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Y,0;-MgO nanocomposites are promising materials for hypersonic infrared windows and domes due to their excellent mid-
IR transmittance and mechanical properties. In this work, influence of SPS heating rate on the microstructure, IR
transmittance, and mechanical properties of Y,0;-MgO nanocomposites was investigated. It was found that the average grain
size decreases with a decreasing heating rate, which can be attributed to high defect concentration by rapid heating and
deformation during densification. Also, the residual porosity decreases with a decreasing heating rate, which is ascribed to the
enhancement of grain boundary diffusion by a large grain-boundary area (a small grain size). Consequently, high
transmittance and hardness were attained by the low heating rate. On the other hand, the mechanical strength showed little
difference with the heating rate change, which is somewhat different from the general knowledge on ceramics and will be
discussed in this letter.
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Introduction the densification of transparent nanocomposites is
conducted using special sintering techniques, such as
Y,03-MgO nanocomposites have recently received hot pressing (HP), hot isostatic pressing (HIP), and

considerable attention as one of the most promising spark plasma sintering (SPS). The SPS technique has
candidate materials for hypersonic infrared (IR) significant advantages over HP and HIP because it can
windows and domes due to their excellent MWIR complete the densification within a short sintering time
transmittance and mechanical properties [1-4]. In these owing to the application of a high electric field (typical
nanocomposites, the presence of one phase naturally heating rate > 50 °C/min) [8-10]. A few studies of the
impedes the grain growth of the adjacent phase. This is SPS of Y,03;-MgO nanocomposite have been reported.
known as the pinning effect, and this is most effective Xu et al. [11] and Jiang et al. [12] studied the influence
when the phases have comparable volume fractions and of SPS and the post-sinter annealing conditions on the
are dispersed uniformly in the composites. The reduced optical transmittance of these composites. Huang et al.
grain size can increase the optical transparency, especially [13] investigated the effect of SPS temperature on the
when the grain size is smaller than the wavelength of the mechanical properties.
incident light (less than approximately A/20). In addition, a Recently, many researchers have reported that, for the
smaller grain size increases the mechanical strength SPS processing of polycrystalline transparent materials,
and thermal shock resistance [5, 6]. Thus, Y,0;-MgO a low heating rate is efficient for densification and
nanocomposites exhibit optical and mechanical properties transparency. Kim et al. [14] reported that the a-Al,O;
superior to those of other IR transparent materials, such as sintered at 1150 °C with a heating rate of 8 °C/min has
AlLOs, MgALLO,, AION, and Y,0; [7]. a residual porosity of 0.03% and in-line transmission of
It is difficult, however, to obtain excellent optical and 47% at a wavelength of 640 nm. Morita et al. [8]
mechanical properties with Y,0;-MgO nanocomposites reported that a light transmission of 47% at a
when using the conventional pressureless sintering wavelength of 550 nm and a fracture strength of ~500
process. Kear et al. [5] reported that a sample sintered MPa for MgAl,O,4 spinel sintered at 1300 °C with a
in air at 1600 °C for 5 h showed a density level of less heating rate of < 10 °C/min. In this study, the influence
than 95%. After re-heating to 1700 °C in air for 5 h, the of the SPS heating rate on the microstructure, IR
density increased to nearly 100%, but the grain size transmittance, and mechanical properties of the Y,0s-
increased to approximately 10 um. In general, therefore, MgO nanocomposites was investigated.
Experimental
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synthesis approach are described in the literature [1].
Yttrium nitrate  (Y(NOs);-6H,O) and magnesium
acetate ((CH;COQ),Mg-4H,0), corresponding to Y,0;
and MgO at a volume ratio of 50:50, were dissolved in
deionized water under mild magnetic stirring at room
temperature. The above solution was dried in a
preheated electric oven at 200 °C for 36 h. The dried
gel was then heated in a box furnace to 1000 °C
(heating rate of 5 °C/min) with a holding time of 2 h.
The heat-treated powder was ball-milled with ZrO,
balls in anhydrous alcohol for 24 h. The slurry was
dried at 80 °C and sieved through a 200-mesh screen.

Densification of the as-prepared composite nanopowder
was carried out using a SPS system under a vacuum (~6
Pa). The composite nanopowder was loaded into a graphite
die with graphite foils at both ends, and heated from room
temperature to 1300 °C at a heating rate of 5 ~ 100 °C/
min under uniaxial pressure of 50 MPa. It was held for
5 min before turning off the power. The temperature
was controlled by an optical pyrometer focused on the
outer surface of the graphite die. Post-sinter annealing
was conducted at 1100 °C for 20 h in air. The annealed
samples were then mirror-polished on both surfaces for
further characterization and investigation.

The crystallite phase of the synthesized nanopowder
and the sintered samples was characterized by X-ray
diffractometer (XRD, D/MAX-2500, Rigaku, Japan)
with Cu Ko radiation. The microstructure of the
sintered samples was examined by scanning electron
microscopy (FE-SEM, Quanta 650, FEI, Netherlands).
For the SEM observation, mirror-polished samples
were thermally etched at 1100 °C for 1h in air. The
grain size was determined by counting the number of
grains in the SEM micrograph. Assuming the grains to
be spherical, the average grain size was determined to
be 1.225 times the apparent grain size [15]. Fourier
transform infrared spectroscopy (FTIR, Nicolet iS50,
Thermo Scientific, USA) was used to measure the
transmittance of the sintered sample in a wavelength
range of 2.5~ 10 pum. The hardness was measured
using a Vickers hardness tester (VLPAK2000.
Mitutoyo, Japan) with a load of 1kg on the surface.
Mechanical strength was measured in accordance with
ASTM C-1499 using and Instron 5882 machine
(Instron, USA). Support and road ring diameters were
10.5 and 5.5 mm. The diameter and the thickness of the
test specimens were 20 and 1 mm, respectively.

In this paper, YM-X denotes the Y,0;-MgO
nanocomposite sintered with a heating rate of X °C/
min.

Results and Discussion

The XRD patterns of the synthesized Y,0;-MgO
nanopowder and fabricated Y,0;-MgO nanocomposites
are displayed in Fig. 1. It is clearly observed that all the
samples are composed of cubic Y,0; (JCPDS No. 72-
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Fig. 1. The XRD patterns of the synthesized Y,0;-MgO
nanopowder and fabricated Y,0;-MgO nanocomposites.

Fig. 2. SEM micrographs of the fabricated Y,0;-MgO
nanocomposites: (a) YM-5, (b) YM-50, and (c) YM-100.
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Fig. 3. IR transmittance spectra of the fabricated Y,05;-MgO
nanocomposites.
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Fig. 4. Vickers hardness values of the fabricated Y,0;-MgO
nanocomposites.

0927) and MgO (JCPDS No. 74-1225) phases. Other
materials as impurities were not found.

The SEM micrographs of the fabricated Y,03;-MgO
nanocomposites are shown in Fig. 2. The bright grains
are the Y,0; phase and the dark grains are the MgO
phase. It is confirmed that the heating rate strongly
affects the grain size and residual porosity. The average
grain size decreases with a decreasing heating rate
(168.1, 173.2, and 247.6 nm for YM-5, 50, and 100,
respectively), which can be attributed to high defect
concentration produced by rapid heating and associated
rapid deformation during densification. Large DC
current for rapid heating is considered to assist the
defect formation owing to high-temperature plasma
generated on particle surfaces, and the deformation-
induced defects are known to induce dynamic grain
growth. The defects produced by both heating and
deformation may therefore accelerate the grain growth
during SPS processing [16]. The residual porosity also
decreases with a decreasing heating rate, which agrees
well with the measured relative densities (99.7, 99.1,
and 97.1% for YM-5, 50, and 100, respectively). For
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Fig. 5. Biaxial strength values of the fabricated Y,0;-MgO
nanocomposites.

Fig. 6. SEM micrograph showing the fracture surfaces of YM-100.

YM-5, it is difficult to observe residual pores, which
indicates that densification is almost completed. For
YM-50, although few residual pores of <50 nm are
occasionally observed at the grain boundary junctions,
the fraction of pores is significantly lower. For YM-
100, numerous residual pores of ~ 100 nm or larger are
frequently observed at the grain boundary junctions.
The effect of the heating rate can be explained by
grain-boundary diffusion. Since a small grain size
means a large grain-boundary area, the large boundary
area along with the low porosity for slow heating may
enhance grain boundary diffusion and eventually
densification. In addition, the small grain size lowers
the flow stress for grain boundary sliding, and hence,
deformation-induced densification can also be activated
[16, 17].

Fig. 3 shows the IR transmittance spectra of the
fabricated Y,03;-MgO nanocomposites. YM-5 exhibits
the highest transmittance in the mid-IR range. The
transmittance decreases with increasing heating rate
(81.5, 80.4, and 65.4% at 5 pm for YM-5, 50, and 100,
respectively). This may be attributed to the increase of
not only the grain boundary scattering stemming from
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the relatively large grain size but also the scattering at
the pores caused by the large difference in the
refractive index between the nanocomposite and the
pores [5, 7]. The absorption peak near 7 um is attributed
to asymmetrical and symmetrical stretching vibrations of
the carboxylate group, which is contributed to not only
residual carbonate after calcination and annealing but also
carbon contamination from the graphite die. A weak
absorption peak at 4.28 um is associated with CO, in
the environment [18].

The measured Vickers hardness and biaxial strength
values of the fabricated Y,0;-MgO nanocomposites are
shown in Fig. 4 and 5, respectively. The average
hardness decreases with increasing the heating rate
(10.1, 9.8, and 8.5 GPa for YM-5, 50, and 100,
respectively). In general, the mechanical properties of
the polycrystalline ceramic are mainly influenced by
the grain size and porosity. For a large grain size, a
small number of grain boundaries cannot act as
obstacles to dislocation movement, resulting in low
hardness levels (Hall-Petch relationship [13]).
Moreover, high porosity leads to a decrease in the
hardness. For the biaxial strength, on the other hand,
there is no pronounced relationship with the grain size
and porosity resulting from the different heating rate
(229.9, 208.1, and 231.2 MPa for YM-5, 50, and 100,
respectively). These results indicate that there is
another factor affecting the mechanical strength. Fig. 6
displays a SEM micrograph showing the fracture
surfaces of YM-100. The fracture of YM-100 is
dominated by intergranular fracture. The other samples
(YM-5 and 10) also exhibit the same fracture trend as
YM-100. The fracture of all samples is dominated by
intergranular fracture. It is presumed that this
intergranular fracture can be ascribed to the presence of
a residual amorphous carbon phase along the grain
boundaries caused by the carbon contamination during
the SPS processing [19]. As a similar case, it has been
previously reported that the hot-pressed Y,0;-MgO
nanocomposite fabricated using the graphite die also
exhibits the constant mechanical strength value
regardless of the grain size and residual pores [19],
which supports the above presumption. Therefore,
further analysis of the grain boundary phase might be
required to improve the mechanical strength of Y,0s-
MgO nanocomposite fabricated by the SPS process.

Conclusions

In this work, the influence of SPS heating rate on the
microstructure, IR transmittance, and mechanical
properties of Y,0;-MgO nanocomposites was
investigated. The average grain size and residual

porosity decreased with decreasing heating rate,
leading to improvement of the mechanical hardness
and the transmittance in the mid-IR range. However,
the mechanical strength was not influenced by the
grain size and porosity resulting from different heating
rate, and further studies are required to identify the
reason. These results indicate that the SPS heating rate
is a very important factor determining the optical
performance of the Y,05;-MgO nanocomposite.
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