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"Imperial" grade natural jadeite gems are extremely rare and highly valued
with prices exceeding those of equivalently sized gem diamonds. The term
"jade" as 10 used in the gem trade refers to two minerals: jadeite
(NaAISi2O6) and nephrite (Ca2(Mg,Fe)5Si8O22(OH)2). Before the 18th century,
only nephrite had been found, mined) and carved into art objects or
jewelry. During the 1700's, a new mineral, jadeite) was found in Burma.
Jadeite is different in chemical composition from nephrite and can exhibit
highly saturated colors and a higher degree of translucency) 15 a higher
hardness, and a glassy appearance. Because of its superior properties,
jadeite quickly replaced nephrite as the "jade" of choice among art and gem
collectors. Contemporary descriptions of "Imperial" jadeite cite the
following qualitative attributes: a very intense and uniform green color
ranging from "apple green" to "spinach green"; a high degree of uniform
translucency; and an extremely 20 smooth finish with a greasy feel and
luster. The surfaces of natural gems often are treated with green waxes to
improve color and translucency by filling surface defects. Jadeite is a
high-pressure polycrystalline mineral with nominal chemical composition of
NaAISi206 and a density of 3.3 g/cc. It occurs naturally in a variety of
colors ranging from colorless or white to yellowish white, green, lavender,
red, and 25 black. A specific green hue is associated with "Imperial" jade
and has been highly 



prized since its discovery. The color of jadeite is due to the presence of
impurity elements. For example, the presence of iron and/or chromium
imparts a green color to the mineral. Manganese provides a lavender color.
Since the 1950's, jadeite has been synthesized in laboratory quantities in
30 high-pressure (HP) phase equilibrium experiments to elucidate planetary
evolution. Temperatures over 600 C (for hydrothermal synthesis) and
pressures over 20 Kbar were required. These numerous works produced very
small laboratory samples, typically less than 2 mm in any dimension and
which were of no gemological value.   



WO 02/8038 PCT/U S01 /.tGG 1 s A much smaller number of reports describe
attempts to produce jadeite in gemologically valuable size and quality.
These reports reveal that larger jadeite samples can be produced with
nominal mineralogical attributes of density, refractive index, hardness,
and crystallographic structure. None of these reports quantitatively S
describes the product or claims to synthesize "Imperial" grade jadeite. in
fact, the most detailed evaluations of synthetic jadeite categorically
state that "Imperial" 



quality was not achieved. Shigley and Nassau, (Kurt Nassau and James E.
Shigley, "A Study of the General Electric Synthetic Jadeite", Gems &
Gemology, Spring 1987, pp. 27-35) 10 provided the most complete gemological
evaluation of synthetic jadeite. They report on several samples produced by
high-pressure processes. The gemologists found that the synthetic materials
were predominately jadeite and reproduced the chemical composition,
refractive index, density, infrared spectra, x-ray patterns, fluorescence,
and hardness values expected of natural jadeite. Samples up to 2.6 carats
in weight 15 were described. The authors also indicated that while this
jadeite, "can be considered gem material, it does not match the highly
translucent, almost transparent, quality of what is known in the trade as
'Imperial' jadeite'," and described the material as, "semi-translucent to
opaque." The authors attributed the opacity to the presence of a minor
concentration of glassy phase. They further 20 noted that the color was
concentrated in distinct areas providing a "mottled" and 



"granular" appearance. Lamellar cracks, unexpected trace contaminants,
nonuniform polishing, and an unusual reflective property called
"adventuresence" further distinguished the synthetic product from
"Imperial" gem quality jadeite. Fig. 1, shows the lack of uniformity,
cracking, and opacity of the materials evaluated by Shigley. 25 In two
publications DeVries and Fleischer (DeVries and Fleischer) "Synthesis of
Jadeite for Jewelry", GE Technical Information Series, 84 CRD 282, 1984;
and DeVries and Fleischer, Material Research Society Symp. Proc. Vol 22,
pp. 203-207, 1984, Elsevier Science Pub. Inc.), who successfully
synthesized jadeite minerals more than 17 years ago, noted that, while of
gemologically useful size, the "quality of 30 Imperial jade is not
achieved." The transparency of their products was limited by the presence
of a residual eutectic material. Microgaphs in their reports show this
second phase to be present between 5 and 10 volume percent and up to 30
microns in size. These authors further describe non-uniform coloration as
"mottled" and "mixed." Radial inhomogeneity and lateral cracking limited
the size of gems that 
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could be fabricated. While not cited by these authors as limiting
transparency, the synthetic jadeite microstructures shown exhibited other
defects: intergranular cracking of up to 30% of the grain boundaries;
polishing pullout; and large, distinct grains averaging 30 microns in
diameter and as large as 150 microns. 5 More recently, Zhao, et al. (Tinghe
Zhao, et al., "The Physical and Chemical Properties of Synthetic and
Natural Jade for Jewellery", J. Material Science) vol 29, 1996 pp.
1514-1520; Zhao, et al., "Synthesis of the clinopyroxenes
CaMgSi206NaAISi206 for jewelry", J. Material Science, 30, 1995, pp.
1117-1123) describe an expanded range of process parameters used to
synthesize gem-sized pieces of 10 jadeite. The mineralogical and
compositional properties of natural jadeite were achieved on samples twice
the size of the DeVries materials. The largest sample prepared was
approximately 15 carats in weight. The gemological quality of the samples
is not described. These authors characterize the products as, "green,"
"emerald green," and "translucent." In the second reference, other colors
were 15 produced, but not in stoichiometric jadeite. In this second
article, the translucency was described as "somewhat improved" but not
measured. The jadeite microstructure in both Zhou references contains
fibrous, elongated crystals up to 10 by 40 microns with very distinct grain
boundaries. With respect to the processes used by the foregoing authors to
make 20 synthetic Jadeite, DeVries and Fleischer used glass powders having
the composition, NaAISi206, and containing small amounts (0.5 to 2.0
weight-%) coloring agents, such as Cr203 for green and manganese oxides for
lavender. The glass compositions were melted and crushed to achieve
homogeneity. Crushed glass powders (-60l+100 mesh size) were placed in a
high-pressure cell in direct contact 



25 with the heating element. The powders were sintered and annealed in the
jadeite stable region of the pressure-temperature phase diagram. The
mineralogical properties of jadeite were routinely obtained in this work.
The samples produced were of poor quality and there was high incidence of
cracking and delamination of the samples. This is attributed to the large
volume reduction during sintering of 30 glass powder into a dense jadeite
sample. The packing density of glass powder is only ~60% of theoretical
density of solid glass. Further, the jadeite glass phase itself has just
74% of the density of the crystalline jadeite phase of corresponding '
composition. Hence, sintering of jadeite glass powder to a jadeite crystal
resulted in very large combined (60%) reduction in part volume during
high-pressure 3  



WO (12/.(8038 PCT/US01/.llGls processing. This large volume reduction
causes distortion of the cell making the process less reliable, causing
cracking, and limiting the size of samples that can be made by powder
sintering. The authors attributed cracking and radial nonuniformities to
the use of indirect heating. The cell used a graphite heater, which 5 was
in direct contact with the samples. Zhao et al.'s process also used a
similar glass powder approach to make ' jadeite and jadeite-like
clinopyroxenes by sintering at jadeite stable high-pressure and high
temperature conditions. These investigators used a direct contact, indirect
heated cell almost identical to the DeVries design. The quantitative
details on the 10 quality of the samples are not available other than that
they were translucent and green in color. 



These contemporary descriptions of synthetic jadeite qualitatively describe
color, uniformity, translucency, and finish. None claim to have synthesized
"Imperial" grade material. The most detailed reports categorically state
that the "Imperial" 15 quality level was not achieved. Thus, despite the
reported ability to synthesize jadeite under high-pressure processing
conditions, no reports of Imperial jadeite have been published, regardless
of size of the resulting jadeite synthesized. Thus, there exists a need in
the art to manufacture jadeite of improved quality and size. There also is
a need in the art to 20 manufacture Imperial jadeite. The present invention
is addressed to these needs. BRIEF SUMMARY OF THE INVENTION The invention
is a man-made jadeite mineral that simultaneously and quantitatively
achieves the color, translucency, uniformity, and finish of rare 25
"Imperial" jadeite. Unlike prior art synthetic jadeite, which exhibits
readily detectable 



lamellar cracking, significant opacity) mottled, and non-uniform
coloration, the inventive jadeite material requires microscopic
differentiation from "Imperial" grade jadeite. The invention features a
microstructure that permits ready identification of the man-made product,
preventing misrepresentation of the material. Additionally, 30 the
invention incorporates a repeatable, quantitative gemological specification
distinguishing it from prior art. The jadeite material has a thickness in
excess of about 1.0 mm and CIELAB indices of L* > 42, a* < -6, and b* > +6.
The grain size of the jadeite material is less than about 30 microns, and
often less than about 10 microns, and is an equiaxed 4  



WO (12/803A PCT/USO1/-4(iGlS grain structure. The jadeite material has an
optical transmission peak between 500 and 565 nm with an I/I optical
transmission ratio of over 40%. The first step in making the jadeite
material is to wrap a glass block (jadeite material precursor glass),
convertible by HP/HT into jadeite and having a nominal 5 composition of
NaAISi206, with a graphite or refractive metal sheet. The wrapped jadeite
material precursor glass is placed in an HP/HT apparatus, rapidly heated,
and ' subjected therein to a pressure in excess of about 3 GPa and a
temperature in 



excess of about 1000 C for a time adequate to convert the glass block into
jadeite. The jadeite material then is cooled and the pressure subsequently
released. 10 This process also can be used to produce gem materials from
solid blocks of silicates, germanates, borates, and phosphates
(glass-forming); as well as for colored or non-colored (transparent)
ceramic materials useful in manufacturing dental appliances, optical
components, and electro-optical materials, e.g., for telecommunications or
lasers. 15 



BRIEF DESCRIPTION OF THE DRAWINGS The file of this patent contains at least
one drawing executed in color. Copies of this patent with color drawings)
will be provided by the Patent and Trademark Office upon request and
payment of the necessary fee. ?0 For a fuller understanding of the nature
and advantages of the present invention, reference should be had to the
following detailed description taken in connection with the accompanying
drawings, in which: Fig. 1 shows the lack of uniformity, cracking, and
opacity of the prior art materials evaluated by Shigley in the Gems &
Gemology article, cited above; 



25 Fig. 2 is a schematic cross-section of the high-pressure reaction cell
that was used in the Examples to manufacture the novel jadeite; Fig. 3 is
schematic of the set-up used to characterize jadeite samples using a
spectrophotometer; Fig. 4 shows the a*, b* chromaticity diagram; 30 Fig. 5
is the CIELAB color gamuts for pure blue; 



Fig. 6 is the CIELAB typical L-C color gamut saturation curves for yellow,
orange, green, red, purple, and blue; ' Fig. 7 is a photograph of natural
"imperial" grade jadeite (Sample 1); S   



WO U2/.18038 PCT/USOl/~GG1S Figs. 8 and 9 are continuous transmission
spectra of two different natural jadeite gems describe in Table 1, below;
Fig. 10 is a 500 X photomicrograph of a polished section of the inventive
jadeite as reported in Example 1; ' 



5 Figure 10a is the CIELAB L-C color gamut saturation curve for "Imperial"
jadeite green and comparisons of prior art, the inventive jadeite, and
natural jadeite gems; Fig. 11 is a 1000 X photomicrograph of an acid-etched
section of the inventive jadeite as reported in Example 1; 10 Fig. 12 is a
photograph of the inventive jadeite as manufactured in Example 1; Fig. 13
is a continuous transmission spectrum for the inventive jadeite sample of
Example 1; Fig. 14 is a continuous transmission spectrum for the inventive
jadeite sample 15 of Example 3; 



Figs. 15A, 15B, and 15C are phase diagrams for NaAISi04-NaAISi306 at
various temperatures and pressures; Fig. 16 is partial chemical
configuration of natural jadeite with Fe+2 and Ti4+ replacement for
producing a blue jadeite material; and 20 Fig. 17 is an energy diagram of
the jadeite material of Fig. 16 showing that light absorption causes a
broadband absorbance centered at 588 nanometers, thereby coloring the
crystal blue. The Figures will be described in more detail below. 25
DETAILED DESCRIPTION OF THE INVENTION 



Manufacture of Imperial Jadeite "Imperial" jadeite is highly valued not
only for its inherent beauty, but also because nature only rarely provides
the chemical and physical environment for its formation. Gemological
references provide quantitative mineralogical attributes that 30 allow the
gem trade to distinguish simulants (i.e., simulated jadeite), nephrite, and
other minerals, as well as treated (enhanced) natural materials, from true
jadeite. These references do not provide quantitative specifications or a
rigorous grading method for "Imperial" jadeite. Quantitative color,
uniformity, and finish; and 6  



WO U2/8038 PCT/C1S01/.1G61S translucency specifications for "Imperial"
grade jadeite differentiate the present invention from prior art. Color
manipulation of oxide materials is well described. Use of metallic ions to
achieve various hues of green is disclosed in the prior art. It is also
known that 5 translucent polycrystalline ceramics must have polished
surfaces to avoid scattering loss, low inherent absorption, grain
boundaries without major refraction losses or ` scattering, and other
scattering features minimized in frequency or intensity. The invention
comprises proper coloration, polish, controlled absorption, and reduced
scattering to achieve "Imperial" grade jadeite. 



10 This invention uses a different approach to synthesize jadeite with
color and translucency similar to those of "Imperial" grade natural
jadeite. Instead of glass powder, this present invention uses solid blocks
of glass. These glass blocks can be shaped as spheres, ellipsoids, cubes,
parallelepipeds, pyramids, cones, regular and irregular polyhedrons, and
other solid geometric forms. The glass has no porosity 15 and, hence, the
only volume change during jadeite formation is due to the glass-tocrystal
phase change (-33%). This relatively low volume change contrasts to the
very large volume change (-60%) associated with the glass powder-to-crystal
phase change of the prior art. The advantages of this solid-glass method
include the production of larger jadeite polycrystalline masses with fewer
inclusions and cracks, 20 no porosity, and better jadeite colors. The
solid-glass method also minimizes the cell distortion and improves the
consistency and yield of the process. The solid-glass method also insures a
controlled uniform composition in the finished jadeite. The powder process,
in contrast, has a large powder surface area from which volatile
constituents can evaporate easily during processing, thereby inadvertently
changing 25 the composition or introducing undesirable concentration
gradients in the jadeite. The consistency of the starting glass provides
the desired uniform coloration. The starting glass advantageously, then,
should be of high quality with no undissolved material, bubbles,
devitrification, or coloration heterogeneity. Optical quality seems
desirable, but may not be necessary. The glass block can be formed 30 by
melting a pre-mixed powder consisting of the components, viz., Na2C03,
AI20s, Si02, Cr203, etc., in the desired proportions and casting the melt
in the form of an ingot. The pre-mixed powder could be made by physical
blending of powder ingredients, pre-reacting some of ingredients before
mixing, or by sol-gel technique. Solid blocks of glass are fabricated from
the cast ingot. 



7   WO 02/.48038 PCT/US(I1/~G615 Raw materials for forming the glass blocks
can contain the following ingredients: 0.8-1.2 moles of a Na component,
0.8-1.2 moles of an AI component, 1.8-2.2 moles of an Si component, 5-7
moles of an oxygen component, 0-0.2 moles of an alkaline or alkaline earth
elements) (e.g., K, Li, Ca, Mg, Be), 0-0.5 moles of a 



5 transition elements) (e.g., Fe, Cr, Mn, Ti, V, Ni, or other transition
element), and 00.5 moles of a rare earth element (Nd, La, Ce, Pr, Sm, Eu,
or other rare earth ' element). Preferred raw materials for farming the
glass blocks include: 0.8-1.2 moles of a Na component) 0.8-1.2 moles of an
AI component, 1.6-2.4 moles of an Si component, 4.8-7.2 moles of an oxygen
component, 0-0.2 moles of an alkaline earth 10 elements) (e.g., Ca, Mg),
and 0-0.5 moles of a transition elements) (e.g., Fe, Cr, Mn). The product
jadeite, then, comprises the nominal NaAISi206 composition with added
impurities. In mineralogy terminology, the jadeite product can be
represented as follows: 



15 (Na, Alkali or Alkaline Earth)(AI, Transition Element, Rare Earth
Element)Si206 where there is 0-0.2 mole of an alkali or alkaline earth
metal element, 0-0.5 20 mole of a transition element, and 0-0.5 moles of a
rare earth element. The reaction cell used to produce the inventive jadeite
is schematically shown in Fig. 2. A glass cylinder) 51, is surrounded first
by tantalum foil, 52) and then by Grafoil) 53, (or vice versa) and placed
in preformed pills, 54a and 54b. The pills are 25 placed inside Mg0 cups,
55a and 55b, which then are inserted in heater assembly consisting of a
graphite tube, 56, and graphite end discs, 57a and 57b. The heater 



assembly is surrounded by a Mg0 tube, 58, and by MgO discs) 59a and 59b,
which are surrounded by pills, 60a and 60b, and by a cylinder, 61, made of
black salt. Graphite pins) 62a and 62b, are inserted in salt pills and
graphite discs) 63a and 30 63b, seal the ends of the salt cylinder, 61.
Ceramic rings, 64a and 64b) are added to the cell to improve consistency of
high-pressure runs. This cell design overcomes many problems in prior art
designs. The Ta and Grafoil(err) wraps prevent reaction of the glass
material with surrounding cell components, viz., graphite. This improves
the chemical homogeneity of the final 35 product and avoids the radial
non-uniformity of prior art. The wraps prevent 
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