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1. 

MICRO-MOLDED INTEGRAL, NON-LINE-OF 
SIGHT ARTICLES AND METHOD 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 5 

This application is a S371 national stage entry of Interna 
tional Application No. PCT/US2006/031984, filed Aug. 15, 
2006, which claims priority to U.S. Provisional Patent Appli 
cation No. 60/708.233, filed Aug. 15, 2005, and U.S. Provi 
sional Application No. 60/794,955, filed Apr. 26, 2006, the 
disclosure of all of which is hereby incorporated by reference. 

10 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH ORDEVELOPMENT 15 

This invention was made with government Support under 
Contract No.: DMI0245589 awarded by the National Science 
Foundation. The government has certain rights in the inven 
tion. 2O 

FIELD OF THE INVENTION 

The invention relates to integral generally amorphous 
articles and methods of forming the same, where the articles 
include non-line-of-Sight contours traversing in a thickness 
direction of the article. 

25 

BACKGROUND 
30 

A large portion of the metallic alloys presently in use are 
processed by solidification casting, at least initially. The 
metallic alloy is melted and cast into a metal or ceramic mold, 
where it solidifies. The mold is stripped away, and the cast 
metallic article is ready for use or for further processing. 

Micro-molding is known for producing various articles 
having microscale features. For example, U.S. Pat. No. 6,899, 
838 to Lastovich entitled “Method of forming a mold and 
molding a micro-device' discloses a method of forming a 
device including a plurality of micron or Sub-micron sized 
features. A master having a Surface contour defining a plural 
ity of features is provided. The surface contour of the master 
is coated with at least one layer of material to form a shell. The 
master is removed from the shell to form a negative image of 
the Surface contour in the shell. The negative image in the 
shell is filled with a material, for example, polycarbonate, 
polyacrylic, or polystyrene, to form a device having features 
Substantially the same as the master. The negative image may 
be filled using injection molding, compression molding, 
embossing or any other compatible technique. Although Las 
tovich discloses a useful process and related articles for cer 
tain applications, the method disclosed is only capable of 
providing line-of-sight molded articles. What is needed is a 
low cost method of forming integral articles having non-line 
of-site contours. 
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SUMMARY 

A method of forming integral articles having non-line-of 
site contours comprises the steps of providing a plurality of 60 
molds, the molds having at least one mold channel there 
through. The plurality of molds are stacked on one another to 
form a mold Stack, wherein at least one portion of the mold 
stack provides a non-line of sight multi-level channel through 
at least partial overlap of the mold channels between adjacent 65 
ones of the plurality of molds. A flowable material is applied 
to the mold stack. The flowable material is pressed to fill the 

2 
mold channels in each of the plurality of molds to form an 
integral article comprising a plurality of Stacked integrally 
connected levels of the material, wherein through intercon 
nection of the integrally connected levels the integral article 
provides at least one non-line of sight contour traversing in its 
thickness direction. The mold stack is then separated or 
removed to free the integral article. 
The flowable material is generally heated above an ambient 

temperature prior to the pressing step and cooled prior to the 
separating or removing step. The flowable material is prefer 
ably an amorphous glass, such as a metallic glass. Each of the 
plurality of molds generally have at least one registration 
feature. In other embodiments, the moldable material can 
comprise a polymer or a magnetic material. The molds can 
comprise silicon wafers, or portions thereof. The method can 
include the step of forming the mold channels using reactive 
ion etching (RIE). A thickness of each of the plurality of 
molds can be from 20 to 150 lum. Each of the plurality of 
levels of the integral article can have a Substantially planar top 
and bottom Surface. 
An integral article comprises a plurality of Stacked inte 

grally connected levels, each of the plurality of levels have a 
Substantially planar top and bottom surface portions, wherein 
through interconnection via the integrally connected levels 
the integral article provides at least one non-line of sight 
feature traversing in its thickness direction between respec 
tive levels. The non-line of sight feature can be an internal 
feature in at least one of the plurality of levels. 
The integral article can comprise anamorphous glass, such 

as a metallic glass. The integral article includes an outer layer 
material which comprises the metallic glass and a semicon 
ducting material. Such as silicon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A fuller understanding of the present invention and the 
features and benefits thereof will be obtained upon review of 
the following detailed description together with the accom 
panying drawings, in which: 

FIG. 1 shows a series of steps comprising an exemplary 
micro-molding process according to an embodiment of the 
invention. 

FIG. 2 shows a scanned image of an apparatus adapted for 
forming micro-molded integral articles according to the 
invention. 

FIG. 3 shows a close up depiction of the load cell 201, 
cartridge heaters 202, top platen 203, and bottom platen 204 
shown in FIG. 2. 

FIG. 4 shows preparation steps for the metallic glass 
including melting and cutting before insertion into a mold 
pocket disposed a silicon wafer-based mold stack. 

FIGS. 5A-C show scanned SEM images of two-level 
micro-molded integral articles according to the invention. 
Two stacked silicon wafer molds were used to form the mold 
stack. 

FIGS. 6A-D shows additional scanned SEM micrographs 
from the same example shown in FIGS. 5A-C. 

FIG. 7A shows a side and a top view of a mold stack used 
to form micro-molded closed channels, while FIG.7B shows 
a side view of the resulting molding component before and 
after removal of the silicon mold. 

FIG. 8 shows results from X-ray diffraction performed on 
samples as described above. The broad diffuse peaks shown 
provide clear evidence that most of the material remains 
amorphous through the micro-molding process. 

DETAILED DESCRIPTION OF THE INVENTION 

A method of forming integral articles having non-line-of 
site contours comprises the step of providing a plurality of 
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molds. The molds have at least one mold channel reaching 
completely through their thickness. The plurality of molds are 
stacked on one another to form a mold Stack. At least one 
portion of the mold stack provides a non-line of sight multi 
level channel through at least a partial overlap of the mold 
channels between adjacent molds. A flowable material is 
applied to the mold stack. In most cases, the material is heated 
to provide the desired level of flowability. 

The invention is not limited to a single stack of mold layers 
nor the application of the flowable material on a single side of 
the mold(s). In embodiments actually practiced, a single thin 
slice of flowable amorphous material is placed on top of a 
single silicon mold stack and is forced to flow through it. 
However, for some geometries to be molded, it may be desir 
able to use more than one piece of flowable material in a 
number of possible configurations. For example, it may be 
desirable to use a single or multiple layer mold stack with 
flowable material both on top and below it. Alternatively, 
slices of flowable material can be interleaved with the mold 
layers, or two layers of mold may be used with a single slice 
offlowable material between them. Non-line-of-sight molded 
articles can be achieved in all of these and related variants, 
including curved portions if desired. 
The flowable material is than pressed to fill the mold chan 

nels in each of the plurality of molds to forman integral article 
comprising a plurality of stacked integrally connected levels 
of the material. In a preferred embodiment, the flowable 
material is heated prior to molding. In particular, using a 
material that does not experience a phase change upon cool 
ing, Such as metallic glass, the metallic glass or other material 
is preferably heated to a temperature above its glass transition 
temperature (Tg), such as to a temperature that is 20 to 50 
degrees above its Tg, but below its melting temperature. Since 
metallic glass is a material that does not experience a phase 
change upon cooling, this method achieves a very low level of 
shrinkage and a high level of dimensional control. Also, the 
molding temperatures are Substantially lower than in other 
metal casting processes, allowing the use of molds made of 
materials which could not be used with the high temperatures 
required to “melt' most metals. 

Through interconnection of the integrally connected levels 
articles according to the invention provide at least one non 
line of sight contour traversing in a thickness direction of the 
article. As used herein, the phrase “thickness direction” is 
defined as a direction perpendicular to the planar faces of the 
mold elements. Finally, the mold Stack is separated or 
removed to free the integral article. Since the molds are gen 
erally highly planar, such as when using the preferred silicon 
wafer-based molds, the resulting levels of the articles gener 
ally have substantially planar top and bottom surfaces (See 
scanned SEM micrographs shown in FIGS. 5 and 6). This 
evidences the Surprising and unexpected result that the molds 
seal with one another Sufficiently during processing to pre 
vent any detectable leakage of the flowable material into the 
region in between pressed together mold Surfaces. 
The article features providable by the invention are gener 

ally microscale, thus the method is generally referred to 
herein as micro-molding. In one embodiment, feature sizes 
range from 1 to 100 um. However, features can be larger than 
microScale, and also Smaller than microscale (nanoscale). 
The micro-molding of the preferred bulk amorphous materi 
als according to the invention provides low cost fabrication of 
components, including complex-shaped components. Using 
the preferred metallic glass, the invention provides a method 
of forming high strength, high precision, and high aspect ratio 
components, using an inexpensive and facile process from 
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4 
master molds. Articles can include high aspect ratio features. 
Aspect ratios obtainable can be 20, or more. 

Articles having non-line of sight contours traversing in a 
thickness direction of the article may be possible to form 
based on previously disclosed methods. However, such pre 
vious methods require several assembly steps involving 
bonding to connect the various component pieces to form 
Such articles. In contrast, the invention provides a single 
molding step to form monolithic/unitary articles having non 
line of sight contours traversing in a thickness direction of the 
article. Unlike articles made from previously disclosed meth 
ods, articles according to the invention are integral articles 
formed from a single uniform material, thus having no bond 
ing layers. The non-line of sight feature traversing in a thick 
ness direction of the article generally includes one or more 
internal features in at least one of the plurality of levels. 
“Internal features' are defined herein as features that are 
shaded by material at the periphery of the level such that a 
mechanical or laser beam (drill) cannot reach the same. As 
used herein, the phrase “integral articles' refers to one piece 
molded articles having uniform bulk properties throughout 
and thus no internal interfaces, such as welded, pressed, 
bolted, riveted, or bonded interfaces. 

FIG. 1 shows a series of seven (7) steps comprising an 
exemplary micro-molding according to the invention. In step 
101, a mold layout is designed. Such as using computer aided 
design (CAD). In step 102, one or more photomasks are 
created based on the layout. Deep reactive ion etching (DRIE) 
in conjunction with a photolithographically defined pattern of 
photoresist or silicon oxide is preferably used to etch into a 
preferably highly planar Substrate. Such as a silicon wafer. 
DRIE is a high aspect ratio capable, deep trench silicon etch 
ing process. The principle of the deep trench silicon etching 
process is an alternating fluorine based etching and passiva 
tion of the structures. This results in sidewall profiles of 
90°-1 with aspect ratios of up to 40:1. 
Some resulting etched regions traverse the entire thickness 

of the Si wafer, generally being 100 to 300 um. Following 
photoresist removal, in step 104, the wafer can be sectioned 
into a plurality molds, such 5 mmx5 mm molds. A given 
wafer can provide hundreds of molds, which can be different 
or the same mold pattern. The molds preferably have at least 
one feature for registration with one another, such as an 
alignment hole. 
The plurality of molds are then stacked on one another with 

the aid of one or more alignment features, such as an align 
ment hole (e.g. together with a holding pin) or other registra 
tion structure, to form a mold stack. At least one portion of the 
mold Stack provides a non-line of sight multi-level channel 
through at least partial overlap of the mold channels between 
adjacent molds. The molds stack and aligned using the align 
ment hole and are then inserted into a mold pocket on a 
process platform in step 105. In step 106 a flowable material, 
such as bulk metallic glass (BMG), is applied heated, or is 
placed then heated to become suitably flowable, and is then 
pressed into the molds, followed by a fairly rapid cooling 
process in the case of a metallic glass to limit crystal growth. 
Finally, in step 107, the stacked mold is preferably removed 
by dissolving the Si mold using a silicon etchant, such as 
KOH. 
As noted above, the flowable material is preferably a BMG. 

BMGs are amorphous metallic alloys, commonly referred to 
metallic glasses, which are formed by solidification of alloy 
melts by cooling the alloy to a temperature below its glass 
transition temperature before appreciable nucleation and 
crystallization can occur. They do not have a crystalline struc 
ture, and accordingly have no grains and grain boundaries. It 
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is the presence of the grains and grain boundaries that often 
limit the spatial resolution of replicas formed from conven 
tional crystalline metallic materials. Additionally, the amor 
phous, rather than crystallographic structure leads to Small 
changes in Volume upon Solidification which greatly reduces 
shrinkage (or changes in dimensions of the part relative to the 
desired mold size). Bulk-solidifying amorphous alloys Such 
as metallic glasses are characterized by very Smooth Surfaces 
and a low coefficient of friction at their surfaces. Bulk-solidi 
fying amorphousalloys have excellent mechanical and physi 
cal properties. They exhibit good strength, hardness, and 
wear resistance. They have good corrosion resistance as a 
result of the absence of grain boundaries. 

Ordinary metals and alloys crystallize when cooled from 
the liquid phase. It has been found, however, that some metals 
and alloys can be undercooled and remain as an extremely 
Viscous liquid phase or glass at ambient temperatures when 
cooled sufficiently rapidly. It is desirable that the cooling rate 
required to suppress crystallization be in the order of from 1 
K/s to 10 K/s or even less. Recently, alloys of zirconium 
and/or titanium, copper and/or nickel, other transition metals 
and beryllium have been found which form amorphous bod 
ies of substantial thickness. Such alloy compositions are dis 
closed in U.S. Pat. Nos. 5,288,344 and 5,368,659. 

However, the invention is in no way limited to metallic 
glass. Any flowable material may be used, such as many 
polymers which become readily flowable (above Tg) under 
modest heating. Polymers can be lubricious polymers. Such 
as PTFE. The flowable material can also be a composite 
material, where only one component of the composite need be 
flowable to impart flowability to the composite. In one 
embodiment, powders are intermixed with a flowable mate 
rial. Such as graphitic powder ensembles. The powder can be 
a magnetic powder. 

Articles according to the invention have been Surprisingly 
found to evidence essentially complete filling of the mold 
channels when BMG has been used, even when the lateral 
flow distances have been large, or the mold surface is sub 
stantially uneven (e.g. scalloping from the DRIE etch used to 
form the mold feature). Lateral flow distances of up to 20 
times the minimum channel cross-sectional dimension have 
been provided using the invention. Accordingly, for an exem 
plary channel that is 50 micrometers by 50 micrometers the 
lateral flow distance can be up to at least 1 millimeter. 

It is believed that some chemical interaction takes place 
between the BMG and the Si mold during processing which 
permits the unexpected complete filling to occur, even for 
uneven (scalloped) mold Surfaces. As a result, molded articles 
according to the invention may includes a unique and process 
specific outer layer material which comprises the metallic 
glass together with some of the mold material (e.g. Si). 

FIG. 2 shows an apparatus 200 according to the invention 
adapted for forming micro-molded integral articles. The 
apparatus includes a load cell 201, cartridge heaters 202, top 
platen 203, bottom platen 204 and water reservoir 205. 
Although cartridge heaters 202 were used because of ease of 
use and low price, numerous other heating methods are also 
possible including induction heating, microwave heating, and 
laser heating. The operating parameter for apparatus 200 are 
generally in the following ranges: force 0-5,000 N. pressure 
0-200 MPa, temperature 25-600° C., and displacement 0 to 1 
m. The apparatus 200 is capable of operating anywhere in the 
ranges of values described above. Most of the experiments 
performed used a force around 3000 N, giving a pressure of 
around 120 MPa, at a temperature of around 450° C. Dis 
placement is typically very Small during molding, less than 1 
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6 
mm. However, a larger range of displacement of the cross 
head (~200 mm) is generally required for loading and unload 
ing samples. 

FIG.3 shows a close up depiction of cartridge heaters 202, 
top platen 203, and bottom platen 204. The square punch 
shown is for applying pressure. 
As shown in FIG.4, the as received metallic glass plates are 

preferably melted into buttons to remove porosity. Buttons 
are then preferably remelted in a drop quench square copper 
mold to obtain an amorphous structure. The structure is then 
cut using a diamond saw then polished and cleaned before 
insertion into a mold pocket disposed on a silicon wafer mold 
stack. 

Following release, the integral articles can receive addi 
tional processing. For example, the periphery can be laser 
textured or micromilling can be applied to add features or 
otherwise change the overall geometry. Other additional 
exemplary processing can include mechanically trimming to 
size, polishing, lapping, and/or chemical etching. 
A method for forming micro-molded closed channels 

using the invention is now described. As with the other inven 
tive embodiments, each mold component has at least one 
mold channel therethrough and an alignment feature, Such as 
an alignment hole or other registration structure. In one 
embodiment, the mold stack can comprise at least a five layer 
(wafer) mold, where 1st (top-most) and 5th (bottom-most) 
wafers have identical patterns. However, there is no require 
ment for the first and fifth wafer to have identical patterns. The 
2nd and 4th wafers simply provide a spacer (recess) on the 
periphery of the mold stack which gets filled with glass upon 
molding and thus provides the top and bottom for the closed 
channels. The second and fourth wafers can be patterned or 
unpatterned. The 3rd (center) mold provides a plurality of 
relatively long open features. The solid portions of the third 
mold following molding and Subsequent etching form the 
desired closed microchannels, while the features once filled 
by the mold material provide the side-walls for the micro 
channels. FIGS. 7A and 7B described in the examples below 
describe a specific five wafer mold stack embodiment for 
forming micro-molded closed channels. 

Micro-molded articles according to the invention have a 
broad range of expected applications. For example: 

Optical Devices 
The use of atomically flatwafers according to the invention 

will enable the production of reflective metallic surfaces 
without the requirement for secondary polishing operations. 
This capability can be used to fabricate flexible mirrors and 
multi-mirror arrays, free-form reflective optics, diffraction 
gratings, waveguides, tuned resonators, and the production of 
plastic injection molds directly from diamond turned aspheric 
lenses (depending on the relative glass transition tempera 
tures). Fiber optic interconnects may also be made using the 
invention. 

Thermal Systems 
Rapid, low cost fabrication of micro-scale heat exchangers 

is an important capability in many areas. For example, the 
performance of many optical detectors is highly dependent on 
proper cooling. The attractiveness of micro-scale systems for 
thermal/chemical reactions is driven by the improved effi 
ciencies obtained at Small length scales. A variety of Such 
systems can be fabricated using the invention, including those 
requiring complex geometries. Micro-thermo-fluidic compo 
nents for heat exchangers can also be formed. 

Fluidic Systems 
Micro-fluidic systems have received substantial attention 

in the literature for a number of applications. For example, the 
use of the micro-molding process described hereinto produce 
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three-dimensional channel patterns in closed architectures is 
a key enabler for high throughput analysis. Additionally, 
micro-scale turbines, valves, and other fluidic system com 
ponents, as well as micro-chemical reactors, may also be 
economically produced using the invention. 
Electronics 
One key component that could be realized using the inven 

tion is lowly damped solid oscillators. Also, because the 
processing temperature is generally relatively low, micro 
molding could be applied as the final step in CMOS produc 
tion, such as for sealing the circuit against outside contami 
nation. Connector elements for very high frequency 
microwave circuits may also be made using the invention. 
Mechanical Systems 

Important mechanical system application areas for the 
invention include MEMS packaging; monolithic (seal-free) 
micro-scale pumps and compressors; fuel cell current collec 
torplates with variable channel geometries for reduced pres 
Sure drop; new monolithic fuel injector designs for reduced 
emissions in diesel engines; and drug discovery applications 
that require rapid, accurate positioning relative to multi-well 
plates (multi-degree of freedom, monolithic flexures could be 
employed). A collection of basic components, such as rotary 
and linear joints, power transmission components, and cou 
plings formed using the invention can be identified and used 
as the basic building blocks for micro-machines. Micro 
mechanical components can include gears, shafts, cams, and 
levers. Flexure pivot based micro-mechanisms for creating 
prescribed mechanical motions in one or more degrees of 
freedom can also be produced. 
Other Applications 
The invention may also prove valuable for solar applica 

tions. For example, the high Surface area provided by articles 
according to the invention may provide high efficiency Solar 
collectors. Surface areas can be 400 times the footprint of the 
article, or even higher. The high Surface area aspect also 
allows articles according to the invention to provide high 
efficiency heat sinks, such as for semiconducting devices. 

EXAMPLES 

It should be understood that the examples described below 
are provided for illustrative purposes only and do not in any 
way define the scope of the invention. 

FIGS. 5A-C shows scanned SEM images of two-level 
micro-molded integral articles produced according to the 
invention. Two stacked silicon wafer molds were used to form 
the mold stack. The bottom mold had various straight and 
curved line channels, while the top mold had post features. 
Circular through holes provided registration between the 
molds. Metallic glass was placed above the mold stack and a 
square punch was inserted on top of the material and mold 
stack. During processing the metallic glass flowed through 
the top mold of posts into the bottom mold of various channel 
geometries. Conditions used were 450° C., 150 MPa of pres 
sure for 60 seconds. The silicon wafer mold stack was then 
dissolved away with KOH to reveal the molded article. The 
substantially flat top and bottom surfaces of each level of the 
article are clearly shown. This evidences the Surprising result 
that the molds sealed well to one another to an extent that 
prevented leakage of the flowable material into the region in 
between pressed adjacent mold Surfaces during molding. 
FIGS. 6A-D shows additional scanned SEM micrographs for 
articles formed from the same example. 

FIG. 7A shows a side and a top view of an exemplary five 
wafer mold stack used to form micro-molded closed chan 
nels, while FIG. 7B shows a side view of the resulting mold 
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8 
ing component before and after removal of the silicon mold. 
Referring to FIG. 7A, although a space is shown between 
wafers 2 and 3 and wafers 3 and 4, there is no need for such 
spaces. Although five wafer stack is shown, more than five 
wafers can be used to form more complex molded closed 
channels. Following registration and aligning together of the 
respective wafers using a suitable alignment structure, a flow 
able glass (shown as BMG) is forced through holes/channels 
cut in the wafers to travel from wafer 1 to wafer 5 (or from 
wafer 5 to wafer 1). Although the glass is shown having 
pointed regions, the pointed regions at the bottom are artifacts 
of the design and are not generally required. The top view 
shown in the bottom of FIG. 7A shows the holes in wafers 1 
and 5 are identical and are aligned with one another. 

Referring now to FIG. 7B, a side view taken along Section 
A-A of the bottom depiction in FIG. 7A after BMG molding 
is shown. Mold (silicon) regions are shown encapsulated by 
BMG and are labeled as “silicon captured inside mold. Fol 
lowing a post-molding selective silicon etch, the regions for 
merly identified as “silicon captured inside mold each 
become micro-molded channels labeled as "closed channel 
regions'. The silicon mold material can be removed in a 
variety of ways, such as using KOH in the case of silicon 
molds. 

X-ray diffraction studies were performed on Samples as 
described above as shown in FIG.8. The broad diffuse peaks 
shown provide evidence that most of the material remains 
amorphous following the micro-molding process. 

It is to be understood that while the invention has been 
described in conjunction with the preferred specific embodi 
ments thereof, that the foregoing description as well as the 
examples which follow are intended to illustrate and not limit 
the scope of the invention. Other aspects, advantages and 
modifications within the scope of the invention will be appar 
ent to those skilled in the art to which the invention pertains. 

We claim: 
1. An integral article, comprising: 
a plurality of stacked integrally connected levels, each of 

the plurality of levels comprising a material that forms a 
one piece molded article without internal interfaces, 
where the material is solid at ambient temperature and is 
flowable when at a temperature above ambient, wherein 
through interconnection via the integrally connected 
levels of the integral article, the integral article includes 
at least one non-line of sight contour of the material 
traversing between the levels in a thickness direction. 

2. The article of claim 1, wherein each of the plurality of 
levels has substantially planar top and bottom surface por 
tions. 

3. The article of claim 1, wherein the non-line of sight 
contour has a first portion in a first level that is completely 
offset from a second portion in a second level. 

4. The article of claim 1, wherein the flowable material 
comprises an amorphous glass. 

5. The article of claim 4, wherein the amorphous glass is a 
metallic glass. 

6. The article of claim 5, further comprising an outer layer 
material that is a semiconductor. 

7. An integral article formed by a process of: 
providing a plurality of molds, wherein at least a portion of 

the molds have one or more mold channels therethrough; 
stacking the plurality of molds on one another to form a 
mold stack, wherein the mold stack provides a non-line 
of sight channel through the at least a portion of the 
molds in a thickness direction, the non-line of sight 
channel being formed by partial overlap of the one or 
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more mold channels between adjacent ones of the at 
least a portion of the molds; 

applying a flowable material to the mold stack at a tem 
perature above ambient and below the melting tempera 
ture of the material; 

pressing the flowable material to fill the one or more mold 
channels to form the integral article; 

solidifying the flowable material by cooling the flowable 
material to ambient temperature, the flowable material 
cooled at a rate to limit crystal growth in the solidifying 
material; and 

separating or removing the mold stack to free the integral 
article. 

10 

10 
8. The integral article of claim 7, wherein the flowable 

material is an amorphous glass. 
9. The integral article of claim 7, wherein the flowable 

material is applied to the mold stack at a temperature above 
the glass transition temperature of the material. 

10. The integral article of claim 7, wherein the material 
does not experience a phase change upon cooling from the 
temperature above ambient to ambient temperature. 

11. The article of claim 1, wherein the non-line of sight 
contour includes an internal feature in at least one of the 
plurality of levels, the material at a periphery of the at least 
one level preventing direct access to the internal feature. 
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