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OXDE WETH. TJNGSTEN OR IMOLYB 
EDENUM 

Michael Humenik, Jr., Alien Park, Charles O. McHugh, 
ADetroit, and David Moskowitz, Oak Park, Mich., as 
signors to Ford Motor Company, Dearborn, Mich., a 
corporation of Delaware 

Filed Sept. 20, 1965, Ser. No. 488,609 
6 Claims. (C, 29-82.5) 

ABSTRACT OF THE DISSLéOSURE 
This invention relates to a fine grained sintered com 

pact which is essentially aluminum oxide. These com 
pacts have utility as cutting tools for metal working. 
The fine grained structure and strength of these com 

pacts is due in part to a small content of dispersed finely 
divided molybdenum or tungsten. 

This invention is concerned with the field of ceramics 
and is particularly related to a sintered aluminum oxide 
compact which has been stdengthened by the addition of 
minor amounts of finely divided molybdenum or tung 
sten in the metallic state. 

Theoretical treatises (1) on solid state sintering of 
Al-O have divided the process into three stages. The ini 
tial and intermediate stages involve neck growth between 
adjacent particles in the compact and the change in shape 
of the pores. The final stage of sintering is concerned with 
the shrinkage of spherical pores and their elimination 
from the compact. The shrinkage of these pores requires 
diffusion of vacancies from the pores to sinks in the com 
pact. The most readily available vacancy sinks are grain 
boundaries. Hence, one immediate advantage of a fine 
grain size in the material is the large grain boundary area 
available for the annihilation of vacancies during shrink 
age of the pores. It has been shown (2) that pores, not 
intersected by or very close to grain boundaries, are not 
removed during sintering. 
Normal grain growth (5) proceeds under a driving 

force which tends to lower the grain boundary energy of 
the system. The rate of grain growth is inversely propor 
tional to the radius of curvature of the boundary and the 
direction of growth is toward the center of curvature. 
These observations are obeyed if inclusions do not inter 
fére with grain boundary migration. Zener(6) has pro 
posed that inclusions inhibit normal grain growth by 
interaction with the grain boundary and thereby prevent 
boundary migration. The pores remaining in the compact 
during the final stage of sintering can act as inclusions to 
prevent grain growth. As these ports are removed the 
grain boundaries become free to migrate and normal 
grain growth can occur. 

However, in Al2O3, secondary recrystallization fre 
quently takes place in the latter stages of sintering. Sec 
ondary recrystallization or exaggerated grain growth is 
believed to be nucleated by a many-sided grain which 
becomes freed from the inclusions or pores restraining its 
boundary. The small radius of curvature and the high 
boundary energy are conducive to rapid growth, and the 
grain boundary moves through the matrix consuming 
the surrounding grains. This grain ceases to grow only 

(1), (2), (5), (6) See Bibliography at end of specification. 
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when it impinges on another grain which has undergone 
exaggerated grain growth. FIGURE 1 is a microstruce 
ture of an aluminum oxide specimen (Linde A Al2O3) 
which illustrates the phenomenon of secondary recrystal 
lization. The exaggerated grain growth resulted in the 
entrapment of many pores inside the grain which cannot 
be removed by further sintering. In order to inhibit sec 
ondary recrystallization, special techniques, such as hot 
pressing, or additions, such as MgO, have been used to 
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control grain size during the latter stages of sintering. 
The strength of brittle polycrystalline ionic materials 

has been shown (3,4) to conform to the general equation: 

where S is strength in pounds per square inch, G is grain 
size in microns, P is volume fraction of pores, and K, o, 
and 3 are material constants. From this relationship, it 
is apparent that the strength of sintered aluminum oxide 
can be enhanced by sintering to a high density and main 
taining a fine grain size. 

Conventional powder metallurgy techniques are em 
ployed in the fabrication of dispersion-strengthened 
aluminum oxide. Three methods for introduction of the 
Mo into the Al2O3 can be employed. The objective of all 
methods is the production of an AlO3-Mo powder mix 
ture in which the Mo is finely divided and uniformly 
distributed. 

A. Al2O3-Mo by metal powder addition 
Linde A Al-O (Metallurgical Grade-Lot 5175-Par 

ticle Size, 0.3 micron) and sub-micron Mo metal powder 
(Union Carbide Lot 1258-73) are mixed in the desired 
proportions. The mixing is carried out for 24 to 48 hours 
in a porcelain jar containing Al2O3 balls. A benzene 
medium is employed. The benzene is evaporated and the 
powder mixture is reduced in dry H at 1200 to 1500 
F. for one to two hours. No further processing, other 
than pressing and sintering, is required. FIGURE 2 ill 
lustrates the molybdenum particle size and distribution 
obtained with this procedure. 

B. Al2O3-Moby isothermal reduction of Al2O3-MoC) 

Linde A Al2O3 and MoC) (Merck-Reagent Grade) are 
milled together in the desired proportions in a procelain 
jar with Al2O3 balls. Benzene is a suitable milling medi 
um since the solubility of MoC) in benzene is negligible. 
The milling is carried out for 72 hours to insure attrition 
and uniform distribution of the MoC)3. After evaporation 
of the benzene, the powder is passed through a 20 mesh 
screen. Reduction of the MoC) to Mo is carried out at 
1200 F. to 1500 F. for 1 to 2 hours in a dry H atmos 
phere. For optimum distribution and particle size, the re 
duction process is performed isothermally. The Al2O3 
MoC powder is placed in an Inconel boat (bed depth /2 
inch) which is positioned in an inconel tube in through 
which flowing H is maintained. The tube is inserted into 
a furnace which has been pre-heated to the reduction tem 
perature. FIGURE 3 is a photograph which shows the 
very fine Mo particle size and uniform distribution which 
results from this procedure. FIGURE 4 illustrates ag 
glomeration of the Mo phase which results from reduc 
tion of Al2O3-MoC) under non-isothermal conditions 
(i.e. the powder is heated in a flowing H atmosphere 
while the furnace temperature was increased gradually 

3,4) See Bibliography at end of specification. 
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from room temperature to the reduction temperature). 
The isothermal reduction of Al2O3-MoC3 is considered 

important to the minimization of agglomeration of the 
Mo particles. It is possible that a more refined reduction 
cycle could be developed to overcome the agglomeration 
tendencies. However, such investigations have not been 
made. 

C. AlO-Moby reduction of Al2(MoO4)3 
The milled mixture of Al2O3 and MoC3 is reacted in 

air at 1200° to 1500 F. for 1 to 8 hours to forfil a 
AlO-Al(MoO) material. The reaction between Al2O3 
and MoO to form Al. (MoCA)3 has been investigated by 
Pincus.(7) After formation, the AlO3-Al2(MoCA)3 mix 
ture can be reduced in a dry H2 atmosphere under non 
isothermal conditions without agglomeration of the Mio 
particles. The reduction is carried out at 1200 F. to 
2000 F. for 1 to 2 hours. Al-O boats are used to con 
tain the powder during reduction and the reduction is 
performed in an AlO3 combustion tube through which 
H is flowed. No special precautions as to heating rate 
are taken in the reduction process except those necessary 
to minimize thermal shock of the combustion tube. FiG 
URE 5 is a photograph showing the particle size and dis 
tribution of the Mo phase obtained by reduction of 
AlO3-Al2 (MoO4 ) 3s 

All of the methods outlined above result in an Al2O3-Mo 
powder mixture which is subsequently processed in the 
following manner: A pressing lubricant (4 Weight percent 
Carbowax 600) is added, the powder is die pressed at 
15,000 pounds per square inch and Subsequently iso 
statically pressed at 90,000 pounds per square inch. The 
wax is removed at 1200 F. in dry Ha atmosphere, and 
the specimens are sintered in vacuum of 0.3 micron (Hg) 
at temperatures from 2800 F. to 3200 F. 

Before mechanical testing, the surfaces of the sintered 
specimens are wet ground on 350 grit resin-bonded dia 
mond wheels. Approximately 0.003 to 0.004 inch are re 
moved from each surface. The specimens are rectangular 
shapes which normally measure 0.750' x 0.235' x 0.190'. 
Mechanical testing is carried out on an Instron machine 
using the three point bending technique. 
The sintering procedure outlined above yielded speci 

mens whose densities were consistently 97 to 98 percent 
of theoretical density. Most of the investigations were 
made on an Al2O3-11 weight percent Mo composition 
which was sintered to these density levels at 3000 F. 
for 1 hour. The grain size of the specimens is approxi 
mately 1 to 2 microns with no evidence of exaggerated 
grain growth. Higher sintering temperatures (up to 3200 
F.) resulted in no increase in relative density, but the 
cross-section of these specimens indicated normal grain 
growth with an average grain size of 4 to 5 microns, 
Lower sintering temperatures resulted in lower relative 
densities. 

In general the average transverse rupture strength of 
AlO3 containing 11 nominal weight percent Mo is 85,000 
pounds per square inch. However, some strength values 
exceeding 100,000 pounds per square inch have been 
measured. The possibility for further improvement in the 
strength of AlO3-Mo material by post-sintering sur 
face treatments and by efforts to minimize internal de 
fects is being investigated. 
The effect of a variation in Mo content on the strength 

of Al2O3-Mo material has been investigated. Dispersion 
strengthened Al2O3 specimens containing 7.5, 11.0, and 
21.0 weight percent Mo were fabricated and tested. Simi 
lar relative densities of 97 to 98 percent could be achieved 
for these compositions. However, slight modifications in 
sintering temperature were necessary. For the Al-O-7.5% 
Mo material these density levels were obtained at 2950 
F. for 1 hour, whereas the AlO-21% Mo composition 
had to be sintered at 3150 F. for 1 hour to achieve this 
density level. In all compositions considerable refinement 
of the Al2O3 grain size was observed. A study of the 

(7) See Bibliography at end of specification. 
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4. 
microstructures of different molybdenum contents indi 
cates that the lower Mo content has a slightly larger 
grain size. This is consistent with Zener's theory since 
the lower volume fraction of inclusions would not inhibit 
grain boundary migration as effectively. 
FIGURE 6 is a typical microstructure of sintered 

aluminum oxide molybdenum material. This figure was 
produced at 1000x after etching with phosphoric acid. 
FIGURE 7 is a further graphical showing of the 

physical properties attainable in sintered aluminum oxide 
compacts containing finely divided and unifornly dis 
persed molybdenum metal. 
The attached table is made of record to afford a tabu 

lar demonstration of the increase in strength obtained by 
the addition of molybdenum metal to aluminum oxide 
compacts. 

This disclosure has been thus far concerned only with 
molybdenum metal additions to aluminum oxide. From 
ordinary chemical considerations it is apparent that 
tungsten should also function in a similar manner. Ex 
perimental evidence is at hand confirming the prediction 
that tungsten may be substituted either in whole or part 
for molybdenum. 

TRANSWERSE RUPTURE STRENGTHS OF AlO3 
MATERAS 

Volume percent 
Maxium Average Number of 

Material Strength Strength Specimens 
(Ks.i.) (Ks.i.) 

Sintered Al2O3- 53.3 36.5 44 
AlO3-4.3%. Mio. 98.5 80.0 13 
Al2O3-5%. Mo- 16.0 83.9 13 
AlO3-5.5%. Mo- 11.5 84.5 2O 
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We claim: 
E. A fine grained sintered compact consisting essentially 

of aluminum oxide and an additive selected from the 
group consisting of finely divided metallic molybdenum 
and finely divided metallic tungsten, said additive being 
uniformly dispersed in the compact and being present 
in an amount to significantly increase the transverse rup 
ture strength of the compact and to limit the size of the 
aluminum oxide grains product in the sintering opera 
tion the metal content of said compact not exceeding 
16% by volume of the compact and the average grain 
Size not exceeding five microns. 

2. A fine grained sintered compact consisting essential 
ly of aluminum oxide and finely divided metallic molyb 
denum, Said metallic molybdenum being uniformly dis 
persed in the compact and being present in an amount 
to significantly increase the transverse rupture strength 
of the compact and to limit the size of the aluminum 
Oxide grains produced in the sintering operation the 
metal content of Said compact not exceeding 16% by 
volume of the compact and the average grain size not 
exceeding five microns. 

3. A fine grained sintered compact consisting essential 
ly of aluminum oxide and finely divided metallic tungsten, 
Said metallic tungsten being uniformly dispersed in the 
compact and being present in an amount to significantly 
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increase the transverse rupture strength of the compact 
and to limit the size of the aluminum oxide grains pro 
duced in the sintering operation the metal content of said 
compact not exceeding 16% by volume of the compact 
and the average grain size not exceeding five microns. 

4. A fine grained sintered compact consisting essential 
ly of aluminum oxide and an additive selected from the 
group consisting of finely divided metallic molybdenum 
and finely divided metallic tungsten, said additive being 
uniformly dispersed in the compact and being present 
in an amount to significantly increase the transverse 
rupture strength of the compact and to limit the size of 
the aluminum oxide grains produced in the sintering op 
eration, said sintered compact exhibiting a density not 
substantially less than 97% of theoretical density the 
metal content of said compact not exceeding 16% by 
volume of the compact and the average grain size not ex 
ceeding five microns. 

5. A fine grained sintered compact consisting essential 
ly of aluminum oxide and finely divided metallic molyb 
denum, said metallic molybdenum being uniformly dis 
persed in the compact and being present in an amount to 
significantly increase the transverse rupture strength of 
the compact and to limit the size of the aluminum oxide 
grains produced in the sintering operation, said sintered 
compact exhibiting a density not substantially less than 
97% of theoretical density the metal content of said com 
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pact not exceeding 16% by volume of the compact and 
the average grain size not exceeding five microns. 

6. A fine grained sintered compact consisting essential 
ly of aluminum oxide and finely divided metallic tung 
sten, said metallic tungsten being uniformly dispersed in 
the compact and being present in an amount to significant 
ly increase the transverse rupture strength of the com 
pact and to limit the size of the aluminum oxide grains 
produced in the sintering operation, said sintered com 
pact exhibiting a density not substantially less than 97% 
of theoretical density the metal content of said compact 
not exceeding 16% by volume of the compact and the 
average grain size not exceeding five microns. 
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