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Abstract
The aim of this study was to fabricate YAG/Al2O3 ceramic composites with different alumina
nanoparticles using slip casting and the atmospheric sintering process. In addition, some mechanical
properties such as hardness and elastic modules of this novel ceramics were evaluated using the
nanoindention technique. The results showed that the rheological behavior of the slurry was optimized to
the solid loading of 55 wt% and the relative density of the green body was enhanced up to 65%. Relative
density was increased after sintering at 1700 °C for 12 h to 99.5% and the pore size (150 nm) was
reduced to half of that of powder particles. It should be noted that the optimum amount of alumina
nanoparticles as a reinforcing agent in the matrix was less than 5%wt and the composite hardness was
increased to 7.3%, as compared to the pure YAG ceramic.

Introduction
Advanced ceramic composites consisting of Al2O3/Y3Al5O12 have been used in aerospace engineering,
such as components for the jet motors of the airplane industry and machining tools [1–3]. Alumina is one
of the most common materials. Its good mechanical properties, particularly fracture toughness, can be
improved by the second phase additions. Creep behavior and mechanical properties of alumina ceramics
can be improved by dispersing yttrium aluminum garnet (YAG) inclusion in the alumina matrix [4]. The
presence of the YAG phase increases the hardness of the composite, as compared to the pure alumina
[5]. Some studies have successfully developed Al2O3/YAG composites with a low yttria dopant by slip
casting and injection molding. Sommer and et al. [6] studied alumina composites containing 5, 10 and 20
vol% YAG with a slip casting process. Alumina composite with 10 vol% YAG had the best mechanical
properties, so further increase of the YAG phase did not result in an increase of mechanical properties.
Due to the prevention of the YAG particles penetrating process, the density of the samples was decreased.
Previous studies have been focused on developing Al2O3/YAG composites by dry axial pressing [7] or
isostatic pressing [8].

Less work has, however, been done on the mixtures of YAG and alumina [9–12]. Slip casting is a simple
method that can produce a homogeneous and dense green body [13–15], especially for multiple or
composite systems. Homogenization of suspensions and the slurry rheological behavior play an
important role in determining the process of slip casting and the microstructure of the �nal product [16]. A
dispersed slurry can be obtained by choosing an optimal concentration of the dispersant [17]. In some
systems, the rise of linear density with increasing the solid load has been observed, although there is no
relationship between solid loading and green density in the systems [18,19]. It has been reported that the
porosity distribution of slip-cast green body depends on the properties of the slurry, such as rheological
properties and solid loading of the suspension [20]. These researchers have investigated many effective
parameters, such as the effects of the dispersant concentration and solid loading content on the
rheological behavior of YAG slurries and mechanical properties.
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In all of these studies, YAG has been used to improve the mechanical properties of the alumina
composites. The purpose of this study was, therefore, to increase the hardness of the YAG matrix by
adding the alumina nanoparticles. However, the effects of solid loading on the rheological behavior of
slurry in the slip casting process and sintered bodies, as well as the mechanical properties, have not yet
been evaluated for the YAG/Al2O3 composites. The fracture surface and hardness of ceramic composites
with 2, 5 and 8 %wt alumina nanoparticles were investigated in detail.

1. Experimental Procedure
High-purity α-Al2O3 nanoparticles (99.99%, 50 nm, US-Nano Research) and Y2O3 (99.99%, 70 nm,
Baikowski SAS-France) were used as the raw materials. Yttria powder was dissolved in a high-purity nitric
acid to obtain the transparent solution of Y(NO3)3. Brie�y, Y(NO3)3 and urea (Merck.99.5%) were
dissolved in distilled water to make a solution. Urea was applied as a precipitating agent at a ratio of 33:1
urea: Y+3. The α-Al2O3 nanoparticles solution was added to the mixed solution and dispersed using ultra-
sonication. The mixed turbid liquid with a ratio of Y/Al=3/5 was homogenized using a hot plate magnetic
stirrer at 90 °C for 3 h. The suspension was washed with a suction �lter, 3 times with deionized water, and
1 time with ethanol. The powder was dried in an oven at 100 °C, for 24 h. Then, the powder was calcined
at 1550 °C for 3 h to synthesize the YAG phase [21, 22]. YAG nanocomposite powders containing 2, 5 and
8 %wt alumina nanoparticles were compound using the high-energy planetary ball-milling. Alumina balls
(10 mm) were used. The milling duration was 2 h and the ratio of the ball/powder was 5/1 (by weight);
the ratio of ethanol/powder was 3/1.

Ammonium polyacrylate (Dolapix CE64, Zschimmer & Schwarz Chemical Co., Ltd. Germany) was used as
the dispersant. The optimum amount of the dispersant was obtained by plotting viscosity as a function
of the dispersant concentration. For viscosity measurement, a rotary viscometer was used (Model LVDV-II;
Brook�eld, Middleboro, USA). The viscosity of the slurry was measured by a rotational stress-controlled
rheometer with a shear rate of 264 s−1.

A 3D-mixture (Savis sanat Sepehr Iranian) was also used to homogenize the slurry. The slurries were
milled for 3, 6, 9 and 12 h with the ball (half of them were 10 mm and the others were 5 mm) ratio of 1:3
(by weight) and at the speed of 45 rpm. After slip casting, the bodies were dried in the air and the organic
additives were removed by heating the samples at 600 °C for 2 h in the air. The density of the green
bodies was measured by the Archimedes method, using deionized water as the immersion medium [23].
The pore size distribution of the slip-cast samples was carried out using mercury porosimetry (PoreSizer
9320, Micromeritics Instrument Corp, USA).

The microstructure of the composite powders before and after ball-milling was studied using �eld
emission scanning electron microscopy (FESEM, TESCAN, MIRA3, Czech Republic). The calcined
synthesized composite powder at 1550 °C was characterized using a Philips XPERT MPD X-ray
diffractometer with Cu-Kα radiation. Ceramic composite samples were sintered at 1700 °C for 12 h in the
air atmosphere furnace (AZAR-F3L 1800, Iran). The microstructures of the YAG/Al2O3 composite after
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sintering were examined on the fracture surfaces using scanning electron microscopy (SEM, JEOL 6510).
Finally, the indentation test was performed on the YAG/Al2O3 composite samples and the pure YAG using
CSM nanoindenter instruments (SA, Peseux, Switzerland) with a Berkovich diamond tip (less than 10 nm
in diameter, type 4/03). In the employed load schedules, the load at the constant rate was �rst ramped up
to a peak value of 40 mN and then unloaded. Each test was performed three times. The standard of this
method is ASTM E2546 [24].

2. Results And Discussion
3.1. Y3Al5O12powder characterization

The X-ray diffraction pattern of the YAG powder is shown in Fig. 1. According to the diffraction pattern,
YAG (00-033-0040 JCPDS �le) was formed. Fig. 2. (a and b) shows the �eld emission scanning electron
microscope (FESEM) images of the YAG/Al2O3 nanocomposite powder before and after milling. After
milling, the agglomerates were broken and less agglomeration would be suitable for slip casting because
the particle size distribution was effective in determining the results of density and pore size distribution.

Rheological behavior of the slurry and the relative density of the green body

Fig. 3 illustrates the viscosity of 55 %wt of YAG/Al2O3 nanocomposite slurries versus the shear rate at
different dispersant percentages. Dolapix CE64 was a dispersant stabilizing the suspension by forming a
thin layer around the ceramic powder. As the negative charge on the surface of particles prevented their
agglomeration, the Brownian motion could overcome the attraction force [25,26]. The viscosity was
decreased with increasing the shear rates. The slurry showed a pseudo-plastic behavior (the viscosity of
slurries was decreased with increasing the shear rates) [27]. This behavior would be desirable for many
ceramic forming methods because the suspension is �owing in high tensions; however, after removing
the stress, they can retained their shape. When the amount of the dispersant Dolapix CE64 was 1 % wt,
the viscosity was minimum. By increasing the amount of the dispersant beyond the optimum value, the
viscosity was increased due to the formation of a polymer network resulting from the additional
dispersant within the slurry. Therefore, in order to create a slurry with suitable viscosity, the dispersant
value should be optimized. Slurry behavior indicated that the powder was de-agglomerated and the
dispersant was absorbed on the particle surface, leading to the creation of the stable slurry. The forces
(electrostatic and steric) between the particles should be large enough to prevent the compaction of the
particles due to the presence of van-der-Waals forces [28]. The method of slurry preparation is one of the
key elements in slip casting; this is because slip casting can be used to fabricate green bodies with higher
density [29]. Slurry stability has the most effect on the microstructure of the green body. The dispersed
slurry did not contain agglomerations and it was stabilized by electrostatic or steric mechanisms to
create a high-density green body.

As shown in Fig. 4, the viscosity of the YAG/Al2O3 nanocomposite slurries was measured at various times
with 55%wt solid load. Primary agglomerates tended to prevent the exit of water from the cavity channels
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between particles. This caused a less amount of the dispersant to �ow; so, it could not cover the particles
surface very well and remained unsaturated in the particles surface. Viscosity was increased at higher
solid loads. Therefore, at hard and large agglomerates, the dispersant had no effective role. By increasing
the de-agglomeration time, big and hard agglomerates were broken and viscosity began to decrease.
Therefore, the dispersant could saturate the surface of all particles [13,30]. According to Fig. 4, the
optimum de-agglomeration time was 9 h to achieve the minimum viscosity.

Fig. 5 shows the viscosity of 55 %wt YAG/2-8 %wt Al2O3 nanocomposite slurries versus different shear
rates. By raising the amount of alumina (above 2 %wt) in the slurry, due to the agglomeration of alumina
particles, the viscosity was increased. As a result, slurries with high-viscosity could not be suitable for slip
casting.

Fig. 6 shows the pore size distribution of the green bodies obtained by slip casting for three different
samples. YAG-8 %wt Al2O3 had two peaks. The maximum peak happened at the pore size of 150 nm,
while the other peak happened at a larger size. This behavior was due to the formation of agglomerates
in the slurry [31]. For YAG-2 %wt Al2O3 and YAG-5 %wt Al2O3, a peak was obtained almost at half of the
particle size due to the appropriate density. However, the pores of YAG-5 %wt Al2O3 were larger than YAG-
2 %wt. Therefore, the maximum green relative density of YAG-2 %wt was higher than YAG-5 %wt Al2O3

[32,33].

3.3. Phase and microstructural characterization of sintered body

Fig. 7 shows the XRD pattern of the YAG/Al2O3 ceramic containing YAG (00-033-0040 JCPDS �le) and

Al2O3 (01-75-1862 JCPDS �le). This sample was sintered at 1700 °C for 12 h in the air atmosphere
furnace. Fig. 8 shows the relative densities of YAG/ 2–8 %wt Al2O3 composites before and after sintering
versus different solid loads. By raising the solid loads, in all samples, the green density was increased to
the optimal viscosity of the slurry. By further increasing the solid load, the viscosity was raised due to the
agglomeration. Agglomeration formed large pores, thereby decreasing density [9,34]. As can be seen, the
sample YAG-2 %wt Al2O3 had the highest green relative density. It could be attributed to the least viscosity
of this sample, such that the green relative density was increased from 47% to 65%. After sintering in the
air atmosphere at 1700 °C for 12 h, the relative �nal density was increased from 75% to 99.5%. Compared
with YAG-2 %wt Al2O3, YAG-5 %wt and YAG-8 %wt had low relative green density; it could be attributed to
the inappropriate slurry viscosity and more porosity.

Fig. 9 shows the SEM images of YAG/Al2O3 ceramics with different percentages of alumina
nanoparticles in the YAG matrix. In the sample with 8 %wt alumina, the reinforcement phase was
distributed non-uniformly and accumulated in some parts of the sample, as shown in Fig. (9 a). Alumina
was mainly located at the grain boundaries or triple points in the samples containing 2 and 5 %wt
alumina. It was distributed uniformly throughout the body, as shown in Fig. 9 (b and c). According to the
SEM images and relative density (see Fig.8), the optimum amount of alumina should be less than 5%wt
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because it could be more homogeneous in structure. Based on evidence, when the alumina particles were
in the boundary, the grain boundary was pinned, and alumina particles entered the structure through the
grain boundary and improved the mechanical properties [35,36].

3.4. Mechanical properties of the sintered body

Table. 1 summarizes the hardness and elastic modulus values of all ceramic samples. Using alumina
nanoparticles as a reinforcing agent increased the hardness as well as elastic modulus, as compared to
the pure YAG ceramic. This was probably due to the higher elastic modulus of alumina phase in
comparison to the YAG matrix. By increasing the alumina nanoparticles in the YAG matrix, because the
hardness of alumina was higher than that of YAG, the maximum penetration depth (hmax) was decreased.
As it is evident from Fig. (9 a), in the sample with 8 %wt alumina, hardness at three points differed greatly
due to the accumulation of alumina and the absence of the homogeneous distribution in the parts of the
ceramic microstructure. Based on the results obtained from the SEM images, as shown in Table 1, with
values less than 5 %wt alumina, the reinforcing phase was almost uniformly distributed in the matrix,
increasing the hardness up to 7.3%. Despite the fact that YAG ceramic, in its turn, could be a suitable
choice for many applications, it has poor mechanical properties. Therefore, in this study, the alumina
phase was added to the YAG matrix in order to enhance the mechanical properties.

3. Conclusions
To summarize, in this study, the addition of alumina nanoparticles to the YAG matrix increased the
mechanical properties of the YAG ceramics. Yttrium aluminum garnet powder was obtained by the
particular wet chemical method at the lowest temperature of 1550 °C. The slurries of the YAG/Al2O3

nanocomposite with the solid loading of 75 wt% at the lowest viscosity (8 mPa.s) were prepared with 3D-
mixture in the course of 9 h. Using the nanocomposite powder and only 1 wt% of Dolapix increased the
relative density of the green body up to 65%; the �nal relative density of the body after sintering with no
pressure at 1700 ˚C for 12 h was about 99.5%. The optimum amount of alumina nanoparticles was less
than 5 wt% due to the uniformity and absence of agglomeration in the ceramic microstructure.
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Tables
Table 1: Comparison of mechanical properties of pure YAG ceramic with samples by different alumina

Standard
deviation of
hardness

hf/hmax hmax(nm) hf
(nm)

Elastic
modulus
(Gpa)

Hardness (HV) Sample

3 2 1

10.53 0.560 328.2 184.1 289 2237 2246 2225 YAG

25.94 0552 319.7 176.6 309 2380 2330 2367 YAG-2
%wt
Al2O3

104.53 0.530 310.8 165.1 317 2325 2229 2438 YAG-
5%wt
Al2O3

1102.79 0.201 261.6 52.7 352 3868 7550 10839 YAG-
8%wt
Al2O3

Figures
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Figure 1

The X-ray diffraction pattern of the YAG powder at 1550 °C.
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Figure 2

FESEM images of the YAG-Al2O3 nanocomposite powder: a) before ball-milling, b) after ball-milling.

Figure 3



Page 12/17

The viscosity of 55 %wt of YAG/Al2O3 nanocomposite slurries versus the shear rate at different
dispersant percentages.

Figure 4

The viscosity of 55 %wt of YAG/Al2O3 nanocomposite slurries versus the shear rate at different times.
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Figure 5

The viscosity of 55 %wt YAG/2-8 %wt Al2O3 nanocomposite slurries versus different shear rate.
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Figure 6

The pore size distribution of the green bodies obtained by slip casting for three different samples.
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Figure 7

The XRD pattern of the sample YAG-Al2O3.
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Figure 8

Relative densities of YAG/ 2–8 %wt Al2O3 composites versus different solid loads. Before sintering at
600 °C and after sintering at 1700.
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Figure 9

SEM images of YAG/Al2O3 ceramics with different percentages of alumina: a) 8 %wt b) 5 %wt c) 2 %wt


