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nel which has a density of greater than 50 percent of the theoretical density of spinel crystal. Also disclosed are techniques for
preparing less dense spinels, spinels having more than two metals incorporated into the spinel lattice, as well as a separate oxide

phase associated with the spinel crystallites, and slipcasting compositions.




FOR THE PURPOSES OF INFORMATION ONLY

cations under the PCT.

AT
AU
BR
CF
cG
CH
CM
DE
DK
13
FR
GA
GB
HU
JP

Austria

Australia

Brazil

Central African Republic
Congo

Switzerland

Cameroon

Germany, Federal Republic of
Denmark

Finland

France

Gabon

United Kingdom
Hungary

Japan

Codes used to identify States party tothe PCT on the front pages of pamphlets publishing international appli-

Democratic People’s Republic of Korea -
Liechtenstein
Luxembourg

Monaco

Madagascar

Malawi

Netherlands

Norway

Romania

Sweden

Senegal

Soviet Union

Chad

Togo

United States of America

e



WO 82/00820 PCT/US81/01158

10

15

20

MAGNES IUM ALUMINUM SPINELS

BACKGROUND OF THE INVENTION
Spinels are well known metal oxides of

specific structural configuration having a generic
formula MBOA where M represents the same or different
metal elements having different valences whose sum of
products of the valence times the number of atoms of
each element having that valence equal, preferably
eight, but may vary up to 10 percent excess or defi-
ciency of the metal ion relationship from eight.
Exemplary of the common formuiae are, e.g., MgAl;Ok,
and ZnC020L+ where the sum of the product of the
positive elements valence times the number of atoms of

each valence equals eight. Exemplary of imbalanced

stoichiometry, excess and deficient atom structures,

are, e.g., MgO.QFeO.llAI204 and ngEECoo‘79C020#

respectively. -

Most prior art techniques used commercially
for preparing ceramic spinels employ the fusion tech-
nique of the metal oxides. This technique is not
wholly satisfactory. for the preparation of ceramic
spinels because the metal atoms do not completely form
into the spinel lattice structure; that is, some metal
atoms form a segregated oxide phase admixed with the
spinel lattice structure and once formed by fusion the
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crystals are not amenable to shaping by pressure and
sintering without the aid of binders which may be
detrimental to acid and/or base resistance and. physical
properties of the finished product. Organic binders in
ceramics made in this way make the body relatively
porous when they are removed during or after shaping.
Segregated ceramic binders may weaken the body because
they are the site of differential expansion and

‘contraction and/or chemical attack.

The prior art also recognized the phenomena
of spinel formation being a physio-chemical reaction
based on thermal conditions such that, regardless of
the ratio of the metals, some spinel lattice would form
at the correct temperature, physical and chemical
conditions, albeit those atoms not forming a spinel
lattice structure remain as segregated phases of the

metal oxides. The spinel shapes which arercbmmercially
~available usually have been prepared from spinels

produced from starting materials containing impurities
or one or more segregated metal oxides phases and thus
are relatively poor with respect to their physical
properties, e.g., tensile strength, acid and/or base
resistance and porosity.

Numerous patents and scientific |iterature
have been published disclosing different techniques for
preparing spinels (esp. MgAIZOQ). Most procedures
employ metal oxides or oxidizable compounds, both of
which are converted to a spinel by firing or fusion
with or without pressure.

In some patents a magnesium compound and an
aluminum compound are mixed to give the requisite
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molecular constitution, are wet ground and mixed, and
fired at temperatures up to 3,000°F (ca 1660°C) as for
example, in U.S. Patent 2,618,566 or shaped before
firing into pebbles as in U.S. Patent 2,805,167.

Others use pure magnesia and alumina mixtures
which are then fired at 2150°C and cooled slowly over-
night, (e.g. U.S. Patent 3,516,839). Still others mix
alumina with magnesium nitrate, dry fire on a schedule
to 1400°C, and then grind to obtain a powder, (e.g.
U.S. Patent 3,530,209). Another technique follows the
fusion route of magnesium nitrate hexahydrate and
ammonium aluminum sulfate dodecahydrate (both reagent
grade) to 1300°C to produce a fine powder, (e.g. U.S.
Patent 3,531,308). A magnesium-salt (Mgsoh-7H20),
aluminum-salt (A12(504)3’18H20) mixture, co-crystal has
been employed to prepare a powder which is then shaped
into ceramic bodies by hot press techniques with or
without the use of binders, (e.g. U.S. Patent
3,544 ,266).

Concomitant with these developments
researchers investigated the nature of metal double
hydroxides formed by coprecipitation, some of which
were shown to convert ﬁo a spinel upon calcination.
Early work was performed by Feitnecht and his students
who made a series of double hydroxides with Mg/Al
ratios between 1.5 and 4 to 1, respectively, by copre-
cipitation from magnesium and aluminum chlorides, Helv.
Chim Acta 25, 106-31 (1942), 27, 1495-1501 (19&44). No
change could be detected by x-ray diffraction techni-
ques then available for different Mg/Al ratios or a
certain degree of substitution by chloride for
hydroxide. A similar double hydroxide, reported to be
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a hydrate even after heating to 150°C, was reported by
Cole and Hueber in "Silicates Industriels” Vvol. 11, pp
75-85 (1957). The compound was made by the reaction of
NaOH with Al metal or Alz(soq_)3 and MgO or Mgso, at
65-70°C. The product had a Mg/Al ratio of &/1 even
when reactant proportions were varied. However,
Mg(OH), was observed as a second phase in some cases.

More recently, Bratton in both Journal of The
American Ceramic Society, Vol. 52, No. 8 (2969), and
Ceramic Bulletin, 48, #8 pp 759-62 (1969) 48, 11, pp
1569-75, reported the coprecipitation of numerous
magnesium and aluminium chlorides and oxalates which on
heating, drying, calcining or firing, exhibited a
spinel x-ray diffraction crystallographic pattern. The
coprecipitatioﬁ product resuited in a magnesium
aluminum doubie hydroxide of composition
2Mg(OH)2 AI(OH)B, plus a large amount of segregated

~gibbsite AI(OH)3 phase (see also U.S. Patent -~

3,567,472). This is presumably the same product
Feitnecht obtained.

Bakker and Lindsay in "Ceramic Bulletin"
Vol. 46, No. 11, pp 1095~1097 (1967) report that a high
density spinel body can be made from Mg(OH)2 and
Al(OH)3 if 1.5% AIF3 is added as a mineralizer.

In the works cited above these powders were,
in some instances, calcined then fired while in other
instances the powders were heated through the calcininé
range and ultimately through the firing and even the
fusion range. Early work was directed to preparing
spinels usable as a decolorant, U.S. Patents 2,395,931




WO 82/00820 ) PCT/US81/01158

10

15

20

25

30

5

-~

and 2,413,184 or as antacids, U.S. Patents 3,323,992
and 3,300,277. In the last case a "highly hydrated
magnesium aluminate" is claimed as a new composition of
matter, the formula of which is Mg(OH)z‘ZAI(OH)B-XHZO
where X = 4 to 8. The material is prepared by the
reaction of NaAIO2 (Na2A1204), NaOH and MgCl2 as
aqueous solutions at a pH from 8-9. Bratton in U.S.
Patent 3,567,472 also discloses coprecipitation of a
magnesium and aluminium chloride from a solution having
a pH from 9.5 to 10, drying or firing to obtain a
light-transmitting spinel by adding Cao.

BRIEF DESCRIPTION OF THE INVENTION

In accordance with the present invention a
spinel can be prepared by coprecipitating metal com-
pounds, that is the metal halides, sulfates, formates,
hydrogen phosphate, hydroxides, acetate, nitrate,
carbonate, bicarbonate and the like, or mixtures
thereof including hydroxycarbonate, chlorbhydroxide,
the halogenated carboxylates, in a proportion and kind
to provide metal atoms of two different valences,
albeit they may be the same metal or different metals,
to total eight, plus or minus about 10%, positive
valences available to combine with four oxygen atoms in
the generic stylized formula M304 (or MMéOh). The
coprecipitation produces, when conducted at a pH of
from 8 to 10 at which coprecipitétion occurs, (usually
between about 9 and 9.5 for Mg/Al), a product having a
specific layered crystalline structure which may or may
not contain a segregated aluminum hydroxide or
oxyhydroxide phase. The product slurry may be treated
with an alkaline solution before being filtered and
washed. This alkaline wash may be used to increase the
Mg/Al ratio of the coprecipitate by the selective

SUREA
OMPI
Lh  WIPOY Y




10

15

20

25

30

WO 82/00820 PCT/US81/01158

dissolution of Al from the coprecipiate. The copre- s
cipitate is then dried and calcined at a temperature of

from 400°C to 1400°C and preferably at a temperature :
from 900°C to 1400°C thereby forming the crystal lattice

of the spinel structure with little or no segregated

phases of either metal. The so-formed spinel, usually

a powder, can be sintered at a temperature above about

1500°C with or without shaping into a thermally and

chemically stable product capable of achieving greater

than 99% of the theoretical density of a spinel crystal

lattice structure. The resulting high density products

are resistant to acidic and basic attack and shock

resistant including thermal shock.

Thus, if has now been found, for example, if

3 magnesium coﬁpound such as, magnesium hydroxide, or
the chloride, hydroxychloride, sulfate, phosphate,
acetate, nitrate, halide, carbonate, bicarbonate, and
the like, is coprecipitatéd with an aluminum compohnd,
such as aluminum hydroxide, or the chloride or sulfate,
at a pH to coprecipitate the compounds at least one of
the metals is converted to its respective hydroxide or
partial hydroxide during the coprecipitation fol lowed

- by washing with or without alkalinity before recovering
‘the coprecipitate there is obtained a producf having
the following composition upon drying at approximately
125°C for several hours:

I"a_b 11
(1+2)M bxa 2M Y

c,d
dc
wherein each X and Y is independently selected from the
aforementioned anions and at least one X and/or Y is

-OH and z represents a number less than 3 and prefer-
ably about 1, and where when z is greater than 0 there
will be present at least one segregated phase, as for
SUREAT
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example in the magnesium-aluminum coprecipitate an
aluminum phase of AI(OH)3 and/or AIO(OH), and wherein
“a" times the number of atoms of M'(b) equals the
valence b of X times a, the number of atoms of X, and
similarly c times the number of atoms of M"Cd) equals
the valence d of Y times ¢, the number of the atoms of
Y, the M”/MI ratio in the total coprecipitate being
maintained at about 2 to 1 respectively, and having a
volatile content of about 40% by weight when a C! atom .
is present and about 36% by weight when all the X and
Y's are -OH moieties, (analysis by thermogravimetric
analysis). The exemplified coprecipitate is not a
hydrate and individual crystallites have M”/Mi ratios
significantly different from those previous!y reported,
for example when Mll is aluminum and Ml is magnesium,
as shown by micro-area x-ray fluorescence, electron
diffraction and high resolution x-ray diffraction. The
dried precipitate is thereafter calcinéd at a temper-
ature of from 400°C to 1400°C for from typically about -
4 hours to about 1 hour, respectively. The calcined
precipitate has an x-ray diffraction pattern of the
spinel structure, for example, MgA!zoh. The
so-calcined precipitate can be formed into bricks or
other ceramic shapes by pressing at preferably between
1000 to 10,000 psig although higher pressures may be
employed and firing the shape at above about 1200°C,
preferably above 1400°C. The shape will densify
uniformly. Thus, densities may range from as low as
50% to as high as >99% and greater than that of theo-
retical density, depending on the following variables:

1. The chemica! composition of the powder;
2. The calcination history of the powder;
3. Powder processing history, i.e. particle size

distribution selected for pressing, lubri-
cants and binders added to the powder, and

the like;
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L. Mode of pressing the powder into a shape and
sintering technique used.

In accordance with the present invention a
(thermally and chemically stable) spinel can be pre-
pared by coprecipitating metal compounds (e.g.,
magnesium and aluminum hydroxides, or chloro hydrox-
ides), that is, coprecipitating a metal compound or
compounds having an atomic valence of one, two, three,
four, or six or convertible thereto on conversion to
the okide, recovering the precipitate as a powder and
célcining the powder, thereby to prepare a spinel
suitable for sintering with or without shaping.

Spinels are well known metal oxides having a
specific structural configuration and having a generic
%ormula M304 where M is at least two metal atoms M] and
Mll, which may be the same or different metal elements,
having different valences whose sum of products of “the
valence times the number of atoms of each valence
equal, preferably eight but may vary up to 10 percent
excess or deficiency from eight. Exemplary of the
common formula are ZnCozoq and MgAl204 where the sum of
the product of the valence times the number of atoms
equals eight. Exemplary of imbalanced stoichiometry,
excess and deficient atom structures, are e.g., -

Al,O and Ni Al 04~

Mgy, gFeq 11A190 0.2%%90.79”1

In addition to the basic spinel, numerous
mixed spinels were prepared. Mixed spinels can be made
in any one of several ways. The preferred way is to
add the desired metal at the coprecipitation step.
However, this may not always be practical, or the
hydroxides may have such a large difference in solu-

“WIFO .\
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bility that a coprecipftate with the desired compo-
sition is not formed. The second method of preparation
is to mix the separately prepared compounds in the
desired ratio. This requires only a knowledge of the
metal content by, say, X-ray fluorescence. The mixture

may be ground intimately if a homogeneous composition
+3 +3
(e.g. one mixed phase such as Mgo 3Co0 7 l 3Co0 704)

is desired. It is also to be recognized that when the
"mixed spinels" are desired and the third metal is, or
two or more additional metals are added at the copre-
cipitate stage the pH for coprecipitation may have to-
be varied, as for examp!e when chromium is added the pH
is adjusted to about 9.7 to insure coprecipitation of
all three metals in , for example, a Mg/Al/Cr system.
Alternately, a dry mixture may be mixed poorly, or a
gross disparity in the particle size distribution of
the starting materials may be introduced, if a range of
composxtxons is desired (e g. Mg, 2C 0y2 xA123y yB
where x and y vary from region to region in the mass).
The most preferred way to prepare a range of solid
solutions within one sample is to add at least one of
the metals as the hard burned oxide which limits its
reactivity. One should not assume that the same effect
will be achieved if the prebuﬁned oxide is-the spinel
component versus it being the additive metal. In
general, the higher the preburned'component has been
calcined, the lower its activity will be toward solid
solution formation. In some cases part of the additive
metal may enter the spinel structure and part may form

O“,

a separate oxide phase. In addition, a doping metal

compound may be added to the pre-calcined or post-
calcined spinel and may exhibit phase segregation or
solid solution formation, depending on its reactivity
and that of the spinel phase.

W WIFO o
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in accordance with the present invention a
spinel can be prepared by co-precipitating metal com-
pounds, that is the metal sulfates, chlorides, hy-
droxides, hydroxychlorides, oxychlorides and the |ike,
or mixXxtures thereof as afore set forth, in a proportion
and kind to provide metal atoms of two different
valences, albeit they may be the same metal or
different metals, to total eight or about eight
positive valences available to combine with oxygen in
the generic stylized formula MBO,+ (or M;-2Mé104). The
coprecipitate is preferably washed with an alkaline
solution, dried and calcined at a temperature of from
400°C to 1400°C, preferably from 1000°C to 1200°C
thereby forming the crystal lattice of the spinel
structure. The so-formed spinel, usually a powder, can
be sintered with or without shaping into a thermally
and chemically stable product capable of achieving a
density of greater than 99% of the theoretical density
of a spinel crystal lattice structure. . The resulting
high density products have good chemical and mechanical
properties.

It is to be further understood that modifica-
tions in the stofchjométry may be made so long as it is
understood and desired to produce less dense (final
density less than about 90% of theoretical) products
and/or separate metal oxide crystal phases admixed with
and bordering the spine! crystallites in the bedy. _ In
fact one can so deviate from the stoichiometry of the
normal spinel that there are obtained products similar
in analysis to those obtained by the fusion melt prac-
ticed by the industry, i.e., a large proportion of
segregated phase, (e.g. high magnesium oxide separate
phase) which depending on use, may oE may not be detri-
mental .-

N
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The modified spinels, in contradistinction to
the mixed spinels of the present invention, can be
obtained by mixing, (a) during coprecipitation, an
excess of one or more of a metal compouhd coprecipi-
tants, (b) a desired separate phase metal compound with
the coprecipitated uncalcined precursor (c) an additive
oxide with the calcined intermediate of the present
invention prior to sintering, or (d) an additive oxide
can be added to the spinel following grinding and
sintering, but before shaping, especially if simple
physical mixtures are desired.

The utility of the products of the present
invention permit a wide variation in manufacturing
techniques. For example, ceramic shapes, such as
bricks, can be made by casting the calcined spinel
powder using an aqueous'suspending-medium or
compressing the calcined intermediate.under mdaerats .
pressure and then sintering, the densification of the-
spinel occurring during unpressured sintering, or the
powder can be subjectéd to fusion molding of brick or
like forms. In addition, a conventional brick can be
coated with the calcined intermediate powder and the
coating sintered on the surface or a melt of the
sintered spine!l can be sprayed on a éurface, the
sintering, at least-in-part, occurring during the

melt-spray technique.

As stated above, modifying metals can be
incorporated into the process at various stages with
different results. For example, iron oxide may be
added at any stage and when added as a part of the
coprecipitates it will enter into a spinel lattice
since it has the capability of forming both two and
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taree valence atoms which are capable of orientation
into the spinel lattice structure form and if the iron
is added as exemplified above to the coprecipitates of
say Mg and Al, the final spinel will take the structure
exemplified by the formula

+2. +2

Mg Fe Fe+3Al 3

1-a b 2- b &

where a = 0 to 1, b = 0 to 2 and where, depending on
the amount of iron, the iron may be the principal metal
or the modifying metal. |If, on the other hand, the
iron is added to the already sintered spinel the
majorfty of the iron will be present as a separate
phase. In the case of multivalent metals such as iron,
a spinel lattice such as Fe+2-(Fe+3)2-04 may form as a
separate structure and/or become a solid solution type
crystal intermingled with the magnesium aluminate
spinel to which it has been added. Some variation in
the téndency to form a segregated phase is observed
when the atmosphere is highly oxidizing vs. when it is
inert.

In one embodiment of the present invention
sodium aluminate (Na 2 # *3H O) was mixed with mag-
nesium chloride (MgClz) in the presence of hydrochloric
acid (HC!). The dispersed precipitate was washed,
preferably in an alkali solution, filtered and washed
again with water, dried and calcined at a temperature
of from 1000° to 1200°C to form fine discrete particles
suitable for compression-forming into desired shapes,
such as bricks, which can be sintered at above about
1400°C, preferably above about 1500°C.
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In another embodiment a bulk grade of
aluminum hydroxide was dissolved in sodium hydroxide,
then filtered and the soluble aluminate employed in the

manner of the foregoing description.

In still another embodiment aluminum sulfate
and magnesium sulfate were employed as the coprecipi-
tants employing sodium hydroxide as the source of
alkalinity. The resulting co-precipitate was treated

as before.

, In like manner, aluminum chloride and mag-
nesium chloride were coprecipitated in the presence of
sodium hydroxide and the precipitate treated as above.

In another embodiment magnesium and aluminum
chiorides were reacted with sodium hydroxide and then
hydrochloric acid to control the pH of precipitation

and the precipitate tre;ted'as before.

In yet another embodiment the metal chloride
was converted to the hydroxide, as AlCl3 to Al(OH)s,
then reacted with the chlioride or hydroxy chloride of
the other metal and the product treated as above.

More particularly, the present invention is
carried out, in a presently preferred ménner, by the
simultaneous precipitation or coprecipitation of metal
compounds which are, or which form on treatment with an
alkali wash, separation and heating, the metal hydrox-
ides or partial metal hydroxides, and then subsequently
on heating above about 1200°C the metal oxide. The
proportion of the metals is such that the sum of the.
valences of each metal muitiplied by its atomic
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quantity will total 8 or about 8, i.e. plus or minus

‘ten percent. The spinel structure is identified by

this ideal metal valence to the & oxygen atoms present
as MBO# (or M;-ZMéIOQ). It is to be understood that a
slight deficiency or excess in total metal valence over
8 may occur with a concomitant small change in final
product, yet most of the spinel characteristics of the
products of this invention remain. |[llustrative of the
aforedescribed embodiments including the imperfect
valence balance are hereafter set forth, with specific
reference to aluminum and magnesium, it being under-
stood that other common metals may be substituted for
éither or both aluminum or magnesium and still obtain

the benefits of this invention.

The simultaneous precipitation of metals in
the ratio to obtain the spinel structure in accordance
with the preferred embodiment of the present invention
results in a preéxpxtate which has an overall stoichio-
metry of M M (OH)8 in more detail dependnng on the

1+6,,,11+1 l+4 [ 1+2

valence, M 2M (OH)S, 2M (OH)S,
Ml+22Mli+3(OH)g. The ratio of M' to M!! is 2 but may
vary up to 10% excess of either. In this latter case

it is believed that in some instances the 8 valences
required for the spinel structure and the 2 to 1 metal
ratio are fulfilled first and the excess metal forms a
separate oxide phase surrounding or occluded within the
spinel crystallites.

The coprecipitates in the above form, e.g.,
Mél(OH)8 where Ml H

Ml is a divalent metal atom and M is
a trivalent metal atom, is made up of layered crystal-

W WIPO
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|ites with the following composition, as evidenced by
x-ray diffraction, electron diffraction, electron

microscopy and micro area x-ray fluorescence.

'(oH)5
M'CoH),- = (1+z)M'(0H)2-2(M"(0H)3)

L coH)3

plus separate phases 2M'IO(OH) (also written MélOB'H 0)

and M (OH)3 to maintain the overall product stoichio-
metry M M (OH)8 when z is greater than zero but: less
than 3. Some of the hydroxide in this structure can be
replaced by Cl, Br, nitrate, acetate, sulfate or
various other anions and mixtures of anions as

discussed previously.

This particular layered structure is in
evidence in each of the following preparatiqns made
from the' wet state. The crystal structures can be
indexed on the basis of a hexagonal unit cell in which
the a axis is the most sensitive to changes in cation
size and the ¢ axis is the most sensitive to changes in
anion size. Following calcining of the dry powder the
x-ray diffraction pattern matchés that of the spinel
plus, provided that if the stoichiometry is not exact,
evidence of separate phases of other metal oxides.

Several other techniques can be employed as
illustrated below, each forming the layered structure
as the coprecipitate. The spinel structure on
calcining is amenable to low pressure forming and

densification on sintering.
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Specifically, one can co-precipitate an
aluminum magnesium spinel precursor (which after cal-
cining forms the spinel) by one of the following tech-
niques wherein Ml represents for.balanced equations a
divalent atom, namely for iilustrative purposes only
magnesium, and MH represents a trivalent atom, namely
aluminum.

1. Mlx + M]lY + aqueous alkaline solution »

mix' + 2M‘|Y' + alkali or alkaline X, Y in solution
for example

MgSOu+Al (504)3+8N30H(aq) >

Mg(OH)2'2Al(OH)3+h[Na 504], or,

MgC12+2AL(OH) +2NaOH aq >

Mg(OH)2 2AI(OH)3+2[Na cl™1,

(it is to be understood that the equations given here
represent the overall stoichiometry of the reaction and
not necessarily the composifion of a specific crystal-
lite, that is the layered structure, is not here

.exemplified) which is washed with water or an aqueous

alkaline solution (e.g. aqueous caustic), the solid
separated and washed again. The product exhibits
layered structures as aforedescribed. The product when
dried and calcined at between about 400° and 1400°C
forms a fine powder Y?ich by x-ray diffraction has the

spinel structure M M2 04.

IIY+M’X + alkaline solution + acidic solution =

2. 2AM
M'X“2M'IY'+[A+X'], A being alkaline ion, for example
2NaA102+MgCI2+NaOH(aq)+HCl(aq) >

(1+z)Mg(OH, Cl)2~2Al(OH)

22(Al(O)OH+AI(OH) Y+[Na ¢l 1],

fol lowed by wash:ng with or without added alkal:nlty,

separation, washing the separated precipitate and
drying.

Lo WIEO
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3. M'x+2MllY + aqueous alkaline solution =
M'(X)z-zm"(v)3+[A+Y‘}, for example

MgCl2+2AICl3 + aqueous alkaline solution =
(1+z)Mg(0H,c1)2-2Al(0H2i -

22(AI(O)OH+AI(OH)3)+[Na'CI ], followed by treatment of
the precipitate as aforedescribed.

. M'X+2A-AIY+HCI > M'X'-2-AIY'+ACI, A being alkaline

.ion, for example MgCI2+2NaAI02+HCL >

(1+2)Mg(OH,CI) - 2A1 (OHY ., +
2Z(AI(Q)OH+AI(OH),)+[Na4CI-], followed by treatment of
the precipitate as aforedescribed.

Another technique for preparing the precursor
is the comixing of finely divided aqueous slurries:

5. MIX or MIX~nH20+Ml|(OH) mixed as an agueous slurry
will after precipitation, recovery, drying and
calcining followed by sintering, yield a spine!fdf the
present invention, e.g., MgC12~2H20, Mg(OH)CI or

Mg(OH)2 mixed with AI(OH)B.

It is also to be understood that the powders
produced in accordance with this invention can be
pressed onto and into porous surfaces and sintered
thereon to give protective spinel coatings or surfaces
of similar acid/base resistance.

Examples of the various metals which can be
employed in preparing spinels of the present invention

are:
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+1 +2 +3 +4 +6 .
—:?i__ Mg++ Al+++ Ti++++ MO++++++
T bt
Fe++ Fe+++ _ Mn W
et
Mt crt sn*
++ 4+ VAt
5 Co,, EQv s+
Nl++ :
Cu
++
Zn

It is of course to be understood that several
10 metals may be employed to form a single mixed metal
spinel as for example

ngNiy-Z(AlaFeb)fok

where X and v represent fractional numbers totalling 1
and a and b represent fractional numbers totalling 1I.
15 In this example of course the Mg and Ni are divalent
atoms and Al and Fe are trivalent atoms. In the fore-
" going example iron may be added in such a way that a
spinel of the following structure may be formed

MgXNineZ-Z(AIaFe plo]

b’ 4

20 _where again x+y+z = 1 and a+b = 1 and Mg and Ni and
some Fe are the divalent metals and Al and the
remaining Fe are the trivalent metals.

DETAILED DESCRIPTION OF THE INVENTION ’ s
Example 1 '
25 One hundred fifty-nine liters of an aqueous T

solution of 7.5% by weight A12(504)3 and 2.5% by weight
Mgso, was treated (mixed) with 117.7 liters of 8.26%
NaOH containing 15.95% NaCl (a chlorine cell effluent)
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at a rate to provide a retention time of 28.5 minutes.
Following the treatment of the sulfate solution the
overflow containing a precipitate at 50°C was filtered
under a six (6) inch mercury vacuum and washed with 3
cake volumes of distilled water. The washed cake was
14.5% solids. This cake was dried to a powder and
analyzed for mole ratio of aluminum to magnesium. The

ratio was 2.1 to 1, respectively.

The powder was calcined at 1100°C for 3
hours. By x-ray diffraction analysis the calcined
powder had acquired a spinel structure. Upon sintering
at about 1700°C the powder acquired a density of 3.23

g/cc.

The following examples illustrate various
modifications in the procedure of Example 1 employing
various magnesium and aluminum compounds:
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Density Studies

The powder of Example 2 was calcined at
1000°C for approximately four hours and was pressed in
a Beckman powder mold under various pressures to pro-
duce a 1-1/4 inch diameter by 1/2 inch thick tablet and
thereafter sintered at either 1535°C or 1400°C and the
average density thereof determined. The following
table sets forth the results obtained:

Sintering
Pressure Temperature Density
PSi °C gm/cc
1400 1535
5,000 » " 3.29 .
_ ) u 2.21
10,000 " 3.42
, " ' 2.20
15,000 . 3.42
" 2.11
20,000 " 3.39
" 1.92

The data establishes that a sintering temper-
ature of about 1535°C or above should be used to
achieve the greatest densification and concomittant
therewith a pressure of greater than or equal to about
8000 psig is also advantageous. Sintering below about
1400°C results in densification less than about 2/3
theoretical, 3.57 gm/cc being the theoretical density
of the MgAlzok spinel, based on crystallographic unit
cell data for the final product and |iterature data.
Depending on the chemical composition, calcination
history, powder processing methods and pressing and
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sintering techniques, sintering densities greater than
99% of the theoretical values were sometimes obtained.

The tablets pressed at greater than
5,000 psig and sintered at 1535°C were subjected to
contact with caustic beads at 1500°C or with 15%
boiling hydrochloric acid. Neither treatment appeared
to react or significantly affect the surface or

strendgth of the tablet thus treated.

The magnesium aluminate spinels of this

- invention, either the calcined or the powdered or

shaped fired spinels, have the ability to combine (even
at relatively low temperatures) with other oxides,

hal ides, hydroxides or coprecipitates of aluminum and
other metals including, but not |imited to, those of
the transition metal series to yield products
exhibiting altered properties. These properties
include sinterability, stability to oxidafioﬁ or -
reduction, strength, porosity and catalytic activity.

Examples 5-8 Mg-Al Spinel Precursor
Examples 5 and 6 are precursors that were

produced at reaction conditions about identical to
Example 4 described above. The Eeactiop siurry was
treated with a NaOH solution before filtering. The
precursor had an excellent filter rate and a low cake
solids content (18-20% solids). |Its Al/Mg mole ratio
was 2.01. The precursor sintered to very dense spinel
after calcining at 1000-1200°C.

Example 8 was produced at a higher reaction
temperature (60°C) and a longer retention time (&4
hours) to improve filtration and drying properties.

BUREATD
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The reaction slurry was concentrated by settling, NaOH
treated, and filtered. The filter and dryer capacity
were much improved over examples 5 and 6 due to a much
higher cake solids content. Although the sintering
properties of preliminary precursor Example 7 matched
those of Examples 5 and 6, which were calcined at about
1000°C and sintered at about 1500°C subsequent
sintering of Example 8 showed the need for a higher
calcining temperature of about 1200°C to obtain high
density spinel upon sintering (at ca. 1500°C) unless
the precursor was upgraded by size reduction (ball
milling or double compaction). The reason advanced was
that Example 8 had an excess of aluminum in the
precursor phase which formed a segregated aluminum
oxide phase upon calcining. Aluminum oxide inhibits
the sintering of the spinel phase as discussed later in

Example 13, part &.
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The above data represents that obtained in
the laboratory. The batches were large enough to
employ a commercial-size filter and the cakes obtained

. by such use were also analyzed and used in various
operations described in later examples. The data for
each batch from the Moore %ilter cake were: Each
slurry was treated with 10% sodium hydroxide and washed

with raw (untreated) water.
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EXAMPLE 9
Physical Mixtures with Other Oxides/Hal ides

The spinel powders MgAlzou of Examples 5 and
6 were calcined at 1000°C for approximately four hours
and were then mixed in various amounts with other metal

oxides or fluorides, pressed at 10,000 psig and
sinterad at 1535°C to determine the effect these
compounds would have on the densification character-

"istics of spinel.

In one experiment mixtures of calcined spinel
powder and alpha-aluminum oxide were prepared by ball-
milling. Pellets, 1-1/4 inch in diaﬁeter, weighing
approximately 10 gms. each were formed at a pressure of
8,000 psig composed of (1) pure alpha AIZOB, (2) pure
spinel powder (MgAI2OQ), as well as_the following
mixtUﬁes: (3) 90% A1203/10% MgAlzoq; (&) 75% A1203/25%
MgAlzoq. All pellets were sintered for 2 hrs. at 7
1535°C. The percent volume reduction was as follows:
(1) 11%, (2) 46%, (3) 17%, (&) 22%. As is seen from
this data the spinel powder of the present invention
can act as a densification aid when mixed with alpha

aluminum oxide.

In another example, pellets, 1-1/4 inch in
diameter, weighing approximately 10 gms each, were
formed at 8,000 psig using ground powder composed of
(1) pure Mgo, (2) 90% Mg0/10% MgAl20LP (calcined powder
of examplie 2), (3) 75% Mg0/25% MgA1204 (calcined powder
of example 2). All pellets were sintered for 2 hours
at 1535°C. Theoretical densities, measured densities
and the percent of the theoretical density obtained are
given below. The theoretical density of the composites
was calculated from a weighted average of the theo-
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retical densities of the pure components. MgO and
MgAl .0, are almost identical in theoretical density.

274
(a) (b ()
% Mgo 100 90 75
5 % Spinel MgAlzok 0 10 25
Theoretical Density (gm/cc) 3.59 3.59 3.59
Measured Density (gm/cc) 2.41 2.64 2.82
% of theoretical obtained 67% 75% 79%

As is seen from this data the spinel powder
of the present invention acts as a densification aid
when mixed with magnesium oxide under these conditions.
An alternate way to look at the data is that substan-
tial amounts of MgO or A120,+ will inhibit the densif}-
cation of spinel powder. This behavior can be bene-
ficial in the manufacture of catalyst supports where

~porosity is desirable.

In another example small amounts of [ ithium
fluoride were ground together with the calcined spinel
of Examples 5 and 6 and 1-1/4 inch diameter pellets,
weighing approximately 10 gms each, were formed at
8,000 psig and fired for 2 hours at 1535°C. The
measured density obtained, calculated theoretical
densities determined as before, and the percent of
theoretical density calculated are given below for the
compositions indicated. The density used for LiF was
2.635 gm/cc.

(d (e (f)

% spinel (MgAl204) 100 9g9.5 99
% LiF 0 .5 1.0
30 Theoretical density (gm/cc) 3.58 3.57 3.56
Measured density (gm/cc) 3.27 2.73 2.62
% of theoretical obtained 91% 76% 74%

ERNnATION
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As is seen from the data a small amount of

LiF greatly inhibits the densification of magnes ium

aluminate spinel.

In the threé examples discussed above it was
shown that the densification properties of the spinel
powder of this invention can be altered through the
addition of various other oxides or halides. In the
case of MgO and A1203, the moderating ageqt remained
substantially as a segregated phase, as shown by
analytical investigation. The fate of the LiF was not

determined.

Solid Solutions with Other Oxides
in addition to physical mixtures, the spinel

powder of this invention can also form solid solutions
with other metal oxides. - This ability can be used to
alter the characteristics of the resultanfrsystem in
unique ways. The metal oxides which can be used to‘
form mixed spinel systems include, but are not |imited
to, members of the transition elements. For example,
mixtures of hematite (Fe203) and the calcined spinel
powder (MgAlzoh) were pressed and sintered at ~5,000
psi and 1535°C. The resultant products showed a single
spinel phase whose cell constants varied in accordance
to the composition of the original mixed powders. This
relationship holds for the entire series of combina-
tions whose end members are magnesium aluminate
(MgA1204) and magnetite (FeBOQ). The original hematite

is incorporated into the spinel lattice involving a
3 2

reductive alteration of some of the Fe+ to Fe+ - even

in air at 1535°C, whereas hematite not mixed with the
spinel, stays in the trivalent state as Fe203 when
fired at 1535°C in air. A regular progression of
densities is noted, as would be expected.
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As discussed below, the atomosphere employed
plays a role in determining whether a homogeneous phase

is observed versus a mixture of phases.

Example 10
Physical mixtures of hematite (“'Fe203> and

the calcined powder of this invention (MgAIZO# from
Examples 5 and 6) were made by ball-milling the powders
together in the following ratios by weight:

90% MgA!204/10% Fe203; 80% Mgszok/zo% FeZOS’ etc., up

to 10% MgAlzoh/QO% Fe203, Ten gram pellets of each of

the above compositions were pressed at 5,000 psi and
sintered at 1535°C under argon for 2 hrs. The resul-
tant material was shown to be a single phase spinel of
+2 +2 +3 +3
the type ng Fel_x A12_y Fey 04
x-ray diffraction and measurement of the magnetic

by high resolution

properties of the samples. The cubic cell parameter
determined from the diffraction data was found to vary
linearly f?om ~8.08 A° for pure MgAlzoLP to ~8.40A° for’
pure Fe304. In cases where sintering of the above
compositions was carried out in air instead of argon a
homogeneous mixed spinel was again observed by x-ray
diffraction in cases where the iron oxide content was
less than about 40% by weight, but for higher levels of
iron oxide in the starting materials a separate Fe203
phase was seen in addition .to one or more mixed
magnesium aluminum iron spinels.

In addition to pressed pellets one inch in
diameter, a larger refractory shape (6 X & x 1 inches)
was pressed and fired at 1535°C. No cracking or delami-
nation was observed. In this case two magnesium
aluminum iron spingls were observed by x-ray diffraction
with different cell contants. This indicates a
difference in the magnesium/aluminum/iron ratio.
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it is possible to produce a spinel phase
incorporating magnesium, aluminum and chromium whose
cel!| constant varies as a function of the chromium
content. Sometimes separate hexagonal phase(s) of the
corundum structure (AIZOS) are also formed, depending
on the manner in which the chromium was introduced and
the thermal treatment which followed. These may be
segregated as chromium oxide (Cr263) and aluminum oxide
(A1203) phases or as solid solutions of the corundum
type (AGCrz_xOB). In general, rapid heating and/or
poor mixing increases the tendency to form such segre-
gated phases. The surest way to form .a homogemeous
spinel is to add chromium at the coprecipitation step.
This leads to a precursor hydroxide incorporating
chromium. Alterﬁately, a coprecipitated gel of the -~
hydroxides of chromium and aluminum can be prepared and
this'product mixed, either as dry powder or as a wet
slurry, with the precursor or the calcined spinel

powder of this invention.

Example 11
Approximately 18 Ibs. of a coprecipitated

magnesium, chromium, aluminum hydroxide were prepared
in a manner similar to those outlined in examples 2-&.
Data concerning the formatibn of a ceramic body from
this product as well as that using the post addition
method are given under "Examples of Applications"”.

X-ray diffraction, electron microscopy and
micro energy dispersive x-ray fluorescense indicate a
layer hydroxide of magnesium aluminum and chromium,
which is less crystalline than that observed for
examples 2-4, and a segregated aluminum hydroxide

phase(s).
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Example 11
Duration (hrs)
Reactants:
_ a) Salt Solution
5 wt. % Mg Salt (MgClz)

wt. % Cr Salt (CrCIB)
Vol. Gallons
b) Alkaline Solution
Kind NaAlO2
10 wt. %NaCH calc.
wt. %NaAlO2
Vol Galleons
c) Acid Solution
Kind HCI
15 wt. % HCI
Voi. Gallons
d) Mol Ratio A!/Mg'

calc.

- ' Precipitation @ 50°C
pH (M pptr.)
20 Retention time (min)
Filtration

Vacuum inches Hg (abs.)
Load Rate gph/ft2/1"cake
Wash rate gph/ft2/1"cake

25 . Cake % solids

Density of calcined and

sintered product gm/cc
@ 1500°C

—_— e e e - -

PCT/US81/01158

5.5

7.52
2.57
36.4

0.95
8.25
55.6

10
3.1
1.99

9.6-9.7
61

2.5
21
20

3.29
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EXAMPLES OF APPLICATIONS .
Refractory Shapes The spinel of the present invention
can be used to make a dense single-phase magnesium
aluminum oxide refractory shape. For example, 2500
grams of the caicined material is placed in a
rectangular die. The die is closed and evacuated for
nominally 30 minutes. The powder is pressed to a
pressure of 8000 psi using a hydraulic press. Upon
removal from the die, the brick has a green size of
about 2.25" x 7" x 8". The brick was sintered at
1535°C for 6 hours to obtain a finished product
measuring about 1-1/2" X 4-1/2" x 5-1/2" with a density
295% of the theoretical value for a perfect spinel

crystal.

Spray Drying It is possible to avoid evacuation of the
mold by spray drying the calcined powder using estab-
lished techniques. For example, 25 Ibs. of the sp%nél
powder of example 2 were spray dried using standard
binders, plasticizeré and defloculating agents at a
commercial facility. This spray dried powder was
pressed into brick using conventional, commercial
technology at a rate of less than or equal to 30

seconds per brick.

Refractory Shapes with Substitution Two different
types of chrome doped spinel bricks were formed using a
single action dry pressing mode. The first used a
coprecipated chromium aluminum hydroxide added to the
spinel precursor of example 8. Specifically, 500 grams
of coprecipitated chromium aluminum hydroxide

(Cr/Al = 1.0) were added to !500 grams of precursor and
dry ball milled for two hours. The product was then
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calcined to 1200°C and held at that temperature for two
hours. Afterward, the calcined material was. remilled
for two hours.

A brick shape was produced by placing the
powder in a steel mold (coated with oleic acid),-
applying vacuum for one hour and pressing at approxi-
mately 9700 psig. The chrome-spinel brick was then
sintered to 1535°C at a rate of lOO“C rise per hour.
Holding time at 1535°C was four hours. The fired
density of this spinel brick was 3.34 gm/cc. From high
resolution x-ray diffraction, the approximate compo-

sition of the solid solution is MQCFO.ZAII.SOQ'
Another type of chrome brick makes use of the
coprecipitated magnesium-chromium-alumium precursor

hydroxide of example 11.

The hydroxide precursor was first calcined at
950°C and held at that temperature for six hours. Once
cooled, the material was dry milled for one hour and
then wet milled for 45 minutes. Additives for wet
milling consisted of deionized water: 0.5% polyethylene
glycol (on dry weight chrome-spinel basis) hav}ng an
average molecular weight of about 200, and 4% GELVATOL®
resin grade 20-30 (Poly Vinyl Alcohol) made by Monsanto
Plas;ics and Resin Company. After drying the material
at 125°C for 30 hours, the dried mass was fragmented by
hand and ball milled for 1-1/2 hours. This milled
chrome-spinel powder was also dry pressed at 9700 lIbs
psi and sintered to 1535°C. Holding time at 1535°C was
six hours. Initially the heating rate was 38°C per
hour to a set point of 400°C, then changed to 100°C per
hour. Fixed density of the chromium doped spinel
refractory shape was 3.29 grams per cubic centimeter.
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In both cases discussed above high resolution
x-ray diffraction of the final product revealed a
single phase magnesium-chromium-aluminum spinel whose
lattice constant is larger than that of pure'MgAlzok.
This lattice expansion and the absence of segregated
phases indicates substitution of chromium into the
spinel crystal lattice. In other cases where poor
mixing or rapid heating was employed segregated phases

were observed, as discussed previously.

Example 12 (Mortar/Coating)
As an example of another aspect of this

invention, a mortar or refractory coating can be made
in the following way. Thirty (30) grams of finely
ground spinel precursor, example 5, was slowly added
while stirring, to 70 grams of 15% phosphoric acid

(HgPO,). Heat evolution will be noted as the acid base
reaction proceeds. This mixture is then heated to

~90°C for several hours. A grit is then added to
produce the desired consistency. This may be, for
example, the calcined spinel powder or sintered grain
of the present invention or another suitable refractory
oxide. A typical combination would be 60 grams of
calcined spinel poWder with 20 grams of the above
slurry. Distilled water may be used to adjust the
consistency. Upon air drying for several days this
mortar has excellent green strength but remains water
dispersible. It can be cured to a water impervious
form by firing at high temperatures of 500°-1000°C for

several hours.

Example 13 (Catalyst Supports)
(1) As an example of a pure spinel catalyst

support, 50 grams of the loosely packed spinel

BUR
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precursor of the present invention was sintered to
1535°C for two hours. The resultant porous form has a
total porosity of about 26% by mercury intrusion with
approximately 90% of these pores in the 2-10 micron
range. Similarly, sintering of 50 grams of the pre-
cursor for two hours at 1700°C yielded a strong porous
body of 26% porosity which also had greater than 90% of
the porosity in the 2 to 10 micron range. The time and
temperature can therefore be used to adjust the
physical strength of the support with only small shifts
in the pore size distribution.

(2) Catalyst supports can be made from the
spinel precursor of the present invention by slurry or
slip-casting techniques. For example, 50 grams of the
precursor is mixed with 100 grahs of water. A small
amount of nitric acid (approx. 2 ml) can be-added to
aid in mixing. The resultant "mud" can be placed in a
form or preferabiy extruded or rolled into the desired
shape. The forms are dried at approximately 100°C for
several hours. The "green" forms are then sintered at
approximately 1700°C to obtain a pure spinel support
with ~30% porosity by mercury intrusion and the afore-
mentioned pore size distribution (2410 microns).
Alterations in the rate of drying, amount of water
used, firing temperature and particle size of the
initial powder can be made to change the porosity and
pore size distribution.

(3) Adjustments of the total porosity and
pore size distribution can be made by incorporating a
burn-out agent into the powder prior to sintering. For
example, 50 grams of the spinel precursor of the

present invention is mixed with 5 grams of METHOCEL®
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and 150 grams of water. The resultant paste is shaped
and dried for several hours at 100°C. ' The dried forms
are sintered at 1535°C for two hours. The resultant
support has a porosity of approximately 32% but with
the pore size distribution shifted to larger pores than
previously cited (5-20 microns). More specifically,
20% of the pores are now in the 10 to 20 micron range.
Heavier loadings of METHOCEL® for example up to 40% by
weight, can be used to increase total porosity at some

'sacrifice in strength.

(4) The porosity of the support made from
the spinel of the current invention may be adjusted by
adding a non-sintering (prefired) grain to the mix.

For example, 100 grams of the qalcined precursor is
mixed, by ball-milling, with 100 grams of nominally 5
micron alpha alumina (a_Al,03). The resultant physical
mix is'sihtered;at 1700°C for 2 hours to produce a hard
composite support with approximately 40% porosity with
the pores being largely in the 2 to 1Q micron range.
Similarly, non-sintering grain can be added in the form
of hard burned spinel by presintering the spinel of the
present invetion and grinding to the desired size if a
totally spinel system is desired. “ The addition of .
conventional binders (e.g., sodium silicate) may be

necessary in these cases to achieve satisfactory pellet
strength.

While préssure molding techniques are commer-
cially desirable for large shapes such as fire brick
and the like, it would be advantageous to be able to
slip-cast the spinel powders by drain casting for use
in making intricate shapes such as furnace ware,
crucibles and the like as well as solid casting for

preparing bricks or the like.
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In accordance with another embodiment of the
presént invention a precipitate of metal hydroxides or
compounds convertible to the hydroxide in metal atomic
proportions of M1/2Mll, eg. Mg-AlchS, is calcined at a
temperature of from 400°C to 1400°C during which period

the hydroxide form is converted to the spinel structure

min'! o
2°4. This calcined product is then slurried in

water employing an amount of de-flocculating agent
which is a salt of a polyelectrolyte in an amount and
kind such as to yield a well dispersed, solid phase’in
the water, and a pH of slurry of about 9, with or with-
out a conventional binding agént for slipcasting. The
resulting slurry having a solids content of from 10 to
75 wt. % can be slip~cast, as for example, by drain
casting into water-porous molds wherein the solids
build up on the mold walls. After achieving the desired
wall éhickness the liquid remaining in the mold cavity
is poured out and the mola left to dry until the green
strength of the casting has matured to enable removal
of the mold. Following removal from the molid the
“green" casting is dried in air at room temperature or
forced air or even excitation drying (microwave), or
other internal to external drying process. Thereafter,
the "green" casting is heated (hereafter referred to as
"sintered", that is, subjected to heat for a period of
timé to achieve a stable density at that temperature of
the solid shape) to above 1500°C for from | to 20 hours
during which time the spinel densifies and the casting
dimensions may be reduced by up to 50%. The resulting
object comprises a 100% spinel composition with no
binders or other organic materials being present since
such binders or materials are decomposed under the
extreme heat. The article has all of the expected
characteristics of the spinel and is a substantially
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non-porous body having heat and cold shock resistance,
(i.e. resistance to sudden changes in temperature)

inertness to oxidation and reduction at temperatures
below its melting point and resistance to acid and base

attack.

It is of course to be understood that while
slip-casting has been.described, centrifugal-casting or
other forms of drain casting from slurries can be
employed with equal success. In addition, solid
casting from slips has produced useful forms, i.e.

bricks.

Suitable polyelectrolytes, useful primarily
as de-flocculants but having some binding tendency, are
those alkali metal and ammonium salts of carboxylated
polyelectrolytes such as DARVAN® No. 7 and,DARVAN® c,
respectively, manufactured by R. T. Vanderbilt Company,
Inc. which can produce a pH of solution or slurry of
about 9 and below, and their equivalents known in the

art.

it is usually advantageous to add such
deflocculants and other dispersants such as TRITON®
X-100 and HC| (pH 2 or greater), and molding aids such
as the algins and the like.

Good results have been achieved when using 10
to 75% solids in water and from 0.1 to 4 weight percent
of a deflocculant with or without a mold aid such as an
alginate, KELTEX® for example. The solids content is
preferably from 0 to 90% by weight sintered spinel and
from 10 to 100 percent by weight spinel calcined at a
temperature of from 900°C to 1400°C. Some part of the
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calcined material may also be replaced with spinel
calcined at a temperature of from 400° to 900°C to
control porosity if such is desirable. Of course,
mixtures of metals, metal oxides and mixtures of
different metal spinels may also be used as the solids
content.

Slip Casting
A calcined MgAlzoq spinel powder, prepared

according to the previous procedures, is ballimilled

with water and the enumerated dispersants/deflocculants ~

added. The slip is re-ballmilled and then poured into
various molds, which had the ability to absorb water
from the slip. When the slip has built up on the wall
of the mold—to the desired thickness the excess liquid
in the mold is poured out and the mold with its lining
of slip solids is set aside for a peridd of time to
further dry and géin strength accompanied'by a shrink-
age away from the moid which can be controlled by the
amount of sintered spinel used in the slip. When the
strength of the solids is sufficient the mold is parted
and the green shape removed and further slowly dried.
Thereafter the green shape is sintered at a temperature
above 1400°C, preferably above 1500°C, for several
hours. The final product is a transliucent body of
about one-haif the dimension of the green shape and
will have a density of between 95 and 99% of the
theoretical density for the spinel.

Solid Casting

The present invention also contemplates using
solid casting techniques wherein the slurries can vary
in solids content and the ratios of the calcined to
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sintered spinel particles in the slurry can vary from
10% to 100% by weight calcined spinel to 90% to 0% by
weight sintered spinel depending upon the nature of the
shape and its intended use. For example, a fire brick
for use in a coal fired boiler can be prepared by
mixing from 10 to 60 percent by weight of calcined
spinel with from 90 to 40 percent by weight sintered

. spinel (spinel which had been calcined at a temperature

of 1400°C and thereafter in granular or powder form
sintered at a temperature above about 1500°C) with the
appropriate deflocculants and/or molding aids and water
to produce a 40 to 60 percent solids slurry with or
without porosity control agents being added and solid
casting techniques employed to produce a shape capable

of being fired.

Various dispersing agents which have the
ability to prevent flocculation of the fine particles
of calcined spinel were used to determine their effec-

tiveness.

, Initially, slips were experimentally prepared
using various recognized slip molding aids such as
TR1TON® X-100 (dispersant), CARBOPOL® 934 and KELTEX®
(alginate). Castings formed from use of these aids
were poor and all the castings cracked. This is
believed to have been caused by the absence of a binder
or deflocculant and the foaﬁfng action of some of the

above agents.

in another experiment 80cc of KELTEX® as a

0.5% solution; 5cc CARBOPOL® 934 as a 1% solution; 4.5
grams DARVAN® 7; 65 cc water and 100 grams of the
spinel (MgAIzoq) powder calcined at a temperature of
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1300°C were well mixed. The slurry had a pH of 8-9. !
The slurry was poured into a cube mold treated with
0.2% KELTEX® as a mold release agent and set aside to
dry. The casting shrank away from the mold sides and
was easily removed. No cracks appeared at any surface.

Still another slurry was prepared, comprising
160 g of a 0.5% aqueous KELTEX® solution; 4.5 g DARVAN®
7 and 100 g of spinel powder calcined at a temperature
of 1300°C. The slurry was well mixed, poured into a
cube mold treated with 0.2% KELTEX® mold release agent.
The drain cast method was employed. A one hour casting
time followed by decanting of the remaining liquid,
resulted in a 3/32 inch wall thickness of the five
sided open top cube form. Although the casting cracked
at the interior corners on drying following removal
from the molid the outside corners remained sharp and
the casting was therefor still satisfactqry;

The fol{owiné composition was prepared and
used to cast several shapes.

@

6160 g KELTEX® 0.5% solution
119 g pArvAN® ¢
209 g DARVAN® 7

6317.6 g spinel powder (calcined at 1200°C)
2235.8 g spinel powder (sintered at 1535°C)

The spinel powders were balimilled together
for 26 hours, then the liquids were added and ball-
milling continued for 36 hours. Seven days later the
slip was used to cast, by the cast-drain technique, a
furnace crucible, a cup mold prepared from a foam
hot-cold beverage cup, each from plaster-of-paris;

o WIPO
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three commercial molds, a mug with handle, a mug with
separate handle mold and a bowl each from No. 1 pottery
clay. The castings were made at about 1 hour casting
time followed by slip decanting and drying in the mold
for about 2 hours before removal of the casting from
the mold. The casting was dried overnight at room
temperature then two days at 120°C and ultimately
sintered at a temperature of about 1535°C. The
castings densified to about the theoretical density for
the spinel and were reduced in all dimensions to about
one-half the unsintered dimensions. Articles made from
these castings were translucent and crack free with the
exception of the mug with handle attached which lost
the handle due to shrink cracking on removal from the

moid.

Ten days later, twenty-three days-after the
slip was prepared, castings were attempted with no
success. The apparent reason is the suspected break-’
down of the KELTEX® (sodium alginate)f This experiment
suggests a preservative is necessary if the casting
operation is to be carried out over an extended period
of time (severals days to weeks) after the silip has

been made.

Another slip was prepared using
328 g DARVAN® 7
6160 ¢ KELTEX® 0.5% solution
2236 g spinel powder (sintered at 1535°C)
6318 g spinel powder (cancined at 900°C)

Again the dry powder spinels were balimilled
together for 24 hours, the remainder of the ingredients
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added and the resulting mixture ballmilled for 24 hours
then aged for one week. Thereafter, the slip was used
to cast a cup and a bowl. Castings cracked on drying
in the mold before removal and after removal. Analysis
of the grain size and shapes of the ballmilled slurry
solids and the previously prepared slurry solids showed
the former to be sharp edged whereas the latter were
smoother, more round in character. The conclusion
drawn from this experiment is that the calcined
material must be calcined at a temperature above 300°C
and preferably at a temperature of from 1200°C to
1400°C to obtain the more round powder particles.

In still another experiment a slip was made
using 328 grams of DARVAN® 7 only; 8553 g spinel
calcined at a temperature of about 1200°C and 6160 g
0.5% KELTEX® solution. The castings cracked.
Modification of this recipe to include a sintered ]
spinel was no more successful. Further modification of
the recipe to include DARVAN® C in addition to DARVAN@
7 proved successful.

In addition, using the scrap obtained by
pulverizing either calcined or sintered sérap pieces as
well as wet green castings redispersed, and employing a
deflocculating agent, a small amount of water and
balimilling the slip for about 24 hours, good castings
were prepared, dried and sintered. Vacuum decanting is
advantageous since the "decant-iine" does not form.

Mg(Cr-Alz)oh was prepared in accordance with
example 11 having the formula MgAlQCrz_XOA and used in
the following manner in accordance with the present
invention.

®
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653 g H'MgAIQCrz_iour(ca!cined at 1400°C)
25 g DARVAN~ C
2.8 g KELTEX® (sodium Alginate)

450 g H2o :

was ballimilled for 16 hours then slip cast. The material
cast easily and on sintering produced a crack-free cup
without handlie. Shrinkage was about 50%, density about

theoretical.

The same formulation was used except that
MgAl,0, was .substitued for the Mg(CrAl),0,

653 g MgAlZO (calcined at 1400°C)

25 g DARVAN~ C

2.8 g KELTEX® B
450 g H20

This slip also cast satisfactorily. The
castings sintered to a density of 92% of theoretical.

This system of slip casting can be employed
with any type of one, two or more metal spinels if the
material is coprecipitated and properly calcined. Also
spinels combined with other ceramic materials capable
of forming a slurry can be slip cast. Examples of
other materials are various oxides (Alzos, Sioz, Zro2
Kaolin, etc.) as well as oxides, such as MgO, that
hydrate can be cast using cold water and allowing the
material to age (hydrate) before casting. The additive
oxide powders that hydrate should have low surface area

too.
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In another experiment, a spinel of the general

formula MJMIIOQ prepared in accordance with the procedures

set forth agove was calcined at a temperature of from
about 400°C to 1400°C, and preferably from 900°C and

5 1400°C, and a portion thereof sintered at a temperature
above about 1500°C and the mixture slurried in water
with the aid of the aforementioned anti-flocculants,
The slurry was preferably an aqueous slurry having a
solids content of from 50 to 75% by weight and more

10 preferably from 60 to 70% by weight.

The sintered spinel (i.e. the calcined spinel
above described further heated to a temperature above
about 1500°C for from 1 to 20 hours to complete densi-
fication) may be added to the slurry in amounts of from

15 0 to about 67% by weight of the total solids content of
the siurry.

Lfkewise the precipitate for said spinels
above set forth can be incorporated into the slurry to
the extent of about 33% by weight of the total solids

20 content of the slip.

It is to be understood that other metal
oxides may be added to alter the densification of the
finally sintered spinel structure and reduce shrinkage

of the slip casting during sintering.

25 It is also to be understood that two or more
different spinel compositions or precursors can be
employed to prepare the slip, for example a Mg(Cr-Al)zoq
spinel can be used instead of the MgAI204 in part or in
whole. Further (MgFe)(Al-Fe)zog spinels can be employed

30 as the only spinel or as a component of a composite
spinel slip composition.
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One major difference of using the spinels of
the present invention over previously prepared spinel
slips is that organic binders are not necessary to

obtain the green strength of the casting.

In another experiment, a Mg/Al spinel was
prepared in accordance with the above prodecure having
an Al to Mg ratio of 2.05, by analysis. The spinel was
calcined at a temperature of 1300°C and used in the

manner hereinafter described.

130 Grams of the calcined spinel was mixed
with 78 grams of water and 15 grams of 25% active
DARVAN® 7 and milled in a ball mill for 1 hour. There-
after the slip was cast into a 2-inch rectangular
Blaster mold. The casting demolded without cracking.

in.a similar manner a spinel having an Al/Mg
ratio'of 1.99 and calcined at a temperature of 1000°C
was formulated as above, milled then cast. The slip
was slower to release and was difficult to demold.

Several additional slips were prepared
employing precursor, calcined precursors of various
heat history and calcined/sintered precursors. Good
sl ips were prepared'using DARVAN® 7, 25% active, and
the enumerated weight percent of the various forms of

the precursor, calcined, and sintered precursor.

L Paraty
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GRAMS
CALCINED - SINTERED  H,0 DARVAN® 7
(°c) (°c) 25% ACT.
5 - - 5 13.3 .7
(1000)
8.5 - = 22.6 14.1 1.7
(1000)
7.5 3.8 20 12.5 1.5

(1000) (500)
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WE CLAIM:

1. A coprecipitate comprised of a layered
crystallite having the structure

11 ¢, d
M ch
! b
5 M Xa

' Svd
wherein M‘ represenfs one or more metal
cations having valence(s) a, Mll represents one or more
metal cations, at least one of which is different from
10 Ml, having valence(s) ¢ different from a;
X and Y each represent one or more anions
having valences b and d, in charge balance with a and
c, respectively, and X and Y are convertible to the
oxide on heating;
15 the molecular ratio of M]X to M']Y being
(1+z)MlX-2MIIY where z 2 zero but less than 3; and

sufficient segregated phases of the formula

I My to provide an overall stoichiometry

M -0-Y and/or M
of M'x-am'ly.
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2. The coprecipitate of Claim 1 wherein Ml
represents a cation of a metal or mixture of cations of
metals having a valence of 1, 2, & or 6; Mll represents
a cation of a metal or mixture of cations of metals
having a valence of 1, 2, or 3; and X and Y are anions
having a valence of 1 or 2 selected from the group
consisting of hydroxyl, halogen, sulfate, formate,
hydrogen phosphate, acetate, nitrate, carbonate, bicar-
bonate or mixtures thereof comprized as halocacetate,
hydroxycarbonate, chlorohydroxide.

3. The coprecipitate of Claims 1 or 2 wherein
the metal cations Ml and Mll are selected from the

. . ++ ++ ++ .
group consisting or Li, Mg, Fe 7 Mn ', Co , Ni, Ca,

Zn, Al, Fe+++, Cr, Co+++, Ga, Ti, Mn++++, Sn, Mo and W

and mixtures thereof.

b, The coprecipitate of Claims 1, 2 or 3 wherein

-

the anions X and Y are selected from the group

consisting of OH , | , Br , F , Cl_, SO, cl(on)”,
H. PO, HPOZ, HCO, (COHOCOB)-B, 0-C(0)CH; its halo-

L2 T

genated derivatives, NO cog, HCO%, and mixtures

31
thereof.

5. The coprecipitate of any one of the preceding

claims having the structure

- Al(OH);

(1+z) Mg(OH),
AI(OH)3

and at least one segregated phase of the formula
AlO(OH) and/or AX(OH)3 wherein the overall stoichio-
metry of the precipitate is MgAlz(OH)a.
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6. The coprecipitate of Claim 5 wherein z is
about 1 and sufficient AIO(OH)/AlI/OH) is present such
that the Al/Mg ratio in the overal!l coprecipitate, is
about 2.05 to 1, respectively.

7. The coprecipitate of any one of Claims 1 to &
wherein Ml is a mixture of the metal cations, Li and
Mg, in an atomic ratio of about 2 to 9, respectively,
Ml' is aluminum, X and Y are each substantially OH ,
and (Li + Mg)/Al is 1 to about 2, respectively.

8. The coprecipitate of any one of the preceding
Claims wherein substantially all X and Y's have been
converted to OH's by caustic treatment.

9. The coprecipitate of any one of Claims 1 to &
wherein M] is a mixture of the metal cations Fe++ and

* Mg in an atomic¢ ratio of from about 1 to 9 to about 9

to 1, respectively, il s Al, X and Y are substan-
tially each OH, and the Fe-Mg to Al ratio is about 1 to

2.

10. The coprecipitate any one of Claims 1 to &
wherein Ml is Mg, MH is a mixture of the metal cations
crt™™ and Al in a ratio of between 1 to 9 to 9 to 1

respectively, X and Y are OH and the Mg to Al-Cr ratio
is about 1 to 2.

11. The coprecipitate of any one of Claims 1 to
L wherein Ml is a mixture of the metal cations co™™ and
Mg in an atomic ratio of from about 1 to 9 to about 9
to 1, respectively, M" is aluminum, X and Y are each

OH, and the Co-Mg to Al ratio is about 1 to 2.
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12. " The coprecipitate of any one Claims 1 to &4

1l

‘wherein MI is Mg, M is a mixture of the metal cations

co™ and Al in a ratio of between 1 to 9 to 9 to 1
respectively, X and Y are OH and the Mg to Al-Co ratio

is about 1 to 2.

13. The coprecipitate of any one Claims 1 to &
wherein MI is a mixture of the metal cations Fe' @ and
Mg in an atomic ratio of from about 1 to 9 to about 9

H is a mixture of the metal

to 1, respectively, M
cations Fe'™" and aluminum in the atomic ratio of
between 1 to 9 and 9 to 1, respectively, X and Y are OH
and the Mg-Fe++ to Al-Fe ™% ratio is about 1 to 2.

14, A spinel comprised of the coprecipitate of
any one of the preceding Claims which has been heated
to a temperature from 400°C to 1400°C.

15. "~ The spinel of Claim 14 which has been heated'
to a temperature of from 1000° to 1200°C and, prior to
heating, washing the precipitate with water or an
alkaline solution, recovering the precipitate and
drying.

16. The spinel of Claims 14 or 15 Having a )
density equal to or greater than 50% of the theoretical
density of the spinel formed by sintering at a temper-

ature of greater than 1500°C. '

17. The spinel of Claim 16 having a density equal
to or greater than 90% of the theoretical density of
the spinel.

3UREAU'
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18. A spinel comprised of the coprecipitate of

-any one of Claims 1 to 13 prepared by mixing M]X and -

M'lY as an aqueous slurry maintained at a pH of from

8 to 10, washing the mother liquor and precipitate with
water or an alkaline solution, separating the solids
from the mother |iquor-wash Iiquor, washing the solids
with water, drying and calcining at a temperature of

from 400°C to 1l400°C.

19. A dense spinel prepared by sintering the
product of Claim 18 at a temperature greater than

1500°C. |

20. The coprecipitate ‘'of anyone of Claims 1 to &
prepared by coprecipitating from solution the dissolved
M'X and MJIY at the lowest pH at which precipitation
will occur for the desired components, MllY and MlX
being present in a ratio of from 1.8 to 1 to 2:2 to 1,
respéctively at a temperature of from QQ°C.to 100°C. '

21. A spinel prepared by washing the coprecip-
itate of Claim 20 with a caustic solution, drying and
heating the coprecipitate to a temperature of from
400°C to 1400°C to convert the coprecipitate from
mix-2m'ly to a dry spinel powder having the formula

22. A densified spinel prepared by heating the
spinel of Claim 21 to a temperature above 1500°C for a
time sufficient to increase the density thereof to
greater than 50% of the theoretical density for such

spinel.
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23. A method for preparing a coprecipitate
comprised of a SQbstantially'layered crystallite having
the structure

I

M Y
(1+2) M' X
Mll Y

wherein Ml represents a cation of a metal or mixture of
cations of metals having a valence of 1, 2, &4 or 6; M'[
represents a cation of a metal or mixture of cations of
metals having a valence of 1, 2, or 3; X and Y are
anions selected from the group consisting of hydroxyl,
halogen, sulfate, chlorchydroxide, hydrogen and
dihydrogen phosphate, nitrate, carboxylates and their
halogenated derivatives, carbonate, bicarbonate or
mixtures thereof; z equals or is greater than zero but

less than 3, and sufficient segregated phase of M[I"O"Y

and/or M"Y to produce a stoichiometry of

mixeom!ly
comprising the steps of coprecipitating from a solution
the dissolived MIX and MllY at the lowest pH of the
solution at which precipitation will occur for all
components, maintaining mily and M'X in the ratio of
1.8 to 1 to 2:2 to 1, respectively at a temperature of
from 20°C to 100°C, washing the mother |iquor and the
precipitate with water or an alkaline solution,
separating the precipitate from its mother [iquor,
washing the so treated precipitate, and-.drying the
precipitate.




10

15

20

25

WO 82/00820 PCT/US81/01158

56

24, The method for preparing a spinel powder
capable of densification under heat by calcining the
product of Claim 23 at a temperature of from 400°C to
1400°C thereby to produce a spinel of the structure
M'MélOL+ of a density less than theoretical.

25. The method for preparing a dense spinel by
sintering the product of Claim 24 at a temperature of
greater than 1500°C with or without first pressing it.

26. The method of Claim 24 including the step of
compressing the spinel powder at a pressure of from
5000 to 50,000 psig into the desired shape and
sintering the so shaped article at a temperature above
1500°C for a period of time of from 5 minutes to 100

hours.

27. The method of Claim 24 inciuding the step of
shaping the spinel powder with or without the use of
binders which may be etchable, combustéble, meltable,
or vaporizable, said shaping being done under pressure,
sintering said shaped article at a temperature above
1500°C, and washing, etching and/or vaporizing any
remaining additive to produce a porods shaped article
in which the particles are highly densified and joined

to each other.

28. A casting composition comprising from 10 to
75% by weight of a the spinel of Claims 14, 15 or 18
and the balance water and a deflocculating _agent to

form a. substantially stable dispersion of the powder.
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The casting composition of Claim 28 wherein

at least 10 percent of the spinel powder
is a coprecipitate precursor calcined at
a temperature of greater than 900° and
up to 1400°C;

up to 90% of a precalcined coprecipitate
precursor sintered at a temperature
above 1500°C; and

the balance, if any, of a coprecipitate

precursor calcined at a temperature of

- from 400° to 900°C.

The casting composition of Claim 28,

29.
1Y)
5
2)
3)
10
30.
comprising
1)
15
2)
20 3)
4)
5)
25

31.

from 0 to 25 weight percent of a spinel
powder sintered at a temperature of
about 1500°C; .

from 10 to 50 weight percent of a spinel
powder calcined at a temperature greater
than 900° and up to 1400°9C; '
from 25 to 90 percent by weight of
water;

from 0.2 to 4 percent by weight of a
mold aid; and

from Q.1 to & percent by weight of a
deflocculating agent.

The composition of Claim 30 wherein said mold

aid is an alginate and said deflocculant is a poly-

electrolyte.

-

AN
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- 32, Thq casting composition of Claim 28, wherein .

at least 10 weight percent of the spinel powder:.is a
coprecipitate precursor calcined at a temperature of
from 900°C to 1400°C; up to 90 weight percent of the
precalcined coprecipitate precursor is sintered at a
temperature above 1500 °C; and the balance, if any, is
a magnesium-aluminum coprecipitate comprised of a
layered crystallite having the structure

Al (OH) 5
(1 +2) Wgom,
Al(OH)3

and at least one segregated phase of the formula
AlO(OH) and/or AI(OH)3 wherein the overall stoichiometry

of the precipitate is MgAlz(OH)ét

33. The casting composition of Claim 31 wherein
said Mg/Al coprecipitate is less than 15 weight percent

of the composition.

34, An article prepared by casting the composi-
tion of any one of Claims 28 to 33 and sintering the so
cast shape at a temperature above 1500°C for one to

twenty hours.

35. The casting composition of Claim 287comprising
a low viscosity slurry of a mixture of spinel precursor
calcined at a temperature of from 400°C and 1400°C and
the same or a different spinel or batch of precursor
calcined and then sintered at a temperature above
1500°C, the calcined spinel being present in an aqueous
slurry in an amount of from 10 to 100% by weight of
which up to 33% by weight of the total composition may
constitute the precursor, and from 0% to 67% by weight
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may constitute the sintered spinel, -said spinels being
present in said slurry to provide from 50 to 75% by
weight solids content, the balance being water, and
from 0.1 to 5% of an anti-flocculating agent.

36. The casting compdsition of Claim 35 wherein
said spinel is MgAlzoq.

37. The casting composition of Claim 35 wherein
said spinel is MgAI204 and the composition comprises
‘about 33% by weight each of said precursor, a spinel

calcined at a temperature of above 900°C, and a sintered
spinel.

38. The slip of Claim 35 wherein said spinel is
MgA1204 and the composition comprises about 63.8% by

weight of a sintered spinel, 24% by weight of a spinel
calcined at a temperature above 900°C, and 12.1% by
weight of a spinel calcined at a temperature of from
500°C to 900°cC.
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