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(71) W e , THE CARBORUNDUM COM-
PANY, a Corporation organised and existing, 
under the laws of the State of Delaware, 
United States of America of 1625 Buffalo 

5 Avenue, Niagara Falls, New York, United 
States of America, do hereby declare the 
invention, for which we pray that a patent 
may be granted to us, and the method by 
which it is to be performed, to be particularly 

10 described in and by the following s ta tement : -
The present invention relates to the sinter-

ing of silicon carbide. 
Silicon carbide, a crystalline compound 

of metallic silicon and non-metallic carbon, 
15 has long been known for its hardness, its 

strength, and its excellent resistance to oxida-
tion and corrosion. Silicon carbide has a 
low coefficient of expansion, good heat 
transfer properties, and maintains high 

20 strength at elevated temperatures. In recent 
years, the art of producing high density 
silicon carbide bodies f rom silicon carbide 
powders has been developed. Methods in-
clude reaction bonding, chemical vapor 

25 deposition, hot pressing and pressureless 
sintering (initially forming the article and 
subsequently sintering). Examples of these 
methods are described in U.S. Patents 
3,853,566; 3,852,099; 3,954,483 and 3,960,577 

30 The high density silicon carbide bodies 
so produced are excellent engineering mater-
ials and find utility in fabrication of com-
ponents for turbines, heat exchange units, 
pumps, and other equipment or tools that 

35 are exposed to severe wear and/or operation 
under high temperature conditions. 

In order to obtain high-density and high-
strength silicon carbide ceramic materials, 
various additives have been utilised. For 

40 example, a method of hot pressing silicon 
carbide to densities in order of 98% of 
theoretical by addition of aluminum and 
iron as densification aids is disclosed by 
Alliegro, et al., J. Cram. Soc., Vol. 39, No . 

45 11, Nov., 1956, pages 386 to 389. They 
found that a dense silicon carbide could be 
produced f rom a powder mixture containing 
1 % by weight of aluminum. Their product 
had a modulus of rupture of 54,000 psi at 

50 room temperature and 70,000 psi at 1371°C. 

More recent advance is the use of boron as a 
densification additive, usually in the range 
of between about 0-3 and about 3-0 percent 
by weight of the powder. The boron additive 
may be in the form of elemental boron or 55 
in the form of boron-containing compounds, 
for example, boron carbide. Examples of 
boron-containing silicon carbide powders 
may be found in U.S. Patents 3,852,099; 
3,954,483; and 3,968,194. 60 

According to the present invention there 
is provided a method of sintering silicon 
carbide powders containing boron or boron-
containing compounds as densification aids 
to produce a high-density silicon carbide 65 
ceramic material which comprises the step 
of sintering such powders in an atmosphere 
containing boron. 

I t has now been found, in accordance with 
the invention, that higher densification can be 70 
obtained when the sintering operation of 
silicon carbide containing powders which 
include boron as a densification aid are carried 
out in the presence of a boron-containing 
atmosphere. It is postulated that, by perform- 75 
ing the sintering operation in an atmospnere 
containing boron, the amount of boron 
which would be normally removed f rom the 
powder compact is reduced and that the 
sintered ceramic product has a more con- 80 
sistent composition and is less porous 
than sintered products produced when boron 
is only used as an additive. Boron may be 
fed into the sintering operation in the form 
of a gas such as boron trichloride in mixtures 85 
with inert gases usually used, namely nitro-
gen, argon or helium. Boron may also be 
added to the furnace atmosphere by inclusion 
into the sintering chamber of compounds of 
boron which have a significant vapour pres- 90 
sure at the sintering temperature. Such 
compounds may suitably be introduced into 
the sintering chamber by forming a solution 
or slurry of the boron compound and apply-
ing the solution or slurry to the interior of 95 
the chamber. Suitably, acetone is used as the 
carrier, but other carriers such as water or 
other available solvents may be employed, 
their only purpose is to enable good distri-
bution of the boron material on the walls of 100 
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the sintering chamber. Alternatively, boron 
may be added to the furnace atmosphere 
by the use in the sintering chamber of a boron 
compound, per se, or by the use of furnace 

5 components, parts and the like, which con-
tain a significant amount of boron. 

The silicon carbide powders which may be 
utilised to produce high-density, high-strength 
silicon carbidc ceramic material which may be 

10 used in the present invention are those found 
in the prior art. For example, those described 
in U.S. Patents 3,852,099; 3,954,483; and 
3,968,194. The present invention relates 
to the use of a boron-containing atmosphere 

15 during the sintering operation. The use of 
boron in the sintering atmosphere yields 
marked improvement when the partial pres-
sure of boron in the atmosphere is equal to or 
greater than the equilibrium vapour pressure 

20 of the boron contained in the silicon carbide 
powder compact. 

The silicon carbide powders containing 
boron or boron-containing compounds as 
densification aids generally contain boron 

25 in amounts between 0-2 and 3-0 per cent by 
weight. The final sintered material usually 
contains about the same percentage of boron. 
It has been found that sintering in a boron 
containing atmosphere does not appear to 

30 substantially change the amount of boron 
in the final product. The boron atmosphere 
appears to inhibit the escapc of boron f rom 
the powder compact during the sintering 
operation without adding any significant 

35 amount of boron to the product. Thus, in 
prcssureless sintering, a silicon carbide pow-
der having f rom 0' 1 to 2-0 per cent by weight 
excess carbon and containing f rom 0-1 to 
5-0 per cent by weight of boron added as 

40 boron carbide is pressed into a powder 
compact and sintered at 2100°C in a furnace 
in an inert atmosphere such as argon or 
helium which is free of boron. The bulk 
density of sintered compacts formed by this 

45 method is typically less than 2-9 gm/cm2 

(90-3% of theoretical density). However, 
if a similar powder compact is sintered 
in the same manner in an inert atmosphere 
such as argon or helium in which the partial 

50 pressure of boron is 10- ' atmospheres or 
greater, the resultant bulk density of the 
sintered compact is typically greater than 
2-98gm/cm3 (92-8% of theoretical density). 

EXAMPLE 1 
55 CONTROL EXPERIMENT 

A submicron silicon carbide powder having 
the characteristics listed below was used 
to demonstrate this invention. 

60 Oxygen 0 3 wt% 
Free Carbon 2 0 
Aluminum -002 
Iron 01 
Specific 12 m2/gm 

65 Surface Area 

This powder, 99-5 parts, was mixed with 
0-7 parts of boron carbide, 100 parts deionised 
water and 3 parts polyvinyl alcohol. The 
mixture was rolled in a plastic jar for five 
hours using tungsten carbide balls to promote 70 
mixing. The resultant mixture was poured 
into a glass tray and the moisture removed 
by drying in a vacuum oven. The dried pow-
der cake was screened through a 60 mesh 
screen and pressed at 12,000 psi into pellets, 75 
1Y' diameter and weighing approxi-
mately 10 gm each. These pellets were 
inserted into a graphite crucible, the ends 
of the crucible were closed, and the crucible 
plus pellets were pushed at approximately 80 

per minute through a 6" diameter graphite 
resistance heating element tube furnace. 
The hot zone of this tube furnace was main-
tained at 2150°C and the residence time of the 
powder compacts in this hot zone was 85 
approximately 25 minutes. The sintered 
powder compacts which contained approxi-
mately 0 5 per cent by weight boron before 
being run through the furnace were found to 
contain approximately 0-05 per cent by weight 90 
boron after the sintering operation was com-
plete. The bulk density of these powder 
compacts averaged 2-57 gm/cm3 (80-1% 
of theoretical). 

EXAMPLE 2. 95 
BORON IN THE FURNACE 

COMPONENTS. 
A graphite crucible, similar to the one 

described in Example 1 was painted with a 
slurry of boron carbide and acetone to form 100 
a liquid vehicle in an amount sufficient to 
provide 0-7 % by weight boron carbide based 
on the weight of the graphite crucible. A 
second set of powder compacts of the com-
position of Example 1 was prepared by the 105 
method described in Example 1 and was 
placed into the prepared crucible containing 
a thin coating of boron carbide. The bulk 
density of these compacts, measured after 
undergoing a sintering operation described 110 
in Example 1, was determined to average 
3-08 gm/cm3 or 96% of theoretical density. 
The boron content of the sintered compacts 
was determined to be 0-5% by weight. 

EXAMPLE 3. 115 
HOT PRESSING 

The powder described in Example 1, 
99-5 parts, was admixed with 1-2 parts boron 
nitride (approximately 0 4 3 % boron by 
weight) in slurry form using acetone as the 120 
liquid vehicle. The resultant mixture was 
then dried and granulated by passing it 
through a 60 mesh screen. 

A hot pressing mold and plungers made of 
graphite and containing no boron were 125 
used in this experiment. The granulated 
powder was placed into this graphite mold, 
the plungers inserted and a pressure of 
approximately 100 psi was applied. The mold 
was heated within an induction coil to 2000°C 130 
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over a period of two hours; pressure was 
applied when the temperature reached 1650°C 
and after a hold period of 30 minutes at 
2000°C the power to the furnace was shut 

5 off, the pressure being released when the 
temperature reached 1750°C. After cooling 
in the mold, the hot pressed silicon carbide 
article was removed and found to have a bulk 
density of 2-95 gm/cm3 (91-9% of theo-

10 retical). 
A second set of hot pressing mold and plun-

gers, similar to that described above, was 
coated with a slurry of boron carbide in 
acetone to an extent that boron carbide in 

15 an amount equal to approximately 0-7% 
by weight of the weight of the plungers and 
mold set was applied. Approximately 100 
gm of the granulated mix described in Exam-
ple 1, but with the addition of 1-2 parts of 

20 boron nitride was placed into this mold and 
plungers set. After performing the hot 
pressing procedure similar to that described 
above, the hot pressed silicon carbide article 
was removed from the mold and found to 

25 have a bulk density of 3-18 gm/cm3 (99-1 % 
of theoretical). 

W H A T WE CLAIM IS:— 
1. A method of sintering silicon carbide 

30 powders containing boron or boron-contain-
ing compounds as densification aids to 
produce a high-density silicon carbide ceramic 
material which comprises the step of sintering 
such powders in an atmosphere containing 

35 boron. 
2. A method as claimed in claim 1 

wherein the partial pressure of boron in the 
sintering atmosphere is equal to or greater 

than the equilibrium vapor pressure of the 
boron in the powder. 40 

3. A method as claimed in claim 1 
wherein the partial pressure of boron in the 
sintering atmosphere is at least 10~7 atmos-
pheres. 

4. A method as claimed in any one of 45 
claims 1 to 3 wherein the silicon carbide 
containing powders include boron in an 
amount between 0-1 and 5-0 per cent by 
weight. 

5. A method as claimed as claimed in any 50 
one of claims 1 to 4 wherein the atmosphere 
containing boron includes an inert gas. 

6. A method as claimed in claim 5 
wherein the inert gas is nitrogen. 

7. A method as claimed in claim 5 where- 55 
in the inert gas is argon. 

8. A method as claimed in claim 5 
wherein the inert gas is helium. 

9. A method as claimed in claim \ 
wherein the boron in the atmosphere is 60 
introduced as boron chloride. 

10. A method as claimed in claim 1 
wherein the boron in the atmosphere is 
introduced as boron carbide. 

11. A method as claimed in claim 1 65 
of sintering silicon carbide powders sub-
stantially as hereinbefore described in Exam-
ple 2 or Example 3. 
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