi.org/10.1016/j.jeurceramsoc.2010.11.003
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Fig. 1. Injection molded samples.

verage particle size of d50 = 0.4 �m) and UF25 �-silicon car-
ide (HC Starck, Germany), BET specific surface area of
5 m2/g and d50 = 450 nm). Alumina and silicon carbide pow-
ers were blended in a weight ratio of 95/5% (93.9/6.1 vol.%).

thermoplastic feedstock consisting of 85 wt.% of the pow-
er blend and 15 wt.% of commercial polyethylene wax binder
Licomont 583 G, Clariant, Germany) were mixed in a dou-
le sigmablade kneader (Hermann Linden Maschinenfabrik,
ermany) at 140 ◦C for 1 h. This feedstock was subsequently
ranulated and homogenized by remelting and mixing in a
win screw extruder (d = 16 mm, L/d = 25, Haake Rheomex,
hermofisher Scientific, Karlsruhe, Germany) at the same tem-
erature. After the extrusion through a d = 3 mm die, cooling
nd crushing the feedstock was ready for further processing.
heological characterization was performed by capillary rheom-
try in the same extruder. The feedstock was extruded through
nstrumented capillary dies of d = 2 mm, L/d = 10, 15, 20. The
ressure drop along the capillary length and the volumetric flow
ere measured in the typical processing temperature range of

he binder between 130 and 160 ◦C. The injection molding pro-
ess was carried out on a hydraulic injection molding machine
Boy50M, Dr. Boy, Germany). Bars (4 mm × 3 mm × 35 mm)
nd plates (35 mm × 45 mm × 3 mm) were obtained (Fig. 1).
lates with weld lines were produced to determine the strength of
eld lines by inserting a pin into the mold at a distance of 10 mm

rom the gate. Molding parameters were the following: plasti-
cation temperature 150–160 ◦C, mold temperature 60–70 ◦C,
ressure 1000–1200 bar and injection speed 10–30 cm3/s, the
acking pressure was 300-500 bar. The specimens were cooled
or 10–20 s before ejection. The machine was manually oper-
ted. Debinding of the samples was performed in a combined

rocess following the binder manufacturer’s specifications.
fter extraction of up to 45 mass% of the binder in distilled
ater at 60 ◦C overnight, the samples were dried at the same

emperature. The remaining binder was thermally removed, the
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i
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aximum heat treatment temperature of the debinding process
n air was limited to 600 ◦C/3 h to avoid oxidation of the silicon
arbide, but remove residual carbon. The debinded samples were
ubsequently sintered in Argon atmosphere in a kiln with molyb-
enum lining on alumina supports (Xerion, Freiberg, Germany).
intering temperature was 1770 ◦C, soaking time was 3 h each,

he heating rate was 2 ◦C/min and the cooling rate to room tem-
erature was 20 ◦C/min. For comparison purpose we have also
tudied a monolithic alumina obtained by Hot Press at 1500 ◦C
uring 1 h, starting from �-alumina powder (99.99%) (TM-
AR, Taimei Chemicals Co., Ltd.), with an average particle size
f d50 = 0.15 �m and a BET specific surface area of 14.5 m2/g.
he bulk densities of all the materials were measured using the
rchimedes method.

.2. Materials characterization

For mechanical characterization the tensile surface of each
ar was gently ground with 15 �m, grinding wheels and polished
ith 6 �m, 3 �m and 1 �m diamond suspension (PHOENIX
ETA grinder/polisher with a VECTOR power head, Buehler,
K).
The microstructure of sintered specimens was studied on frac-

ure surfaces by Scanning Electron Microscopy (FE-SEM, FEI
ova NANOSEM 230).
The Vickers hardness, Hv, was measured using a Vickers

iamond indenter (Leco 100-A, St. Joseph, MI) on polished
urfaces, with applied load of 9.8 N with an indentation time
f 10 s. The magnitude of the Vickers hardness was determined
ccording to,

v = 1.854
P

d2

here P is the applied load (in N) and d is the diagonal length
in m).

The fracture toughness was calculated using the formula
iven by Miranzo and Moya.22 The corresponding indenta-
ions sizes were determined using an optical microscope (Leica
MRM, Cambridge, UK).
The bending strength was determined using prismatic bars

ith 3.2 mm width, 30 mm length and 2.4 mm thickness by
hree-point bending test. The tests were performed according
IN EN 6872 at room temperature using a universal testing
achine (Hegewald & Peschke, Germany). The specimens were

oaded to failure with a crosshead speed of 0.5 mm/min and a
pan of 16 mm.

.3. Wear test set-up and conditions

The dry sliding wear behaviour of the samples was evaluated
ith a tribometer Microtest MT/60/NI in which a pure alumina
all with 3 mm diameter was reciprocally slid against the differ-
nt materials in conformity with ASTM G133. The applied load

FN) was 20 N corresponding to initial Hertzian contact pres-
ures of 1.8 GPa. This load was chosen in order to be located
n the transition region near severe wear for the monolithic alu-

ina to analyze the differences between the wear behaviour of
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Fig. 2. SEM images of a fracture surface of monolithic Al

he monolithic material and that of the nanocomposites, which
o not exhibit a time-dependent wear transition.23 The stroke
ength of the oscillating motion was 10 mm. A sliding velocity
f 0.06 m/s was applied. The test duration was associated with
travelling distance (S) of 10 km. At least 4 sliding wear tests
ere conducted from each composition. Before each test, the

pecimens were rinsed ultrasonically in acetone. After each slid-
ng test, the worn surfaces were cleared by blowing pressurized
ir before post-mortem observations. All tests were performed
nder the same conditions.

The wear rate was calculated by using Eq. (1):

= �V

FNS
(1)

Being �V the volume loss after the tests (mm3), FN the
pplied load (N) and S the sliding distance (m). In order to
stimate the volume losses correctly, the track profiles were
easured with a surface profilometer (Taylor-Hobson Taly-
urf) which maps the surface morphology by putting a stylus
n mechanical contact with the sample, being the step 0.01 �m
nd the scanning speed 0.1 mm/s. Profilometer was used to deter-
ine three dimensional topographic map of a surface.

m

u
m

A and C) and the Al2O3–SiC nanocomposites (B and D).

. Results and discussion

Fig. 2 shows SEM images of a fracture surface of mono-
ithic Al2O3, and the Al2O3–SiC nanocomposites. The SiC and
l2O3 grains are the brighter and darker phase respectively. The
anocomposite shows SiC nanoparticles evenly distributed in
he alumina matrix. The SiC particles were found both in intra-
nd intergranular regions, the latter being the majority. In good
ccord with literature, the larger SiC grains are located at grain
oundaries, smaller ones are incorporated in the matrix grains.

On the other hand, Al2O3 grain growth at temperature as high
s 1770 ◦C is inhibited due to these second-phase SiC particles
hat can be pinning grain boundaries. The monolithic alumina
xhibits an equiaxed grain size matrix. The mean grain size was
ound to be ≈4 �m, very similar to the alumina matrix of the
anocomposite. This is important in a comparative study since
rain size is known to strongly affect the wear behaviour. The
elative densities of the obtained sintered nanocomposites and

onolithic alumina were found to be >98% theoretical.
Table 1 gives the density, Vickers hardness (Hv), flex-

re strength (σf) and indentation fracture toughness of the
onolithic alumina obtained by hot press, and nanocomposite
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Table 1
Mechanical properties of alumina–silicon carbide nanocomposite and hot
pressed alumina.

Composition of sample Al2O3–SiC Al2O3

Density (g/cm3) 3.86 ± 0.01 3.97 ± 0.01
Vickers hardness HV1 (GPa) 21.1 ± 0.3 20 ± 0.2
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racture toughness (MPa m1/2) 5.4 ± 0.3 3.8 ± 0.3
lexure strength (MPa) 551 ± 54 520 ± 13

abricated by thermoplastic forming technologies. The frac-
ure toughness increased with the addition of SiC particles.
t should be noticed that the surface residual stresses may
nfluence the indentation toughness measurement procedure
n Al2O3–SiC nanocomposites which were prepared in previ-
us works mainly using hot-pressing (HP) methods.9 Vickers
ardness of Al2O3 matrix was not considerably affected by
he presence of SiC nanoinclusions. The flexural strength val-
es obtained for alumina are slightly lower than that obtained
or the nanocomposite material in close agreement with their
ower fracture toughness value. The higher toughness value
f the nanocomposite compared with the monolithic alumina
ith a similar grain size, can be connected with the inter-
ranular location of the SiC submicroparticles.2 A change
n fracture mechanism has been detected, from intergranu-
ar (monolithic alumina) (Fig. 2A–C) to mixed inter (∼60%
f fracture area)/transgranular (Al2O3/SiC nanocomposites)
Fig. 2B–D). In a monolithic alumina, the residual stresses arise
t interfaces due to thermal expansion anisotropy of an alumina
rain during cooling. A crack extends selecting the interfaces
nder the residual traction and the predominant fracture mode
s intergranular.

The 3D wear track surface topography for Al2O3–SiC com-
osite and hot pressed alumina after sliding against pure alumina
all is presented in Fig. 3. From the 3D wear track surface
opographies, the corresponding wear track dimensions, i.e.
epth and width, as well as the wear volume (W wear), were
xtracted for both samples, as summarized in Table 2. Under
dentical conditions of wear path, sliding speed and contact
oad, the smallest depth and width of the wear scars were mea-
ured for the alumina–silicon carbide composite, whereas the
ighest values are found with the hot pressed alumina. The
onolithic material shows 6 times higher specific wear rate.
he profile shapes and morphologies of the scars confirm that,
nder identical conditions of sliding distance, sliding speed and
ontact load, the smaller depth and width of the wear tracks

re encountered with the alumina–silicon carbide composite.
xamination of the materials wear surfaces confirmed that the
bserved changes in wear rate behaviour are related to a fun-

able 2
ear scar dimensions for Al2O3–SiC composites and hot pressed Al2O3 slid

gainst pure alumina ball (s = 10 km, v = 0.06 m/s, FN = 20 N).

omposition of sample Width (�m) Depth (�m) W wear (mm3/N m)

l2O3–SiC 228 ± 10 3.52 ± 0.03 7.5 × 10−10

l2O3 338 ± 10 9.03 ± 0.03 4.2 × 10−9

m
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b
w
e
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ig. 3. 3D wear track topographies and 3D profiles of Al2O3–SiC nanocom-
osite and hot pressed alumina with width and depth scales, slid against pure
lumina ball (S = 10 km, FN = 20 N, V = 0.06 m/s).

amental change in the process of wear. Fig. 4A gives an SEM
icrograph of the worn surface of the nanocomposite after tri-

otesting. A relatively smooth region is observed. In this figure
t can be observed the small particle size of the wear debris
ndicating that they were probably removed from the material
y plastic deformation, this feature is characteristic of abrasive
ear. On the contrary, the monolithic alumina worn surface gen-

rated under the same sliding conditions was generally rough
Fig. 4B). Evidence of pull out was observed. This morphol-

gy is generated by an intragranular fracture dominated material
emoval mechanism.

It can be therefore stated here, that it is possible to fabricate
y thermoplastic processing technologies Al2O3–SiC nanocom-
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micrometer- and submicrometer-sized alumina matrix grains. J Eur Ceram
ig. 4. SEM micrograph of the worn surface of the Al2O3–SiC nanocomposite
A), hot pressed alumina (B) and zone of wear track of hot pressed alumina (C)
fter tribotesting.

osites with very low wear rate combined with a high toughness
alue. The obtained values of wear resistance and toughness
avourably compete with those of Al2O3–SiC nanocomposites
abricated by other more complex processing routes such as hot
ress or hot isostatic pressing.
. Conclusions

Al2O3–SiC nanocomposites were processed by ceramic injec-
tion molding (CIM). The wear rate for these nanocomposites
Ceramic Society 31 (2011) 469–474 473

was found to be 6 times lower than the ones corresponding to
hot pressed monolithic alumina.
The results obtained in the present investigation clearly point
out that the alumina–silicon carbide nanocomposite materials
obtained by reliable thermoplastic forming can be considered
an excellent candidate for wear resistance components as well
as for cutting tools. The flexibility of this route (in terms of
the geometrical complexity of manufactured products) and its
relative cost effectiveness are compelling.
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