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7 1. A solid, transparent, non-vitreous, ceramic spheroid
substantially free of cracks, having substantially no open porosity and an
index of refraction greater than 1.6 and compriging crystalline zirconia
and at least one other metal oxide selected from the group consisting of
alumina, magnesia, yttria, and mixtures thereof, wherein, for those
spheroids containing silica,. the molar ratio of zirconia to silica is

-greater than 1.8. ' _ 0

13. A thermal extractwe ge]atlon process for making a solid,
non-vitreous ceramic article substantially free from cracks and having,

'substantially no open porosity, said process comprising the steps of:

(i) prepéring a zirconyl carboxylate-containing
precursor mixture haQing a concentration )
sufficient to obtain a convenient den51ty and
viscosity for forming droplets; _

(ii) adding the mixture from step (i), by a means oo
'  which forms droplets of the mixtuté, to a liquid S 3% .
. extractant at'a temperature at which carboxylate
is llberated from the z1rconyl carboxylate as a
carboxylic acid and characterized by:
' (é) a substantial solubility for the carboxylic
acid at the operating temperature; and

7:
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(b) low solubility for the zirconyl carboxylate
and other ingredients of the mixture from
step (i);
(iii) allowing the droplets to remain in the extractant
for sufficient time to form stable gel spheroids;
(iv) separating the gel spheroids from step (iii) from
the extractant;
(v) firing the gel spheroids at a temperature
sufficient to convert them to fired,
ceramic; and
(vi) allowing the fired spheriads from step (v) to

cool.

18. A pavement marking comprising a layer of polymeric binder
material in which is emoedd#a a multiplicity of solid, transparent,
nop~vitreous, ceramic spineroids having an index of refraction greater than
1.6 and comprising crystalline zirconia and at least one other metal oxide
selected from the group consisting of alumina, magnesia, yttria and
mixtures thereof, said spheroids being substantially free of cracks and
having substantially no open porosity.
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TRANSPARENT NON-VITREOUS ZIRCONIA MICROSPHERES

Abstract of the Disclosure

Solid, transparent, non-vitreous, zirconia
and zirconia-silica ceramic microspheres, useful as lens
elements in retroreflective pavement markings. The
microspheres are characterized by:

(a) containing at least one additive metal oxide
selected from alumina, magnesia, yttria and
mixtures thereof;

o (b) an index of refraction greater than 1.6; and

(c) being virtually free of cracks.

These microspheres are formed by a sol-gel technique of
extractive gelation (extracting carboxylic acid away from
zirconyl carboxylate) of a sol in liquid medium such as hot
peanut o0il. The microspheres of this ceramic composition
‘e have been made with relatively large diameters, (e.qg.

ferrre : 200-1000 micrometers) making them quite useful as lens
elements in pavement marking sheet materials.

I

T A A g S i e e e e b e o e

o e e S AT




10

15

20

25

30

35

40403 AUS 1A

"IQ,-

TRANSPARENT NON-VITREOUS ZIRCONIA MICROSPHERES

Technical Field
This invention relates to ceramic articles such

as microspheres made of such materials as zirconia-
alumina-silica mixtures. It also relates to the field of
pavement markings that include transparent microspheres for
reflectorizing the markings. 1In another aspect it relates
to a process for preparing such ceramic articles.

Background

The pavement marking industry has long desired
transparent, solid microspheres or beads that would be
useful as brighter and more durable retroreflective lens
elements in pavement markings. The transparent
microspheres now most widely used for pavement markings are
made of certain glasses, which are amorphous vitreous
materials. Generally these glasses are of the
soda-lime-~silicate type having a refractive index of only
about 1.5, which limits their retroreflective brightness.
Glass microspheres of improved durability and a higher
refractive index have been taught in U.S. Patent No.
4,367,919.

A transparent ceramic microsphere made by a
sol-gel process from silica and zirconium compounds is
taught in U.S. Patent No. 3,709,706. Generally, a sol-gel
process is one which converts a colloidal dispersion, sol,
aquasol or hydrosol of & metal oxide (or precursor thereof)
to a gel. A gel is a material form wherein one or more of
the components are crosslinked either chemically or
physically to such an extent as to'cause a -three
dimensional network to form. The formation of this network
results in an increase in viscosity of the mixture and a
mechanical immobilization of the liquid phase within the
network. The gelling step is often followed by drying and
then firing to obtain a ceramic material.

L




e A i i il RPN AT i — . oan ML

-2-

Microspheres used in paVement markings generally
average between about 100 and 1000 micrometers in diameter
in order to assure that the light-gathering portion of the
micraspheres protruding from the pavement marking is not

-5 obscured by road dirt.

The transparent microspheres used in
retroreflective sheeting applications such as pavement
marking sheets typically have an index of refraction
between about 1.5 and 2.5. A refractive index (ND) of at
10 least 1.7 provides good reflectivity under dry conditions

(ND of 1.9 being preferred), and some or all of the
microspheres should have an index of refraction of at least o
2.2 if wet reflection is desired.
In zirconia-silica (ZrOZ-SiOZ) ceramic
15 microspheres, which are known to the art, zirconia is
believed to be the constituent which imparts toughness,
durability, strength and high refractive index. However,
increasing the mole ratio of 2ro, to sio2 much above 1.3:1
can cause increased cracking of the microspheres during
20 processing. | |

Disclosure of Invention

_ Among the objects of this invention are:

1) ceramic microspheres which are not only transparent, but
25.‘which also can be made large (over 100 micrometers), have a
 refractive index greater then 1.6 and are highly resistant
to scratching, chipping, and cracking; and 2) a reliable
process for producing them without cracks or occlu51ons.

_The present invention provides new transparent,
30 'solid ceramic particles (beads or microspheres) which can
be made with sufficient cIarity, index of refraction, and
other propertles to make them useful as superlor lens
elements in retroreflectlve pavement markings. The new

ceramic. partlcle may be summarlzed as:

PEEEN v 35 a solid, tranSparent, non-vitreous, dense, ceramic
' -aspher01d substantlally free of cracks, having an index of
~ refraction greater than 1:6, and comprising 21rcon1a and at
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‘least one other metal oxide selected from the group

consisting of alumina (A1203), magnesia (MgO), yttria
(Y203) and mixtures thereof wherein for those spheroids
containing silica, the molar ratio of zirconia to silica is
greater than 1.8, preferably greater than 2.0, more

preferably greater than 2.2.

Another aspect of the invention comprises solid,
transparent, non-vitreous, ceramic spheroids similar to

‘those just described, except that they can contain silica

in any ratio to zirconia provided that the weight of the
other metal oxides combined is greater than 30 percent of
the combined weight of zirconia and silica in the
spheroids.

Normally, the molar ratio of zirconia to the sum
of the moles of the other metal oxide constituents is in
the range of about 1.0:0.005 to 1.0:5.0.

By using these other metal oxides or additives to
zirconia, large (greater than 125 micrometer in diameter)
intact, transparent, ceramic spheroids or microspheres of
zirconia—magnesia, zirconia-alumina-magnesia, zirconia-
alumina-silica, zirconia-silica-magnesia, zirconia-
alumina-silica-~yttria, zirconia-alumina-magnesia-silica,
zirconia-silica-yttria, and zirconia-yttria have been
prepared. In most cases, zirconia has been the predomihant
(by volume) phase. The use of the additive metal oxides in

‘zirconia-silica ceramic microspheres has allowed the

lowering of silica content to raise refractive index (e.qg.
to greater than'1.83), without producing the cracking or
loss_of clarity after firing which otherwise can occur in
these large sizes. In the case of these large (>125

micrometer) microspheres, there is no restriction on silica

cdntent of the spheroids as is expressed in (ii) above.
- Other iﬁgredients which may be present in the

inventive‘compositions are: 1) fluxing agents such as B,05,

Nazo,_xzo, and ons; and 2) othe; oxides in colloidal or

203+

B
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As used in this description, the term "solid"
means a particle or body which is not hollow, i.e. lacking
any substantial cavities within the microspheres such as
described in U.S. Patent 4,349,456 on ceramic metal oxide
microcapsules.

The term "non-vitrecus", for purposes of this
description, means that the ceramic has not been derived
from a melt or mixture of raw materials brought to the
liquid state at high temperature. This term is used for
the purpose of distinguishing the inventive ceramic
microspheres over glass beads which are made b a melt
process.

The term "transparent", for purposes of this
discussion, means that the ceramic spheroids, when viewed
under an optical microscope (e.g., at 100X), have the
property of transmitting rays of visible light so that
bodies beneath the microspheres, such as bodies of the same
nature as the microspheres, can be clearly seen through the
microspheres, when both are immersed in oil of
approximately the same refractive index as the
microspheres. Although the o0il should have a refractive
index approximating that of the microspheres, it should not
be so close that the microspheres seem to disappear (as
they would in the case of a perfect index match). The
outline, periphery or edges of bodies beneath the
microspheres are clearly discernible with such optical.
microscope.

The inventive microspheres can be made fully
dense. - The term "fully dense" means close to theoretical
density and having substantially no open porosity
detectable by standard analytical techniques such as the
B.E.T. nitrogen technique (based upon adsorption of N,
molecules from a gas with which a specimen is contacted).
Such measurements yield data on the surface area per unit
weight of a sample (e.g. mz/gﬁ which can be compared to the
surface area per unit weight for a mass of perfect

microspheres of the same size to detect open porosity.
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Higher specific surface (mz/q) indicates higher surface

rirregularitiés and/or porosity. Such measurements may be

made on a Quantasorb apparatus made by Quantachrome
Corporation of Syossett, New York. Density measurements
may be made using an air or water pycnometer.

The microspheres of this invention may be truly
spherical but may also be oblate or prolate. The preferred
ceramic microspheres are also generally characterized by:

‘an average hardness greater than road sand; toughness,

crush resistance, sphericity and retroreflectivity as great
or greater than those of conventional glass beads having a
similar size and a refractive index of about 1.5; and an
index of refraction of between abcut 1.8 and 2.2. Crush
resistance and brightness highe: than those of known
ceramic microspheres (e.g., ZTOZ—SiOZ) and average hardness
greater than known transparent, sol gel ceramic
microspheres have been obtained. The inventive
microspheres also have fews3r internal imperfections and

- inclusions than conventional glass beads of a similar size.

The present invention also provides a sol-gel
process for making the inventive ceramic microspheres. One
improved sol-gel process, is a thermal extractive gelling
process (as distinguishazd from a dehydrative gelation

process) in which gelation of a sol is induced by

extraction of a carboxylic acid (e.g. acetic acid) from
zirconyl carboxylate. The zirconyl carboxylate is a

‘precursor of the zirconia component of the ceramic

patticlgs of this invention when they are prepa:éd using
thermal extractive gelation. The extractant is a liquid
medium such as an oil. A‘droplet of concentrated zirconyl
acététe sdl,mixture experiences.rapid.gekliﬁg through loss

'idfvﬁhe acid, and gelled beads are produced from the sol in
'_a matter of minutes. When the additive metal oxid%s are

admikedfin'thé form of soluble salts, or in some cases in
thg fdrm,o£,colloida1 dispersions, in the bead precursor
solution or sol, they act to prevent cracking during the

drying and firing of the gélled:mic:OSphetes,"The'"qteén 
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beads" of the new compositions are removed from the.
extractant by standard techniques, dried, and fired (e.g.
at 900° to 1350°C).

7 This process provides uncracked, fired, ceramic
particles'in large size (greater than 125 micrometers in
diameter) with a combination of vetroreflective brightness
and durability not available from known glass microspheres.
The sol-gel process also has the advantage of lower
processing temperature than glass forming processes and
thus less energy consumption per unit weight produced.

When the additive metal oxide is alumina, it has
been observed that gelation by the thermal extractive
process occurs more readily than for zirconyl carboxylate
systems not containing A1203 or its precursors.

The ceramic microspheres of this invention are
useful not only in pavement marking materials but also in
other fields such as: peening materials (because of their
toughness); high temperature ball bearings; fillers and
reinforcing agents in such materials as glass, refractory

‘mizterials, ceramics, metal matrix materials and polymers;

reflective sheeting; and media for attrition mills such as
sand mills. The inventive ceramic microspheres can be
crushed or otherwise pulyerized and the particulate product

~used as an abrasive. After being thus reduced in size, the

particles are no longer spherical but would have irregular

: shapesr

Detalled Descr1pt1on;

'whereas prlor ~art glass microspheres used as
retroreflectlve elements have a generally uniform,

.contlnuous, glassy structure, substantially free of
.crystalllnlty (often spec1f1ed to have less than 5 percent

crystalllnlty), mlcrospheres of this invention preferably

 have a subd1v1ded or grainy structural nature, comprising a

35

mlcrospheres of the 1nvent10n, or crystallltes.

—mult1p11c1ty nf grains such as amorphous remnants of

collo1da1 silica part1cles from a sol used in preparing the

S AU e SRR RN
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The term "grain" will be used hereinafter as a
term generic to crystallites in crystailine materials and
to domains or c¢olloidal particles in amorphous materials.
For best reflective brightness, it is preferred that the
size of grains in the microspheres be no larger than 1000
angstroms (crystallites preferably 50-400 angstroms, more
preferably below 150 angstroms) to minimize the effect of
grain boundaries on light transmittance and also to
minimize the effect of larger areas on light scattering
especially with large differences in refractive index
between different phases (e.g. crystalline Zro, and A1203
and amorphous Sioz). In order to minimize light
scattering, the largest dimension of the crystallites of a
light transmissive material preferably is less than one
quarter of the wavelength of the transmitted light. 1000
Angstroms is well below one quarter of the average
wavelength of visible light which is about 5500 angstroms.
The preferred inventive microspheres appear to have
characteristic crystallite sizes which are about 100 to 150
angstroms, and the crystallite size distribution appears
more uniform than that of other transparent sol-gel
microspheres (e.g. Zr02~sioz).

Voids in microspheres of the invention are
desirably avoided, by firing the gelled microsphere
precursors to a dense state, thereby improving
transparency, avciding the weakening effect that structural
gaps can cause, and avoiding absorption of moisture or
other liquids that can degrade the microspheres, e.g.,
through freeze-=thaw cycles.

The inventive ceramic particles which are made

- with a sol containing silica have an amorphous silica

phase. Most metal oxides form a polycrystalline or
microcrystalline phase, and the 2r0, and A1203 will form
different crystalline phases. Additives such as ¥,05, Mgo,
and Ca0O can form solid solutions with the zirconia,
resulting in the stabilization or partial stabilization of
zirconia in the cubic or tetragonal form.

WAL
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A study of the effect of silica on
zirconia-silica microspheres has indicated that
transparency is increased with decreasing silica colloid
particle size. The size of the colloidal silica particles

5 in the starting material can vary, for example from 10 to
1000 angstroms in largest dimension. A silica colloid
particle size of less than about 200 angstroms (0.020
micrometers) is believed to yield zirconia-silica ceramic
microspheres having better transparency. The molar ratio

10 of zirconia to silica is usually in the range of 10:1 to
1:2.

From x-ray analyses cf zirconia-alumina-silica
microspheres of the invention, it appears that the zirconia
initially crystallizes in a predominantly pseudo-cubic

15 form, generally observed after firing in air to 700-900°C.
As firing temperature is increased, the zirconia converts
to the tetragonal crystalline habit. The temperature at
which this occurs depends on composition. Zirconia-
alumina-silica microsphere samples of mole ratio

20 3.00:0.81:1.00 prepared by thermal extractive gelation have
been observed by X-ray analysis to show only tetragonal
zirconia after firing at 1100°C for 15 minutes. Generally,
firing the microspheres to 1050-1100°C has resulted in

maximum hardness while retaining high transparency. While
25 firing to higher temperatures often results in higher
hardness, the transparency and hence the retroreflectivity
of the inventive microspheres begins to be reduced.
Raising the firing temperature above 1100°C can be
accompanied by growth of the zirconia crystallites. The
30 increased size of the zirconia crystallites can result in
an increased amount of monoclinic zirconia in the cooled
microspheres. ‘
The presence of yttria in the zirconia-

, alumina=-silica system can result in the formation of

35 stabilized zirconia after firing. . For example,
microspheres having a mole ratio
zirconia:alumina:silica:yttria of 1.87:0.81:1.00:0.15

o

vt verpr e i
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exhibit an X-ray pattern consistent with the presence of
yttria-stabilized, cubic zirconia (Y0.152r0_8501.93) after
firing to only 1000°C.. The zirconia component remained in
the stabilized cubic form when heated to 1300°C.

In samples of the compositional family
zirconia-alumina-magnesia, the presence of both tetragonal
zirconia and magnesia-alumina spinel have been detected by
X-ray analysis.

Silica-containing microspheres of this invention
can be formed from a two phase system comprising an agueous
colloidal dispersion of silica (i.e., a sol or aquasol) and
an oxygen containing zirconium compound which can be
calcined to Z10,. The c¢olloidal silica is typically in the
concentration of about 1 to 50 weight percent in the silica
sol. A number of colloidal silica sols which can be used
in this invention are available commercially having
different colloid sizes, see Surface & Colloid Science,

Vol. 6, ed. Matijevic, E., Wiley Interscience, 1973.
Preferred silicas for use in this invention are those which
are supplied as a dispersion of amorphcous silica in an
agueous medium (such as the NalcoagR colloidal silicas made
by Nalco Chemical Company) and those which are low in soda
concentration and can be acidified by admixture with a
suitabie acid (e.qg. Ludox® LS colloidal silica made by E.

~ I. DuPont de Nemours & Co. or Nalco® 2326 from Nalco

Chemical Co.):

The zirconium compounds useful in making
zirconia-containing sol gel ceramic microspheres of this
invention can be organic or inorganic acid or water soluble
salts; such as the zirconium salts of aliphatic mono or
dicarboxylic acids (e.g. formic, acetic, oxalic, citric,

tartaric, and lactic acids). Zirconyl acetate compounds

are particularly useful. Colloidal zirconia sols which can
be used in this invention are commercially available, for
example nitrate-stabilized zirconia (0.83 moles nitrate per
mole of zirconia marketed by Nyacol, Inc. of Ashland,
Massachusetts). Useful inorganic zirconium compounds which
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can be used are zirconium oxynitrate and zirconium
oxychloride. See U.S. patent 3,709,706, Column 4, line 61
— Column 5, line 5 for further details on zirconia sources
which can be used iin this invention.

In the thermal extractive gelation process, to
gel microspheres, a zirconyl carboxylate compound should be
present. It can be used in admixture with other zirconia
sources, and can be used without the other oxides (e.q.
A1203 or SiOz) to make zirconia sol-gel product. Although
most of the description that follows deals with zirconyl
carboxylate mixed with other oxide precursors, the process
steps are applicable to the gelation of zirconyl
carboxylate sols generally.

The other metal oxides mentioned earlier (e.g.
A1203, ¥,05 or Mg0O) can be supplied as precursors such as
water soluble salts - nitrates, halides, cxyhalides,
phosphates, borates, carbenates, or salts of organic acids
(riono- or di-carboxylic acids, oxaacids, hydroxy acids,
amino acids, or mixtures thereof) or, as in the case of
A1203 and Y,05, as colloidal dispersions.

In the case of zirconia-silica based microspheres
of this invention, the two major raw materials are usually
present in the starting sol in amounts sufficient to
prov%de equivalent Zroz:sio2 mole ratie in an aqueous
dispersion in the range of about 10:1 to 1:2. As the
proportion of the material having the higher index of
refraction (Zroz) is increased, the refractive index of the
resulting microspheres increases, thus allowing an
adjustment of refractive index to suit different purposes.

A dispersion can be prepared by admixing a silica
aquasol with' an aqueous metal oxide précursor salt solution
under agitation. For some starting materials, reverse
order of addition (i.e. adding the metal oxide solution to

"the silica aquasol under agitation) can lead to non-uniform

interspersal of the amorphous and crystalline grains in the
final microsphere. The mixture is agitated in order to

\
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6btain a uniform dispersion without forming a floc or
precipitate and may be filtered to remove extraneous
material. The aqueous mixture of colloidal silica
suspension and zirconium compound will generally be

~ relatively dilute (e.g. 15 to 30 weight percent solids).

In the thermal extractive gelation process, the
extracting phase or extractant is characterized by: low

. solubility (e.g. less than 1 weight percent) for the

zirconium compound (e.g. zirconyl acetate) and other sol

ingredients; moderate to high solubility (at least 1 weight
percent) for the cdrresponding carboxylic acid (e.g. acetic
acid) at temperatures at which the acid is liberated from a

mixture containing zirconyl carboxylate (e.g., greater than’

70°C); a reasonable degree of stability within the
temperature range of use; inertness to the chemical
precursors of the ceramic; and a possibility of recycling.
Unsaturated oils, such as vegetable o0il, corn oil,
safflower o0il, soybean o0il, sunflower oil, peanut oil and
various derivatives of these oils meet these criteria, and
peanut oil has proven to be a convenient extractant and gel
forming“mediﬁm1 For the preparation of iarger microspheres
(greater than 100 micrometers), the temperature of the

gel-forming medium is maintained below the point at which

~water deﬁtfuctively leaves the nascent microspheres, the

preferred temperature being appgoximately 70 to 99°C for
feed mixtures containing zirconyl acetate in peanut oil.
During microsphere gelation, acetic acid liberated from

droplets of the feed sol is absorbed by the hot oil. A

portidn of the acetic acid may escape by evaporation. The
forming medium (e.g. peanut oil) can be regenerated by
heating briéfly above 118°C to remove residual acetic acid.
' zircohyl acetate-silica sol precursor mixtures

are generally concentrated (tYpically to about 20 to 50
weight-percent fired solids) ppior to introduction into the
forming medium, in order to obtain a convenient density and
viscosity for forming droplets, but concentration is not |

‘made so- high as to cause premature gelation. Concentration

A e s e, R
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has been done by rotoevaporation, which involves
evaporating liquid from a heated, rotating vessel into a
cooled receiving flask, often conducted under reduced
pressure. '

: ' The precursor may be fed to the heated forming
medium by a means which forms droplets in the forming
medium. Such means would include adding the precursor as
droplets and gelling them as such or adding it as a stream
of liquid and shearing by agitation to pfoduce droplets
prior to gelation. Under the ibove-described conditions, a

~droplet of zirconyl acetate based sol rapidly gels, and a

rigid microsphere can be produced in a matter of minutes,
depending on microsphere size.

' The thermal extractive gelation process can be
controlled by varying the following parameters:
a) cdﬁpoéition, concentration and temperature of the
2irconyl carboxylate based precursor mixture; b) the
characteristics of the extracting medium such as acetic

~acid solubility and temperature; and c) extraction

conditions such as acetic acid concentration in the

extractant. The extractive gelation may also comprise

- several different extraction stages operated at different

temperatures, gradually increasing the temperature to which
the microspheres are exposed. The mixture of microspheres
and extractant would cascade or overflow from one stage to
'Residence time and temperature of

 each stage can also be controlled.

After the microsphereS-have been gelled and
formed, they are collected (e.g. by filtration) and fired
or expoSed to high temperatures in an oxidizing (e.g. air)
dtmosphere usually at temperatures of 500° to 1350°C. It
is preferred that most of the zirconia component attains

;high crystallinity and thus in general higher temperatures

(greater than 900°C) are preferred. Firing temperature
should not be so high as to cause loss of transparency due
The addition of
other metal oxides to the zirconia may also alter the
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preferred firing temperature which can be determined
experimentally. . In general, higher firing temperatures
also help to achieve microspheres which are fully dense.
In the firing process, the unfired ceramic microspheres
5 should be loosely packed in order to obtain a uniform, free

flowing fired product.

The "hardness of the microspheres of this
invention is typically greater than 800 knoop. Knoop
-hardness (50 and 100 g. loads) measurement have been made
10 of the inventive ceramic microspheres and certain controls.
The representative hardness measurements given in Table 1
below and in the examples represent the average of at least

10 individual indentations and measurements on microspheres

which had been mounted in epoxy resin and polished to

15 obtain a planar surface.
| Table 1
; ‘ Knoop
o s Sample Main Constituents Firing Hardness N
E.: .; Number Molar Ratios Temperature  Average D
::ZE':, 2 ,zroz:SiozzA1203 | N
A 1.87:1.00:0.81 1010°C 1291 .83-1.84
st B 3.00:1.00:0.81 1100°C 1291 .89-1.90
i 2r0,:510,:A1,04:Y,04
¢« e C  2.40:1.00:0.81:0.096  1100°C 11389 .87-1.88
st D 3.00:1.00:0.81:0.12  1100°C 1407 .91-1.92
T3 200,:510,:Mg0
E 2.23:1.00:0.112 950°C 965 ~1.90
e Control Samples
Ceine” - 1.5 Nj glass beads ** k . 770
O 1.75 N, glass beads** 602
. 30 1.9 N glass beadskx 566
RERT | ‘road sand . L 573
B  sand blast sand 1117
e 281 2r0,:Si0,% 11000 800 1.75
g{rfrw X o 1:1 ‘ , ,
| 35 252 zro,:Siogk 1030 955 1.83
‘ ©1.3:1.0

- * made by process similar to samples A-E

*k 150;210 micrometer particle size

e S e e b el
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Crush resistance of the inventive microspheres
has been measured on an apparatus the major feature of
which is two parallel plates made of very hard,
non-deforming material (e.g., sapphire. or tungsten
catbide), A single micfosphere of known diameter is placed
on the lower plate and the upper plate lowered until the
miorosphere fails. Crush resistance is the force exerted
on the microsphere at failure divided by the
cross-sectional area of the microspheres (nrz). Ten
microspheres of a given composition are tested and the
average result is reported as the crush resistance for the
composition. = Crush resistance of the inventive
microspheres generally has been measured at greater than
about 250,000 psi (1,720 megaPascals) and samples have been

- measured at greater than 300,000 psi (2,064 megaPascals)

crush resistance. Glass beads typically have a crush
resistance of about 50,000 to 75,000 psi (350-525

Brightness or reflectivity is measured in units
of millicandela/foot candle/square foot (mcd/fc/ft2) with a
photometer. Measurements are normally made with incident
light at an angle of 86.5° from normal to the surface of a

~reflective sheet in which the microspheres have been

incorporated,‘with a’divergence angle between the light

source and the photocell of 1.0°. The relative brightness

‘df.Sample A in Table 1 above was 2.00 compared to values of
1.40 and 1.85 for controls ZSl and 2S2 respectively and
1. 00 for 1.75 N glass beads. _

The 1nvent10n will be further clarified by a
con51derat1on of the follow1ng examples which are intended
to be purely exemplary. In the examples, the following raw

_materlals have been used:

Ammon1a stablllzed colloldal silica, 14 5

L “wexght percent S1O2 w1th a primary particle size of about
35

50 angstroms and pH of about 9, obtained as Nalco 2326
from Nalco‘chemlcal Co..
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-~ Aqueous zirconyi acetate solution containing a
complexrbf,the,formula Zr0(02CCH3)2-XH2O at a congentration
equivalent to 25 percent z2ro, and water, obtained from

5  Harshaw Chemical Co.
Aluminum formoacetate solid (34.44% A1203)
obtained as N,-iacet<E from Union Carbide Corp. -

Chloride-stabilized colloidal alumina, 10 weight

' percent A1203, with a primary ?article size of about 20

10 angstroms and a pH of about 5.1, obtained as Nalca® 614

' from Nalco Chemical Co.

' The term "fired solids" as used herein means the

actual oxidé'equivalent,'the weight percent of which is
obtained by weighing a sample, drying and firing it to a
15 high temperature (over 900°C) to remove water and organic

F substances and any other volatile materials, weighing the
| fired sample and dividing this fired weight by initial
% E .": sample weight and multiplying the quotient by 100.
oot o :
:::5': - 509 Example 1
viteet 90.0g of aqueous colloidal silica sol, while
ot 'being rapidly stirred, was acidified by the addition of
0.75 ml concentrated nitric acid. The acidified colloidal

silica was added to 200.0g of rapidly stirring zirconyl
23 aqetqtg:solﬁtion@ 52.05g of Niacet aluminum formoacetate
(34.44% fired solids) were mixed in 300 ml deionized water
and diésblved-byrheating to 80°C. This solution, when
cooled, was mixed with the zirconyl acetate/silica mixture L
described previously. The resulting mixture was
30"¢oqéentrated”bylrotoevaPOratibn to 35% fired solids. The
concentrated bead precursor solution was added dropwise to
stirred, hot (8&—90°C) peanut oil. The precursor droplets

were reduced in size'by-the agitation of the oil and
gelled. SN ' , |
 '3§*  : - ~The odor of aéetic‘§¢id'was deteétéd_élmbst
- immediately after the addition began. Agitation was
v continuedzin order'td‘suspend most of the resulting gelled
"~ droplets ih—thevqilﬁngfter about one hbuf; agitation was

o
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stopped and the gelled microspheres were separated by
filtration. The recovered gelled microspheres were dried
in an oven for 5 hours at 78°C prior to firing. The dried
microspheres were placed in a quartz dish and fired in air
by raising the furnace temperature slowly to 900°C over 10
hours, maintaining 900° for 1 hour, and cooling the
microspheres with the furnace. The initial firing of all
the samples was done in a box furnace with the door
slightly open. Examination with a microscope revealed that
most of the microspheres with diameters in the range of
200-300uym were intact and clear. Samples fired at 1100°C
for 15 minutes were shown by X-ray powder diffraction
analysis to contain tetragonal zirconia. The microsphere
constituents were in the molar ratio of ZrOZ:A1203:SiO2 of
1.87:0.81:1.00.

Example II

Microspheres were prepared in a similar fashion
to that described in Example I with the exception that
256.68g of zirconyl acetate solution was used and that the
gelled beads were fired according to the following
schedule: increase temperature to 900°C over 10 hours,
maintain 900°C 1 hour, and cool sample in furnace. A
sample of these beads was fired at 1100°C for 15 minutes.
Examination with a microscope revealed that the majority of
beads having diameters in the range of 300-350um were
intact and very clear. The hardness of the beads was found
to average 1355 Knoop, and X-ray analysis showed. the
presence of tetragonal zirconia and a very small amount of
pseudo-cubic zirconia. By comparison with high refractive
index immersion oils the refractive index of these beads
was found to be 1.87-1.88.  The micrOSphére constituents
were 'in the mole ratio of ZrOZ:A1203:SiO2 of
2.40:0.81:1.00.

: Compared to zirconia/silica microspheres madevby
the thermal extractive gelation process, the inventive
zirconia/silica/alumina microspheres set or gel faster and

can be made substantially harder. 5

B L
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Example III

8.81 g. of magnesium acetate (Mg(OAc)2-4H20)
were added with agitation to 200 g. of zirconyl acetate

~solution. After the Mg(OAc),+4H,0 dissolved, the mixture

was concentrated by rotoevaporation (37°C, aspirator
pressure) to 34.9 percent fired solids. This bead
precurscr concentrate was added drop wise to stirred hot
peanut oil (83 to 85°C). The oil was rapidly stirred to
break the bead precursor solution into smaller droplets
prior to gelation. The odor of acetic acid was detected
soon after the addition had bequn. The stirred mixture was
maintained at 83 to 85°C for 15 minutes during which time
mic;osphefes fo:med in the "green" or unfired state. The
microspheres were separated from the hot oil by filtration,
placed on a quartz dish and fired according to the
following schedule: from 85 up to 600°C over nine hours;

from 600 to 800°C over two hours; and maintained at 800°C
for 30 minutes. The microspheres were then allowed to cool
down with the furnace. The microspheres were then refired

at 850°C (taking two hours to reach temperature and
maintaining temperature for 30 minutes). A large fraction

~of the resulting microspheres 100 to 200 micrometers in

diameter were slightly turbid but intact and

‘retroreflective. The molar ratio of the microsphere
constituents was about ZrOZ:MgO of 1.0:0.1. In contrast to

this result, a repetition of Example III without MgO

'produced no intact retroreflective microspheres over 50um
in size, and many of the cracked fragments were black.

In the case of the magnesia additive, very
transparent, large (greater than 300 mlcrometers diameter)
1ntact and dense ceramic m1crospheres of .
zirconia-silica- -magnesia have been prepared having -a

" measured refractive index of about-1.90.= However, when

using magnesia in a System cbntaining zirconia and silica,

";amounts, magneS1a causes the prec1p1tat10n of zircon which

"is often accompanled by exaggerated graln growth which
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would cause the microspheres to become opaque. The
examples which follow will indicate conditions at which
transparent microspheres result.

Exarple IV
While rapidly stirring, 75 g. of ammonia

stabilized colloidal silica obtained as Nalco 2326 was
quickly acidified by the addition of about 0.3 ml. of
concentrated HNO,. This acidified silica sol was slowly
added to a rapidly agitated solution of 200 g. of zirconyl
acetate solution. 8.81 g. of Mg(OAc)2-4H20 was added, and
the resulting mixture was stirred until all solids were
dissolved. The resulting mixture was concentrated by
rotoevaporation to about 36 percent fired solids, and
microspheres were prepared as described in Example I using
peanut 0il at 85 to 88°C. The resulting microspheres were
fired by raising the firing temperature gradually to 800°C
over an 11 hour period and maintaining temperature for 30
minutes after which the microspheres were allowed to cool.
Samples of these microspheres and some which we.. _ucor
fired at 950°C were transparent and retroreflective with
many-intact and having diameters in the range of 200 to 300
micrometers. The beads fired at 950°C had a measured
hardness of 846 Knoop. The microsphere constituents were
in the molar ratio of 2r0,:5i0,:Mg0 of about 1.0:0.45:0.1.

Example V

Microspheres were prepared in an identical
fashion to that described in Example IV with the exceptions
that 4.40 g. of Mg(OAc)2~4H20 were used rather than 8.81
g., and the solution was concentrated to about 39 percent
fired solids before forming the microspheres. After firing
at 850°C, the microspheres were very clear with many of
them in excess of 300 micrometers in diameter remaining
completely intact. After firing at 950°C, the microspheres
were measured to have a refractive index of about 1.9 to
1.91 and a Knoop hardness of 965. X-ray analysis showed
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that tetragonal zirconia was the predominant phase. The
approximate molar ratio of the microsphere constituents was
ZrOZ:SiOZ:MgO of 1.0:0.45:0.05. Note, that if firing
temperatures above 970°C were used in this example, the
microspheres would become opaque.

Example VI
2.29 g. of Y,0, were dissolved in 10 mls of H,0

and the minimum amount gf3concentrated HNO3 required to
obtain dissolution. This solution was added to 200 g. of
zirconyl acetate sol. Microspheres were prepared from this
solution as described in Example III except that the firing
conditions were: temperature raised to 1000°C over seven
hours, and maintained at 1000°C for 30 minutes after which
the microspheres were allowed to cool with the furnace. A
large fraction of the microspheres 200 micrometers in
diameter and less were intact and exceptionalily clear. The
molar ratio of the microsphere constituents was Zroz:Y203

of 1.0:0.02.

Example VII

Microspheres were prepared in an identical
fashion to that described in Example I with the exceptions
that: 70.1g of Nalco 2326 colloidal silica which had been
acidified with about 0.5ml of concewtrated nitric acid and
140.25g of Nalco 614 colloidal alumina were used as the
silica and alumina sources, and 17.06g of 21.41% fired
solids yttrium nitrate solution were added to the colloidal
silica-zirconyl acetate mixture. The resulting mixture was
concentrated to about 33% fired solds before forming the
microspheres in the hot oil. The temperature of the
forming oil was 92°C. After separating the microspheres by
filtration, they were placed in a quartz iray and fired by
slowly raising the temperature over 10 hours to 900°C and
maintaining 900°C for 1 hr. The sample was allowed to cool
with the furnace. After heating up to 900°C, a sample of
beads was fired at 1100°C for 15 minutes. Microscopic
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examination ‘revealed that there were many intact and very
clear microspheres having diameters in the range of 200 to
400um. The predominant crystalline phase detectecd by X-ray

~analysis was pseudo-cubic zirconia, and the hardness was

measured to be 1389 Knoop. The microsphere constituents

:A1203:510 :Y,0, of

were ‘in the mole ratio of 2rO 2+Y¥,04

2,40:0.81:1.00:0.096.

2

Example VIII

Microspheres were prepared in an identical
fashion to that described in Example VII with the exception
that 56.09g9 of Nalco 2326 colloidal silica, which had been
acidified with about 0.5ml of concentrated nitric acid,
112.18g Nalco 614 colloidal alumina, and 21.33g of 21.41%
fired solids yttrium nitrate solution were used. After
heating up to 900°C a sample of the beads was fired at
1100°C for 15 minutes. Examination with a microscope
revealed that a large fraction of the beads with diameters
in the 150-300ym range were intact and very clear. By
comparison with high refractive index immersion oils the
refractive index of these beads was measured to be
1.91-1.92. The hardness was found to be 1407 Knoop and
X-ray analysis revealed the presence of pseudo-cubic and
tetragonal zirconia. The microsphere constituents were in
the mole ratio of ZrOZ:A1203:SiO of
3.00:0.81:1.00:0.12.

It is within the scope of this invention to

23¥503

impart color to the transparent ceramic microspheres. The
aqueous dispersions which are used to form the ceramic¢s of
this invention can contain various other water-soluble
metal compounds which will impart internal color to the
finished ceramic without sacrificing clarity. The adding
of colorants to the inventive ceramics may be done ‘in

accordance with the teaching of U.S. Patent No. 3,795,524

found in Col. 4, line 72-Col. 5, line 27. Colorants such
as ferric nitrate (for red or orange) may be added to the
dispersion in an amount of about 1 to 5 weight percent of

st e S e e

e e
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the total metal oxide present. Color can also be imparted
by the interaction of two colorless compounds under certain
processing conditions (e.qg., 'I‘io2 and Z2r0, may interact to

5 produce a yellow color).

Industrial Applicability

. The transparent, ceramic microspheres of this
invention are useful in pavement marking sheet materials
10 (i.e. sheeting to be applied to road surfaces). The
microspheres of this invention can also be incorporated
into coating compositions which generally comprise a
film-forming material in which a multiplicity of the
microspheres are dispersed (e.g., see Palmquist U.S. Patent

o en, 15 No. 2,963,378). The microspheres may also be used in
2a3 o drop-on applications for such purposes as highway lane
!.'3.: striping in which the beads are simply dropped onto wet
::.J paint or hot thermoplastic and adhered thereto.

There are several types of retroreflective

PR 20 sheeting in which the inventive microspheres may be used,

such as exposed lens (as taught for example in U.S. Patents
2,326,634 and 2,354,018), embedded lens (see for example
U.S. Patent 2,407,680) and encapsulated lens (see U.S.
Patent 4,025,159) sheeting. These sheeting types and
methods for manufacturing them are known to the art. The
drawings of the aforementioned patents (4,025,159;

et 2,407,680; and 2,326,634) illustrate the various sheeting
types and are incorporated by reference herein.

®
®
PR N}
" °
" -
ne

HE 25

s s One type of retroreflective sheet material
30 useful for traffic signs comprises a polymeric binder film
° in which a monolayer of the inventive microspheres is
3.3:‘ embedded to about half their diameter or more. The

microspheres are in optical connection with a reflecting
means, such as an aluminum coating on their embedded

35 surfaces. sSuch retroreflective sheet material can be made
by: i) partially embedding a monolayer of the inventive
microspheres into a treated catrier web (e.qg.,

polyethylene-coated paper); ii) coating the microspheres
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with aluminum by vacuum vapor deposition; iii) applying a
binder coating (e.g., 68 weight percent solids alkyd resin
solution in aromatic solvent); iv) curing the binder (e.gqg.,
30 minutes at 95°C); v) applying a clear polymeric base
layer (e.g., 20 weight percent solution of polyvinyl
butyral in xylene-butanol solvent) over the binder;

vi) drying the base layer (e.g. 30 minutes at 95°C); and
vii) stripping away the carrier web.

One typical pavement marking sheet is described
in U.S. Patent No. 4,248,932 which is incorporated herein
by reference. This sheet material is a prefabricated strip
adapted to be laid on and secured to pavement for such
purposes as lane dividing lines and comprises:

1. A base sheet, such as a soft aluminum foil
which is conformable to a roadway surface;

2. A top layer (also called the support film or
binder film) adhered to one surface of the base sheet and
being very flexible and resistant to rupture; and

3. A monolayer of particles such as transparent
microsphere lens elements partially embedded in the top
layer in a scattered or randomly separated manner.

The pavement marking sheet construction may also
include an adhesive (e.g., pressure sensitive, heat or
solvent activated, or contac¢t adhesive) on the bottom of
the base sheet, see Figure 1 of U.S. Patent No. 4,248,932,

The base sheet may be made of an elastomer such
as acrylonitrile-butadiene polymer, polyurethane, or
neoprene rubber.

The top layer in which the transparent
microspheres are embedded may typically be a polymer such
as vinyl polymers, polyurethanes, epoxies, and polyesters.
The microsphere lenses may alternatively be completely
embedded in a layer of the pavement marking sheet. Another
patent describing such pavement marking sheet material is

U.S. Patent No. 4,117,192, which is incorporated herein by

reference.

i e I AT RO O R i s oo i
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Pavement marking sheets may be made by processes
known in the art (see e.g. .S. Patent 4,248,932), one
example comprising the steps of: i) coating onto a base
sheet of soft aluminum (50 micrometers thick) a mixture of
resins (e.g., epoxy and acrylonitrile butadiene elastomer
mixture), pigment (Tioz) and solvent (e.g.,
methylethylketone) to form the support film; ii) dropping
onto the wet surface of the support film ingredients a
multiplicity of the sol gel microspheres (160 micrometers
and larger in diameter) of this invention; and curing the
support film at 150°C for about 10 minutes. A layer of
adhesive is then usually coated on the bottom of the base
sheet.

The microspheres may be treated with an agent
which improves adhesion between them and the top layer, or
such an agent may be included in the top layer where it
contacts the microspheres. Silane coupling agents are
useful for this purpose.

Pigments or other coloring agents may be
included in the top layer in an amount sufficient to color
the sheet material for use as a traffic control marking.
Titanium dioxide will typically be used for obtaining a
white color; whereas, lead chromate will typically be used
to provide a yellow color.

In some useful embodiments of this invention, a
specular reflective means is provided by a layer of metal
(e.g. aluminum) vapor-deposited on the microspheres.
Another useful specular reflective means is a dielectric
reflector which comprises one or more layers of a
transparent mati:rial behind the microspheres, each layer
having a refractive index of about 0.3 higher or lower than
that of the adjacent layer or beads and each layer having
an optical thickness corresponding to an odd numbered
multiple of about 1/4 wavelength «f light in the visible
range. More detail on such dielectric reflectors is found
in u.s. pPatent 3,700,305.

e i i 7 e .
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Other embodiments of this invention will be
apparent to those skilled in the art from & consideration
of this specification or practice of the invention
disclosed herein. Various omissions, modifications, and
alterations of this invention may be made without departing
from the true scope and spirit of this invention which is
indicated by the following claims.
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The claims defining the invention are as follows:
1. A solid, transparent, non-vitreous, ceramic spheroid
substantially free of cracks, having substantially no open porosity and an
index of refraction greater than 1.6 and compriéing crystalline zirconia

“and at least one other metal oxide selected from the group consisting of

alumina, magnesia, yttria, and mixtures thereof, wherein, for those
spheroids containing silica,. the molar ratio of zirconia to silica is
greater than 1.8. _ o

2. The transparent, ceramic spheroid of Claim 1 wherein the
predominant crystal structure of the zirconia is selected from the
following structures: " tetragonal and cubic. _ '

3. The solid, trénsparent, ceramic spheroid of Claim 1 having a
diameter gfeater than 125 micrometers.

4. A éo]id, transparent, non-vitreous, ceramic spheroid
substantially free of cracks, having substantially no open porosity and an
index of refraction greater than 1.6 and comprising crystalline zirconia,
silica, and at least one other metal oxide selected from the group
consistﬁng of alumina, magnesia, yttria, and mixtures thereof, wherein the
weight of the other metal oxides combined is greater than 30 percent of the
combined weight of zirconia and silica in the spheroid.

5. A solid, transparent, non-vitreous, ceramic spheroid
substantially free of cracks and having an index of refraction gréater than
1.6, having a diameter of at least 125 micrometers and comprising '
crystalline zirconia and at least one other metal oxide selected from the
group consisting of'aTumina, magneiia, yttria and mixtures thereof.
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6. The solid, transparent, ceramic spheroid of Claims 1, 4 or 5
wherein the molar ratio of zirconia to the sum of the moles of the other
metal oxides is within the range of 1.0:0.005 to 1.0:5.0.

7. The solid, transparent, ceramic spheroid of Claims 1 or 5 which
further comprises an amorphous silica phase.

8. The solid, transparent, ceramic spheroid of Claim 7 wherein the
molar ratio of zirconia to silica is in the range of 10:1 to 1.8:1.

9. A sheet material comprising polymeric binder film in which is
embedded a multiplicity of the solid, transparent, cefamic spheroids of
? - Claims 1, 4 or 5.

10. A pavement marking sheet material comprising:
a. - a base sheet adherable to a roadway surface; and
b. the sheet material of Claim 9 adhered to one surface of the base
| sheet.

11. A retroreflective sheet material comprising a polymeric binder
«"*s  film in which a monolayer of the spheroids of Claims 1, 4 or 5 is embedded
and in which said sphefoids are in optical connection with a reflecting
means.

12. A pavement marking comprising a layer of polymeric binder
material supported on a roadway surface and the spheroids of Claims 1, 4 or
5 embedded therein.

13. A thermal extractive geTation process for making a solid,
non-vitreous‘ceramic article substantially free from cracks and having
substantially no open porosity, said process comprising the steps of:
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(i)
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preparing a zirconyl carboxylate-coritaining

precursor mixture having a concentration

sufficient to obtain a convenient density and

viscosity for forming droplets;

adding the mixture from step (i), by a means

which forms droplets of the mixture, to a liquid

extractant at a temperature at which carboxylate

is liberated from the zirconyl carboxylate as a

carboxylic acid and characterized by:

(a) a substantial solubility for the carboxylic
acid at the operating temperature; and

(b) low solubility for the zirconyl carboxylate
and other ingredients of the mixture from
step (i);

allowing the droplets to remain in the extractant

for sufficient time to form stable gel spheroids;

separating the gel spheroids from step (iii) from

the extractant;

firing the gel spheroids at a temperature

sufficient to convert them to fired,

ceramic; and

allowing the fired spheriods from step {(v) to

cool.

14. The process of Claim 13 in which at least

one precursor of a metal oxide selected from the group
consisting of alumina, magnesia, ytttia, and mixtures
thereof is mixed with the ziréonyl carboxylate to form the
mixture that is concentrated in step (i).

15. The process of Claim 13 wherein the

spheroids from step (iv) are dried prior to step (v).

16. The process as recited in claim 13 wherein

the extractant is an oil selected from the group consisting

of peanut oil, vegetable oil, corn oil, safflower oil,

soybean o0il, sunflower oil, derivatives of such oils, and

mixtures thereof.
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/ 17. The process of Claim 73 wherein the firing temperature of step
(v) is between 500° and 1350°C. | _

18. A pavement marking comprising a layer of polymeric binder
material in which is embedded a multiplicity of solid, transparent,
non—vitréous, ceramit_spheroids having an index of refraction greater than
1.6 and cdmprising crystalline zirconia and at least cne other metal oxide
selected from the group consisting of alumina, magnesia, yttria and
mixtures thereof, said spheroids being substantially free of cracks and
having substantially no open porosity. |

19. Solid, transparent, non-vitreous, ceramic spheroids
substantially as hereinbefore described with reference to any one of the
Examples. '

20. A process for making solid, transparent, non-vitreous, ceramic
spheroids substantially as hereinbefore described with reference to any one

of the Examples.
| DATED this NINTH day of NOVEMBER 1989
.;e,f: o Minnesota Mining and Manufacturing Company
Pl Patent Attorneys for the Applicant
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