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(57) ABSTRACT

A roofing article comprising (i) an asphaltic substrate; and
(ii) a plurality of mullite-containing granules disposed on a
surface of the substrate, where said mullite-containing gran-
ules include a mullite concentration of at least 35 wt % and
at most 63 wt % as determined by quantitative x-ray
diffraction.
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ASPHALTIC MEMBRANE WITH
MULLITE-CONTAINING GRANULES

[0001] This application claims the benefit of U.S. appli-
cation Ser. No. 13/538,244 filed on Jun. 29, 2012, which is
a National-Stage application of PCT/US2010/062630 filed
on Dec. 31, 2010, and claims the benefit of U.S. Provisional
Application Ser. No. 61/291,546 filed on Dec. 31, 2009,
which are incorporated herein by reference.

FIELD OF THE INVENTION

[0002] Embodiments of the present invention are directed
toward roofing articles that carry (i.e. are coated with)
mullite-containing granules.

BACKGROUND OF THE INVENTION

[0003] Asphaltic roofing membranes, also known as bitu-
minous membranes, have been employed to cover flat or
low-sloped roofs. These membranes are typically installed
by unrolling a roll of material on a roof surface and then heat
seaming adjacent membranes together to form an impervi-
ous water barrier on the roof surface.

[0004] As part of the manufacturing process, the asphaltic
roofing membranes are often coated with granular material.
Among the benefits associated with the use of these granules
is the ability to reflect and/or block solar radiation, which
includes ultraviolet, visible, and infrared radiation, to
thereby maintain a cooler roof surface. Other benefits
include optional color, weatherability, and fire resistance. It
is believed that by increasing the reflectivity of the roofing
surface, energy savings can be achieved. There is, therefore,
a desire to increase the reflectivity of roofing surfaces,
particularly those that are covered with asphaltic membrane.
Incremental improvements in reflectivity translate into
energy savings for the consumer while also providing envi-
ronmental benefits.

[0005] Conventionally, granules for roofing applications
have been comprised of inert mineral particles. U.S. Pat. No.
7,241,500 discloses that “suitably sized particles of naturally
occurring materials such as talc, slag, granite, silica sand,
greenstone, andesite, porphyry, marble, syenite, rhyolite,
diabase, greystone, quartz, slate, trap rock, basalt, and
marine shells can be used, as well as recycled manufactured
materials such as crushed bricks, concrete, porcelain, fire
clay, and the like”.

[0006] Typically granules used for roofing applications are
of a standard size, and may be classified as full grade or No.
11 grade which, according to U.S. Pat. No. 6,238,794,
corresponds to -10/+35 U.S. mesh size. Alternatively, as
stated in U.S. Pat. No. 6,933,007, industry standard granules
are typically referred to as 8x40 U.S. mesh whereas the
average particle size corresponds to about 19 US mesh (i.e.
0.937 mm sieve opening). U.S. Pat. No. 7,241,500 describes
the mineral particles, which can be produced by a series of
quarrying, crushing, and screening operations, as having a
size generally intermediate between sand and gravel, or
between about 8 US mesh and 70 US mesh.

[0007] U.S. Pat. No. 3,169,075 discloses conventional
mineral roofing granules surfaced with a coating comprised
of calcined kaolin, a pigment such as titanium dioxide, and
an alkali silicate to form a vitreous coating. U.S. Pat. No.
6,933,007 discloses as background that kaolin clay is used
extensively in silicate paint formulations for coloring roof-
ing granules, serving as a filler, extender, moisture release

Apr. 20, 2017

agent, and reactant to aid film insolubilization during high
temperature firing. However, as further stated in U.S. Pat.
No. 6,933,007, kaolin clay alone lacks the brightness and
opacity needed to hide the dark underlying base rock of the
granule and frequently require appreciable amounts of TiO,
to achieve desired color specifications. U.S. Publication No.
2010/0203336 discloses uncalcined kaolin dispersed with
binder and solar reflective particles (such as TiO,) to provide
roofing granules which are then cured from about 500 to
800° C. The prior art does not contemplate reflective roofing
granules or coatings for granules comprised of additive-free
calcined kaolin.

SUMMARY OF THE INVENTION

[0008] One or more embodiments of the present invention
provide a roofing article comprising (i) an asphaltic sub-
strate; and (ii) a plurality of mullite-containing granules
disposed on a surface of the substrate, where said mullite-
containing granules include a mullite concentration of at
least 35 wt % and at most 63 wt % as determined by
quantitative x-ray diffraction.

[0009] One or more embodiments of the present invention
provide a roofing article comprising (i) an asphaltic sub-
strate; and (ii) a plurality of mullite-containing granules
disposed on a surface of the substrate, said granules char-
acterized by an grain size of about 0.05 um.

[0010] One or more embodiments of the present invention
provide a composition suitable for roofing granules charac-
terized by a solar reflectance of at least 30%, wherein the
composition is further characterized by a mullite phase
content of at least 35 wt % and at most 60 wt % as
determined by quantitative x-ray diffraction and a mullite
crystallite size of at least 25 nm and at most 65 nm as
determined by x-ray diffraction line broadening of the
isolated (110) diffraction peak.

[0011] One or more embodiments of the present invention
provide an asphaltic membrane comprising (i) an asphaltic
substrate; and (ii) a plurality of mullite-containing granules
disposed on a planar surface of the substrate, where the
mullite-containing granules include mullite-crystallites dis-
persed within a non-mullite matrix, and where the mullite-
containing granules include less than 3.5 wt. % alkali oxides
or alkaline earth oxides combined.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a cumulative percentage representation
for Samples 2 &3 of the invention and comparative Samples
1,5, &6.

[0013] FIG. 2 is a graph of cumulative hiding power
(opacity) and mean index values for Sample 2 of the
invention and comparative Sample 8.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0014] Embodiments of the present invention are based, at
least in part, on the discovery of asphaltic membranes
having a technologically useful reflectivity to solar radiation
that include a plurality of mullite-containing granules char-
acterized by a tailored mullite concentration, a tailored
mullite crystallite size, or both a tailored mullite concentra-
tion and a tailored mullite crystallite. These articles are
advantageously characterized by exhibiting a high degree of
solar reflectivity (e.g. panel reflectivity). While the prior art
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contemplates the use of aluminosilicates for roofing gran-
ules, it has unexpectedly been discovered that not all alu-
minosilicates provide the desired performance and that the
mullite concentration and mullite crystallite size of mullite-
containing granules are critical parameters to achieving
desired panel reflectivity. In these or other embodiments, it
has unexpectedly been discovered that the aspect ratio of the
mullite crystallites within the mullite-containing granules
plays an important role in achieving desired panel reflec-
tivity. Without being bound by theory, it is believed that
enhanced reflectivity of the granules occurs due to increased
light scattering at interfaces, such as at the mullite crystallite
boundaries and mullite crystallite/non-mullite matrix bound-
aries.

Structure

[0015] In one or more embodiments, the asphaltic mem-
branes of the one or more embodiments of the present
invention include an asphaltic substrate having two major
planar surfaces. The two planar surfaces may be referred to
as first and second planar surfaces, or in other embodiments,
as an upper surface and a lower surface. At installation and
during use, the upper surface is positioned toward the
environment while the lower surface is positioned toward
the roof structure onto which the membrane is installed.
[0016] In one or more embodiments, the upper surface of
the membrane carries a plurality of granules. Accordingly,
reference may be made to a coated asphaltic membrane.
Stated another way, a first planar surface of the membrane is
coated with a plurality of granules. These granules are
generally affixed to the upper surface of the membrane
through adhesive forces offered by the asphaltic substrate.
[0017] In one or more embodiments, the granules as
applied to the substrate are characterized by a surface
coverage of at least 85%, in other embodiments at least 90%,
in other embodiments at least 95%, or at least 96%, or at
least 97%, or at least 98%, or at least 98.5% or at least 99%,
or at least 99.5%. In one of more embodiments, surface
coverage is determined optically by image analysis as is
known in the art.

[0018] Inone or more embodiments, the roofing articles of
the present invention include a bituminous substrate includ-
ing a first and second planar surface. The first planar surface
is substantially coated with granules. The second planar
surface is coated, as is known in the art, with non-stick
surface. Examples of non-stick surface coatings include, but
are not limited to, release liners and sand. In one or more
embodiments, the roofing articles of the present invention
include a second planar surface that is coated with sand.

Asphaltic Substrate

[0019] Practice of the present invention is not necessarily
limited by the choice of asphaltic substrate, which may also
be referred to as a bituminous membrane or asphaltic
membrane. Any asphaltic substrate currently used in the
roofing art can be used in practice of the present invention.
In particular embodiments, the substrate includes a roofing
shingle, which is conventionally used on residential build-
ings with relatively high-sloped roofs. In other embodi-
ments, the asphaltic substrate includes modified asphalt
membranes, which includes those membranes that are con-
ventionally used on commercial buildings that have flat or
low-sloped roofs. Examples of modified asphalt membranes
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are disclosed in U.S. Pat. Nos. 4,835,199, 4,992,315, 6,486,
236, 6,492,439, 6,924,015, 7,070,843, 7,146,771, and 7,442,
270, which are incorporated herein by reference.

[0020] In one or more embodiments, the asphaltic sheet
includes a reinforcing fabric coated with an asphaltic-based
composition. The fabric, or reinforcing sheet, may be woven
or non-woven as is known in the art. Non-limiting examples
of such fabric, also known as a scrim or fiberglass mesh
sheet, include scrims that are commercially available. For
example, fiberglass scrims are available under the trade
name STYLE™ 930120 (Milliken & Co.; Spartanburg,
S.C.) and also available from J. P. Stevens (Greenville,
S.C.). In other embodiments, the reinforcing sheet may be an
organic felt.

[0021] In one or more embodiments, asphaltic composi-
tion includes asphalt or bitumen, optionally polymer, and
optionally other additives such as those conventionally
employed in the art. Where a polymer is present in the
composition, the asphaltic substrate may be referred as a
polymer-modified membrane. The polymer modifier may be
polymers or rubbers as known in the art. Non-limiting
examples of such polymer modifiers include styrene buta-
diene rubber (SBR) or atactic polypropylene (APP).

Granules

Mullite Concentration

[0022] In one or more embodiments, the mullite-contain-
ing granules (which may be referred to simply as granules)
employed in practicing the present invention include crys-
tallites of mullite (which may also be referred to as mullite
crystallites) dispersed within a matrix that includes non-
mullite aluminosilicates, non-mullite siliceous materials, or
both non-mullite aluminosilicates and non-mullite siliceous
materials.

[0023] The term mullite is used in a conventional manner.
As those skilled in the art appreciate, mullite refers to a
subset of crystalline aluminosilicates. Mullite can be repre-
sented by the stoichiometric forms 3Al1,0,.2S8i0, and
2A1,0,.810,, or more generally as Al,[Al,,,,S15 5,100
where 0.18<x=0.88. As is known in the art, mullite can be
identified by x-ray diffraction, and standard x-ray diffraction
patterns for mullite are well known (for example, published
by U.S. Department of Commerce, National Bureau of
Standards, U.S. Government Printing Office, 1964).

[0024] In one or more embodiments, the mullite-contain-
ing granules employed in the practice of this invention
include a certain amount of mullite, which amount may be
referred to as mullite concentration. In one or more embodi-
ments, the granules employed in practice of this invention
include at least 35 wt %, in other embodiments at least 37
wt %, in other embodiments at least 40 wt %, in other
embodiments at least 42 wt %, in other embodiments at least
45 wt %, in other embodiments at least 47 wt % by weight
mullite, and in other embodiments at least 50 wt % mullite,
as determined by wide angle powder x-ray diffraction. In
these or other embodiments, the granules employed in
practice of this invention include at most 63 wt %, in other
embodiments at most 60 wt %, in other embodiments at
most 58 wt %, in other embodiments at most 57 wt %, and
in other embodiments in other embodiments at most 55 wt
% mullite, as determined by wide angle powder x-ray
diffraction. In one or more embodiments, the granules
include from about 35 to about 63 wt %, in other embodi-
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ments from about 40 to about 57 wt %, and in other
embodiments from about 45 to 55 wt % mullite, as deter-
mined by wide angle powder x-ray diffraction

Mullite Size and Geometry

[0025] In one or more embodiments, the mullite crystal-
lites may have a platelet shape, in other embodiments, they
may have a needle shape, and in certain embodiments, the
granules may include a blend of platelet shaped mullite
crystallites and needle-shaped mullite crystallites.

[0026] Inone or more embodiments, the mullite crystallite
size, as determined by the isolated (110) x-ray diffraction
peak (which may correspond to a shorter dimension of the
crystal), is at least 25 nm, in other embodiments at least 30
nm, in other embodiments at least 33 nm, and in other
embodiments at least 35 nm. In these or other embodiments,
the mullite crystallite size, as determined by the isolated
(110) x-ray diffraction peak, is at most 65 nm, in other
embodiments at most 57 nm, in other embodiments at most
60 nm, and in other embodiments at most 55 nm. In one or
more embodiments, the average crystallite size, as deter-
mined by the isolated (110) x-ray diffraction, is from about
25 nm to about 65 nm, in other embodiments from about 30
nm to about 60 nm, and in other embodiments from about 35
nm to about 55 nm.

[0027] Inone or more embodiments, the crystallite size, as
determined by the isolated (001) x-ray diffraction peak
(which may correspond to a longer dimension of the crystal),
is at least 50 nm, in other embodiments at least 55 nm, in
other embodiments at least 60 nm, and in other embodiments
at least 65 nm. In these or other embodiments, the crystallite
size, as determined by the isolated (001) x-ray diffraction
peak, is at most 1000 nm, in other embodiment at most 700
nm, in other embodiments at most 400 nm, in other embodi-
ments at most 200 nm, in other embodiments at most 150
nm, in other embodiments at most 100 nm, in other embodi-
ments at most 90 nm, and in other embodiments at most 85
nm. In one or more embodiments, the average crystallite
size, as determined by the isolated (001) x-ray diffraction
peak, is from about 50 nm to about 100 nm, in other
embodiments from about 55 nm to about 90 nm, and in other
embodiments from about 60 nm to about 85 nm. In some
instances, the upper limit for determination of crystallite size
is 100 nm for some instrumentation, but scanning electron
micrographs can be utilized to corroborate crystallite dimen-
sions greater than 100 nm.

[0028] Inone or more embodiments, the aspect ratio of the
mullite crystallites, which refers to the ratio of the mullite
crystallite size by the isolated (001) x-ray diffraction peak to
the mullite crystallite size by the isolated (110) x-ray dif-
fraction peak (i.e. the longest dimension to the shortest
dimension) may be at least 1.5, in other embodiments at least
1.6, in other embodiments at least 1.7 in other embodiments
at least 1.8, in other embodiments at least 1.9, and in other
embodiments at least 2.0.

[0029] As used herein, the mullite crystallite size is mea-
sured by x-ray diffraction line broadening techniques, as are
known in the art. See, for example, U.S. Pat. No. 3,989,783
and J. I. Langford and A. J. C. Wilson, “Scherrer after Sixty
Years: A Survey and Some New Results in the Determina-
tion of Crystallite Size,” J. Appl. Cryst. 11 (1978) pp
102-113.

[0030] As is known in the art, the mullite crystallite size
can be calculated based on the theory of line broadening of
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diffraction line by fine grain size, as described by the
Scherrer equation (Equation 1), whereby peak width (B) is
inversely proportional to crystallite size (L):

Eq. 1
BO) = — (Eq- 1)

where, B is the diffraction broadening at full width at half
maximum (a.k.a FWHM); K is the Scherrer constant (as-
sumed to be 0.94 for these calculations); L is the thickness
of the crystallite perpendicular to the selected crystal plane,
and 0 is the angle of incident X-ray radiation. The breath (B)
refers the broadening due to the particle size effect alone and
is the width of the diffraction peak at one-half of the
maximum intensity (full width at half maximum, or
FWHM). By way of example, diffraction patterns can be
generated using X-ray Diffractometer (Siemens D500 Goni-
ometer, Cu-Ka radiation, Phillips) and an analyzing range
from 5° to 70° 20 with 0.04° step size and 4 second dwell
(count time). Phase identification and profile fitting can be
conducted using commercial software routines (e.g. Jade+,
Version 10.1, Materials Data, Inc., Livermore, Calif., 1995).
As those skilled in the art recognize, mullite grains may
grow with a needle-like or acicular habit. Therefore, for the
analysis of mullite crystallite size, the mullite diffraction
peaks at 16.4° 20 (110) (representing the smallest dimen-
sion) and 30.9° 20 (001) (representing the longest dimen-
sion) were used to calculate the grain size in two different
directions.

Granule Matrix

[0031] As discussed above, the mullite crystallites are
dispersed within non-mullite aluminosilicates and/or non-
mullite siliceous materials. These non-mullite materials may
be referred to as a matrix in which the mullite crystallites are
dispersed.

[0032] The term aluminosilicate is used in a conventional
manner. In general, these materials include alumina (Al,0;)
and silica (Si0,), and include compositions that are sub-
stantially alumina or substantially silica, although with
respect to the latter, the term siliceous material may also be
employed. See, for example, S. Aramaki & R. Roy in
“Revised Phase Diagram for the System Al,0,—SiO,”
Journal of the American Ceramic Society, 45, Issue 5, pages
229-242, published May, 1962 and by R. Davis & J. Pask in
“Diffusion and Reaction Studies in the System Al,O;,—
Si0,” Journal of the American Ceramic Society, 55, Issue
10, pages 525-531, published October, 1972, which are
incorporated herein by reference.

[0033] In one or more embodiments, the matrix includes
amorphous material, which as those skilled in the art appre-
ciate, refers to non-crystalline materials such as glassy silica.
In one or more embodiments, these amorphous materials
lack long-range order typical of crystalline materials. In one
or more embodiments, the matrix includes polymorphs of
silica, amorphous silica, or combinations thereof.

[0034] In one or more embodiments, at least 50 wt %, in
other embodiments at least 60 wt %, in other embodiments
at least 70 wt %, in other embodiments at least 80 wt %, in
other embodiments at least 90 wt %, and in other embodi-
ments at least 95 wt % of the matrix is amorphous.
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Granule Chemical Composition

[0035] In one or more embodiments, the mullite-contain-
ing granules include a major amount of alumina and silica.
Alumina may be referred to as aluminum oxide or Al,Oj;,
and silica may be referred to as silicon dioxide or SiO,. In
one or more embodiments, the granules include at least 90
wt %, in other embodiments at least 93 wt %, in other
embodiments at least 95 wt %, in other embodiments at least
96 wt %, in other embodiments at least 97 wt %, in other
embodiments at least 98 wt %, and in other embodiments at
least 99 wt % silica and alumina combined.

[0036] In one or more embodiments, the mullite-contain-
ing granules include at least 35 wt %, in other embodiments
at least 40 wt %, and in other embodiments at least 42 wt %
alumina. In these or other embodiments, the granules
include at most 55 wt %, in other embodiments at most 50
wt %, and in other embodiments at most 45 wt % alumina.
[0037] In these or other embodiments, the mullite-con-
taining granules include at least 40 wt %, in other embodi-
ments at least 45 wt %, in other embodiments at least 49 wt
%, and in other embodiments at least 54 wt % silica. In these
or other embodiments, the granules include at most 65 wt %,
in other embodiments at most 60 wt %, and in other
embodiments at most 55 wt % silica.

[0038] In one or more embodiments, the mullite-contain-
ing granules include less than 5 wt % total combined weight
of elements or compounds (such as oxides) other than
alumina and silica. These elements or compounds include
potential impurity metal oxide components such as, but not
limited to, oxides such as Fe,O;, TiO,, K,0, MgO, CaO,
P,0;, or trace levels in oxide form of compounds containing
Ba, Sr, Zr. In one or more embodiments, the granules include
less than 4 wt %, in other embodiments less than 3 wt %, and
in other embodiments less than 2 wt % total combined
weight of elements or compounds (such as oxides) other
than alumina and silica.

[0039] In one or more embodiments, the mullite-contain-
ing granules includes less than 3.5 wt %, in other embodi-
ments less than 3.0 wt %, in other embodiments less than 2.5
wt %, in other embodiments less than 2 wt %, in other
embodiments less than 1.5 wt %, and in other embodiments
less than 1.0 wt % alkali oxides (RO) or alkaline earth oxides
(R,O) combined. In one or more embodiments, the granules
are essentially devoid of alkali oxides or alkaline earth
oxides. For example, alkali oxides include, but are not
limited to, BaO (Barium Oxide, Baria), CaO (Calcia, Cal-
cium Oxide), MgO (Magnesium Oxide, Magnesia), PbO
(Lead Oxide), SrO (Strontium Oxide, Strontia), and ZnO
(Zinc Oxide). And, for example, alkaline earth oxides
include, but are not limited to, K,O (Potassium Oxide), Li,O
(Lithium Oxide, Lithia), and Na,O (Sodium Oxide, Soda).
As is generally known, alkali oxides and alkaline earth
oxides are fluxing oxides, which may act to lower the
melting point of refractory oxides such as silica and alumina.
[0040] As is known in the art, the chemical composition of
aluminosilicate granules may be determined by ICP-ES
(inductively coupled plasma emission spectroscopy) or
other suitable techniques for determining oxide content.
Unless otherwise noted, percentages are in weight percent
for normalized oxide equivalent.

Granule Size & Size Distribution

[0041] In one or more embodiments, mullite-containing
granules having a particular size are employed. The size of
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the granules, which may also be referred to as agglomerate
size or as particle size, refers to largest axis (e.g., diameter
of a spherical particle) of the granule, which may also be
referred to as equivalent spherical diameter. In one or more
embodiments, the mullite-containing granules are character-
ized by a size of from about -3%% to about +70 mesh, or in
other embodiments from about -4 to about +35 mesh. In
other words, the particles, on average, are of sufficient size
so that 90% or more of the material will pass through a
3l5-mesh sieve (particles smaller than 5.66 mm) and be
retained by a 70-mesh sieve (particles larger than 0.210
mm). In one or more embodiments, the size of the granules
corresponds to full grade or No. 11 grade.

[0042] In one or more embodiments, the granules are
characterized by a number average particle size of less than
10 mm, in other embodiments less than 3 mm, in other
embodiments less than 1 mm, and in other embodiments less
than 500 microns. In these or other embodiments, the
granules are characterized by an average particle size of at
least 10 um, in other embodiments at least 100 pm, and in
other embodiments at least 200 pum.

[0043] As is known in the art, particle size distribution
may be determined by several techniques. These techniques
include, but are not limited to, sieve analysis, sedimentation
analysis, and light scattering techniques. The particle size
distribution (PSD) may include reference to equivalent
spherical diameter (ESD). Median particle size is the value,
dsq, at which there are 50% by weight of the particles present
in the composition having an ESD less than that value.
Unless noted otherwise, the percentages and amounts
expressed herein are by weight.

Granule Geometry

[0044] In one or more embodiments, the mullite-contain-
ing granules are characterized by having a blocky, or plate-
like, structure. In these or other embodiments, the plate-like
structure refers to a geometry where one axis (e.g., z axis)
is substantially smaller than the other axes (e.g., X and y
axes) of the granule. In one or more embodiments, the x
and/or y axes are at least 1.5, or at least 2, or at least 3. The
aspect ratio may be determined by optical microscopy
techniques in conjunction with image analysis as is known
in the art.

Miscellaneous Properties

[0045] In one or more embodiments, the mullite-contain-
ing granules employed in practicing the present invention
may be relatively porous or, in other embodiments, rela-
tively non-porous. Porosity as measured by mercury poro-
simetry techniques known in the art is employed to charac-
terize the open porosity inherent in the granules. Suprisingly,
as will be discussed further in the next section, porosity did
not contribute greatly to the superior reflectivity of the
articles of the invention. In one or more embodiments, the
porosity of the granules as measured using Hg-porosimetry
is greater than or equal to zero (0 ml/g), in other embodi-
ments greater than 0.01 ml/g, in other embodiments greater
than 0.02 ml/g, in other embodiments greater than 0.03 ml/g,
in other embodiments greater than 0.04 ml/g. In one or more
embodiments, the porosity of the granules is less than 0.25
ml/g, in other embodiments less than 0.20 ml/g, in other
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embodiments greater than 0.19 ml/g, in other embodiments
greater than 0.18 ml/g, and in other embodiments greater
than 0.16 ml/g.

[0046] In one or more embodiments, the mullite-contain-
ing granules are characterized by being white in color. In one
or more embodiments, the granules have an L* value of at
least 75, in other embodiments at least 80, and in other
embodiments at least 85. As those skilled in the art appre-
ciated, the color of granules may be measured to determine
L-value by using standard instrumentation such as Hunter
L,a,b (Hunter Associates Laboratory, Inc., Reston, Va.) or
CIELAB L*, a* b* (CIELAB, 1976). Values for “L*”
indicate the ratio of light to dark. Values for “a” refer to the
redness-greenness coordinate in certain transformed color
spaces, generally used as the difference in “a” between a
specimen and a standard reference color. If “a” is positive,
there is more redness than greenness; if “a” is negative, there
is more greenness than redness. It is normally used with b as
part of the chromaticity or chromaticity color difference.
Values for “b” refer to the yellowness-blueness coordinate in
certain color spaces, generally used as the difference in “b”
between a specimen and a standard reference color, nor-
mally used with “a” or a as part of the chromaticity differ-
ence. Generally, if “b” is positive, there is more yellowness
than blueness; if “b” is negative, there is more blueness than
yellowness. For a description of the Hunter Color test
methods, see Billmeyer, Jr. et al., Principles of Color Tech-
nology, John Wiley & Sons, 2' (1981), which is incorporated
herein by reference.

[0047] In one or more embodiments, the mullite-contain-
ing granules are characterized by including grains having an
average grain size of at least about 0.01 pm, or at least about
0.05 um, or at least about 0.1 um, or at least about 0.5 pm,
or at least about 1 pm. In these or other embodiments, the
average grain size is less than about 100 pm, or less than
about 50 um, or less than about 20 pm, or less than about 10
pum, or less than about 5 pm.

[0048] In one or more embodiments, the mullite-contain-
ing granules are characterized by a visible light (about 400
to about 700 nm) reflectivity of at least 70%, in other
embodiments at least 75%, in other embodiments at least
80%, in other embodiments at least 85%, and in other
embodiments at least 90%. In one or more embodiments, the
granule are characterized by a UV electromagnetic radiation
(about 10 nm to about 400 nm) reflectivity of at least 70%,
in other embodiments at least 75%, in other embodiments at
least 80%, in other embodiments at least 85%, and in other
embodiments at least 90%. In one or more embodiments, the
granules are characterized by an infrared electromagnetic
radiation (about 700 nm to about 107> m) reflectivity of at
least 70%, in other embodiments at least 75%, in other
embodiments at least 80%, in other embodiments at least
85%, and in other embodiments at least 90%. In one or more
embodiments, the granules are characterized by a terrestrial
solar radiation (about 250 nm to about 2500 nm) reflectivity
of at least 70%, in other embodiments at least 75%, in other
embodiments at least 80%, in other embodiments at least
85%, and in other embodiments at least 90%. For purposes
of this specification, terrestrial solar radiation refers to the
solar radiation contacting sea level. In one or more embodi-
ments, the bituminous substrates applied with granules of
the invention are characterized by panel solar reflectance of
at least 65%, in other embodiments at least 70%, in other
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embodiments at least 75%, in other embodiments at least
80%, in other embodiments at least 85%, and in other
embodiments at least 90%.

[0049] In one or more embodiments, the mullite-contain-
ing granules are characterized by a reflectivity according to
ASTM C 1549 of at least 60%, in other embodiments at least
65%, in other embodiments at least 70%, in other embodi-
ments at least 72%, in other embodiments at least 75%, in
other embodiments at least 80%, in other embodiments at
least 85%, and in other embodiments at least 90%.

[0050] In one or more embodiments, the mullite-contain-
ing granules are characterized as being chemically inert,
which refers to the fact that the granules are stable to
chemical conditions conventionally experienced on a roof
surface. In one or more embodiments, the granules are
insoluble in water, which refers to a solubility of 0.01 gram
per liter or less at standard conditions of temperature and
pressure and a pH of 7. In one or more embodiments, the
granules are insoluble in water under acidic conditions,
which refers to a solubility of 0.01 gram per liter or less at
standard conditions of temperature and pressure and a pH of
5 or less, or in other embodiments at a pH of 4 or less, or in
other embodiments at a pH of 3 or less, or in other embodi-
ments at a pH of 2 or less. In these or other embodiments,
the granules are insoluble in water under basic conditions,
which refers to a solubility of 0.01 gram per liter or less at
standard conditions of temperature and pressure and a pH of
8 or more, or in other embodiments at a pH of 9 or more, or
in other embodiments at a pH of 10 or more, or in other
embodiments at a pH of 11 or more.

Source and Manufacture of Granules

[0051] Practice of one or more embodiments of the present
invention is not limited by the source of the mullite-con-
taining granules or method by which the granules may be
fabricated. In one or more embodiments, the mullite-con-
taining granules are obtained by calcination of kaolin clay.
The product of calcination may be referred to as calcined
kaolin.

[0052] As those skilled in the art appreciate, kaolin exists
naturally in the hydrous form. In the hydrous form, kaolinite
minerals form crystal structures that are linked together by
hydroxyl containing moieties. Hydrous kaolin may be con-
verted to calcined kaolin containing a desired amount of
mullite by thermal processes. It is believed that these pro-
cesses result in a dehydroxylation of the kaolin and an
aggregation of the particles that converts the crystal struc-
ture to an amorphous form.

[0053] Practice of one or more embodiments of the present
invention is not limited by selection of particular kaolin to
provide or produce the calcined kaolin having the desired
mullite characteristics. In one or more embodiments, crude
kaolin, coarse hydrous kaolin, or fine hydrous kaolin may be
employed. As those skilled in the art appreciate, kaolin may
be mined from various geographic locations including North
America, Europe, and Asia.

[0054] In one or more embodiments, the kaolin may
optionally be subjected to preliminary processing and/or
beneficiation to facilitate transportation, storage, and han-
dling. For example, crude kaolin can be subjected to one or
more of the following operations: crushing, grinding,
delamination (wet milling, slurry milling, wet grinding, and
the like), filtration, fractionation, pulverization, flotation,
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selective flocculation, magnetic separation, floc/filtration,
bleaching, and the like before or after the heat treatment.
[0055] In one or more embodiments, calcination is
effected by heat treating hydrous kaolin at temperatures
ranging from about 500° C. to about 1300° C. or higher. In
one or more embodiments, the calcined kaolin is thermally
prepared at a calcination temperature of at least 1000° C. and
at most 1300° C. for a time from about 1 second to about 10
hours, or at least 1050° C. and at most 1250° C. for a time
from about 1 minute to about 5 hours, or at least 1100° C.
and at most 1200° C. for a time from about 10 minutes to
about 4 hours. In one or more embodiments, the kaolin is
heated to a temperature of about 1175 to 1200° C. for a time
of about 1 minute to about 2 hours. Calcined, or calcination
as used herein, may encompass any degree of calcination,
including partial (meta) calcination, full calcination, flash
calcination, or combinations thereof.

[0056] Calcining or heat treating may be performed in any
suitable manner to provide a major amount of mullite.
Heating procedures typically include soak calcining, flash
calcining, and/or a combination of flash calcining/soak
calcining. In soak calcining, a hydrous kaolin is heat treated
at a desired temperature for a period of time (for example,
from at least 1 minute to about 5 or more hours), sufficient
to dehydroxylate the kaolin and form a major amount of
mullite. In flash calcining, a hydrous kaolin is heated rapidly
for a period of at most 10 seconds, typically less than about
1 second. In a flash/soak calcining operation, metakaolin is
instantaneously produced during flash calcination and then
processed to a finished product requirement using soak
calcination. Excess calcination to temperatures above for
example 1400° C. may not desirable due to mullite crystal-
lite growth outside of desired range.

[0057] Practice of one more embodiments of the present
invention is not limited by the furnace, kiln, or other heating
apparatus used to effect heating of the hydrous kaolin.
Known devices suitable for carrying out soak calcining
include high temperature ovens, and rotary and vertical
kilns. Known devices for effecting flash calcining include
toroidal fluid flow heating devices.

Membrane Characteristics

[0058] The membranes of one or more embodiments of
this invention can achieve a solar reflectance, as defined and
determined by the EnergyStar rating or California Title 24
(Cool Roof Rating Council test CRRC-1 in conjunction with
ASTM C1549), which reflectance may be referred to as
panel reflectance, of at least 60%, in other embodiments at
least 65%, in other embodiments at least 67%, in other
embodiments at least 69%, in other embodiments at least
70%, in other embodiments at least 72%, and in other
embodiments at least 75% reflectivity.

Method of Making Coated Asphaltic Membrane

[0059] Practice of one or more embodiments of the present
invention is not limited by the method used to manufacture
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the asphaltic membranes of the present invention. Conven-
tional techniques for forming the asphaltic substrate and
applying the granules may be employed. In this regard, U.S.
Pat. Nos. 3,169,075 and 6,933,007 are incorporated herein
by reference. In one or more embodiments, the mullite-
containing granules are applied to a hot asphaltic substrate
by gravity (i.e. they are dropped). In particular embodi-
ments, multiple drops are employed, and in other embodi-
ments, the size of the granules that are applied in a subse-
quent drop step are smaller than the granules applied in a
first drop step.

[0060] Inone or more embodiments, the roofing articles of
the present invention are prepared wherein the temperature
at which the plurality of granules is provided to the substrate
is at least 150° C. and at most 220° C., or at least 160° C.
and at most 195° C., or at least 170° C. and at most 185° C.

INDUSTRIAL APPLICABILITY

[0061] In one or more embodiments, the coated asphaltic
membranes of the present invention may be fabricated into
in the form of a sheet that is rolled for storage and transport.
Upon installation, these sheets are unrolled and adjacent
sheets can be heat welded together or sealed with hot asphalt
or cold adhesive to form a water-impervious barrier on the
top of the roof. As noted above, a planar surface of the
membrane is coated with granules. The coated surface is
typically the surface that is exposed to the environment
when installed on a roof, and therefore it may be referred to
as the top surface. The opposite planar surface, which may
be referred to as the bottom surface, is typically not coated
with the inventive granules and therefore may be devoid or
substantially devoid of granules.

[0062] In order to demonstrate the practice of the present
invention, the following examples have been prepared and
tested. The examples should not, however, be viewed as
limiting the scope of the invention. The claims will serve to
define the invention.

EXAMPLES

[0063] Ten samples of ceramic materials (generally alu-
minosilicates) were obtained and analyzed for various char-
acteristics and properties, and they were further employed as
granules on asphaltic test samples to determine their use-
fulness as a roofing granule. With respect to the latter, the
asphaltic samples were analyzed for solar reflectance.

[0064] The chemical compositions of the various ceramic
samples were analyzed by ICP-ES (inductively coupled
plasma emission spectroscopy) techniques, and the results
are set forth in Table 1 where values are set forth as weight
percent. Samples 1, 2, and 3, were include multiple data
points that represent different batches of what was believed
to be the same material (e.g. 1a and 1b).

TABLE 1
Sample
No. Si0,% ALO3% Fey,03% TiO% Na,O % K,0 % MgO % CaO %  Sum %
la 54.68 4451 0.13 0.48 0.02 0.10 0.03 0.05 100.00
1b 52.86 4631 0.16 0.45 0.03 0.09 0.04 0.05 100.00
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TABLE 1-continued
Sample
No.  Si0% ALO% Fe,0,% TiO% Na,0% K,0% MgO % CaO % Sum %
2a 55.99 41.59 0.55 0.32 0.06 1.34 0.12 0.03 100.00
2b 55.77 41.76 0.52 0.26 0.06 143 0.16 0.04 100.00
3a 55.10 41.92 1.09 0.13 0.07 1.02 0.30 0.37 100.00
3b 55.05 42.00 1.02 0.14 0.08 1.05 0.34 0.32 100.00
3¢ 55.20 41.95 1.01 0.14 0.08 1.03 0.26 0.31 100.00
4 56.52 40.57 0.52 0.02 0.13 1.85 0.28 0.11 100.00
5 5441 43.93 0.63 0.37 0.02 0.33 0.14 0.17 100.00
6 52.56 43.67 0.55 0.68 0.26 1.82 0.14 0.30 100.00
7 40.94 56.94 0.35 1.14 0.05 0.28 0.13 0.17 100.00
8 0.35 99.47 0.00 0.00 0.13 0.00 0.00 0.05 100.00
9 72.37 20.75 0.66 0.78 0.97 3.95 0.16 0.35 100.00
10 4391 50.01 0.66 0.74 0.86 3.31 0.19 0.32 100.00
[0065] Samples 1 through 5 were believed to be calcined ratio for mullite phase crystallites are included in Table 3
kaolin clays that were calcined at a temperature of about together with the morphology data based upon the granule
1175 to 1200° C. for 15 min to 2 hours. Specifically, aspect ratio.
TABLE 2
Mineralogy ~ Mullite  Apparent Neat Lab Trial
(mullite Crystallite  Specific Density Porosity Hiding Granule Panel Panel
concen- Size Gravity (He— (Hg— Power Reflec- Reflec- Reflec-
Sample tration) (110) (ASTM  Pycnometry) Porosimetry) Mean tance Color tance tance
No. % nm C373) g/em? (ml/g) (index) % L* a* b* % %
1 30.2 25.1 2.45 2.63 0.03 114 76.20% 88.14 -0.745 6.68 63.7 —
2 49.2 39.1 2.61 2.70 0.16 134 80.96% 91.65 -0.51 9.20 76.0 72%
3 52.3 50.4 2.68 2.75 0.19 142 81.64% 9032  0.63 8.56 76.8 69%
4 42.1 35.2 2.65 2.65 0.03 147 84.05% 91.57 0.35 4.94 74.5 —
5 51.4 27.5 2.69 2.77 0.03 157 79.40% 88.00 0.54 5.68 70.3 —
6 50.3 >100 2.58 2.65 0.04 110 67.40% 83.40 -0.27 7.74 47.3 —
7 68.2 >100 2.83 2.94 0.04 117 81.60% 89.75 -0.77 6.64 64.0 —
8 0.0 NA 3.69 3.78 — 108 73.60% 87.00 0.53 2.95 62.0 —
9 14.7 57.5 2.46 2.49 0.03 209 46.50% — — — 42.5 —
10 13.6 65.1 2.51 2.57 0.03 151 51.70% 66.57 -1.37 5.42 45.5 —
Samples 1-3 were believed to derive from industrial scale [0067] Data for mineralogical phase identification and

batch calcinations performed in rotary kilns. Samples 4-5
were clays that were calcined within a Thermolyne 46200
High Temperature Furnace (heating element molybdenum
disilicide) or a Carbolite RHF 1500 Furnace (heating ele-
ment silicon carbide). Samples 6 and 7 were commercially
available (C-E Minerals, King of Prussia, Pa.) refractory
materials, which were believed to be sintered mullites.
Specifically, Sample 6 was believed to correspond to M45,
which is a sintered mullite with chemical composition
corresponding to an alumina content of approximately 45%
Al O;. Sample 7 was believed to correspond to M60, which
is a sintered mullite with chemical composition correspond-
ing to an alumina content of approximately 60% Al,O;.
Sample 8 was a commercially available tabular alumina
(AluChem, Cincinnati, Ohio). Samples 9 and 10 were com-
mercially available electrical insulator porcelains (Victor
Insulators, Inc., Victor, N.Y.), although as shown in Table 1,
Sample 9 was richer is silica while Sample 10 was richer in
alumina. Samples 2 through 5 are representative of the
present invention, while Samples 1 and 6 through 10 are
comparative examples.

[0066] Characterization studies of Samples 1 through 10
were performed and data is presented on Tables 2 and 3. The
characteristics, properties, and solar reflectance of each
Sample are set forth in Table 2. Further data related to aspect

mullite crystallite size was collected using a Bruker D2
Phaser X-Ray Diftractometer. Apparent specific gravity data
was obtained according to ASTM C373 entitled “Standard
Test Method for Water Absorption, Bulk Density, Apparent
Porosity, and Apparent Specific Gravity of Fired Whiteware
Products”. Density measurements were collected by Helium
pycnometry using Micromeritics AccuPyc 1330. Porosity
measurements were collected by Hg-porosimetry using
Micromeritics AutoPore IV Mercury Porosimeter.

[0068] To quantify hiding power, an opacity measurement
indicator, a photographic technique was developed. Gran-
ules were dry dispersed as a single layer of discreet particles
directly on photographic paper (Polycontrast II RC, Kodak)
or on a clear acetate sheet. The paper was exposed, using an
enlarger, and the paper processing using standard photo-
graphic darkroom techniques. The exposure time was deter-
mined by qualitatively evaluating the contrast range using an
opaque object (a coin). The full contrast range was a black
background and a white circle where the coin was placed.
The enlarger was equipped with a 50 mm lens, an f-stop of
22, and a nominal exposure time of eleven (11) seconds. The
processed image consisted of white-gray regions where the
granules were located against a black background. These
images were scanned using a desktop scanner (HP 8200
Flatbed scanner) and then converted to jpeg image format;
subsequently, the images were evaluated using image pro-
cessing software (LabView, v. 5.1). Results were produced
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in the form of an Excel spreadsheet with the number of
pixels in each gray-scale as 256 data pairs. Between 800 and
2000 grains were measured for each index value. In this
analysis, a low number indicated black and a high number
indicated white. The greater the value, the higher the hiding
power. In this analysis, the background was uniformly
centered at an index value of 50 (£3) indicating that the
backgrounds of all of the analyzed images were similar. A
perfectly black background would have a value of 0; per-
fectly white, a value of 255 (summing to 256 shades of
gray). To determine the hiding power, the black background
was removed and the resulting distribution of white-gray
level was evaluated. The hiding power mean index values
were reported in which 50% of the intensity values were
either more opaque or less opaque. Examples of the opacity
distribution of two samples (inventive Samples 2 and com-
parative Sample 8) are presented in FIG. 2. Sample 2, with
a mean index value of 133, has a greater hiding power and,
hence, greater opacity, than Sample 8, with a mean index
value of 108.

[0069] Neat granules were measured for solar reflectance
according to ASTM C1549. Color, as measured by the CIE
Lab L*, a*, and b* system using standard equipment is listed
for Samples 1-10 as set forth in Table 2. The higher [*
values correspond to base granules generally appearing
visually whiter. It is herein noted that Sample 9 is visibly red
in color due to coating by supplier for internal identification
purposes; in cross-section, Sample 9 granules are visibly
white in color. For reference, a white printer paper has
values of [.*=94.84, a*=0.53, and b*=-2.77. An asphalt
compound, data having been collected using a ColorTec-
PSM colorimeter, has values of L*=14.2, a*=-2.44, and
b*=15.68.

[0070] Lab panel reflectance data was collected as fol-
lows. Asphalt coating samples were collected from the
production line. The cooled sheets were heated in an oven at
about 138° C. (280° F., for SBS compounds) or 160° C.
(320° F., for APP compounds) between 30 and 60 minutes.
A heavy layer of granules was poured over the asphalt sheet
surface (approximately 6"x6" substrate), a release paper was
placed over the granules, and then a plywood (12"x12")
piece placed over top. The granules were then press down
manually with a pressure of about 6 psi over the plywood.
After a few seconds, the plywood and the release paper were
removed. The excess granules were removed from the
surface by inverting the panel followed by gentle tapping.
The sample panels were then once again measured for solar
reflectance according to ASTM C1549; results are listed on
Table 2. Trial panel reflectance was measured in a similar
manner, however, the granules were applied using produc-
tion scale equipment rather than manual application as for
lab panel reflectance. Scaled-up trial panel reflectance mea-
surements are typically lower than lab panel reflectance;
optimization of granule surface coverage over the asphalt
and granule penetration into the asphalt is believed to cause
this variability. For purposes of the trial panel reflectance, a
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plurality of highly reflective granules characterized by a
tailored mullite concentration and tailored mullite crystallite
size is applied to the bituminous substrate by conventional
drop method at a temperature of about 177° C. The substrate
then passes over a cooling water bath and is calendered to an
optional second drop location at a temperature of about 121°
C. The substrate is then further calendered with optional
heating prior to a third optional drop at about 32° C.
[0071] Table 3 details aspect ratio of Samples 1-10. The
aspect ratio of the crystallites was obtained through analysis
of isolated mullite phase peaks corresponding to the (110)
x-ray peak, perpendicular to the shortest crystallite dimen-
sion, and the (001) x-ray peak, perpendicular to the longest
crystallite dimension. For Samples 6 and 7, the mullite phase
crystallites are too large to assign values using this tech-
nique. Sample 8 was not measured using this technique,
because the tabular alumina mineralogically consists
entirely of alpha-Al,O,, therefore Sample 8 contains no
mullite phase.

[0072] Samples 1-7 and 9-10 were ground to a powder
with a particle size of approximately 10 um. Diffraction
patterns were generated using a X-ray Diffractometer (Sie-
mens D500 Goniometer, Cu-Ka radiation, Phillips). The
analyzing range was from 5° to 70° 20 with 0.04° step size
and 4 second dwell (count time). Phase identification and
profile fitting were conducted using commercial software
routines (Jade+, Version 10.1, Materials Data, Inc., Liver-
more, C A, 1995). Grain size was estimated based on the
theory of line broadening as discussed previously. Mullite
diffraction peaks at 16.4° 20 (110) (representing the smallest
dimension) and 30.9° 26 (001) (representing the longest
dimension) were used to calculate the grain size in two
different directions.

[0073] The aspect ratio of the granules was obtained by
mounting granules in epoxy and then polishing through to
reveal cross sections of numerous granules. Using an optical
microscope and image analysis, the average aspect ratio of
the granules was calculated. Mounted granules were pre-
pared using transparent epoxy (Epo-kwick® resin and hard-
ener, No. 20-8130-128 and 20-8138-032, Buehler). Granules
were placed on glass mold (3" in diameter and %2" in depth)
and moderately vibrated to achieve a single layer of gran-
ules. Then liquid resin and hardener mixture was applied to
the mold and cured. The flat surface (as cast) of the cured
epoxy (including embedded granules) was optically scanned
to collect the “x-y” dimension of the granules. After scan-
ning, the disc was sliced perpendicular to the case surface
using a diamond saw into strips and the cross sections were
scanned to collect “z” dimensions. The scanned images were
analyzed using commercial imaging software (Image-Pro
Plus, v. 4.0, Media Cybernetics, Bethesda, Md.). The longest
and shortest dimensions of each granule were measure in all
scanned images. From this data, the overall average and
standard deviations were calculated and used to create the
aspect ratio by dividing the “x-y” average dimension by the
“z” dimension. A granule aspect ratio of about one indicates
equiaxed grains.

TABLE 3

Aspect Ratio of Mullite Crystallite;

Aspect Ratio Aluminosilicate Granule:

Sample nm (110) nm (001)  Aspect Xy x/z Aspect
No. averg. st. dev. averg. st.dev. Ratio averg. st.dev. averg. st.dev. Ratio
1 25.1 1.2 41.6 5.8 1.7 1.77 1.01 1.49 0.40 0.8
2 39.1 1.0 87.9 7.8 2.2 1.83 1.13 2.99 1.33 1.6
3 50.4 1.0 85.0 6.0 1.7 1.51 0.35 1.80 0.98 1.2
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TABLE 3-continued
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Aspect Ratio of Mullite Crystallites

Aspect Ratio Aluminosilicate Granules

Sample nm (110) nm (001)  Aspect Xy x/z Aspect
No. averg. st dev. averg. st dev. Ratio averg. st . dev. averg. st.dev. Ratio
4 35.2 0.7 >100 1.2 >3 1.74 0.97 1.47 0.44 0.8
5 27.5 0.6 97.5 5.3 35 1.64 0.54 1.52 042 0.9
6 >100 * >100 * NA 1.62 0.43 1.85 091 1.1
7 >100 * >100 * NA 1.67 0.47 1.73 0.73 1.0
8 — — — — NA — — — — —

9 57.5 2.1 >100 8.2 >2 1.77 1.20 1.52 0.69 0.9
10 65.1 1.0 229 8.7 >3 1.72 0.61 1.48 0.44 0.9

* not measurable by technique
NA not applicable
— no data

[0074] In one or more embodiments, the average trial
panel reflectivity is measured by ASTM C-1549 and is
reported on Table 2 based upon two reflectance readings; for
Sample 3 the trial panel reflectivity is 72%, and for Sample
4 the trial panel reflectivity is 69%. Subsequent (second
and/or third) dropping of granules, which may be charac-
terized by a finer, narrow particle size distribution, have also
been shown to further improve panel reflectivity.

[0075] Various modifications and alterations that do not
depart from the scope and spirit of this invention will
become apparent to those skilled in the art. This invention is
not to be duly limited to the illustrative embodiments set
forth herein.

1. A reflective roofing article, said roofing article com-
prising:

(1) an asphaltic substrate; and

(ii) a plurality of mullite-containing granules disposed on

a surface of the substrate, where said mullite-contain-
ing granules include a mullite concentration of at least
35 wt % and at most 63 wt % as determined by
quantitative x-ray diffraction.

2. The article of claim 1, where the mullite is in the form
of crystallites having a size of at least 25 nm and at most 65
nm as determined by x-ray diffraction line broadening by the
isolated (110) diffraction peak.

3. The article of claim 2, wherein the mullite concentra-
tion is at least 45 wt % and at most 55 wt % as determined
by quantitative x-ray diffraction, and the mullite crystallite
size is at least 35 nm and at most 55 nm as determined by
x-ray diffraction line broadening by the isolated (110) dif-
fraction peak.

4. The article of claim 3, wherein the said mullite crys-
tallites have an aspect ratio of at least 1.5, where the aspect
ratio is a ratio of the mullite crystallite size by the isolated
(001) x-ray diffraction peak to the mullite crystallite size by
the isolated (110) x-ray diffraction peak.

5. The article of claim 4, wherein the said mullite crys-
tallites have an aspect ratio of at least 1.7.

6. The article of claim 2, where the mullite-containing
granules are calcined kaolin.

7. The article of claim 6, wherein the calcined kaolin is
thermally prepared at a calcination temperature of at least
1000° C. and at most 1300° C.

8. The article of claim 7, wherein the calcined kaolin is
thermally prepared at a calcination temperature of at least
1050° C. and at most 1200° C.

9. The article of claim 6, wherein the calcined kaolin
further includes crystalline polymorphs of silica, amorphous
silica, or combinations thereof.

10. The article of claim 1, wherein the article is a
membrane in the form of a roll.

11. The article of claim 1, wherein the article is a shingle.

12. The article of claim 1, wherein the chemical compo-
sition of the granules includes less than 3.5 wt % alkali
oxides or alkaline earth oxides combined.

13. The article of claim 1, wherein the chemical compo-
sition of the granules includes less than 1.0 wt % alkali
oxides or alkaline earth oxides combined.

14. The article of claim 1, wherein the plurality of
granules covers at least 95% of the asphaltic substrate
surface.

15-19. (canceled)

20. An asphaltic membrane comprising:

(1) an asphaltic substrate; and

(ii) a plurality of mullite-containing granules disposed on

a planar surface of the substrate, where the mullite-
containing granules include mullite-crystallites dis-
persed within a non-mullite matrix, and where the
mullite-containing granules include less than 3.5 wt. %
alkali oxides or alkaline earth oxides combined.

21. The article of claim 1, where said mullite-containing
granules include mullite crystallites dispersed within a
matrix that includes non-mullite aluminosilicates or non-
mullite siliceous materials.

22. The article of claim 21, where at least 50% of the
matrix is amorphous.

23. The article of claim 1, where the mullite-containing
granules include mullite dispersed within an amorphous
material.

24. The article of claim 23, where the amorphous material
includes polymorphs of silica, amorphous silica, or combi-
nations thereof.

25. The membrane of claim 20, where the non-mullite
matrix includes non-mullite aluminosilicates or non-mullite
siliceous materials.

26. The membrane of claim 20, where the non-mullite
matrix is amorphous.

27. The membrane of claim 26, where the non-mullite
matrix includes polymorphs of silica, amorphous silica, or
combinations thereof.

28. The article of claim 1, where the granules include at
least 40 wt. % alumina and at most 50 wt. % alumina.
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29. The article of claim 28, where the granules include at
least 49 wt. % silica and at most 60 wt. % silica.

30. The article of claim 1, where the granules include at
least 42 wt. % alumina and at most 45 wt. % alumina.

31. The article of claim 30, where the granules include at
least 54 wt. % silica and at most 55 wt. % silica.

32. The membrane of claim 20, where the granules
include at least 40 wt. % alumina and at most 50 wt. %
alumina.

33. The membrane of claim 32, where the granules
include at least 49 wt. % silica and at most 60 wt. % silica.

34. The membrane of claim 20, where the granules
include at least 42 wt. % alumina and at most 45 wt. %
alumina.

35. The membrane of claim 34, where the granules
include at least 54 wt. % silica and at most 55 wt. % silica.

#* #* #* #* #*



