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Abstract

Transparent alumina ceramics with oriented grains were successfully prepared by slip casting under an assisted magnetic field and sintering at

1850 8C for 5 h in vacuum. In-line transmittance of the alumina ceramic shaped under 12 T reaches as high as 70.3% at 600 nm. Detailed crystal

plane evolution of grain oriented alumina ceramics with the assistance of different magnitude magnetic field was studied by XRD characterization.

The results indicate that complete textured structure could only be realized with a magnetic field strength above 12 T. Furthermore, the grain

microstructure was observed by optical microscope in different directions.
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1. Introduction

Alumina ceramics have been widely investigated and used

due to their good mechanical, chemical, thermal, optical and

other considerable properties since the middle of last century

[1–7]. Since then, great efforts [8] have been made to prepare

alumina ceramics with those desirable properties [2,9].

Recently, researches on controlled highly textured alumina

have been reported by Sakka et al. [10], Uematsu et al. [11,12],

Zhang et al. [13]. High orientation of alumina grains was

accomplished by applying a strong magnetic field to the

suspension of alumina powder during the colloidal shaping

process, and sintering at about 1600 8C in air. More recently,

Mao et al. [14] prepared transparent polycrystalline alumina

ceramics with optical axes using a similar magnetic field

assisted texturing method [10], followed by sintering at

1850 8C in H2 atmosphere. The reported transparent alumina

showed remarkably higher transmittance (55% at 600 nm) than

that of conventional translucent alumina ceramics with a fully

random oriented grain structure. Furthermore, its in-line
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transmittance in ultra-violet region remained a high value

[14]. It seems that double refraction was minimized in the

transparent alumina ceramics prepared with the assistance of a

strong magnetic filed.

However, the transmittance of the grain oriented alumina

ceramic is still far from that of sapphire; the microstructure and

crystal plane evolution mechanism have not been studied in

detailed in the previous report [14]. The aim of this work is to

fabricate grain oriented transparent alumina with enhanced in-

line transmittance by optimizing slip casting with assisted

different magnitude magnetic field, and sintering at 1850 8C in

vacuum. The influence of magnetic field strength on the grain

orientation degree as well as the evolution of crystal plane was

demonstrated.

2. Experimental procedure

High quality a-alumina powder (Sumitomo Chemical Co.,

Ltd., Japan) with a purity of 99.99%, a mean particle size about

400 nm and a BET specific surface area about 6 m2/g, was

selected as raw material. 400 ppm MgO was added as a

sintering aid. Alumina suspension with about 25 vol% solids

was prepared by mixing the raw powders with polyacrylate

ammonium (DISPEX A40, CIBA Co., Switzerland), and
d.
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Fig. 1. Schematic diagram of slip casting under magnetic field.

Fig. 2. In-line transmittance of alumina ceramics (1 mm thick) slip-casted

under magnetic field and then sintered at 1850 8C for 5 h in vacuum.
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deionized water, using ultrasonic dispersion for 30 min and

planetary ball milling for 10 h.

Slip casting process was carried out using the resultant

alumina suspension with the presence of magnetic field (12/14/

98 Magnetic Field Instrument, Oxford Instruments plc, UK)

where the magnetic field direction was parallel to the casting

direction, as shown in Fig. 1. The strength of magnetic field will

be adjusted to be 0 T (random grain oriented) to 12 T. After

casting, the wet green bodies were dried at 120 8C for 24 h and

calcined at 800 8C for 2 h in air. The final densification of

ceramics was carried out by pressureless sintering at 1850 8C
for 5 h in vacuum with the vacuum level around 2 � 10�3 Pa.

In order to analyze the quantitative orientation, the ceramics

were characterized by X-ray diffraction (Model D/MAX-

2550V, Rigaku Industrial Co., Osaka, Japan) using a u/2u

pattern on the testing slices which were cut horizontally

(perpendicular to the magnetic field direction) and vertically

(parallel to the magnetic field direction) from the ceramics,

noted as top and side slices, respectively.

For the measurement of in-line transmittance, the obtained

ceramics were polished on both sides to a thickness of 1 mm.

An UV-VIS-NIR spectrophotometer (Cary 5000, Varian Inc.,

USA) was employed. Optical microscope (Olympus Co.,

Japan) was used to observe the microstructure of the top and

side slices.

3. Results and discussion

3.1. In-line transmittance of alumina ceramics

Fig. 2 shows the in-line transmittance of these polished

alumina ceramics. It is obviously the in-line transmittances of

the alumina ceramics shaped under magnetic field are much

higher than that of the grain random oriented alumina shaped

under 0 T (without magnetic field). With the increase of

strength of magnetic field, in-line transmittance of the ceramics
is enhanced accordingly. The sample shaped under 12 T shows

the highest in-line transmittance, which is equal to 70.3% at

600 nm, 81.7% of the theoretical transmittance limit (�86%).

The transmittance remains relatively a high level as the

wavelength shifted towards the short-wavelength range, for

example, �70% at 300 nm. Furthermore, the in-line transmit-

tance curves of the alumina ceramics shaped under magnetic

field are similar to that of transparent ceramics with cubic

crystal structure. These results imply that the influence of

double refraction of alumina ceramics on in-line transmittance

could be minimized, or even eliminated, with the sufficient

texturing of crystal planes, resulting an excellent transparence

from UV to visible region for the sintered alumina ceramics.

To get a more visual comparison, photos of alumina

ceramics shaped under 12 T (oriented grain) and without

magnetic field (random oriented grain) are shown in Fig. 3. The

samples shown in Fig. 3a and b were placed 15 mm above the

printed letters, while the distance between buildings and the

sample in Fig. 3c is farther than 90 m. It is obvious that the

alumina ceramics shaped under 12 T shows excellent

transparency. However, the alumina ceramics shaped without

magnetic field in Fig. 3b is merely translucent. Because a-

alumina is a trigonal and uniaxial structure, optically uniaxial

and birefringent, with an optical birefringence index of 0.008 at

600 nm, light birefraction which occurs repetitively when light

passing through numerous random oriented grains results in the

blurred vision of the printed letters (Fig. 3b).

3.2. Evolution of crystal planes

All XRD patterns of the ceramics shaped under different

magnetic fields are illustrated in Fig. 4 (top slices) and Fig. 5

(side slices). For the ceramics shaped without magnetic field,

all diffractive peaks of alumina appear on both top and side

slices, revealing a microstructure of typical traditional a-

alumina, i.e. random aligned grain structure. However, fewer

diffractive peaks are found on XRD patterns in Figs. 4 and 5

when the magnetic field was utilized. This result clearly

demonstrates the magnetic field induced orientation occurrence

because the magnetic crystal anisotropy energy is larger than

thermal motion energy [15–18].



Fig. 3. Polycrystalline alumina ceramics slip-cast under (a, c) 12 T and (b) 0 T followed by sintering at 1850 8C for 5 h in vacuum.
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For XRD patterns of top slices in Fig. 4, the diffraction

intensity of peaks (006) related to c-planes (00l) is enhanced

when the strength of magnetic field increased. When the

ceramics were shaped under 4 T, several XRD diffraction peaks

disappear, such as (012), (110), (024), (214) and (300). But the

planes nearly parallel to c-planes with relatively low interplanar

angles remain present on XRD pattern of top slice (Fig. 4, 4 T),

such as (104), (116), (018), (1010) planes with an angle of 38.258,
42.38, 21.58, 17.58, respectively. As the magnetic field strength

approached to 6 Tand 8 T, only those diffraction peaks with even

lower interplanar angles, such as (1010) and (018), appear on the

patterns. For top slice of the ceramics shaped under 12 T, the

existing diffraction peak is only c-plane (006), which distinctly

indicates that alumina prepared under 12 T exhibits thorough

grain orientation along the direction of c-axes and magnetic field.

For XRD patterns of side slices in Fig. 5, the diffraction

intensities of (hk0) planes perpendicular to c-planes, such as

(110) and (300) planes, are enhanced with the increase of the

magnetic field strength. When alumina ceramics was shaped
Fig. 4. XRD patterns of top slices of alumina ceramics shaped under 0 T, 4 T,

6 T, 8 T, 12 T magnetic fields, respectively.
under 4 T, several XRD diffraction peaks disappear, such as

(104), (116), (018), and (1010), though these peaks remain for

top slices (Fig. 4, 4 T). However, the planes nearly

perpendicular to c-planes with relatively larger interplanar

angles still appear for side slices (Fig. 5, 4 T), such as (012),

(113) with an angle of 57.68, 61.28. With the magnetic field

strength raising to 6 T, 8 T and 12 T, only the diffraction peaks

perpendicular to c-plane are found for side slices, such as (300)

and (110). The XRD characterization demonstrates that a

complete crystalline texture with the c-axis parallel to the

direction of magnetic field is obtained by slip-casting within a

high assisted magnetic field and sintering. In other words,

alumina ceramics fabricated via magnetic alignment method

provides grains with c-axis parallel to each other and to the

optical axis. Therefore, when light transmits through optical

axis of grains, the physical environment remains the same;

theoretically birefringence of the grain boundary can be

eliminated. This is why in-line transmittance of the ceramics

we prepared is greatly improved (Fig. 2).
Fig. 5. XRD patterns of side slices of alumina ceramics shaped under 0 T, 4 T,

6 T, 8 T, 12 T magnetic fields, respectively.



Table 1

Orientation factor and in-line transmittance of alumina ceramics shaped under

magnetic field.

Magnetic strength 0 T 4 T 6 T 8 T 12 T

In-line transmission at 600 nm (%) 22.5 36.8 46.5 58.2 70.3

c-axes, f(006) �0 0.24 0.52 0.78 0.97

Fig. 6. Thermal etched surfaces of transparent ceramics shaped under 12 T and

subsequent sintered at 1850 8C, (a) top slice, (b) side slice.
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3.3. Magnetic field strength versus grain orientation

degree

There are several ways to describe the orientation degree of

textured materials [11,19,20]. Lotgering orienting factor f from

the u/2u mode of XRD measurements is generally used as a

semi-quantitative, but straightforward way.

Based on the XRD spectra, the orientation factor f is

calculated according to definition equation (1):

f ¼ Ps � P0

1 � P0

(1)

For c-axis orientation:

Ps and P0 ¼
P

I00lP
Ihkl

where
P

I(00l) is the sum of peak intensities of the (00l) planes

perpendicular to c-axis of a-alumina crystal, and
P

I(hkl) is the

sum of peak intensities of all the (hkl) planes in the range of 2u.

The values of Ps are obtained from XRD patterns of the sample

slices, and P0 is calculated from standard a-alumina (JCPDS

card No. 43-1484). For the grain fully random oriented sample,

f equals zero, while for single crystal, f equals 1. The absolute

value of f increases with the increasing degree of orientation.

Table 1 illustrates the calculated data of the orientation

factor f based on XRD patterns (Fig. 4) of transparent alumina

ceramics, which are prepared by slip casting under magnetic

field and sintering at 1850 8C for 5 h in vacuum. The in-line

transmittances of the alumina ceramics at 600 nm are also

presented in Table 1. Both f value and in-line transmittance

increase with the escalating of magnetic field strength. In other

words, alumina ceramics with better orientation results in

higher in-line transmittance.

Fig. 6 shows microstructures of the polished and thermal

etched surfaces of transparent alumina ceramics, which are

shaped under 12 T and sintered at 1850 8C for 5 h in vacuum.

For the top slice, the grains appear to be nearly isometric shape

as shown in Fig. 6a, and the grain size is �40 mm. In contrast,

most grains on the side slice in Fig. 6b show nearly lath-shaped.

This indicates that platelet grains align perpendicular to the

magnetic field are obtained.

Grain oriented alumina shows much higher transmittance

than that of traditional polycrystalline alumina, so it is an

effective way to preparing highly transmitting alumina

ceramics by strong magnetic field assisted slip casting and

sintering. The in-line transmittance of obtained samples is not

so high as sapphire, the main reasons should be as below:

incompletely oriented grains; the scattering of lights due to the
grain boundaries and few pores inside samples. So micro-

structure of the transparent alumina ceramics could be further

optimized to improve the in-line transmittance of alumina

ceramics.

4. Conclusions

(1) Transparent alumina ceramics with thoroughly oriented

grains were successfully prepared by slip casting under a

12 T magnetic field and sintering at 1850 8C for 5 h in

vacuum. The in-line transmittance is 70.3% at 600 nm,

81.7% of the theoretical limit.

(2) XRD patterns of the top surfaces perpendicular to the

direction of magnetic field show that with the increase of

magnetic field strength, planes with relatively larger

interplanar angles to c-planes disappear first, and then

those with lower interplanar angles vanished; finally only

the (00l) planes are present on the pattern. Contrarily, for

the side slices, planes with relatively lower angles to c-

planes disappear first, and then only the (hk0) planes

exist.

(3) Both orientation factor f (006) and in-line transmittance are

enhanced with the increase of magnetic field strength.

Microstructure observation reveals that platelet grains are

aligned perpendicular to the magnetic field.
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