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Boron carbide cast bodies

This invention relates to the making of boron carbide cast bodies suitable for

sintering.

Boron carbide 1s an extremely hard substance, with a hardness exceeded only by
diamond and cubic boron nitride. However, it has hitherto proved difficult to utilise the full
potential of the material as a result of the difficulties met in manufacturing shaped articles.
An essential step in the production of articles 1s the formation of the cast body (or green
body). '

Of the known prior art methods of forming solid bodies from boron carbide many

methods involve the application of high pressures (many hundreds of bar) to solid boron

carbide powder or granules (for example, see WO 96/09265). Such methods
require the use of expensive hyperbaric equipment and often require the formation
of boron carbide granules. Additionally, such methods often require the use of

harmful organic solvents and resins which are potentially damaging to both
operators and the environment. Such methods also do not always enable satisfactory '
reproduction of detail, especially when the die shape is complex, due to the fact that the
boron carbide is essentially solid and thus does not flow to fill the die. Liquid slurries of
boron carbide have been used (J. American Ceram. Soc., T4(7), p. 1614-1618) so that
hyperbaric conditions do not have to be utilised. However, this process did not involve the
use of an added binder or carbon source and the simple, sintered geometrical bodies so

produced achieved only 63% of the maximum density. Extensive washing of the boron

carbide was necessary as was control of the pH of the slurry.

According to the present invention a method of making a boron carbide cast body

suitable for sintering including the successive steps of mixing boron carbide particles with an

aqueous binder system to form a homogenised slurry mixture; de-aerating the

mixture; casting the mixture into the required shape; and drying the mixture.

This method ensures excellent reproduction of cast detail without using potentially
harmful organic liquids. There is no requirement to granulate the powder/binder mixture and
there is no need to subject the system to high pressures, however, that method of manutacture

remains an option because the aqueous slurries produced can be granulated by spray drying or

freeze drying.
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The specific area of the boron carbide particles is preferably greater than 7 m*/g and

typically in the range of 7 m*/g to 12 m*/g. This produces a relatively high density body after
sintering.
In a preferred embodiment, the boron carbide particles have a median particle size in
5 therange 1.5 to 3.5um. Preferably at least 95% of the mass is less than 12.7um. Use of such
small particles enables achievement of a high density sintered body.

The boron:carbon atomic ratio 1s preferably between 3.7:1 and 4.4:1 in order that the
boron carbide in the cast body can be sintered to a high density.
The boron carbide is preferably more than 99.3% pure excluding boron oxide and
10  boron nitride, or more than 97% pure including boron oxide and boron nitride.
In one embodiment, the binder system comprises a binder and a plasticiser. The
plasticiser is chosen to increase the strength of the cast body so that it is less likely to suffer

damage prior to sintering. The binder causes the boron carbide particles to aggregate in a

satisfactory manner and adds carbon to the body during the sintering process.
15 The plasticiser 1s preferably chosen from one or more of glycerol, a low molecular

weight polyethylene glycol and a low molecular weight polypropylene glycol. These

compounds are cheap, readily-available and of low toxicity.

In another embodiment, the binder system includes a dispersant. The dispersant

ensures that the boron carbide particles do not form large aggregates which would not remain
20  satisfactorly in suspension.

The dispersant is preferably chosen from one or more of a water-soluble copolymer
based on acrylic ester, a salt of a polymeric carboxylic acid, a sodium dioctyl
sulphosuccinate, a stearate and Synperionic N™ wetting agent. These compounds are cheap,
readily-available and of low toxicity.

25 In a preferred arrangement, the binder is chosen from one or more of sucrose,
dextrose, glucose, a water-soluble polymer based on acrylic acid, a water-soluble polymer
based on acrylamide, a water-soluble polymer based on methacrylic acid, polyvinyl alcohol, a

high molecular weight polyethylene glycol and a high molecular weight polypropylene glycol.

These binders are cheap, readily-available and of low toxicity.

30 The mixing is chosen from any one of ball milling, stirring or mechanical mixing with

a beater. All of these methods are well-known and have proved to be successful.
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T'he homogenised mixture 1s preferably de-aerated prior to the forming of the mixture

into the required shape. This reduces the incidence of undesirable voids occurring within the

cast body. De-aeration is preferably by vacuum.

Forming the mixture into the required shape preferably comprises the pouring of the
homogenised mixture nto a non-porous mould. Preferably, the mould comprises a non-
porous material inner surface. Alternatively, the non-porous material is a lining internally of
the mould. Non-porous moulds are more readily reusable than porous moulds. Non-porous

moulds are especially effective if the inner surface of the mould is treated with a mould

release agent prior to pouring the mixture into the mould.
TI'he non-porous material 1s chosen from any one of polyurethane, silicone rubber,

glass and polymethylmethacrylate. These materials are cheap, available and can be readily

formed into moulds.

However, forming the mixture into the required shape can comprise the pouring of the

homogenised mixture into a porous mould.
In one embodiment, the drying process comprises drying at a temperature greater than

ambient. The drying process can also comprise use of a desiccating substance.

The mvention will now be described, by way of example only, with reference to the
accompanying drawings, of which
Figure 1 1s a flow chart of a method 1n accordance with the present invention;

Figure 2 1s an image of a sintered body (in this case, a Dutch domino) which was cast

using a method 1n accordance with the present invention (dimensions of sintered body:

~30mm X =20mm); and
Figure 3 shows, on the left, an 1mage of a cast body produced using a method in

accordance with the present invention and, on the right, an 1image of a sintered body derived
from a cast body 1dentical to that shown on the left (dimensions of sintered body: *30mm x
~20mm).

In all the examples given below the boron carbide particles have a median particle
size 1n the range 1.5 to 3.5um where at least 95% of the mass is less than 12.7um. The

atomic ration ot boron to carbon is in the range 3.7:1 and 4.4:1. The boron carbide is more

than 99.3% pure excluding boron oxide and boron nitride, or more than 97% pure including

boron oxide and boron nitride.
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A method 101 preparing cast bodies accoraing 1o the presentinvenuon (Figure 1) starts

with the nmuxing | oi the bmaer svstem. In this exampie 300¢ o7 commercially avaliable boron

caroide powder are mixed with 3¢ of Synpenonic N in & mechanical mixer for 5 minutes

N -~

with 40¢g ol water. This iorms the boron carbide slurrv. The boron carbide powder typically

has a speciiic surface area 1n the range 7-12m/¢. The Synperionic N™ acts as a dispersant,
probably bv coating the boron carbide parucles such that the particles do not form undesirable
large aggregates wich fall out of suspension. In a separate receptacie. a soluton of 20g of an

acrylic binder {Glascol HA4 available from Alhed Colloids) in 40g of water 1s mixed with S¢

of polvethvlene glycol. The binder/polyethylene glveol mixture 1s then added to 40g of water.

The molecular weight of the polvethvlene glycol 1s about 200 (PEG 200), this being typical of
a low molecular weight polymer used as a plastuiciser. This binder/polyethylene glycol/water
system 1s then mixed by a method well-known 1n the art and added to the boron carbide
slurry. Mixing 1s then carried out for a further ten minutes. The resulting
dispersant/plasticiser/boron carbide slurry 1s then decanted into a glass beaker and de-aerated
2 under vacuum until no gas bubbles are visible in the slurry. The slurry 1s then poured into a
polyurethane mould 3 and allowed to dry 4 under ambient conditions. The cast body can be
removed from the mould and 1s then suitabie for sintering, for exampie as described 1n

WO 96/09265.

The de-aeration process 2 minimises the incidence of undesirable voids which may
form in the cast body. Such voids decrease strength and may cause loss of detail, since they
will not be removed 1n any subsequent sintering process. The low molecular weight
polyethylene glycol acts as a plasticiser which gives strength to the cast body. This decreases
the likelihood of damaging the body prior to sintening. The polyurethane mould 1s non-porous
and. hence, adhesion may occur between the mould and the cast body. Such adhesion may
lead 10 damage of the cast body when 1t 1s removed from the mould. Coating of the internal
surface of the mould with a mould release agent will improve performance when compared
with the uncoated mould. Drving 4 takes place by evaporauon of water from the slurry via

open onfiices present in the mould.

In an aiternative method according to the present invention, the binder system 1$ 11rst

q
)'

prepared by adding 26g of sucrose to 60g of waler and then mixing | 1n 2 mechanical mixer

-~

”~

y -y » - .  ~
for & minutes: 500g of bororn carbige powder having ¢ surface area i the range 7-12m”
<4 -

b
-—

|

.-
ars

I8

rhen added 10 the sucrose solution and muxane is conunued for another 10 minuies.

L S
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This slurry 1s then decanted into a glass beaker and de-aerated 2 under vacuum until

no bubbles are visible in, or on the surface of, the slurry. The de-aerated slurry is poured into
a glass mould 3 lined with polymethylmethacrylate and allowed to dry under ambient x
conditions. After 3 hours, the mould 1s placed in an oven and the slurry/cast body is oven

5  dried at 60°C for 2 hours. The cast body can then be removed from the mould and is suitable
for sintering. .

In this example, the sucrose acts as the binder system. The polymethyimethacrylate
lining 1s an example of a non-porous mould lining. Oven drying accelerates the drying
process 4 and helps to harden the cast body.

10 Both of these methodologies, as described, use non-porous mouids or mould linings;
it is possible to obtain adequate performance using porous moulds.

The two methodologies presented above give densities in the cast bodies in excess of
60% (typically about 70-80%) from which sintered densities of over 94% have been obtained.

Various further examples of how the invention may be performed are histed at c. to L.

15 below. Exampies a. & b. are provided for comparative purposes.

a. 100g of boron carbide powder, having a surface area in the range of 7- 12m?/g, is
mixed with 20g of a 30% acrylic binder (Glascol® HA4 available from Allied Colloids)
solution and 30g of water. The shurry is then dried in air under ambient conditions and
20  granulated through a lmm mesh nylon sieve. The resultant granules are die pressed in a
25mm diameter uniaxial steel die under 12 tons for 15 seconds. The pressed pieces are then

sintered as described in WO 96/09265.

b. 100g of boron carbide powder, having a surface area in the range of 7-12m*/g, is
25  mixed with 13g of sucrose and 100g of water in a mechanical mixer. The slurry 1s then
continuously stirred whilst spray drying 1s used to produce dned granules. The resultant

granules are die pressed in a 25mm diameter uniaxial steel die under 12 tons for 15 seconds.

The pressed pieces are then sintered as described in WO 96/09265.

30

C. 50g of boron carbide powder, having a surface area in the range of 7-12m% g, 1s mixed

with 0.8g of an ammonium salt of a polymeric carboxylic acid (DiSpegr:gj A40 available from

Allied Colloids), 1.8g of ammonia and 10g of a 30% acrylic binder (Glascol HA4 available
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from Allied Colloids) solution in a mechanical mixer for 15 minutes with 100g of water.

The slurry 1s then poured 1nto porous Plaster of Paris moulds and allowed to dry under

ambient conditions. The cast pieces are then sintered as described in WO 96/09265.

5 d 1500¢ of boron carbide powder, having a surface area in the range of 7-12m®/g, is
mixed with 204g of sucrose and 7.5g an ammonium salt of a polymeric carboxylic acid 1n a
mechanical mixer for 30 minutes with 570g of water. The slurry 1s decanted 1nto a glass
beaker and de-aerated under vacuum until no bubbles are formed. The slurry 1s then poured
into a polyurethane mould and allowed to dry under ambient condinions. The slurry is also

10 cast into a Plaster of Paris mould and allowed to dry under ambient conditions. The cast

pieces are then sintered as described in WO 96/09265.

e. 200g of boron carbide powder, having a surface area in the range of 7-12m’/g, is

mixed with 2g of Synperionic N™ and 20g of a 30% acrylic binder (Glascol HA4 available

15  from Allied Colloids) solution and 6g PEG200 in a2 mechanical mixer for 15 minutes with
40g of water. The slurry 1s decanted into a glass beaker and de-aerated under vacuum until no

bubbles are formed. The slurry is then poured 1nto a polyurethane mould and allowed to dry

under ambient conditions. The slurry is also cast into a Plaster of Pans mould and allowed to
dry under ambient conditions. The cast pieces are then sintered as described in
-0 WO 96/09265.

1, 200g of boron carbide powder, having a surface area in the range of 7-12m?%/g, is
mixed with 2g of Synperionic N™ and 20g of a 30% acrylic binder (Glascol HA4 available

from Allied Colloids) solution and 6g PEG200 in a mechanical mixer for 15 minutes with
25  40g of water. The slurry i1s decanted into a glass beaker and de-aerated under vacuum until no
bubbles are formed. The slurry 1s then poured into a polyurethane mould and allowed to dry

under ambient conditions. The slurrv 1s also cast 1nto a Plaster of Parnis mould and allowed to

dry under ambient conditions. The cast pieces are then sintered as described in
WO 96/09265.

30

g. 300g of boron carbide powder, having a surface area in the range of 7-12m%/g, is

mixed with 3g of Synperionic N™ and 30g of a 30% polyvinyl alcoho! solution and 9¢

PEG200 in a ball mill for 210 minutes with 80g of water. The shurry 1s decanted 1nto a glass
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beaker and de-aerated under vacuum until no bubbles are formed. The slurry i1s then poured

into a polyurethane mould and allowed to dry under ambient conditions. The shurry is also

cast into a Plaster of Paris mould and allowed to drv under ambient conditions. The cast

pieces are then sintered as described in WO 96/09265.

h. 765¢ of boron carbide powder, having a surface area in the range of 7-12m’/g, is
mixed with 104g of sucrose and 15g of tetramethylammonium hydroxide TMAH in a
mechanical mixer for 30 minutes with 450g of water. The slurry 1s decanted into a glass
beaker and de-aerated under vacuum until no bubbles are formed. The shury is then poured

10  into a polyurethane mould and allowed to dry under ambient conditions. The slurry 1s also
cast into a Plaster of Paris mould and allowed to dry under ambient conditions. The cast

pieces are then sintered as described in WO 96/09265.

3 300g of boron carbide poWder, having a surface area in the range of 7-12rn2/g, 1S
15 mixed with 3g of Synperionic N™ and 26g of sucrose and 9g glycerol in a mechanical mixer

for 15 minutes with 100g of water. The slurry is decanted into a glass beaker and de-aerated

under vacuum until no bubbles are formed. The slurry is then poured into a polyurethane
mould and allowed to dry under ambient conditions. The slurry 1s also cast into a Plaster of

Paris mould and allowed to dry under ambient conditions. The cast pieces are then sintered as

20 described in WO 96/09265.

]. 300g of boron carbide powder, having a surface area in the range of 7—12m2/g, 1S
mixed with 3¢ of Synperionic N™ and 16g of sucrose and 6g glycerol in a mechanical mixer
for 15 minutes with 65g of water. The slurry i1s decanted into a glass beaker and de-aerated
25 under vacuum until no bubbles are formed. The slurry is then poured nto a polyurethane

mould and allowed to dry under ambient conditions. The slurry 1s also cast mto a Plaster of

Paris mould and allowed to dry under ambient conditions. The cast pieces are then sintered as

described in WO 96/09265.

30 k. 300g of boron carbide powder, having a surface area in the range of 7-12m%g, is
mixed with 26g of sucrose and 6g glycerol 1n a mechanical mixer for 15 minutes with 75g of

water. The slurry 1s decanted into a glass beaker and de-aerated under vacuum until no

bubbles are formed. The slurry 15 then poured 1nto a polvurethane mould and allowed to dry
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under ambient conditions. The cast pieces are then sintered as described in WO 96/09265.

L. 300g of boron carbide powder, having a surface area in the range of 7-12m°/g, is
mixed with 38¢ of sucrose in a mechanical mixer for 15 minutes with 80g of water. The
slurry 1s decanted into a glass beaker and de-aerated under vacuum until no bubbles are

formed. The slurry 1s then poured into a polyurethane and polycarbonate moulds and allowed

to dry under ambient conditions. The cast pieces are then sintered as described 1n

WO 96/09265.

All of these examples will yield a green density of >60% theoretical leading to a sintered

density of >93% density provided that the sintering conditions stated in WO 96/09265, by
RNJ Taylor et al are followed. These methods have been used to prepare the

demonstrators shown in Figures 1 and 2.

Figure 2 shows an image of a sintered body (in this case, a Dutch domino) which was
cast using a method in accordance with the present invention. Thus illustrates that the method
in accordance with the present invention can give excellent reproduction of fine detail, with
no undesirable voids being apparent. Figure 3 shows, on the left, an 1mage of a cast body
produced using a method in accordance with the present invention and, on the right, an image
of a sintered body derived from an identical cast body to that shown on the left. This indicates
that fine detail 1s reproduced botH in the cast body and in the sintered body. The sizes of the
two bodies indicate the degree of shrinkage that occurs on sintering. The manufacture of the
dominoes is merely exemplary of the method in accordance with the present invention.
Sintered boron carbide bodies manufactured using the method may be used, inter alia, for

armour, machine parts and aeroengine components where the hardness of the material can be

fully utilised.
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CLAIMS

1. A method of making a boron carbide cast body for
sintering comprising the successive steps of mixing boron
carbide particles with an agqueous binder system to form a
homogenised slurry mixture; de-aerating the mixture; casting

the mixture into the required shape; and drying the mixture.

2 . A method of making a boron carbide cast body
according to claim 1, wherein the specific area of the boron

carbide particles is greater than 7 m?/g.

3. A method of making a boron carbide cast body

according to claim 1 or 2, wherein the boron carbide

particles have a median particle size in the range 1.5

to 3.5 um.

4, A method of making a boron carbide cast body
according to any one of claims 1 to 3, wherein the

boron:carbon atomic ratio 1s between 3.7:1 and 4.4:1.

5. A method of making a boron carbide cast body
according to any one of claims 1 to 4, wherein the boron
carbide 1s more than 99.3% pure excluding boron oxide or
boron nitride, or more than 97% pure including boron oxide

and boron nitride.

6 . A method of making a boron carbide cast body

according to any one of claims 1 to 5, wherein the binder

.

binder and a plasticiser.

system comprises a

7. A method of making a boron carbide cast body
according to claim 6, wherein the plasticiser is selected
from the group consisting of one or more of glycerol, a low

molecular welght polyethylene glycol and a low molecular

weight polypropylene glycol.
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8. A method of making a boron carbide cast body

according to any one of claims 1 to 7, wherein the binder

system comprises a dispersant.

9. A method of making a boron carbide cast body
according to claim 8, wherein the dispersant is one or more
of a water-soluble copolymer based on acrylic ester, a salt
of a polymeric carboxylic acid, a sodium dioctyl

sulphosuccinate, a stearate and Synperionic N™ wetting

agent.

10. A method of making a boron carbide cast body
according to any one of claims 6 to 9, wherein the binder is
selected from the group consisting of one or more of
sucrose, dextrose, glucose, polyvinyl alcohol, a
water-soluble polymer based on acrylic acid, a water-soluble
polymer based on acrylamide, a water-soluble polymer based
on methacrylic acid, a high molecular weight polyethylene

glycol and a high molecular weight polypropylene glycol.

11. A method of making a boron carbide cast body
according to any one of claims 1 to 10, wherein the mixing

1s by any one of ball milling, stirring or mechanical mixing

with a beater.

12. A method of making a boron carbide cast body
according to any one of claims 1 to 11, wherein the drying

process comprises drying at a temperature greater than

ambient.

13. A method of making a boron carbide cast body
according to any one of claims 1 to 12, wherein the drying

process comprises use of a desiccating substance.

14 . A method of making a boron carbide cast body

according to any one of claims 1 to 13, wherein forming the
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mixture into the required shape comprises the pouring of the

homogenised mixture into a non-porous mould.

15. A method of making a boron carbide cast body
according to claim 14, wherein the mould comprises a

non-porous material inner surface.

16. A method of making a boron carbide cast body
according to claim 15, wherein the non-porous material is a

lining internally of the mould.

17. A method of making a boron carbide cast body
according to c¢laim 15 or 16, wherein the non-porous material
18 selected from the group consisting of any one of
polyurethane, silicone rubber, glass and

polymethylmethacrylate.

18. A method of making a boron carbide cast body
according to any one of claims 1 to 13, wherein forming the
mixture into the required shape comprises the pouring of the

homogenised mixture into a porous mould.

19. A method of making a boron carbide cast body
according to any one of claims 1 to 18, wherein the

homogenised mixture is de-aerated by wvacuum.

20. An article when made by a method in accordance

with any one of claims 1 to 19.

FETHERSTONHAUGH & CO.
OTTAWA, CANADA

PATENT AGENTS
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