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Toughening and strengthening of translucent alumina
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Translucent alumina with anisotropic-grained microstructure was fabricated utilizing a small amount of glass-forming impu-
rities and the hot isostatic pressing (HIP) method. Its total forward transmission at 600 nm is 72% (1 mm thickness), and 
bending strength and fracture toughness are estimated to be 649 MPa and 9.4 MPa·m0.5, respectively. Bimodal structure com-
posed of elongated anisotropic-grain and fine equi-axis grain is responsible for the enhancement of mechanical properties.
©2009 The Ceramic Society of Japan. All rights reserved.

Key-words : Translucent alumina, Fracture toughness, Bending strength, Hot isostatic pressing (HIP)

[Received June 24, 2009; Accepted July 16, 2009]

1. Introduction
Translucent alumina with high strength has been extensively 

studied using the hot isostatic pressing (HIP) method.1)–4) Since 
hot isostatic pressed alumina has a fine-grained microstructure, 
its strength is twice that of translucent alumina processed by sin-
tering alone. However, hot isostatic pressed alumina is prone to 
brittleness. Its fracture toughness is equal or less than that of nor-
mal sintered translucent alumina, which may also be attributed 
to the equi-axis fine grain structure.

Yoshizawa5),6) showed that fracture toughness of alumina is 
strongly dependent on the microstructure. Anisotropic grain 
growth is responsible for the enhancement of fracture toughness. 
Studies of anisotropic grain growth mechanisms7)–20) revealed 
that impurities such as CaO, CaO/SiO2 and TiO2/SiO2 form a 
glassy layer in the grain boundary and promote a preferential 
crystal growth, the so-called “abnormal grain growth”, of the 
corundum basal plane.

Abnormal grain growth must be avoided to obtain translucent 
alumina, because pores are easily trapped in exaggerated grains. 
Thus, no translucent alumina with high fracture toughness has 
yet been reported. In the present study, we fabricated translucent 
alumina with high fracture toughness by controlling abnormal 
grain growth through the HIP method using a small amount of 
glass-forming impurities.

2. Experimental procedure
Commercially available high purity alumina powder (TM–

DAR, Taimei Chemicals Co., Ltd.) was used as a starting mate-
rial. In order to achieve a uniform distribution of glass-forming 
impurities, the ceramic injection molding (CIM) method was 
used to introduce a small amount of impurities such as SiO2 and 
Na2O; Impurities are introduced via thermoplastic resins. For 
comparison purposes, the conventional cold isostatic pressing 
(CIP) method was also used.

Green compacts were shaped by the CIP method and the CIM 
method. In the CIP method, the plate (45 × 30 × 4 mm) was die 
pressed at 50 MPa and then isostatically hot pressed at 200 MPa. 
The CIM was performed using a mixture composed of alumina 
powder and thermoplastic resins. The mixture was injected into 

a plate-shaped mold cavity. The green compacts were pre-
sintered at 1300°C for 2 h in air and then isostatically hot pressed 
at 1500°C for 1 h at 150 MPa in Argon gas.

Impurities in the powders and the resulting translucent body 
were identified by inductively coupled plasma (ICP) analysis. 
The polished sample was etched by heating to 1400°C. The 
microstructure of the sintered body was then investigated by 
scanning electron microscopy (SEM). Optical microscopy was 
also used for evaluation of microstructure.

The fracture toughness was measured by the single edge pre-
cracked beam (SEPB) method.21) Test bars (3 mm width, 4 mm 
height) with a 0.5 mm-depth notch were used. First, pre-crack 
was introduced in front of the notch using a pre-cracking instru-
ment. The toughness was estimated from the flexural strength of 
the pre-cracked bar. The 3-point bending strength was also mea-
sured following JIS–R1601.

Total forward transmittance was measured for the polished 
samples (1 mm thickness) using a double beam spectrometer (V–
650, JASCO Co.). The detailed procedure for this measurement 
is described elsewhere.22)

3. Results and discussion
Colorless translucent alumina was obtained through both the 

CIP and the CIM method. The total forward transmissions are 
shown in Fig. 1. The transmission of the CIP sample is slightly 
higher than that of the CIM sample.

Chemical analysis of the starting powder and HIPed bodies are 
listed in Table 1. The starting powder was highly pure > 99.99%, 
with all impurities measured to be < 10 ppm. No difference in 
purity was observed between the CIP sample and the starting 
powder. However, an increase of glass- forming impurities such 
as Na2O and SiO2 were detected in the CIM processed alumina.

Figure 2 shows the typical microstructures of CIP and CIM 
processed alumina. Grain shapes were significantly different. On 
the CIP sample, only equi-axis grains were observed; while 
elongated grains were observed on the CIM sample. We believe 
that grain elongation occurs during glassy phase formation in the 
grain boundary, as previously reported.15)–19) The microstructure 
difference is closely associated with the quantity of glass-forming
impurities, as shown in Table 1, which seems to be critical for 
anisotropic grain growth.

Figure 3 is a low magnification SEM and optical micrograph † Corresponding author: I. Yamashita; E-mail: i_yama@tosoh.co.jp
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image of the CIM sample. Two different grain shapes: large elon-
gated grains and fine equi-axis grains, were distinctly observed. 
Aspect ratio and long axis length of anisotropic grain were esti-
mated for each grain in the CIM sample using the SEM images. 
The aspect ratio Fig. 4(a) showed a bimodal distribution with 
peaks at 2 and > 3, and the long axis length Fig. 4(b) also showed 
a similar distribution with a boundary of 20 μm.

The fracture toughness and bending strength are listed in 
Table 2. The CIM sample showed an extraordinarily high frac-
ture toughness of 9.4 MPa·m0.5, in contrast to 3.2 MPa·m0.5 in the 
CIP sample. The bending strength of the CIM sample (649 MPa) 
was also greater than that of the CIM sample (512 MPa). Alu-
mina prepared by the CIM method produced tough and strong 
translucent alumina.

It is widely known that enhancement of fracture toughness uti-
lizing anisotropic grains degrades bending strength because the 
large residual strain that arises from elongated grains is a poten-
tial fracture origin. However, the CIM sample shows both high 

fracture toughness and bending strength. Translucent alumina 
processed by the CIM method shows bimodal structure com-
posed of large elongated grains and fine equi-axis grains. Resid-
ual strain resulting from the elongated grains may be suppressed 
by the presence of fine grains.

Figure 5 shows a SEM image of the fracture surface of CIP 
and CIM processed alumina. Although an intergranular fracture 
surface is uniformly observed on the CIP sample, uneven surface 
with elongated grains are clearly detected on CIM sample. Elon-
gated grains may be responsible for preventing crack propaga-
tions, as previously reported.5),6)

Both samples show similar transmission properties. This sug-
gests that the translucency is never degraded by grain elongation. 
Although a large quantity of glass-forming impurities is neces-
sary to achieve grain elongation in the usual sintering process, 
only =~100 ppm is required for the HIP process. Evaporation of 
glass-forming impurities such as Na2O, SiO2 can be effectively 

    
Fig. 2. SEM micrograph image of (a) CIP sample and (b) CIM sample.

Fig. 1. Total forward transmission of CIP sample (solid circle) and 
CIM sample (open circle), where the sample thickness is 1 mm.

Table 1. Chemical Analysis of Starting Alumina Powder and 
HIPed Alumina Prepared by CIP and CIM

Sample Impurity (ppm)

Na2O K2O CaO SiO2

Starting powder 6 2 2 6

CIP method 7 2 3 7

CIM method 45 6 10 28
Fig. 3. Low magnification image of CIM sample. (a) SEM micro-
graph, (b) optical micrograph.
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suppressed by high pressure through the HIP process. Low impu-
rity content is essential to achieve high translucency.

4. Conclusion
The translucent alumina with elongated grains showed 

extremely high fracture toughness, high bending strength and 
high transmission. Using the HIP process, the grain elongation was 
produced with a glass-forming impurity content of only 89 ppm.
Bimodal structure composed of elongated anisotropic-grain and 
fine equi-axis grain is responsible for the enhancement of 
mechanical properties.
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Fig. 4. Distribution of (a) aspect ratio and (b) long axis length of anisotropic grain of CIM sample.

Table 2. Fracture Toughness and Bending Strength of HIPed 
Alumina Prepared by CIP and CIM

CIP method CIM method

Fracture toughness 
/MPa·m0.5

Av. 3.2 9.4

Min. 3.9 8.3

Max. 2.9 10.5

Bending strength 
/MPa

Av. 512 649

Min. 474 640

Max. 584 663

Fig. 5. SEM micrograph image of fracture surface of (a) CIP sample 
and (b) CIM sample.
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