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(57) Abstract: Disclosed are cementitious product, as well as cementitious slurry, and method of forming the product. To reduce
density in the cementitious product, foam is included in the slurry and in the method of forming the product. The slurry includes ce-
mentitious particles, water, and air bubbles such as from compressed air. Instead of using detergent chemistry at the gas/water inter -
face of bubbles, the present invention uses a surface modifying agent for the cementitious particles in the slurry. The moditied
particles act to produce stable foam in the slurry. As an example mode of introduction, the surface moditier can be added (e.g., as
solid or solution) directly into a bulk cementitious slurry that forms the product. As another example, the surface modifier can be ad -
ded in a separate solution with water, air bubbles, and cementitious particles that serve as additive to the main cementitious slurry,
where the separate solution is then added to the main cementitious slurry.
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PARTICLE STABILIZED FOAM, AND SLURRIES, PRODUCT, AND
METHODS RELATED THERETO

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims the benefit of U.S. Provisional Patent
Application No. 61/780,410, filed March 13, 2013, and U.S. Nonprovisional Patent
Application No. 14/030,398, filed September 18, 2013, both of which are

incorporated by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] Various cementitious materials are known to be used to prepare a number
of different construction products. The cementitious material is normally combined
with water and other additives as desired to form a cementitious slurry. The
cementitious material is either reacted with water in a hydration reaction to allow for
setting to occur in a desired shape, or the water is otherwise dried off to allow the
aqueous cementitious slurry to harden in the desired geometry. Examples of such
cementitious materials include fly ash, Portland cement, stucco (calcium sulfate
hemihydrate in alpha or beta forms, or calcium sulfate anhydrite), and various forms
of gypsum (calcium sulfate dihydrate), including landplaster and synthetic gypsum
(typically as a by-product of flue-gas desulfurization at coal-fired power plants), and
the like.

[0003] Such cementitious materials are used in forming construction products
such as gypsum drywall used for interior walls and ceilings of buildings, acoustical
tile, floor underlayments and capping, mold-resistant board, cement board, and
exterior sheathing, to name just a few.

[0004] To reduce density in various cementitious products, it is known to
introduce air bubbles into the cementitious slurry. If kept stable, the air bubbles
transform into air voids when the product is dried. The air bubbles can be introduced
in the form of foam prepared generally in a foam generation system as known in the
art. Detergent, or soap, surfactants are diluted with water and combined with air in
such foam generation systems. The detergents are employed to address the

stability of the air bubbles by reducing the surface tension of liquid surrounding them.



WO 2014/159381 PCT/US2014/023305

2

The foam containing air, water, and detergent is then added to the cementitious
slurry to reduce density of the final product.

[0005] Existing foaming systems for use in preparing cementitious products have
not proven to be fully satisfactory. Foam stability is often problematic, as foam can
be wasted as bubbles break up in the slurry because of shear forces or contact with
solids in the slurry. In addition, it is difficult to deliver other ingredients with the foam
because the other ingredients can destroy air bubbles, thereby compromising
efficiency in the manufacturing process.

[0006] Thus, there remains a desire for new techniques for introducing foam into

cementitious slurries for making various construction materials.

BRIEF SUMMARY OF THE INVENTION

[0007] In one aspect, the present invention provides slurry for forming a product.
The slurry comprises water, cementitious particles, air bubbles, surrounded by walls
formed from the water, and surface modifying agent. The surface modifying agent is
effective to modify a surface of at least some of the cementitious particles. The
modified particles serve to stabilize the air bubbles sufficiently to form air voids in the
product.

[0008] In another aspect, the present invention provides a foamed cementitious
product. The product comprises porous cementitious component, which can be part
or all of the product. The cementitious component is formed from slurry comprising
water, cementitious particles, air bubbles surrounded by walls formed from the water,
and surface modifying agent effective to modify a surface of at least some of the
cementitious particles. The modified particles stabilize the air bubbles sufficiently to
form air voids in the component.

[0009] In another aspect, the present invention provides a foamed gypsum
product (e.g., board). The product comprises set gypsum-containing composition
comprising an interlocking crystal gypsum matrix. The set gypsum-containing
composition is formed from slurry comprising water, stucco particles, air bubbles
surrounded by walls formed from the water, and surface modifying agent effective to
modify a surface of at least some of the stucco particles. The modified stucco

particles stabilize the air bubbles sufficiently to form air voids in the product.
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[0010] In another aspect, the present invention provides a method of making
gypsum board. In the method, water, air bubbles surrounded by walls formed from
the water, cementitious particles, surface modifying agent, and optionally other
additives are mixed in a slurry. The surface modifying agent is effective to modify a
surface of at least some of the cementitious particles. The modified cementitious
particles serve to stabilize the air bubbles in the slurry sufficiently to form air voids in
the product. The slurry is disposed between a first cover sheet and a second cover
sheet to form a board precursor. The board precursor is cut into a board and the
board is dried. In some embodiments the cementitious particles that stabilize the air
bubbles are stucco particles which undergo the surface modification to effect the
bubble stabilization. In other embodiments, heat resistant accelerator particles are
used in a pre-mix to stabilize the air bubbles upon the surface modification thereof
from association with the surface modifying agent. The pre-mix can then be added
to stucco slurry.

[0011] In another aspect, the present invention provides a method of introducing
a pre-mix of cementitious foamed slurry to a post-mixer aqueous dispersion of
calcined gypsum. The cementitious foamed slurry comprises heat resistant
accelerator, surface modifying agent, starch and air bubbles with walls formed by the
water, wherein the surface modifying agent is effective to modify a surface of at least
some of the cementitious particles, such that the modified particles stabilize the air
bubbles sufficiently to form air voids in the product. The method comprises forming
an aqueous dispersion of calcined gypsum in a mixer chamber. The method also
comprises discharging the aqueous dispersion into a discharge apparatus. The
cementitious foamed slurry is introduced into the aqueous dispersion within the

discharge apparatus.

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING(S)

[0012] FIG. 1 is a plot of gypsum cube density (pcf) vs. the amount of propyl
gallate (g) included in a slurry for forming the gypsum cube, wherein the graph
illustrates the effect of the propyl gallate on the density of gypsum cubes in test
series described in Example 1, in accordance with embodiments of the invention.
[0013] FIG. 2 is a plot of temperature (°F) vs. hydration time (minutes) illustrating
the effect of various amounts of propyl gallate included in a slurry on the hydration



WO 2014/159381 PCT/US2014/023305

4

time for forming a gypsum cube in test series described in Example 1, in accordance
with embodiments of the invention.

[0014] FIG. 3 is a plot of cube compressive strength (psi) vs. cube density (pcf),
which was varied by using particle stabilized foam in accordance with embodiments
of the invention in comparison with density reductions created by water/stucco ratio
(WSR) increases and the use of surfactant foam for comparison purposes, as
described in Example 3.

[0015] FIG. 4 is a plot of cube compressive strength (psi) vs. cube density (pcf)
which illustrates that starch can be included with particle stabilized foam delivery into
a stucco slurry system in test series described in Example 4, in accordance with

embodiments of the invention.

DETAILED DESCRIPTION OF THE INVENTION

[0016] Embodiments of the present invention provide a novel approach for
forming and stabilizing foam in cementitious slurries used in preparing cementitious
construction products with reduced density. Such slurries normally comprise
cementitious material, water, and other additives as desired. The cementitious
material is either reacted with water in a hydration reaction to allow for setting to take
place (with excess water dried off, e.g., in a kiln), or the water is otherwise dried off
to allow the aqueous cementitious slurry to harden in the desired shape.

[0017] The present inventors have found that, surprisingly and unexpectedly,
surface modifying agent can be used in aqueous cementitious slurry to
advantageously modify surfaces of cementitious particles in the slurry. The modified
particles desirably stabilize air bubbles that are introduced into the cementitious
slurry. The air bubbles unexpectedly remain stable despite encountering other
components and shear in the system. As the water dries off, the foam bubbles
become air voids in the resulting product such that the density of the product is
reduced. Accordingly, the slurry can be substantially free of detergent surfactants
that reduce surface tension at the bubble/water interface in conventional foamed
cementitious systems.

[0018] The surface modifying agent can be added directly in the main
cementitious slurry for forming product, e.g., with the agent in solid or solubilized
form without having the agent pre-foamed with cementitious particles such as an



WO 2014/159381 PCT/US2014/023305

5

additive. Air bubbles also are introduced into the system such that the air bubbles
are formed in the main cementitious slurry. In some embodiments, however, the
surface modifying agent is combined in an additive slurry with air bubbles and an
additive in the form of cementitious particles to form a foam, wherein the foam is pre-
mixed (e.g., in foam generator systems as understood in the art) and then added to
the main cementitious slurry.

[0019] Desirable surface modifying agents in accordance with embodiments of
the invention are used to tailor the surface energetics of cementitious particles in the
slurry to achieve the foam stability. In particular, the surface energetics of at least
some of the cementitious particles in the system can be re-arranged to allow such
modified particles to serve as a stabilizer for shells of air bubbles surrounded by
liquid in the slurry.

[0020] In some embodiments, the surface modifying agent is a hydrophobicity
imparting additive. Various hydrophobicity imparting additives can be used,
including relatively short amphiphiles such as the class of gallates, described herein.
Unlike detergent surfactants, which are small molecules, the cementitious particles
are much larger, e.g., generally on the order of hundred microns to millimeter scale.
Thus, the surface modifying agent in the form of hydrophobicity imparting additive
can associate with the particles in regions. Such hydrophobicity imparting additives
can be used to render a hydrophilic cementitious material partially hydrophobic.
While not wishing to be bound to any particular theory, it is believed that the
cementitious material (e.g., stucco, gypsum, etc) will re-orient itself in the slurry such
that the hydrophobic part of the modified particle will become immersed in the air/gas
phase of the bubble, while the hydrophilic portion of the particles will be associated
with the liquid surrounding the gas phase such that the air bubbles are stabilized.
For example, it will be understood that cementitious particles such as stucco,
gypsum, and fly ash are hydrophilic, exhibiting relatively low contact angles. As the
particles are rendered partially hydrophobic because of the association of the
hydrophobicity imparting surface modifying agent, the contact angle will increase for
the hydrophobic region of the particles.

[0021] For example, in some embodiments the contact angle for a portion of at
least some of the particles is increased from a lower angle to an angle of at least
about 40 degrees (e.g., at least about 43 degrees, such as at least about 50
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degrees), including, but not limited to an increased contact angle from about 40
degrees to about 100 degrees or higher, e.g., from about 40 degrees to about 90
degrees, from about 40 degrees to about 80 degrees, from about 40 degrees to
about 70 degrees, from about 40 degrees to about 60 degrees, from about 40
degrees to about 50 degrees, from about 43 degrees to about 100 degrees, from
about 43 degrees to about 90 degrees, from about 43 degrees to about 80 degrees,
from about 43 degrees to about 70 degrees, from about 43 degrees to about 60
degrees, from about 43 degrees to about 50 degrees, from about 50 degrees to
about 100 degrees, from about 50 degrees to about 90 degrees, from about 50
degrees to about 80 degrees, from about 50 degrees to about 70 degrees, or from
about 50 degrees to about 60 degrees.

[0022] To enhance association of the surface modifying agent with the
cementitious particles in some embodiments, the pH of the slurry can be elevated
above 7.0. By increasing the pH it will be understood that more negative charge will
be present at the cementitious particle surface which will promote association of the
particles with the surface modifying agent. For example, in embodiments of the
invention, the pH is rendered at least about 7.5, e.g., from about 7.5 to about 12,
such as from about 7.5 to about 11, about 7.5 to about 10, about 7.5 to about 9, 7.5
to about 8, about 8 to about 11, about 8 to about 10, or about 8 to about 9. The pH
can be achieved and/or maintained by any suitable means. For example, the slurry
can be provided with a pH adjustor, which can be any suitable pH-adjusting
compound. In some embodiments, the pH adjustor is a base or other alkaline
material such as calcium hydroxide, sodium hydroxide, potassium hydroxide,
ammonium hydroxide, fly ash or the like, or combinations thereof. The slurry can
comprise any suitable amount of pH adjustor provided that a suitable amount is used
to achieve and/or maintain the pH within the range described herein.

[0023] In some embodiments, the surface modifying agent is in the form of one or
more gallate species. For example, in some embodiments, the surface modifying
agent is characterized by the following formula:
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HO

HO R

0O

(Formula 1)
[0024] In Formula 1, the R is selected from C4-C1g alkyl, C1-C4o alkenyl, C4-C1g
alkynyl, C3-C+2 cycloalkyl, C3-C12 cycloalkenyl, or Cs-C1o aryl, wherein the alkyl,
alkenyl, and alkynyl groups are branched or unbranched, and optionally substituted
with one or more substituents selected from halo, alkoxy, ester, substituted amide,
and the like. In some embodiments, the R group has a relatively small chain length,
such as in the form of C¢-Cg alkyl, C4-Cs alkenyl, C1-Cg alkynyl, C3-Cs cycloalkyl, Cs-
Cs cycloalkenyl, Cs-Cg aryl, with the same branching and substitution options. In
some embodiments, the gallate species is propyl gallate.
[0025] The surface modifying agent can be provided in any suitable amount, and
the actual amount used will depend on the desired product density as will be
appreciated by one of ordinary skill in the art. Desired density will depend on
application. For example, acoustical tile can be lighter due to acoustical property
(e.g., 10 pcf and higher, such as 10-24 pcf), gypsum drywall can be less than about
35 pcf for lightweight applications but can be higher such as in fire rated products
including but not limited to Type X board having density of about 50 pcf or less.
Cement board can have density of about 100 pcf or less (e.g., from about 25 pcf to
about 80 pcf).
[0026] In some embodiments, depending on application and desired density, the
surface modifying agent is provided in an amount from about 0.1% to about 7% by
weight of the cementitious particles, e.g., from about 0.5 % to about 7%, about 1% to
about 7%, about 0.1% to about 6%, about 0.5% to about 6%, about 1% to about 6%,
about 2% to about 6%, about 2% to about 5%, or about 3% to about 5%. In addition,
any suitable foam density can be formed, such as, for example from about 3 pcf to
about 50 pcf, e.g., from about 3 pcf to about 40 pcf, about 3 pcf to about 30 pcf,
about 3 pcf to about 20 pcf, about 3 pcf to about 10 pcf, about 3 pcf to about 5 pcf
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(e.g., 3.7 pcf), about 4 pcf to about 50 pcf, about 4 pcf to about 40 pcf, about 4 pcf to
about 30 pcf, about 4 pcf to about 20 pcf, about 4 pcf to about 15 pcf, or about 4 pcf
to about 10 pcf. It will be understood that the particle stabilized foam of
embodiments of the invention can be tailored to form a desired foam void size
distribution, average wall thickness between air voids (e.g., at least about 30
microns), and volume ratio of foam voids (voids having a pore size diameter of at
least about 5 microns) to evaporated water voids (voids having a pore size diameter
of less than 5 microns), e.g., about 0.7:1 to about 9:1. See, e.g., commonly
assigned U.S. Patent Publications 2007/0048490 and 2008/0090068.

[0027] Because the foam is stabilized by the surface modified cementitious
particles, slurry can be substantially free of detergent surfactants that are used
conventionally at the water/air interface to reduce surface tension, such as alkyl
ether sulfates and/or alkyl sulfates, or other known detergent surfactants. As used
herein, “substantially free” of such detergent surfactants means that the slurry for
forming cementitious product contains 0 wt. % based on the weight of the
cementitious particles, or no such detergent surfactants, or an ineffective or
immaterial amount of such detergent surfactants. An example of an ineffective
amount is an amount below the threshold amount to achieve the intended purpose of
using such detergent surfactant, as one of ordinary skill in the art will appreciate. An
immaterial amount may be, e.g., about 0.015% or less, about 0.01% or less, or about
0.001% or less, based on the weight of the cementitious particles, depending on the
ingredient, as one of ordinary skill in the art will appreciate.

[0028] The particle stabilized foaming technique in accordance with embodiments
of the invention can be used with any suitable cementitious material commonly used
in making various construction products. Cementitious materials can be of the
setting type or the non-setting type. Examples of such cementitious materials
include, but are not limited to, fly ash, Portland cement, stucco in its various forms
described herein, and calcium sulfate dihydrate from various sources as described
herein, and the like. The particle stabilized foaming technique can thusly be used in
forming a variety of construction products where reduced density is desired, such as
gypsum drywall, acoustical tile, floor underlayments and capping, mold-resistant
board, cement board, exterior sheathing, and the like.
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[0029] In one illustrative aspect, the particle stabilized foaming technique can be
used to reduce density in gypsum board used as drywall. Gypsum board is made
from stucco slurry where the stucco is transformed into an interlocking matrix of set
gypsum crystals via hydration reaction. The stucco is dissolved into the liquid phase
where the gypsum particles nucleate and grow. Particle stabilized foam in
accordance with the invention can be used to foam the slurry and result in foam
voids in the resultant product. Since the foam is believed to initially be stabilized by
the surface modifying agent associating with the stucco particles, it is surprising and
unexpected that the foam stays stable and does not appreciably collapse even as
the stucco dissolves and the gypsum nucleates and grows. While not wishing to be
bound by any particular theory, it is believed that, surprisingly, sufficient association
with the resulting gypsum particles occurs as other stucco particles dissolve.

[0030] The foam can be formed in situ in the slurry, and/or foam can be pre-
mixed with water, air bubbles, surface modifying agent and cementitious additive
particles and then added to the slurry. For example, in some embodiments, heat
resistant accelerator (HRA) can be used as the cementitious additive particles to
stabilize the foam, with the foam then added to the stucco slurry. HRA comprises
gypsum (calcium sulfate dihydrate) particles which are known as additive in stucco
systems to seed and hence accelerate the nucleation of gypsum crystals. As such,
HRA is not a setting material since it is already in the dihydrate form. It is customary
to coat the calcium sulfate dihydrate particles with one or more of any of a number of
known coating agents, such as sugars (e.g., sucrose, dextrose, and the like), starch,
boric acid, or long chain fatty acids, and/or salts thereof.

[0031] Thus, in some embodiments, a pre-mix of foam is prepared. The pre-mix
of foam is formed from HRA, water, surface modifying agent (e.g., hydrophobicity
imparting agent such as gallate species, for example, propyl gallate), and pH
adjustor as needed. The pre-mix of foam can be prepared, e.g., in foam generator
system which can be modified to accommodate the presence of the HRA
cementitious material. The pre-mix of foam is added to the slurry and it surprisingly
remains highly stable even as stucco dissolves and even upon exposure to shear
forces and other components of the slurry. Other components can include
dispersants, polyphosphates, starches, etc. For example, in some embodiments, the
foam can be added in a discharge conduit downstream of the main mixer chamber of
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a pin mixer used commonly in wallboard manufacture. In the main mixer, the main
aqueous dispersion of calcined gypsum is formed, normally by way of powered
mixing (e.g., electrically powered with moving parts including rotor and pins as
known in the art), as described in, e.g., U.S. Patent 5,683,635, to agitate the
contents thereof under condition with a high degree of agitation.

[0032] Since the particle stabilized foam is highly stable, surprisingly, other
additives can be added with the pre-foam and then added to the stucco slurry (e.g.,
in the discharge conduit). For example, in some embodiments, starch can be
combined with the HRA, surface modifying agent, and water in the foam pre-mix and
then added to the stucco slurry in a post-mixer addition. It is surprising and
unexpected that the presence of starch does not collapse foam stabilized by the
surface modified HRA particles. This is in contrast with conventional detergent
surfactants where the presence of starch in such foaming systems will significantly
destroy the foam such that starch could not be added satisfactorily in a post-mixer
arrangement.

[0033] Any suitable starch can be included. For example, the starch can be
pregelatinized, ethylated, acid-modified, and/or enzyme modified. The starch can be
included in any suitable amount, such as from about 0.1% to about 10% by weight of
the stucco, e.g., about 0.3 wt.% to about 7 wt.%, e.g., about 0.5 wt.% to about 6
wt.%.

[0034] Discharge conduit is downstream of the main mixer body and can be in the
form of, e.g., a gate-canister-boot arrangement as known in the art, or an
arrangement as described in U.S. Patents 6,494,609 and 6,874,930. In some
embodiments, the discharge conduit can include a slurry distributor with either a
single feed inlet or multiple feed inlets, such as those described in U.S. Patent
Application Publication 2012/0168527 A1 (Application No. 13/341,016) and U.S.
Patent Application Publication 2012/0170403 A1 (Application No. 13/341,209), for
example. In those embodiments, using a slurry distributor with multiple feed inlets,
the discharge conduit can include a suitable flow splitter, such as those described in
U.S. Patent Application Publication 2012/0170403 A1. Thus, in some embodiments
the cementitious pre-mix of foam slurry (e.g., further comprising starch) can be
added in the discharge conduit of the mixer (e.g., in the gate as described, for
example, in U.S. Patents 5,683,635 and 6,494,609) and/or in the main body if
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desired. Slurry discharged from the discharge conduit after all ingredients have
been added, including cementitious foam slurry in accordance with embodiments of
the invention, will form the board core. This board core slurry is discharged onto the
moving face cover sheet.

[0035] Including starch in the pre-mix of foam and adding the foam in a discharge
conduit downstream of the main mixing chamber of a pin mixer (i.e., a post-mixer
introduction) presents significant advantages in accordance with embodiments of the
invention. For example, starch increases water demand because of a viscosity
buildup. By including the starch with the pre-mix of foam and delivering the starch
downstream of the main mixing chamber, the effect of starch on water demand is
desirably delayed. If the viscosity increase caused by the starch is delayed until the
slurry is close to being laid down on a cover sheet as is common, the negative effect
of increased water demand is significantly reduced or eliminated. Surprisingly, the
post-mixer addition of cementitious foam slurry, including starch, results in adequate
uniform dispersion of the starch into the slurry and hence in the resulting product
core.

[0036] For example, in accordance with embodiments of the invention, the
gypsum board can be formed at a density of about 40 pcf or less, but preferably the
gypsum board is made to be a lightweight product having a density of about 35 pcf
or less, such as about 20 pcf to about 35 pcf, about 27 pcf to about 35 pcf, about 24
pcf to about 34 pcf, about 27 pcf to about 34 pcf, about 30 pcf to about 34 pcf, about
24 pcf to about 32 pcf, or about 27 pcf to about 32 pcf. The gypsum board desirably
has sufficient strength even at lower densities in accordance with embodiments of
the invention. For example, in various embodiments, when the board is cast at a
thickness of about ¥z inch, the board has a nail pull resistance of at least about 65 Ib
(e.g., at least about 68 Ib, at least about 72 Ib, at least about 75 Ib, at least about 77
Ib, etc), a core hardness of at least about 11 Ib, and/or a flexural strength of at least
about 36 Ib in a machine direction, and/or about 107 Ib in a cross-machine direction.
[0037] In another illustrative embodiment, the particle stabilized foam technique
of the invention is used in foaming fly ash systems, including Class F fly ash, Class
C fly ash, and combinations thereof. The present invention presents a considerable
advantage in reducing density in fly ash containing construction products, since fly
ash has proven to be difficult to foam due to the presence of residual carbon in the
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fly ash that tends to collapse the foam. Such fly ash slurries can include other
components well known in fly ash systems including, for example, hydraulic cements
such as Portland cement, pozzolanic materials such as silica fume, slag, rice hush
ash, volcanic ash, metakaolin, perlite, pumice, crushed glass, diatomite, etc. The fly
ash mixture compositions of the invention can also contain various fillers including
sand (e.g., in about a 50/50 mixture, etc., by weight of sand and fly ash), aggregate,
lightweight aggregate, calcium carbonate, etc. The foam is surprisingly maintained
despite the presence of such other ingredients.

[0038] Thus, in an embodiment, a slurry for forming a product comprises water,
cementitious particles, air bubbles with walls formed by the water, and surface
modifying agent effective to modify a surface of at least some of the cementitious
particles, such that the modified particles stabilize the air bubbles sufficiently to form
air voids in the product.

[0039] In another embodiment, the slurry has a pH of at least about 7.5.

[0040] In another embodiment, the slurry is substantially free of detergent
surfactant.

[0041] In another embodiment, the cementitious particles comprise stucco,
calcium sulfate dihydrate, Portland cement, fly ash, or combinations thereof.

[0042] In another embodiment, the cementitious particles are hydrophilic and the
surface modifying agent is a hydrophobicity imparting agent for rendering the
cementitious particles at least partially hydrophobic.

[0043] In another embodiment, the surface modifying agent comprises one or

more gallate compound of Formula I:
OH

HO

HO R

0O
(Formula I)
wherein R is selected from C1-C4o alkyl, C1-C1 alkenyl, C4-C1g alkynyl, C3-C12
cycloalkyl, Cs-C12 cycloalkenyl, or Cs-C1o aryl, wherein the alkyl, alkenyl, and alkynyl
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groups are branched or unbranched, and optionally substituted with one or more
substituents selected from halo, alkoxy, ester, or substituted amide.

[0044] In another embodiment, R is characterized as C+-Cs alkyl, C1-Ces alkenyl,
C+-Cs alkynyl, C3-Cg cycloalkyl, C3-Cg cycloalkenyl, Cs-Csg aryl, wherein the alkyl,
alkenyl, and alkynyl groups are branched or unbranched, and optionally substituted
with one or more substituents selected from halo, alkoxy, ester, or substituted amide.
[0045] In another embodiment, R is C4-Cs alkyl.

[0046] In another embodiment, the surface modifying agent is propyl gallate.
[0047] In another embodiment, the surface modifying agent is present in an
amount from about 0.1% to about 7% by weight of the cementitious particles.

[0048] In another embodiment, the slurry further comprises starch in an amount
from about 0.1% to about 10% by weight of the cementitious particles.

[0049] In another embodiment, the cementitious particles comprise heat resistant
accelerator and wherein the slurry further comprises starch.

[0050] In an embodiment, a cementitious product comprises porous cementitious
component formed from a slurry comprising water, cementitious particles, air
bubbles with walls formed from the water, and surface modifying agent effective to
modify a surface of at least some of the cementitious particles, such that the
particles stabilize the air bubbles sufficiently to form air voids in the component.
[0051] In another embodiment, the product is gypsum drywall, acoustical tile, floor
underlayment, floor capping, mold-resistant board, cement board, or exterior
sheathing.

[0052] In an embodiment, a gypsum product comprises a set gypsum containing
composition formed from a slurry comprising water, stucco particles, air bubbles with
walls formed by the water, and surface modifying agent effective to modify a surface
of at least some of the stucco particles, such that the particles stabilize the air
bubbles sufficiently to form air voids in the product, the set gypsum composition
comprising a gypsum crystal matrix.

[0053] In another embodiment, the set gypsum composition is disposed between
two cover sheets to form a board, wherein the board has a density of about 35 pcf or
less.

[0054] In another embodiment, the slurry further comprises a starch,
polyphosphate, dispersant, or combination thereof.
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[0055] In an embodiment, a method of making gypsum board comprises mixing at
least water, air, cementitious particles, and surface modifying agent, such that
bubbles of the air surrounded by walls formed from the water are created, and such
that the surface modifying agent is effective to modify a surface of at least some of
the cementitious particles to stabilize the bubbles sufficiently to form a foamed slurry
which can be optionally combined with a second cementitious slurry to form an
optional combined foamed slurry; disposing the foamed slurry or combined slurry
between a first cover sheet and a second cover sheet to form a board precursor;
cutting the board precursor into a board; and drying the board.

[0056] In another embodiment, the cementitious particles comprise stucco.
[0057] In another embodiment, the cementitious particles are heat resistant
accelerator, the slurry is combined with the second slurry, the second slurry
comprises stucco, water, and optionally other additives, and the slurry is the
combined slurry.

[0058] In another embodiment, the foamed cementitious slurry comprises heat
resistant accelerator cementitious particles; the second cementitious slurry is an
aqueous dispersion of calcined gypsum formed in a main mixer chamber; the second
cementitious slurry is discharged from the main mixer chamber into a discharge
apparatus; and the foamed cementitious slurry is introduced into the discharge
apparatus.

[0059] It shall be noted that the preceding are merely examples of embodiments.
Other exemplary embodiments are apparent from the entirety of the description
herein. It will also be understood by one of ordinary skill in the art that each of these
embodiments may be used in various combinations with the other embodiments
provided herein.

[0060] In the following examples, unless otherwise indicated, the various solid

particles were foamed in a Hobart mixer using a whisk to introduce air into the slurry.

EXAMPLE 1

[0061] This Example illustrates the foaming of stucco (in the form of the beta
calcium sulfate hemihydrate) with particle stabilization technique in accordance with

embodiments of the invention.
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[0062] To form a cube of gypsum (calcium sulfate dehydrate), the beta form of
stucco (“beta stucco”) and water are reacted in a slurry to hydrate the stucco and
form the gypsum. To reduce density in the cube by forming foam, the slurry also
included surface modifying agent. In preliminary evaluations, different surface
modifying agents were tested, including valeric acid, hexylamine, and gallate species
in the form of propyl gallate. The valeric acid and hexylamine were unsuccessful in
forming any stable foam, while the propyl gallate was found to be successful. Even
with propyl gallate, foaming was not successful until slurry pH was increased.
[0063] In the series of tests, 500 g of stucco, 500 g of water, 1 g of heat resistant
accelerator (HRA), 1.2 mL of 50% sodium hydroxide (NaOH) solution in water, and
various amounts of propyl gallate were combined in a Hobart mixer to form a series
of slurries. Each slurry was mixed with a whisk for a time period from 30 seconds to
two minutes to form air bubbles, with the resultant foamed slurry cast in a 2 inch by 2
inch by 2 inch cube. The temperature rise set (TRS) was measured to assess
hydration.

[0064] The results can be seenin FIGS. 1 and 2. As seen in FIG. 1, the effect of
the amount of surface modifying agent in the form of propyl gallate on the cube
density of the produced gypsum was evaluated. The density of the cube decreased
with increasing amounts of propyl gallate. For example, a core density of about 29
pcf, exemplifying a relatively light product, was achieved with 3 g of propyl gallate
per 500 g stucco at the stated amount of NaOH and with the whisking type of air
introduction. It has been found that whisking is more suitable than a paddle for
producing the foam because the whisking creates a turbulence action which is
desirable in that it generates lots of small bubbles.

[0065] FIG. 2 illustrates the effect of the amount of propyl gallate on hydration
time. The addition of 1 g of propyl gallate retarded the set by about 25 minutes,
while the use of 2 g of propyl gallate took more than 2 hours, while the use of 3 g of

propyl gallate retarded the set by only 10 minutes.

EXAMPLE 2A

[0066] Examples 2A and 2B illustrate the foaming of smaller quantity of
cementitious particles, in the form of heat resistant accelerator (HRA), with particle
stabilization technique, and adding the foamed material into stucco slurry, in
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accordance with embodiments of the invention. Since HRA already comprises
calcium sulfate dihydrate, it does not set upon addition of water.

[0067] In preliminary evaluations, the proper amount of propyl gallate required to
foam 10 g of HRA in 100 g water was determined to be desirably in the range from
about 0.15 g to about 0.45 g of propyl gallate. 0.3 g was selected for the tests.
Various amounts of NaOH were also considered to identify a minimum amount to
adjust the pH suitably to achieve optimum surface modification and foaming results.
[0068] The effect of pH on foaming 10 g of HRA in 100 g water was evaluated.
The pH of slurry of 10 g HRA in 100 g water was about 7.4, while adding 0.3 g propy!
gallate dropped the pH to 6.7. As seen in Table 1 below, to foam 10 g of HRA, 0.4

mL of 10% solution of NaOH in water was identified.

Table 1
NaOH (ml) Slurry pH Notes
0 6.7 No Foam
0.1 7.2 Partially foamed*
0.2 7.5 Partially foamed*
Completely Foamed.
0.3 7.65 o
Foam density is 0.1 g/ml
Completely Foamed.
0.4 7.8
Foam density is 0.06 g/ml

* Only part of the slurry was foamed and a significant amount of liquid was noticed
under the foam.

[0069] As seen from the results, a pH of about 7.5 and greater is desirable to
foam slurry of HRA. Without the proper pH value, the slurry can partially foam or
completely foam but with a high foam density. But with the appropriate pH value, the
foam density can be as low as 0.06 g/mL or 3.7 pcf with a range from about 3 pcf to
about 50 pcf being desired in accordance with embodiments of the invention

EXAMPLE 2B

[0070] To investigate the effect of foam water on foam efficiency, 10 g of HRA,
0.3 g propyl gallate, and 0.4 mL of 10% NaOH solution were added to various
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amounts of water to form slurry. The slurry was mixed for about 0.5 to 3 minutes
until foamed. The foam was then added to a bowl containing 500 g stucco and
different amounts of water such that the final water/stucco ratio was 1.0. The
foamed slurry was used to cast cubes for density measurements. Table 2 below
sets forth the effect of the amount of foam water on cube dry density.

Table 2
Foam water (Q) Cube dry density (PCF)
250 21
150 17
100 17
75 20
50 30

[0071] As seen from Table 2, when the amount of water is too high, the produced
foam is less stable. It is noted that the foam volume depends on the “HRA/foam
water” ratio in addition to the amount of propyl gallate and pH. It is to be noted that
HRA/foam water ratio is in a range from about 0.04 to about 0.5 (e.g., about 0.35) is

desired in accordance with some embodiments of the invention.

EXAMPLE 3

[0072] This Example compares the effect of foaming particles in accordance with
embodiments of the particle stabilizing foaming technique of the invention versus
other techniques for reducing product density, particularly the use of surfactant foam
and the use of a high water/stucco ratio (WSR) to introduce high evaporated water
void content for bringing product density down.

[0073] FIG. 3 is a plot of the cube compressive strength (psi) vs. cube density
(pcf) for cubes prepared using the particle stabilized foam of embodiments of the
invention compared to cubes prepared using regular surfactant foam and different
WSR. Experimental conditions were 1.5% HRA, 2% pregelatinized corn starch,
0.5% Daxad 19 dispersing agent, and 3 drops Versenex 80
diethylenetriaminepentaacetic acid based chelating agent. The WSR was fixed at

1.0 when surfactant foam or particle stabilized foam was used.
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[0074] As seenin FIG. 3, using the particle stabilized foam presents similar cube

strength results as seen from using surfactant foam and increased WSR.

EXAMPLE 4

[0075] This Example illustrates the high foam stability exhibited by particle
stabilized foam in accordance with embodiments of the invention. This Example also
illustrates that starch can be added with foam in an HRA slurry, which is a surprising
and unexpected result of the invention.

[0076] An experiment was performed to determine whether an HRA stabilized
foamed slurry could carry starch without destabilizing the foam and to determine the
relative effect on cube compressive strength, compared with starch addition
separately into the stucco slurry. Experimental conditions were as follows: 400 g
stucco, 6 g HRA, 8 g of pregelatinized starch, 2 g sodium neutralized anionic
dispersing agent, commercially available as Daxad 19 (Geo Specialty Chemicals),
and 3 drops Versenex 80 diethylenetriaminepentaacetic acid based chelating agent,
WSR of 1, 0.3 propyl gallate, and 0.4 mL of 10% NaOH. A foaming mixture was
formed by mixing HRA, foam water, propyl gallate, NaOH, and dispersant. The
pregelatinized starch was premixed with water first and added to the foaming mixture
or to the stucco slurry as a solution. Upon addition of the foam slurry to the stucco
slurry, the foam-slurry mixture was mixed using a Hobart mixer with a paddle speed
of 2 for 30 seconds. The results are set forth in Table 3 below and FIG. 4.
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Table 3
o | C e Co i | oyowe | ot
foam (g) mix (g) strength (PSI)
80 8 0 33.2 433
100 8 0 21.1 137
80 6 2 29.2 313
95 6 2 28.0 266
30 4 4 26.9 230
60 4 4 334 376
60 2 6 32.2 400
90 2 6 34.3 480
80 0 8 36.8 583
150 0 8 24.5 190

[0077] FIG. 4 demonstrates the cube compressive strength vs. density curve. As
seen from FIG. 4, the results show that adding pregelatinized starch in the HRA
foam slurry does not result in any adverse effect on cube compressive strength
compared with starch introduction into stucco slurry separate from the foam. This
Example indicates that, surprisingly, the starch did not have an appreciable foam de-
stabilizing effect when included with the HRA/surface modifier agent slurry, and that
upon addition to the stucco slurry, the components in the stucco slurry also did not
appreciably have a de-foaming effect.

EXAMPLE 5

[0078] This Example illustrates the foaming of HRA using foam generator. As
noted above, the solid particles were foamed in a Hobart mixer using a whisk to
introduce air into the slurry in the previous Examples. The same formulation used to
test foaming for HRA in Example 2B was tested in a foam generator where the
amount of air was varied.

[0079] Foam was successfully produced with the expected density. It was found
that there were some occasional blockage issues in the foam generator since the

foam generator was not designed for the slurry that was tested.
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EXAMPLE 6

[0080] This Example illustrates the foaming additional solid particles with particle
stabilization technique in accordance with embodiments of the invention. More
particularly, fly ash, Portland cement, alpha calcium sulfate hemihydrate (“alpha
stucco”), synthetic gypsum, and landplaster were all evaluated. All of these
materials were successfully foamed using propyl gallate as discussed above.

[0081] It is to be noted that, with Portland cement and fly ash, it was found that
there was no need for additional pH boost since the pH is already believed to be
sufficiently high for these materials. As for alpha stucco, landplaster, and synthetic
gypsum, the foaming procedure was the same as the case for the foaming described
above relative to beta stucco and HRA in Examples 1 and 2. It has also been found
that it is possible to foam any combination of the aforesaid materials.

[0082] The use of the terms “a” and “an” and “the” and “at least one” and similar
referents in the context of describing the invention (especially in the context of the
following claims) are to be construed to cover both the singular and the plural, unless
otherwise indicated herein or clearly contradicted by context. The use of the term “at
least one” followed by a list of one or more items (for example, “at least one of A and
B”) is to be construed to mean one item selected from the listed items (A or B) or any
combination of two or more of the listed items (A and B), unless otherwise indicated

herein or clearly contradicted by context. The terms “comprising,” “having,”
“‘including,” and “containing” are to be construed as open-ended terms (i.e., meaning
“including, but not limited to,”) unless otherwise noted. Recitation of ranges of
values herein are merely intended to serve as a shorthand method of referring
individually to each separate value falling within the range, unless otherwise
indicated herein, and each separate value is incorporated into the specification as if
it were individually recited herein. All methods described herein can be performed in
any suitable order unless otherwise indicated herein or otherwise clearly
contradicted by context. The use of any and all examples, or exemplary language
(e.g., “such as”) provided herein, is intended merely to better illuminate the invention
and does not pose a limitation on the scope of the invention unless otherwise
claimed. No language in the specification should be construed as indicating any

non-claimed element as essential to the practice of the invention.
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[0083] Preferred embodiments of this invention are described herein, including
the best mode known to the inventors for carrying out the invention. Variations of
those preferred embodiments may become apparent to those of ordinary skill in the
art upon reading the foregoing description. The inventors expect skilled artisans to
employ such variations as appropriate, and the inventors intend for the invention to
be practiced otherwise than as specifically described herein. Accordingly, this
invention includes all modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law. Moreover, any
combination of the above-described elements in all possible variations thereof is
encompassed by the invention unless otherwise indicated herein or otherwise clearly

contradicted by context.
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CLAIMS:
1. A slurry for forming a product, the slurry comprising:
(a) water;

(b)  cementitious particles;

(c) air bubbles with walls formed by the water; and

(d)  surface modifying agent effective to modify a surface of at least some
of the cementitious particles, such that the modified particles stabilize the air bubbles

sufficiently to form air voids in the product.

2. The slurry according to claim 1, wherein the slurry has a pH of at least
about 7.5.
3. The slurry according to claim 1 or 2, wherein the surface modifying

agent comprises one or more gallate compound of Formula I:
OH

HO

HO R

0O
(Formula )
wherein R is selected from C4-Cqg alkyl, C1-C1 alkenyl, C4-C1g alkynyl, C3-C12
cycloalkyl, Cs-C12 cycloalkenyl, or Cs-C1 aryl, wherein the alkyl, alkenyl, and alkynyl
groups are branched or unbranched, and optionally substituted with one or more
substituents selected from halo, alkoxy, ester, or substituted amide.

4. The slurry according to claim 3, wherein R is characterized as C1-Cs
alkyl, C4-Cg alkenyl, C1-Ce alkynyl, C3-Cs cycloalkyl, Cs-Cg cycloalkenyl, Ce-Cs aryl,
wherein the alkyl, alkenyl, and alkynyl groups are branched or unbranched, and
optionally substituted with one or more substituents selected from halo, alkoxy, ester,
or substituted amide.

5. The slurry according to any one of claims 1-4, wherein the surface
modifying agent is propyl gallate.
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6. The slurry according to any one of claims 1-5, wherein the surface
modifying agent is present in an amount from about 0.1% to about 7% by weight of

the cementitious particles.
7. A cementitious product comprising:

porous cementitious component formed from a slurry comprising water,
cementitious particles, air bubbles with walls formed from the water, and surface
modifying agent effective to modify a surface of at least some of the cementitious
particles, such that the particles stabilize the air bubbles sufficiently to form air voids

in the component.

8. A gypsum product comprising:

a set gypsum containing composition formed from a slurry comprising water,
stucco particles, air bubbles with walls formed by the water, and surface modifying
agent effective to modify a surface of at least some of the stucco particles, such that
the particles stabilize the air bubbles sufficiently to form air voids in the product, the

set gypsum composition comprising a gypsum crystal matrix.

9. The gypsum product according to claim 8, wherein the set gypsum
composition is disposed between two cover sheets to form a board, wherein the

board has a density of about 35 pcf or less.

10. A method of making gypsum board comprising:

(@)  mixing at least water, air, cementitious particles, and surface modifying
agent, such that bubbles of the air surrounded by walls formed from the water are
created, and such that the surface modifying agent is effective to modify a surface of
at least some of the cementitious particles to stabilize the bubbles sufficiently to form
a foamed slurry which can be optionally combined with a second cementitious slurry
to form an optional combined foamed slurry;

(b)  disposing the foamed slurry or combined slurry between a first cover
sheet and a second cover sheet to form a board precursor;

(c) cutting the board precursor into a board; and

(d)  drying the board.
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