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A B S T R A C T

Non-stoichiometric MgO·1.8Al2O3 spinel transparent ceramic was prepared from synthesized single phase
powder through an aqueous gel-casting forming technique. In order to prevent hydrolysis, the powder was
specially treated in toluene with stearic acid and then dispersed in an aqueous solution with the help of am-
photeric compound Tween 80 and dispersant TMAH. The surface modification process was confirmed by various
techniques such as Fourier transmission infrared absorption spectroscopy (FT-IR), pH value, zeta potentials and
rheological properties. Afterwards, gel-casted green compacts were debinded, pressureless-sintered (PS) and hot-
isostatic-pressed (HIP). Highly transparent MgO·1.8Al2O3 ceramics (3.6mm in thickness) with in-line trans-
mittance values of 77–82 % in visible region and higher than 85% in near infrared region were obtained. The
samples exhibited Knoop hardness of 12.2 ± 0.2 GPa, Young’s modulus of 302 GPa, refractive index of 1.7046,
and Abbe's number of 75.8.

1. Introduction

With the advance of modern technologies, the need for more de-
manding optical applications has spurred a considerable study interest
in transparent polycrystalline ceramics. Transparent polycrystalline
ceramics have a unique combination of both excellent optical properties
and high mechanical properties not acquired with other materials
[1–3]. Furthermore, they can be formed into complex and large-sized
near-net shapes at lower cost compared with single crystals. Trans-
parent polycrystalline magnesium aluminate spinel, one of few candi-
dates with high transmittance ranged from ultraviolet (UV) to medium
wavelength infrared (MWIR) light and excellent mechanical properties
[4], is particularly promising to fill this demand [5,6].

At appropriate temperatures, there exist interstitial cations or ca-
tionic vacancies in the spinel lattice and a series of non-stoichiometric
MgO·nAl2O3 where n can range from 0.6 (Mg-rich) to 9.1 (Al-rich)
[7–9], which results in a wide range of intrinsic properties. For ex-
ample, the change of Al content in the MgO·1.8Al2O3 spinel can lead to
a decreasing lattice parameter compared with n=1 [10,11], which is
in accordance with the results of theoretical prediction from Tu et al.
[12].

Up to now, most research has focused on MgAl2O4 (n=1) trans-
parent ceramics for more than fifty years. Nevertheless, in recent years

some progress has been made in the research of non-stoichiometric
magnesium aluminum spinel MgO·nAl2O3 mainly through reactive hot
pressing (HP) [13,14]. According to Krell et al. [10,15], the excess Al in
spinel when n > 1.5 could promote densification since the Al2O3 ty-
pically exhibits a higher sintering activity than MgAl2O4 during reactive
sintering. In accordance with that, spinels with n equal to 2 and 2.5
were found to exhibit relatively high optical transmittance (> 82%) at
visible wavelength [16]. Moreover, theoretical calculations showed
that elastic modulus of Al-rich spinel can be enhanced by increasing Al
content [12], which was also supported by the experimental data from
Mitchell et al. [17]. It was reported that Al-rich transparent spinel
windows do not exhibit the well-known absorption at around 3000 nm
commonly relative to the incorporation of hydrogen into the spinel
lattice [18,19]. However, the formation of the spinel phase from Al2O3

and MgO involves a volume expansion of ∼8%, which hinders the
densification of spinel ceramics through a single-stage reaction sin-
tering process [20]. Additionally, it is quite difficult to control com-
position and homogeneity through reaction sintering process for pre-
paring transparent spinels especially with large size and complex shape.
Researches have already indicated that above problems could be well
solved using synthetic pure single-phase ceramic powder combined
with pressureless pre-sintering (PS) and hot isostatic pressing (HIP)
[21,22].
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The shaping process is the key step for converting powder into de-
sired shapes and vitally important for acquiring ceramics with high
homogeneity and transmittance. Near-net-shape forming of ceramics
can be achieved by a gelcasting (GC) processing technique, which is of
great importance because subsequent expensive post-sintering ma-
chining operations can be minimized or even eliminated [23,24]. Fur-
thermore, aqueous processing offers several environmental and eco-
nomic benefits in addition to the ability to manipulate inter-particle
forces in aqueous suspensions [25,26]. Unfortunately, owing to the
basic nature of magnesium aluminate spinel powder, the preparation of
aqueous suspension becomes rather difficult since the serious hydro-
lysis reaction tends to coagulate the slurry and limit the practical solid
loading to around 30 vol% [27]. As it is known, low solid loading
(< 50 vol%) is very likely to result in low green density, low green
strength and inhomogeneous structure of green body structure. To solve
this problem, on one hand, the powder needs to be treated for anti-
hydration. On the other hand, all additives added into the suspensions
have to be eliminated after binder burnout for the sake of ultimately
obtaining highly transparent spinel ceramics [7].

Ganesh et al. used H3PO4 and Al(H2PO4)3 as hydration-resistance
reagents to passivate MgAl2O4 powder [28–31]. The passivating treat-
ment can generate compact monomolecular phosphate layers on the
surface of powder and inhibit the direct contact between deionized
water and powder. Consequently, the hydrolysis phenomenon is mainly
eliminated. But one of serious problems of this treatment is that the
phosphate layers can hardly be excluded in the subsequent binder re-
moval process. Besides, the introduction of Al(H2PO4)3 would make Al
content uncontrollable in MgO·nAl2O3 solid solution system. Although
the selection of modifier is questionable for preparing transparent spi-
nels, the idea that generates isolation layers on the surface of the
powder is advisable. Stearic acid is a common modifier and easily ex-
cluded in the subsequent binder burnout, hence it can be considered as
the modifier for MgO·1.8Al2O3 powder instead of the above-mentioned
H3PO4 and Al(H2PO4)3. Egashira et al. conducted acid cleaning and
passivating treatment of AlN powder with stearic acid, and then pre-
pared slurry with good suspension properties. As a result, pH value of
the treated AlN powder remained almost unchanged after contacting
with water for 72 h [32].

In this work, fine single-phase MgO·1.8Al2O3 powder with average
grain size of ∼200 nm was treated for anti-hydration with stearic acid
and Tween 80. The feasibility and the related mechanism of this
treatment have been studied. Furthermore, green body was formed by
gelcasting combined with cold isostatic pressing (CIP) using the treated
powder. Highly transparent MgO·1.8Al2O3 spinel ceramics were firstly
fabricated from the green body by PS and HIP. The phase composition,
surface modification process, some mechanical and optical properties of
the specimens were investigated.

2. Experimental procedure

MgO·1.8Al2O3 powder was synthesized by solid-state reaction of
64.29mol% α-Al2O3 (99.99%) and 35.71mol% MgO (99.95%). The as-
synthesized powder was de-agglomerated through ball milling at
250 rpm for 12 h in absolute ethyl alcohol solution. Henceforth, this
synthesized non-stoichiometric ceramic powder is termed as NMAS
powder. The NMAS powder was specially treated for anti-hydrolysis in
toluene (AR, Sinopharm) with stearic acid (C18H36O2, Aladdin, China)
in a round-bottomed flask before shaping. The ratio of powder weight
(g):toluene volume (ml):stearic acid weight (g) is 100:200:0.3. The
slurry was first agitated with a magnetic stirrer (5MLH-DX, Remi,
Hyderabad, India) for 55min, and then, vacuum rotary evaporation
was used to remove the excess toluene. Finally the powder was dried at
65 °C for 24 h and sieved (200 mesh sieve). This treated NMAS powder
is termed as T-NMAS powder.

With the help of 0.8 wt% polysorbate 80 (Tween 80, C67H128O26,
Macklin, China) and 1.5 wt% tetramethylammonium hydroxide

(TMAH, C4H13NO, Macklin, China), aqueous suspension with 50 vol%
solid loading was prepared by dispersing the T-NMAS powder in an
aqueous premix solution containing 20wt% methacrylamide (MAM,
Urchem, China) and 2wt% methylenebisacrylamide (MBAM, Alfa
Aesar, UK) in deionized water. The suspension was stirred for 6 h in a
beaker, then degassed for 5min under partial vacuum to remove bub-
bles. The suspension was once again degassed for 25min after in-
troducing 1.0 vol% polymerization initiator (10 wt% aqueous solution
of ammonium persulfate (APS, H8N2O8S2, 98%, Alfa, China)). After
added 0.5 vol% tetramethylethylenediammine (TEMED, 99%, C6H16N2,
Alfa, China), the suspension was stirred slowly and cast into a non-
porous steel mold. The as-consolidated green body was demolded after
stored for 24 h in the steel mold at room temperature. Then, the as-
demolded green body (ɸ 20× 4.8mm) was slowly dried for 24 h in air,
and further dried at 100 °C for 10 h with a heating rate of 0.5 °C/min.
The obtained green body was CIP-ed (LDJ320/700-400, Sichuan,
China) for 5min at 200MPa. Subsequently, the CIP-ed green body was
heated up to 630 °C at a heating rate of 1 °C/min in a muffle furnace for
the purpose of binder burnout. For comparison, another green body (ɸ
20× 2.5mm) was also fabricated by dry pressing (DP) followed by CIP
(200MPa/5min) of untreated single-phase MgO·1.8Al2O3 powder. The
obtained debinded GC body and DP body were firstly pressureless-
sintered at 1700 °C for 2 h in nitrogen atmosphere, and then fully
densified by HIP at 1880 °C for 5 h under argon pressure of 180MPa. At
last, the sintered GC sample (ɸ 16×3.8mm) was ground and polished
to 3.6 mm in thickness.

Phase composition of NMAS powder and sintered ceramics was
determined by X-ray diffraction (XRD, X’Pert PRO of Panalytical,
Netherlands). Microstructure and particle size of NMAS and T-NMAS
powders were characterized by scanning electron microscopy (SEM, S-
3400, Hitachi, Tokyo, Japan). Fourier transmission infrared absorption
spectroscopy (FT-IR, Thermo Nicolet 6700, Thermo Nicolet
Corporation, Washington, USA) was used to characterize functional
groups of both NMAS powder and T-NMAS powders. A UV–vis spec-
trophotometer (Lambda 750 S, PerkinElmer, USA) (0.2–2.5 μm) and a
FT-IR spectrometer (2.5-25 μm) were used to measure the in-line
transmission spectra of sintered samples. pH value measurement was
performed using a digital pH meter (AS600, As One Corporation,
China). Zeta potentials of the dilute solutions of NMAS and T-NMAS
powders were determined by Zetaplus analyzer (Zetaplus, Brookhaven,
USA) using an electrophoretic light-scattering method at 25 °C.
1mmol/L NaCl solution was used as solvent and the powder con-
centration was maintained at 0.05 vol%. Rheological behavior of the
slurry for gelcasting was characterized by a rotational rheometer
(Brookfield Viscometer, USA) at a shear rate ranging from 0.01 s−1 to
56 s−1. Pore size distribution of the green body was evaluated by an
automatic mercury porosimeter (AutoPore IV95/0, Shanghai, China).
The density of sintered samples was measured following Archimedes
method (GB/T 25995-2010, China). The relative density of pre-sintered
and sintered samples was calculated based on theoretical density of
3.635 g/cm3, and the relative density of green bodies before PS was
evaluated by the automatic mercury porosimeter. Knoop hardness of
ceramic samples was recorded by a hardness tester (Model 430SVD,
Wolpert, China) at a load of 1 kg for 15 s. Young’s modulus was mea-
sured by a digital oscilloscope (TDS2022C, Tektronix, China) and an
ultrasonic pulse generator (5072PR, Olympus, Japan). In each single
experiment of Knoop hardness and Young’s modulus the average was
determined from 8 valid data, and the standard deviations of these 8
primary data per sample were calculated. Refractive index and dis-
persion of GC samples were measured by a spectroscopic ellipsometer
(ME-L, Wuhan Eoptics Technology Co., Ltd, China) [33,34]. In the el-
lipsometric analysis, the dispersive properties of the optical constants
were described by Cauthy model, and a Bruggeman EMA layer (that
contains 50% sample and 50% void) with a thickness of about 3.76 nm
was introduced to account for the surface roughness of the sample.
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Fig. 1. (a) XRD patterns of synthesized MgO·1.8Al2O3 powder and transparent ceramic. (b) Morphology of ball milled MgO·1.8Al2O3 powder. (c) Morphology of ball
milled MgO·1.8Al2O3 powder after contacting with water for 72 h at room temperature.

Fig. 2. Change in pH value with time for the untreated NMAS and anti-hy-
dration T-NMAS powders (Experimental conditions: 50 vol% solid loading,
static condition at room temperature).

Fig. 3. FTIR spectra of NMAS and T-NMAS powders.

Fig. 4. Morphology of treated MgO·1.8Al2O3 powder after immersion in water
for 72 h at room temperature.

Fig. 5. Zeta potentials versus pH of the as-synthesized (NMAS) and the surface
treated (T-NMAS) powders with the help of Tween 80 and TMAH.
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3. Results and discussion

3.1. Characteristics and surface treatment of NMAS powder

High-purity single phase MgO·1.8Al2O3 powder was obtained as
shown in Fig. 1a. After sintering, there is no secondary phase observed
in the transparent ceramic. Fig. 1b indicates that the as-synthesized
MgO·1.8Al2O3 powder has a uniform particle size distribution. How-
ever, it can be seen from Fig. 1c that particles have a strong agglom-
eration after being contacted with water, which could lead to serious
sedimentation when preparing slurry.

It is generally accepted that the film on the surface of magnesium
aluminate spinel powder exists in the form of AlOH and MgOH groups,
which is commonly considered as the main reason for hydrolysis [29].
The possible reason for the sedimentation is that hydrolyzed particles
tend to agglomerate due to the cement properties of MgOH groups. In
order to prepare stable slurries containing no less than 50 vol% solid
loading, the powder was specially treated in toluene with stearic acid
(R-COOH). The AlOH and MgOH groups on the surface of particles
played an important role in the formation of an isolated protective layer
against water by undergoing polycondensation reaction between eOH
and eCOOH. Although the obtained powder through above surface

treatment achieved the purpose of anti-hydrolysis, they were no longer
hydrophilic. In order to obtain the enough dispersion ability in aqueous
solution, the T-NMAS powder needs to be treated with an amphoteric
surfactant Tween 80 and a dispersing agent TMAH [35].

Fig. 2 shows the change in pH value with time for NMAS and T-
NMAS powders. As illustrated, the pH value of slurry with untreated
powder had a great change from 11.5 to 9.1 after 31 h. However, the pH
value of slurry with surface-modified powder still remained almost
unchanged even after 31 h. This result confirms the effectiveness of
modification. The slight decrease in pH value for both NMAS and T-
NMAS powders during first several hours might be due to the volatili-
zation of ammonia derived from the pH adjustment agent.

Fig. 3 shows FT-IR spectra of NMAS and T-NMAS powders recorded
between 400 and 4000 cm−1. Broad bands in the region at around
3435 cm−1 and 1631 cm−1 of both NMAS and T-NMAS powders cor-
respond to eOH stretching and HeOeH bending vibrations of water
adsorbed, respectively. Water can be easily distinguished from hydroxyl
groups by the presence of the HeOeH bending motion, which also
produced a medium band in the 1600–1650 cm−1. Free water has a
strong and broad absorption band centered in the region around
3400 cm−1 [36]. As it is known, water is easily introduced with KBr
during the sample preparation. Hence, the existence of absorbed water
in the treated powder may be due to the hygroscopicity of KBr. The
absorption bands at around 546 cm−1, 700 cm−1 and 808 cm−1 cor-
respond to γ2, γ1 and γ5 of magnesium aluminate spinel, respectively
[37,38]. As shown in FT-IR spectrum of the T-NMAS powder, large
absorption bands at 2800–3000 cm−1 due to characteristic vibrations of
stearic acid indirectly validate the successful M-OOC-R coating on the
surface of the powder. In addition, the presence of new bands at
1686 cm−1 and 1468 cm−1 which correspond to the carboxylate νcoo-
gives another powerful evidence that acid groups (eCOOH) have been
transformed into carboxylate groups (eCOOR) [39]. Thus stearic acid
was successfully bonded to the surface of MgO·1.8Al2O3 spinel particles
through the formation of strong chemical bonding. Meanwhile, the
absence of bands at about 779 cm−1 and 676 cm−1 relative to the
benzene ring of toluene indicates that the excess toluene was removed
by the vacuum rotary evaporation.

As shown in Figs. 1c and 4 , the difference between hydrolysis be-
haviors of the NMAS and T-NMAS powders after immersion in water for

Fig. 6. Viscosity versus shear rate of the aqueous suspensions containing dif-
ferent contents of Tween 80 and TMAH. The inset is the partial enlarged picture
of the viscosity versus shear rate ranging from 30 s−1 to 50 s−1.

Fig. 7. (a) Hydrolysis phenomenon of the untreated MgO·1.8Al2O3 powders. (b) The whole treatment mechanism schematic diagram (R is the alkyl chain of stearic
acid).
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72 h is confirmed by SEM observations. The T-NMAS powder exhibit
great hydration-resistance in Fig. 4.

3.2. Characteristics of T-NMAS suspension and green body by aqueous
gelcasting

Fig. 5 shows the dependence of zeta potentials (ζ) of the NMAS and
T-NMAS powders on pH value. It can be seen that the as-synthesized
powder exhibits a pHiep (iep is iso-electric point) of ∼10, whereas the
treated MgO·1.8Al2O3 powder exhibits a pHiep of ∼8.7. The shift of the
pHiep confirms that the T-NMAS powder possesses completely different
surface chemical properties. Meanwhile, T-NMAS powder dispersed
with Tween 80 exhibits negative ζ value in the range of 40–50mV at
pH≈ 11.5, which ensures the preparation of stable and concentrated
aqueous suspension.

The viscosity versus shear rate of aqueous gelcasting suspensions
containing 50 vol% T-NMAS powder is shown in Fig. 6. All slurries
exhibit shear-thinning behavior. And when the content of Tween 80
and TMAH are equal to 0.8 wt% and 1.5 wt% respectively, the viscosity
of the slurry is the lowest, which is more suitable for the following
casting process.

All in all, the mechanism schematic diagram is shown in Fig. 7. The
mechanism of the modification process is as follow:

Step 1: For the purpose of anti-hydrolysis, a long-chain M-OOC-R
(M=Al or Mg) was firstly formed from the chemical reaction between
stearic acid (R-COOH) and NMAS powder (M-OH).

Step 2: Lipophilic groups of Tween 80 were integrated with the alkyl
chain (-R) of T-NMAS powder (M-OOC-R) by cross-linking effect be-
tween organics, and hydrophilic groups of Tween 80 were exposed in
aqueous solution.

Step 3: OH− and large organic cations originated from the ioniza-
tion of TMAH made Tween 80-treated T-NMAS powder well dispersed
in aqueous solutions, and finally stable slurries with solid loading no
less than 50 vol% were obtained.

Due to the loss of water during the drying process of GC green body,
there exist a lot of connected pores. After CIP process, the relative
density of GC green body could be improved. In addition, the

Fig. 8. (a) Pore size distribution of debinded bodies made of T-NMAS powders by gelcasting and NMAS powders by dry pessing, respectively. (b) SEM image of
debinded body by gelcasting after cold isostatic pressing (CIP, 200MPa for 5min).

Table 1
Properties of green bodies, pre-sintered and HIPed T-NMAS ceramics consolidated by gelcasting. And the properties of green bodies, pre-sintered and HIPed NMAS
ceramics by dry pressing is also given in order to make comparison.

Sample Properties of green bodies before and after CIP Properties of pre-sintered ceramics Properties of post-HIPed ceramics

Relative density (%) Linear Shrinkage (%) Relative Density (%) Hardness (HK1) (GPa) Young’s Modulus (GPa) Refractive Index (nD)

GC 52.1; 56.2 (CIPed) 20.3 98.2 12.2 ± 0.2 302 1.7047
DP 51.4 (CIPed) 19.6 96.8 Not determined Not determined Not determined

Fig. 9. Microstructure of the acid-etched surface of MgO·1.8Al2O3 transparent
ceramic after HIP at 1880 °C for 5 h under argon pressure of 180MPa.

Fig. 10. The in-line transmittance and physical photo of MgO·1.8Al2O3 spinel
transparent ceramic (3.6mm in thickness). The upper line gives the theoretical
limit (= 2n/(n2+ 1), with n-refractive index [depending on the wave length]),
and the theoretical limit is 87.579% at 1690 nm.
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nonuniform drying process of GC sample surface and interior led to
inhomogeneity in GC green body [24]. And the homogeneity of GC
green body can be enhanced by CIP after drying. Fig. 8a shows pore size
distribution of the DP body and debinded GC body, respectively. It is
noticed that the total cumulative intrusion in GC body (0.22 ml/g) is
smaller than that of the DP body (0.26 ml/g). The average pore sizes of
both GC and DP samples are ∼100 nm. Based on the cumulative in-
trusion volume, the relative density of GC and DP green bodies were
calculated as 55.6% and 51.4%, respectively. The debinded GC body
with high relative density is more advantageous to the preparation of
high-quality transparent ceramics [40]. Fig. 8b shows SEM image of
debinded GC body. As shown in Fig. 8b, it can be seen that the mi-
crostructure structure of debinded GC bodies was uniform.

3.3. Characteristics of sintered T-NMAS body

As shown in Table 1, the relative densities of GC green body and DP
green body before and after CIP are given. After CIP, the relative
density of GC green body increases from 52.1% to 56.2%, the relative
density of DP green body before CIP is not given because the sample
with low strength can not be evaluated by automatic mercury por-
osimeter. Furthermore, the relative density of GC green body is larger
than that of DP green body (56.2% vs 51.4%). The reason of difference
between 56.2% (GC green body) and 55.6% (debinded GC body) is due
to the binder burnout process. The linear shrinkage, relative density of
GC sample on pre-sintering are shown in Table 1. It can be seen that the
linear shrinkage (20.3%) of GC sample is larger than that (19.6%) of DP
sample, and the relative density of GC sample and DP sample after PS
are 98.2% and 96.8%, respectively. Meantime, the higher relative
density of GC sample indicates that gelcasting process is more likely to
obtain consolidated samples.

The Knoop hardness and Young’s modulus of GC samples were
measured and listed in Table 1 as well. The similar data of DP samples
are not given here because the samples are opaque. As shown in
Table 1, the Knoop hardness (HK1) of GC sample is 12.2 ± 0.2 GPa,
which is slightly higher than 11.7 GPa (n=1) from Krell et al. [41].
The possible reason may be the excess Al in MgO·1.8Al2O3. Young’s
modulus (302 GPa) is higher than the data 295 GPa (n=1) but lower
than 303 GPa (n =2.6) from Mitchell et al. [17], which also gives a
proof that Young’s modulus will be slightly increased with the increase
of Al content in MgO·nAl2O3. In addition, the changing trend of Young’s
modulus is well in accordance with the theoretical calculations from Tu
et al. [12].

The nD is used because it is the common way to denote an index of
refraction that has been measured at the wavelength of 589.3 nm for
optical materials, as it defines both surface reflections and the refrac-
tion of light inside the object. Refractive index nD of GC samples is
1.7046 lower than 1.7161 (n=1.0) [42], which is in accordance with
Tu et al. [12]. And the Abbe's number vD (75.8) is larger than 60.7
(n=1.0) [42,43], which means the chromatic dispersion in n=1.8 is
smaller than that in n=1.0.

The microstructure of MgO·1.8Al2O3 transparent ceramic is shown
in Fig. 9. The ceramic has large grain size (> 500 μm) due to the high
sintering temperature (1880 °C). Hardly any residual pores could be
observed, which indicates the high density of the specimen. Fig. 10
shows the in-line transmittance of the transparent MgO·1.8Al2O3

sample, and inset gives a photo of the sample. The sample by gel-casting
exhibits in-line transmittance of 77–82 % in visible region and higher
than 85% in near infrared region, which is close to the theoretical limit
(87.579%). In addition, the MgO·1.8Al2O3 sample does not exhibit the
absorption at around 3000 nm, which is in agreement with the litera-
ture [10,18].

4. Conclusions

In summary, non-stoichiometric MgO·1.8Al2O3 spinel transparent

ceramics were successfully fabricated for the first time by surface
modification, aqueous gelcasting, and pressureless sintering followed
by HIP. The obtained ceramic is highly transparent with in-line trans-
mittance of 77–82 % in visible region, and higher than 85% in near
infrared region. The anti-hydration process with stearic acid as mod-
ifying agent, Tween 80 as amphoteric surfactant, TMAH as dispersing
agent before the shaping technique, is proved to be effective in passi-
vating the surface of MgO·1.8Al2O3 powder. The treated powders could
be used to prepare stable aqueous suspensions with solid loading up to
50 vol%. The relative density of debinded bodies, linear shrinkage and
relative density of samples by gelcasting on pre-sintering is superior to
that of samples by dry pressing. Compared with MgAl2O4 spinel, the
Young’s modulus and hardness of MgO·1.8Al2O3 have a slight increase.
However, the nD of MgO·1.8Al2O3 is lower and Abbe's number vD is
larger than those of MgAl2O4.
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