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Abstract 

The experimental data of the elastic modulus of a two- 
phase material, Al2O3-NiAl, are compared with various 
theoretical models.  The NiAl content in the composites 
varies from 0 to 100vol%.  The composites were prepared 
by mixing Al2O3 and NiAl powders together then densified 
by using hot-pressing.  The ultrasonic technique was used 
to determine the elastic modulus.  Several theoretical 
models were used to compare the experimental results.  
The Hashin-Shtrikman lower bound and Reuss model 
match the experimental data well, though these models 
show relatively little sensitivity to microstructural features. 

Keywords: elastic modulus, composite, NiAl, Al2O3. 
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 (λW C-Co = 2.4, λNiAl-Al2O3 = 20) 

(E：彈性係數 , K：體積係數 (bulk modulus), G：剪力係數  (shear modulus), V：體積分率 , c：複合材料 , m：基底 ,  

 p：第二相或增強相 , u：上邊界 , l：下邊界 )  
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2.   

(a) 0.25wt% Fe
 (Product Code 251, Xform Inc., New York, 

U.S.A.) 5.89µm (b)  
(TM-DAR, Taimei, Chemical Co. Ltd., Tokyo, Japan)

0.23µm 99.99%  
(a) Al2O3 NiAl

0 100
95% 300rpm (b) 

5 × 10−3torr 1450°C
24.5MPa (c) 

50mm 6mm
98% NiAl 1

NiAl  
Al2O3-NiAl

(a) 50mm (b) 

 (Pulser Receiver 5055PR) 
5MHz (c)  ( ) 6.4mm (d) 

 (LeCroy 9314L)
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30 vol% Reuss 
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Voigt Reuss Hill
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8.10% 3.17%  3.89% 2
 

(2) Hashin-Shtrikman  

Hashin-Shtrikman variational 

(9) (12)
Vp Hashin- 

Shtrikman Voigt Reuss

4 Hashin-Shtrikman 

NiAl 60 100 vol % 
Hashin-Shtrikman 0 ~ 

100 vol% NiAl-Al2O3

4.65%  3.65% 2  
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2  

NiAl 體積分率 / (%) 
模式 

0 10 20 30 40 50 60 70 80 90 100 
平均 

誤差值

Wu (λ = 25) 1.8 1.6 2.9 4.3 5.0 2.2 5.2 0.2 1.3 2.9 0.0 2.6 
Ruess 0.0 3.3 4.5 5.7 6.4 0.9 6.2 1.0 0.7 2.5 0.0 3.2 

Walpol Lower 0.0 1.4 1.0 1.1 0.8 7.4 0.2 4.8 5.4 5.3 0.0 3.6 
Hashin-Shtrikman 下邊界 0.0 1.3 0.8 0.9 0.6 7.6 0.0 5.0 5.6 5.4 0.0 3.7 

Shukla-Padial 0.0 0.7 0.0 0.0 0.1 8.2 0.2 5.0 5.4 5.3 0.0 3.7 
Hill’s 平均 0.0 0.6 0.3 0.4 0.6 8.7 0.7 5.4 5.6 5.3 0.0 3.9 

logarithm mixing rule 0.0 1.2 0.5 0.4 0.0 8.4 0.8 5.8 6.3 5.9 0.0 4.1 
Mori-Tanaka 0.0 0.5 0.6 1.0 1.5 9.9 2.0 6.8 6.9 6.2 0.0 4.6 

Hashin-Shtrikman 上邊界 0.0 0.4 0.6 1.0 1.5 10.0 2.0 6.8 6.9 6.2 0.0 4.7 
Walpol Upper 0.0 0.4 0.8 1.2 1.7 10.2 2.3 7.1 7.1 6.3 0.0 4.8 

Kerner 0.0 0.0 0.8 1.3 1.8 10.4 2.4 7.2 7.2 6.4 0.0 4.9 
Halpin-Tsai 0.0 0.3 0.8 1.3 1.8 10.4 2.4 7.2 7.2 6.4 0.0 4.9 

Ravichandran 上邊界 0.0 0.3 1.9 2.4 2.9 11.2 2.8 7.2 6.8 5.7 0.0 5.0 
Paul 0.0 0.4 2.3 3.3 4.3 13.3 5.2 10.0 9.5 7.8 0.0 6.6 

Ravichandran 下邊界 0.0 0.4 2.3 3.3 4.3 13.3 5.2 10.0 9.5 7.8 0.0 6.6 
Voigt 0.0 2.1 5.0 6.5 7.5 16.5 7.7 11.8 10.6 8.2 0.0 8.1 
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(7) Walpol  
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(10) Wu  
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(11)  

Al2O3 -NiAl 
(22)

(23) 12 2%  

23.17724.6266.400 pp VVE +−=  

    (22) 543 3.12086.33272.3480 ppp VVV −+−

     (R-Square = 0.99303, p 0.0001) 

32 7.10125.5292259.161 ppp VVVG −+−=  

     (23) 54 3592.976 pp VV −+

     (R-Square = 0.99343, p 0.0001) 

5.   

Al2O3-NiAl
0 100 NiAl vol%

elastic modulus  

5% 2 3
NiAl

NiAl
0 100% Hashin- 

Shtrikman Hashin-Shtrikman

 [2]
Al2O3-NiAl

Hashin-Shtrikman
 

3 Al2O3-NiAl  
( ▲ ) 

NiAl content / (vol%) 
模式 s 

0 10 20 30 40 50 60 70 80 90 100

Wu (λ = 25) ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲ ▲

Hashin-Shtrikman 

上邊界 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Hashin-Shtrikman 

下邊界 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Lielens ▲ ▲  ▲ ▲ ▲ ▲ ▲

logarithm mixing 
rule ▲ ▲  ▲ ▲ ▲ ▲ ▲

Hill’s arithmetic/
geometric mean ▲ ▲  ▲ ▲ ▲ ▲ ▲

Reuss ▲ ▲ ▲ ▲  ▲  ▲ ▲ ▲ ▲

Walpol 上邊界 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Walpol 下邊界 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Shukla-Padial ▲ ▲  ▲ ▲ ▲ ▲ ▲

Ravichandran 
上邊界 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Ravichandran 
下邊界 ▲   ▲ ▲ ▲ ▲ ▲

Mori-Tanaka ▲ ▲  ▲ ▲ ▲ ▲ ▲

Halpin-Tsai 式 ▲ ▲  ▲ ▲ ▲ ▲ ▲

Kerner ▲ ▲  ▲ ▲ ▲ ▲ ▲

Behrens ▲   ▲ ▲ ▲ ▲ ▲

Paul ▲   ▲ ▲ ▲ ▲ ▲

Voigt ▲      ▲
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