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Low-temperature high-pressure preparation of transparent
nanocrystalline MgAl2O4 ceramics
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Transparent MgAl2O4 spinel nanoceramics have been sintered at relatively low-temperature
�500–700 °C� under high pressure �2–5 GPa� using a hydrostatic press with
high-temperature-calcined nanopowders. The morphology, nanostructure, optical property, and
density of ceramics were analyzed by scanning electron microscopy, transmission electron
microscopy, UV-VIS-IR transmission spectrum, and Archimedes draining method. The average
grain size ��100 nm for all samples sintered� depends on the sintering pressure and temperature.
The nanoceramics are highly transparent even though their relative densities are all less than 99%,
due to the low or negligible light scattering from the nanosized grains and pores. © 2006 American
Institute of Physics. �DOI: 10.1063/1.2207571�
Transparent MgAl2O4 spinel ceramic has been consid-
ered as an important optical material due to its high melting
point, good mechanical strength, high resistance against
chemical attack, and excellent optical properties.1–3 It has
attracted a growing interest from both defense and civil in-
dustries. At present, the ceramic can be produced using hot
pressing, vacuum sintering/hot isostatic pressing, or hot
pressing/hot isostatic pressing.3–6 The sintering temperature
is usually above 1700 °C. However, transparency of the ce-
ramics is found to depend, to a certain extent, on the pressure
in the sintering process besides on the sintering temperature.
Gallas et al.7,8 studied the high-pressure compaction of nano-
size powders using a diamond anvil high-pressure cell, and
obtained translucent �-Al2O3 sample with a density just
reached 90% of full density after a subsequent heat treatment
at 800 °C that did not cause significant grain growth. The
high-pressure compaction was independent of sintering in
their work. One problem with transparent ceramics that has
been gradually realized for actual applications is its poor
mechanical property, i.e., brittleness. However, as for the
transparent ceramic, the traditional toughening methods can-
not be used since it decreases the transparency of the ce-
ramic. Nanoceramic materials have many processing and
property advantages over conventional coarse grained alter-
natives including the improved mechanical property.9 In re-
cent years, there has been an increasing interest in the syn-
thesis of nanocrystalline metal oxide particles.10–12 Many
inorganic13,14 or organic15,16 methods have been developed to
synthesize high quantity spinel powders.17,18 However, the
lack of suitable, consistent, and low cost methods of prepa-
ration have limited the abilities of researchers to further ex-
plore the applications of high-performance transparent nano-
ceramics. In this study, nanocrystalline MgAl2O4 powders

a�
Electronic mail: lmwang@umich.edu

0003-6951/2006/88�21�/213120/3/$23.00 88, 21312
are first synthesized with a low cost high-temperature-
calcination method, and transparent MgAl2O4 nanoceramics
have been sintered using these nanocrystalline powders at
relatively low temperatures under high pressure.

High purity NH4Al�SO4�2 ·12H2O and MgSO4·7H2O,
with a molar ratio of 2:1, were first dissolved into an appro-
priate amount of de-ionized water in our experiment. The
mixed solution held in a quartz vessel was then put into a
muffle oven for calcination at 1150 °C for 4 h. Afterwards,
nanopowders of MgAl2O4 can be obtained via screening.19

The average particle size of the powders is about 20 nm. An
appropriate amount of powder was first dry pressed manually
under 20 MPa into a small cylinder. The cylinder was then
inserted into a cubic pyrophyllite cell which is a pressure-
transmitting medium, and assembled to the press-standing
piece with other modules including a carbon heater. Sintering
of the MgAl2O4 ceramic was performed in a six-pressure-
source cubic anvil device �model DS�800A�.20 The sinter-
ing was conducted at 500–700 °C under 2.0–5.0 GPa. First,
the pressure was increased and maintained at a preset value.
Subsequently, the temperature was increased to the preset
value and maintained there for 30 min. When the experiment
was completed, the temperature was slowly decreased to
room temperature, and then the pressure was gradually re-
duced. The dimensions of the sintered sample was �12
�4 mm2. After the sintered samples were polished, their
morphologies were observed by scanning electron micros-
copy �SEM�. The average grain size shown in the SEM im-
ages was analyzed using the ATOMIC IMAGES 3.1 software.
The UV-VIS-IR transmission spectra of the samples were
measured with a Perkin-Elmer Lambda 19 spectrometer. The
density of the sintered specimens was determined by
Archimedes method using a Metler HR51 balance. The
nanostructures of the sintered samples were examined by

transmission electron microscopy �TEM�.
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All of the samples sintered under 500 °C are opaque.
From 540 to 700 °C, the sintered samples are transparent
with a light brown color. Above 700 °C, the influence of
carbon diffusion becomes significant, resulting in a sharp
decrease of transparency. Figure 1 shows the typical appear-
ance of the MgAl2O4 ceramic specimens prepared at differ-
ent conditions. At 540 °C, the transparency of samples in-
creases with increasing pressure from 3.0 to 3.7 GPa and
5.0 GPa. At 620 °C, the transparency of samples first in-
creases then decreases with increasing the pressure from
3.0 to 5.0 GPa. The one sample prepared under 3.7 GPa is
highly transparent although it has cracked. A transmission
spectrum from the sample, without cracks, prepared at
540 °C/3.7 GPa is shown as the insert in the lower-left cor-
ner of Fig. 1. In the visible region �400–700 nm�, the trans-
mittance increases with increasing wavelength. In the near-
middle IR region, the transmittance first increases with the
increasing wavelength from 700 to 1400 nm, then saturates
from 1400 to 1750 nm. The transmittance at the saturation
plateau can reach 50% for the extremely thick sample
�4 mm�. The transmittance decreases with increasing wave-
length from 2000 to 2700 nm. The shape of the transmission
spectrum of the samples is the same as that of the conven-
tional micron-grained transparent MgAl2O4 ceramic. How-
ever, the cutoff wavelength in the IR band is at 2700 nm for
the nanoceramic, and that of conventional transparent ce-
ramic is at about 6000 nm.21 Moreover, two absorption peaks
emerge at 1300 and 1800 nm, respectively. These peaks have
not been observed in conventional transparent ceramics, in-
dicating a unique optical absorption mechanism from nano-
structure. It is known that the IR cutoff in transmission is
induced by absorption via thermal vibration while that for
visible light is induced mainly by electronic transition ac-
companied by optical absorption in MgAl2O4 micronce-
ramic. Due to quantum size effect, the transmission spectrum
of nanoceramic is blueshifted and becomes narrower, i.e., IR
cutoff is shifted from 6000 to 2700 nm. On the basis of the
observation of the two absorption peaks induced by Al3+ ions
in oxygen octahedra in MgAl2O4 powders,22,23 we believe
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FIG. 1. Appearance of transparent MgAl2O4 nanoceramics prepared at
540 °C/3 GPa �A�, 540 °C/3.7 GPa �B�, 540 °C/5 GPa �C�,
620 °C/3 GPa �D�, 620 °C/3.7 GPa �E�, and 620 °C/5 GPa �F�,
respectively, and a transmission spectrum of sample B and a SEM image of
sample E.
that Al ions are also responsible for two absorption peaks
seen in Fig. 1. It is also known that in nanostructures, due to
nanoconfinement, the energy levels and energy separations
of the impurities states can be enhanced significantly. The
energy difference of two peaks shown in Fig. 1 is larger than
that observed for micropowder materials.

The insert in the lower-right corner of Fig. 1 is a SEM
image of the MgAl2O4 transparent ceramic prepared at
620 °C/3.7 GPa. The grains are of uniform size. Relating
optical property of the ceramics to their morphologies, the
uniform grain size seems to be beneficial for improving
transparency for the nanoceramic. The average grain sizes
based on the SEM images of ceramics prepared at different
conditions are shown in Table I. The grain sizes in all
samples are less than 100 nm. The average grain size de-
pends on the sintering conditions. At 620 °C, the average
grain size decreased from 71 to 50 nm when the pressure
was increased from 2.0 to 5.0 GPa. Obviously, the grain
growth is restrained under the high pressure.24 Under 3 GPa,
the average grain size increased just slightly with the increas-
ing sintering temperature from 620 to 700 °C.

Figure 2 shows a bright-field TEM and a high-
resolution transmission electron microscopy �HRTEM� im-
age of the highly transparent nanoceramic prepared at
620 °C/3.7 GPa. Based on the TEM images, the nanocer-
amic has a fine-grained, crystalline structure with dense grain
boundaries and a few nanosized pores mainly exist in triple
junctions of the grains. Figure 3 shows the relationship be-
tween the relative density and pressure �a� as well as tem-
perature �b�. The relative density of all samples is higher
than 97%, in particular, the highly transparent ceramics ap-
proaches 99% of the theoretical density. As for conventional
micron-grained transparent ceramics, when the relative den-
sity of the micron-grained ceramic is lower than 99.5%, it
may show a low transparency or even be opaque. It is im-
portant to note that the nanopowders prepared by high tem-
perature calcinations are easy to be sintered into dense nano-
ceramics using low-temperature high-pressure sintering, and
the nanoceramic can be highly transparent despite of their
lower relative density. The light transmission mechanism for

TABLE I. Average grain sizes of ceramics prepared under different
conditions.

MgAl2O4 �°C� 2 GPa �nm� 3 GPa �nm� 3.7 GPa �nm� 5 GPa �nm�

540 ¯ �65 �57 ¯

620 �80 �70 �61 �50
700 ¯ �76 ¯ ¯

FIG. 2. TEM images of transparent MgAl2O4 nanoceramics prepared at

620 °C/3.7 GPa.
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the transparent nanoceramics may be different from that for
conventional transparent ceramics. Apetz and Bruggen25 de-
veloped a model for light transmission properties of fine-
grained, fully dense, polycrystalline Al2O3 ceramic consist-
ing of birefringent crystal based on Rayleigh-Gans-Debye
light-scattering theory of geometrical optics. With the model,
transmittance �T� can be calculated as a function of grain
size �r�, wavelength, and sample thickness. As a result,
T�exp�−r�, indicating the transmittance may increase expo-
nentially with the decreasing grain size in a ceramic. Peelen
and Metselaar26 have calculated the effect of porosity on the
transmittance based on Mie scattering theory. Apetz and
Bruggen further developed the model so it can be directly
applicable to porous polycrystalline materials. When the pore
size is less than 10 nm, they reckon, the transmittance can
reach the theoretical limit. As a result, high transmittance of
polycrystalline ceramics can be achieved by controlling the
pore size. For the nanograined polycrystalline ceramic, both
lower grain scattering and lower pore scattering must be re-
sponsible for the high transparency. Moreover, MgAl2O4 has
a cubic crystal structure that does not show birefringence,
thus it is not subject to the loss of transmittance due to bire-
fringence. When the relative density of a ceramic is too low
�below 98%�, the material is opaque regardless of its gain
size. The low-temperature high-pressure sintering provides a
significant opportunity for preparing highly transparent
nanoceramics. When the sintering temperature is increased
above 700 °C, or the sintering pressure is increased above
5.0 GPa, carbon diffusion results in a sharp decrease in den-

FIG. 3. Relative density of the nanoceramics as a function of sintering
pressure �a� and temperature �b�, respectively.
sity that leads to a sharp reduction in transmittance of light.
In summary, transparent MgAl2O4 nanoceramics have
been prepared at 540–700 °C/3.0–5.0 GPa. The higher the
sintering temperature and pressure are, the greater the densi-
fication of sample is. At a same temperature, the higher pres-
sure leads to smaller average grain sizes. Under the constant
pressure, the higher temperature results in larger average
grain sizes. The relative density of all samples is less than
99%, but some of the samples are highly transparent. The
responsible physical mechanism for the high transparency of
nanoceramics must be related to the low or negligible light
scattering from the nanosized grains and pores. The optimal
sintering condition, for highly transparent MgAl2O4 nanoc-
eramic, has been determined to be around 620 °C/3.7 GPa.
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