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1. Executive Summary
Background

Thermal building insulation is among the most important solutions to the global energy crisis.
According to the U.S. Energy Information Administration, new energy generation requires an
investment of $3,362/kW for a fossil-energy plant, and $5,530/kW for a nuclear power plant. In
contrast, the application of thermal building insulation reduces energy consumption at an
investment of only $125/kW. This low cost highlights the importance of insulation materials in
building structures, which are responsible for 40% of global energy consumption and 24% of
carbon dioxide (“CO2”) emissions. Given such intensive energy use, an improvement in the
thermal resistance, or R-value ['], of building insulation would reduce energy waste at a
considerable level. However, the insulation industry is notoriously conservative and has not
developed commercial R-value improvements in many decades. The current "2nd" generation of
thermal insulation technology is almost 70 years old. A breakthrough in advanced materials would
benefit energy efficiency significantly in the U.S., as well as developing markets such as China
and India, where many buildings are poorly insulated despite rapidly growing populations and
energy consumption.

The insulation industry's lack of innovation has created opportunities for technology disruption in
several key market segments, such as extruded polystyrene (“XPS”) [*]. XPS comprises a $5.1
billion worldwide market with two major needs: 1) higher R-value foams without cost increase,
and 2) new foaming agents to replace environmentally damaging hydrofluorocarbons (“HFCs”) in
the production process. Improvement of R-values is a significant technological challenge because
the current processing methods and raw materials mix have been optimized over many decades to
produce the best R-value at the lowest cost. Also, while HFCs are necessary for high R-value, they
have 1,300 times the global warming power of CO2 — a risk that has driven numerous changes in
international environmental policy, including bans of HFCs in many of the major industrialized
countries over the next few years. These bans are a catalyst for significant increases in commercial
demand of environmentally clean XPS, and would benefit early entrants that could establish a
strategic market position for the introduction of higher R-value alternatives that significantly
enhance future energy efficiency. The prevailing problem for existing manufacturers is that
conversion to a CO2 foaming process would result in R-values 20% lower than the current industry
standard in HFC-foamed products.

Project overview

In this project, ISTN proposed to develop a new "3rd" generation of insulation technology. The
focus was a cost-effective foaming process that could be used to manufacture XPS and other
extruded polymer foams using environmentally clean blowing agents, and ultimately achieve
higher R-values than existing products while maintaining the same level of cost-efficiency. In the
U.S., state-of-the-art products are primarily manufactured by two companies: Dow and Owens

1 R-value (thermal resistance) is a common measure of insulation value, equivalent to the reciprocal of thermal conductivity in
units of ft.2-°F-hr./Btu. R-5/inch insulation with 3-inch thickness has a total R-value of 15. R-values in this document assume
temperature of 75°F.

2 XPS is a rigid foam board with widespread use in wall sheathing and foundational components due to a high R-value, rigid
structure, and cost-efficiency. The manufacturing process uses extruders to expand a mixture of molten PS resin with HFC
foaming agents into sheets of low density, closed cell foam. XPS annual sales are $1.1B in the U.S. (12% of U.S. market) and
$5.0B worldwide.
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Corning. These products (i.e., STYROFOAM and FOAMULAR) have a starting thermal
resistance of R-5.0/inch, which declines over the life of the product as the HFC blowing agents
essential to high R-value exchange with air in the environment. In the existing technologies, the
substitution of CO2 for HFCs as the primary foaming agent results in a much lower starting R-
value, as evidenced in CO2-foamed varieties of XPS in Europe with R-4.2/inch insulation value.

The major overarching achievement from this project was ISTN's development of a new
process that uses CO; as a clean blowing agent to achieve up to R-5.2/inch at the
manufacturing scale, with a production cost on a per unit basis [] that is less than the cost
of Dow and Owens Corning XPS products.

From the outset, this project was designed to create a super-thermal, nanopore insulation using a
set of novel innovations that can be integrated into the foam extrusion process utilized in XPS
manufacturing, giving high-throughput production and optimal cost-efficiency. Previous attempts
in the industry to develop super-thermal nanopore insulations were not useful to applications in
the building envelope because their high R-values required the use of supercritical drying, which
is a batch production process with exceedingly high costs. Our intent was to make similar
improvements in the material technology, but using a production process that is cost-efficient
(extrusion) and clean (CO:2 blowing agent). By accomplishing the major goal of a highly
competitive building insulation product that replaces high global-warming HFCs in production,
this project was able to create a product that meets DOE and ARRA goals of enhancing U.S. energy
efficiency, sustainability and manufacturing job opportunities. Further, we demonstrated the
potential for implementing other technology enhancements in full-scale production to significantly
raise insulation value in future versions of commercial product.

Technical goals and accomplishments
There were four key technical objectives in ISTN's project:

(a) Clean blowing agent — Using CO:2 as the main blowing agent to foam building insulation,
resulting in a cleaner process with significantly lower emissions than the current HFC-based
methods;

(b) Pore morphology and orientation — Growing oblate pore (short polar axis and long equator
axes, i.e. disk-like) morphology and orienting pores in a preferred direction to lower density
and increase both insulation value and cost-efficiency;

(c) Radiation blockers — Using aligned reflecting surfaces to block radiation heat loss and further
optimize insulation value;

(d) Secondary nanostructure — Creating secondary nanostructure within asymmetrical air pores to
demonstrate the potential for major (>50%) increases in insulation values, which have
remained stagnant in the building insulation industry for several decades.

We sought to examine and explore these four elements starting at the laboratory level, then moving
into pilot production, and then eventually full-scale production so that the result would be a
commercially viable product, with a technology platform for future generations of product with
significantly enhanced performance. ISTN's major innovation was utilizing the creation of oriented
anisotropic pore structure to substantially increase insulation value in the heat flow direction at the

3 $/R/board-ft. is the relevant metric for comparing insulation costs on an R-value adjusted, per unit basis. R-5/inch insulation
that costs $0.35/board-ft. has an R-value adjusted cost of $0.07/R/board-ft. A board-ft. is 12 in. x 12 in. with 1-inch thickness.
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expense of reduced insulation in the two irrelevant directions. Major technical accomplishments
of the project are summarized below:

(1) By achieving both objectives (a) and (c) at the production scale, we demonstrated that R-5/inch
building insulation can be manufactured without using any harmful blowing agents, and thus,
have accomplished the most important goal of this project (the elimination of high global-
warming reagents such as HFCs in the production of R-5/inch building foam insulation at a
market acceptable cost).

(2) In our full-production factory test, we achieved the control of pore geometry and orientation
in the CO2 foam extrusion process and thus are capable of further improving the foam
insulation value to R-6/inch with the appropriate modification of the extruder die design. The
specific results and the design of a new die were submitted for the filing of a new patent.

(3) The creation of the secondary nanopore structure in a foaming process is still being improved
at the laboratory and pilot level with our invention of a new polymer surfactant in assisting the
required homogeneous nucleation. The continuation of this work towards the production of R-
7~10/inch super thermal insulation in a foaming process is our next technical objective
following this project.

A summary of key product performance results from the factory trials in this project are included
below:

Total R-value Density Porosity Avg. cell
Start date  Trial Location output (kg) Initial 1-year (kg/ms) (%) size (um)
12/06/11 MucCell Woburn, MA 45 4.59 4.55 37.3 96.5% 73.0
02/14/12 MuCell Woburn, MA 45 5.21 4.73 41.0 96.1% 50.0
10/20/12 Hoswell Shanghai 427 5.17 NA 32.6 96.9% 116.0
10/20/12 Hoswell Shanghai 427 4.97 NA 32.6 96.9% 94.0

Table 1.  Summary of product performance in ISTN-run factory trials.
Energy, environmental and economic benefits

Our technical achievement in producing insulation with the highest R-value via CO2 foaming will
allow all building insulation manufacturing to replace the use of HCFCs and HFCs, generating a
huge environmental benefit of eliminating both ozone depleting and high global warming power
emissions. The below table compares the global warming power of CO2 to the most common
blowing agents for XPS. As an example, blowing agents comprise an average of 15% of XPS
materials, so 1 metric ton of today's XPS would require approximately 150kg of HFC-134a. This
total has an emissions impact of 195,000 kg of COz. In contrast, a CO2-foamed product would
have an emissions impact of only 150 kg (i.e., a 99.9% reduction in emissions).

Source CO2 HFC-134a HCFC-142b

GWP100 1 1,300 2,000
Table 2.  Global Warming Potential (""GWP') Values [4].

We have modeled conservatively that the technology platform developed in this project could
achieve 12% penetration of the U.S. building insulation market within 10 years. In this case, our

4 U.S. Environmental Protection Agency, “Greenhouse Gases and Global Warming Potential Values”, Excerpt from the
Inventory of U.S. Greenhouse Emissions and Sinks: 1990-2000, U.S. Greenhouse Gas Inventory Program, Office of
Atmospheric Programs, EPA 430-R-02-003, Washington, DC, April, 2002.
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products will provide domestic energy savings of 341 trillion BTU per year. CO2 emissions savings
will be 31.7 million metric tons per year, with 20.4 million metric tons due to the reduced energy
waste, and 11.2 million metric tons due to replacing HFCs with COz in foaming production. The
emissions savings equate to removing 6.7 million cars from the road or 2.9 million fewer homes
consuming energy. Overall, the total annual economic savings will be $8.7 billion, with $7.5
billion from reduced energy waste and $1.2 billion from reduced CO2 emissions.

Platform for future development

Over a three-year project timeline, our proposed objectives and development work led to the
creation of an advanced platform for foam insulation. The current, commercial-ready version of
the product has performance and production costs equal to state-of-the-art XPS foams produced
by Dow and Owens Corning. To capitalize on the potential environmental, energy and economic
benefits of our technical success, we plan to pursue two concurrent paths for further development:

(1) Improve insulation value by 50% or more — At the end of this project, the CO2-blown product
ready for commercial production has comparable R-value to HFC-blown products, and
approximately 20% better R-value than other CO2-blown products. This already provides a
commercial advantage as HFCs will eventually be phased out of production, requiring a clean
substitute (i.e., ISTN's CO2 technology). As important, modeling and theoretical bases of our
new platform indicate that significant R-value improvements are possible with the proper
integration of secondary nanostructures into new foam polymer blends. Thus, the development
priority following this project is a next-generation foam insulation with 50% greater R-value
and cost-efficiency, which altogether would revolutionize the building insulation market with
a disruptive, best-in-class product.

(2) Commercialization opportunities and market — ISTN will carefully examine both licensing
opportunities with larger commercial partners and the set-up of our own manufacturing
business based on the technology platform. Outreach for licensing discussions will include
foam manufacturing companies that do not specialize in XPS (XPS manufacturers represent a
competitive risk given the exchange of information), as well as PS manufacturers interested in
downstream derivative products. The pursuit of ISTN's own manufacturing business will
include extensive evaluation of the market, intellectual property, and the assembly of a
manufacturing and sales team.

The above-mentioned goals of raising insulation value and bringing the technology to the market
as a commercial product together serve as the subject of a subsequent DOE grant project
application.
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2. Technical Background

The technology for present day ("2 generation") thermal insulation foams is almost 70 years old.
Since the entrapped, quiescent air within the foam is the best insulating medium, lowering the
density (i.e. increasing the air content) leads to better insulating performance. 2™ generation
products achieved improved R-values at greatly reduced cost using synthetic materials of densities
much lower than natural insulation material ("1% generation"). However, the 2™ generation long
ago reached its limit because excessive air inclusions compromised mechanical strength and, in
fact, degraded the insulation value due to more radiation heat loss through the transparent air
pockets.

Modeling and experimental results had demonstrated for some time that making the pore size close
to or smaller than the mean free path [°] of air (~100 nm) could substantially reduce the thermal
conductivity of the pore-entrapped air, leading to superior thermal insulations. This concept of "3™
generation" insulation — controlling pore size and morphology to further improve insulation value
beyond density reduction — was first developed by the proposal team in the early 1990s while
working on a grant-funded project from the Advanced Technology Program of NIST [°]. In this
project, the team created prototype nanopore super insulation with R-values 3x better than
fiberglass (comparison table below).

Thermal 4
Insulation Material (W/(m'K) x 10-%) er-inch
Fiberglass
Granular Silica Aerogel
Aerogel with Layered Silicates Panels
Inverse-Emulsion Composite Panels
Aerogel-Polymer Microcomposites

Inorganic-Organic Composite Aerogel

Table 3. Comparison of aerogel insulations developed in ATP project to fiberglass standard.

However, this novel approach solved only half of the problem in commercializing a super-thermal
insulation. The combination of extremely high porosity and unprecedented small pore size in these
nanopore insulations required very delicate processing. As good building insulations contain 95%+
air with low solid content, the processing and shipping costs become dominant factors in the cost
structure pricing structure. Aerogels as developed in the ATP project use a batch production
process that even today involves too much processing complexity and high costs to be
commercialized beyond a niche scale. For example, Aspen, the largest aecrogel company, projected
2014 worldwide sales of just under $100M, whereas XPS sales worldwide were projected to be
over $5B.

In this project, we sought to improve on our previous work in aerogels and develop a commercially
viable, cost-effective foaming process for the production of the 37 generation insulation. As
referenced above, previous nanopore insulations were made by a liquid sol-gel process and must
be dried with supercritical COz to preserve the fine pores. The drying process is a batch process,
capital intensive, and extremely slow. In contrast, we designed our technology to use supercritical

5 Mean free path: the average distance traveled by a molecule between two consecutive collisions.

6 “Thermal Insulation Materials-Morphology Control and Process for the Next Generation of Performance”, ATP (1992-1995).
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CO:z: for the same purpose of minimizing surface tension (to help create and preserve small pores),
but through a rapid foaming process such as extrusion to overcome prior manufacturing
inefficiencies. Furthermore, we designed several innovations to boost insulating power in addition
to what is accomplishable by pore size reduction. These additional options complement previous
nanopore super insulation approaches but greatly reduce commercialization risk to improve the
odds of success. Overall, the technical objectives of this project were:

(a) Clean blowing agent — Using CO: as the main blowing agent to foam building insulation;

(b) Pore morphology and orientation — Growing oblate pore (short polar axis and long equator
axes, 1.e. disk-like) morphology and orienting pores in a preferred direction;

(c) Radiation blockers — Using aligned reflecting surfaces to block radiation heat loss;

(d) Secondary nanostructure — Creating secondary nanostructure within asymmetrical air pores.

Our major innovation was to utilize the creation of oriented anisotropic pore structure to
substantially increase the insulation value in the heat flow direction at the expense of reduced
insulation in the two irrelevant directions, accomplishing the best utilization and balance of the
composite properties. Our modeling results clearly showed that aligning oblate pores against the
heat flow direction could reduce the composite thermal conductivity by 20% along the application
direction; this gain in insulation value was just what a new insulation needs to break into the
existing market. Moreover, the aligned oblate pores, having many layers of interfaces, could
strongly enhance radiation blocking, effectively lifting the cap that has prevented further
improvement by density reduction in 2" generation approaches.

Adding innovations (b)-(d) to boost insulating power could greatly alleviate the risk of relying on
processing a nanopore structure alone — which not only could help realize the cost-effective
production of the advanced insulation by foaming, but also accomplish this goal by a progressive
approach — and thus, is capable of hedging the risks of commercializing a revolutionary product.
Incumbent HFC-blown building insulations have thermal conductivity of 29 mW/M-°K (R-5/inch).
Simply replacing the HFC blowing agents with COz (the best clean alternative) would lead to foam
with inferior insulation value at R-4.2/inch (34 mW/M-°K). Our proposed enhancement strategy
was designed to progressively reduce the thermal conductivity from 34 to 26 mW/M*°K by
implementing innovation (b), further down to 21 mW/M-K with elimination of radiation loss by
(c), and eventually arrive at a super insulation value of 15 mW/M°K (R-9.6/inch) after successfully
creating the secondary nanostructure of (d). In terms of R-value, implementing the three
innovations (b, c, d) could theoretically improve CO2-foamed R-value to the state-of-the-art R-
5/inch, then to R-7/inch, and eventually to R-9.6/inch. The goal of this project was to develop the
technology platform and achieve the initial (arguably most difficult) jump to an R-5/inch CO»-
foamed XPS insulation.

State-of-the-art and existing products

Both at the outset and end of this project, commercial building insulations had not been improved
for many decades. Fiberglass (R-3.2/inch) is used between wall studs and XPS or urethane foam
insulation (R-5/inch) is applied as outside sheathing to enhance wall R-value to above 16.
Although fiberglass is inferior in insulation value and mechanical strength, it is used commonly
between wall studs because of lower cost. Any replacement insulation, even with better insulating
power, must still compete on the basis of cost-per-R-value, in which fiberglass is usually
advantageous. The need to be cost-competitive dictated our desire for creating an enhanced foam
extrusion process, as the high throughput rate of extrusion and resultant low densities of the foams
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are key drivers in good cost-efficiency. With processing costs in check, any R-value enhancement
achieved by our technology could immediately lead to significant market penetration.

Further, we proposed CO2 foaming specifically to provide the significant and near-immediate
benefit of reducing harmful gas emissions during production, as currently-used HFC blowing
agents have 1,300x the global warming potential of CO2. The XPS industry has already previously
moved from hydrochlorofluorocarbons ("HCFCs") to HFCs, as the former were banned in 2010.
HFCs continue to be used commonly in XPS production and as refrigerants, among many other
applications, but will eventually be banned as well in favor of CO2. The dilemma for the insulation
industry is that HCFCs and HFCs have intrinsically lower thermal conductivity, which gives a
temporarily higher insulation value (R-5/inch) before dropping to R-4.2/inch after replacement by
air (within 6 to 12 months). Meanwhile, the use of COz in incumbent XPS technologies gives a
lower starting point of approximately R-4.2/inch.
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3. Project Objectives
Approach

Affordable, high performance, thermal insulation is the single technology that can have a major
impact on both of the key energy-related national problems — energy shortage and global warming.
In this project, we proposed to develop a new generation of thermal insulation with substantially
higher insulating power (higher R/inch) at an affordable cost. The key to our approach was a
conventional foaming process that produces rigid polymer-clay nanocomposite foam with pore
sizes several orders of magnitude smaller combined with an aligned oblate pore structure, and
embedded with a secondary structure in the nanometer range to substantially increase the R/inch
values. The technology development of this project led to the creation of a platform for
manufacturing XPS with competitive performance and costs using CO2 as a clean blowing agent
replacement for HFCs, and will eventually lead to the production of a 3™ generation insulation
with insulating power 50-100% higher than current products (R-7~10/inch versus current R-3.2
~5/inch), with costs still commensurate to present market demands. The new technology will not
only revitalize the stagnant insulation industry, but also create enormous economic and
environmental benefits.

Design of tasks and progression timeline

As discussed above, our work plan correlated R-value improvements with four technical goals:

(a) Clean blowing agent — Using CO: as the main blowing agent to foam building insulation;

(b) Pore morphology and orientation — Growing oblate pore (short polar axis and long equator
axes, 1.e. disk-like) morphology and orienting pores in a preferred direction;

(c) Radiation blockers — Using aligned reflecting surfaces to block radiation heat loss;

(d) Secondary nanostructure — Creating secondary nanostructure within asymmetrical air pores.

The proposed work plan had established the following check points of technology progress
milestones over the project periods: 6 months: Laboratory prototypes of (a) and (b), 12 month:
Laboratory prototype of (c), 15 month: Pilot demonstration of (a), 21 month: Pilot demonstration
of (b), 24 months: Laboratory prototypes of (d), 27 month: Pilot demonstration of (c¢), 36 month:
Pilot demonstration of (d).

Task Key property Additional attributes

a. Smaller pores and radiation blocking R-5/inch Pore size < 10 p, density ~ 0.03g/cc

b. Oblate pores and radiation blocking R-6/inch Aspect ratio ~ 10, density ~ 0.03g/cc

c. Orientation of oblate pore structure R-6~8/inch Pores aligned, density ~ 0.03g/cc

d. Creating nanostructure within pores | R-8~10/inch | Nanopore structure within oblate pores

Table 4.  Design of tasks and progression timeline

Quarter: | 1 |2 |3 |4 [5|6 |7 8|9 /|10 11|12
(a) Using CO; as the main blowing agent to foam building insulation
(a.1) COz2 solubility enhancement
(a.2) Homogenous nucleation
(a.3) Rheology control

(b) Growing and orienting oblate Pores
(b.1) Pressure vessel CO2 foaming L ]

ISTN 1o




DE-EE0003983
Recovery Act: Advanced Building Insulation by the CO2 Foaming Process

(b.2) Pilot-scale extrusion experiments

(b.3) Oblate pores by injection molding
(c¢) Using aligned reflecting surfaces to block radiation heat loss

Exfoliated clay, graphite, Al flakes e
(d) Creating the secondary nanopore structure within oblate pores

(d.1) Surface incorporated structure

(d.2) Intertwined structure within pores

Table 5.  Timeline of development.
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4. Project Results and Discussion

This project was designed to maximize the commercial and energy benefits achievable during the
three year project timeline and budget. The grant resources were strategically distributed among
the three phases of the designed work plan and tasks, namely the (laboratory) pressure vessel
experiments, the (pilot) low-throughput extruder runs, and lastly, the (factory) manufacturing-
scale production trials in order to commercialize an advanced insulation with competitive
performance/cost ratio. The following results include detailed discussion of the project objectives
as organized by the three categories above (i.e. sequentially from early-stage to manufacturing-
stage), and the relevant project results and data.

A. Pressure Vessel Experimental Design and Results

ISTN pressure vessel set-up

We designed and constructed a pressure vessel that was used to prepare foam insulation samples
using carbon dioxide as a blowing agent. An important feature of the vessel design was to allow
foam expansion substantially more in the lateral direction which could create disk-shaped pore
structures and also produce lower density foams. The equipment had been utilized throughout the
project to produce test foam insulation with several different polymer bases and a variety of
additives as well as blends. It allowed foaming with 100% CO2 blowing agent up to 200°C and
2000 psi (138 bar). We designed the equipment for producing samples of an appropriate size and
shape (100mm x 150mm) suitable for the direct thermal conductivity measurement using ISTN’s
thin-foil apparatus. The figure below illustrates the design and setup.

3 i | »
1 |
—t A_dd L I.l

Figure 1. ISTN pressure vessel set-up
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Compared with a conventional foaming vessel, our new design allows a much faster pressure relief
(~100 bar/sec), which improved our capability of inducing homogeneous gas bubble nucleation
prior to expansion of the gas laden polymer melt. By enhancing homogeneous nucleation, we may
reduce cell pore size of foam. Preliminary foam samples were made using a conventional pressure
vessel at the Ohio State University and then repeated with ISTN’s pressure vessel. We achieved
lower foam densities compared to the conventional vessel.

The following are photographs of the specially designed vessel intended for making large, flat
foamed insulation samples suitable for thermal conductivity evaluation.

_=a]
o ——

Figure 2. ISTN pressure vessel. Figure 3. ISTN pressure vessel close-up.

Foaming conditions of candidate polymer formulations were assessed and used in the pilot
extrusion phase of experiments. Batches of the polystyrene and polymer masterbatch - additive
mixtures were generally made using a twin screw extruder equipped with a pelletizer. Suitable disc
shaped plaques (10mm and 7mm thick) for foaming in the pressure vessel were made by injection
molding. The pressure vessel was heated to the experimental temperature and filled with
supercritical CO2 up to the desired pressure using a high-pressure pump. The internal volume of
the vessel was one liter. The vessel was then maintained at the desired pressure and temperature
for up to 48 hours. The temperature was then lowered to the desired foaming temperature and the
vessel was depressurized to atmospheric pressure at a rate of between 20 - 120 bar/second, while
holding the temperature constant. Then the vessel was opened quickly, and the sample was
removed for characterization.

Since the major issue of making a cost-competitive thermal insulation is its density reduction, we
focused our majority efforts in making the lowest possible density of each recipe whenever
possible. The following tables illustrates selected results of the pressure vessel foaming
experiments.

ISTN g



Data and Analysis of ISTN Pressure Vessel Foaming Experiments

DE-EE0003983

Recovery Act: Advanced Building Insulation by the CO2 Foaming Process

Disc Release | Foam
Sample Thickness Soak T, P Foaming T, P Timing | Density Dimension
mm (s) kg/m’

Pure PS 10 130°C 110 bar48 hr | 130 °C 110 bar 1-2 74.6

ISTN3-2 10 145°C 110 bar48 hr | 120°C 110 bar | 1&10 48.2 180x8~10 mm
ISTN3-4 10 145 °C 110 bar 48 hr 128 °C 110 bar 1&10 74.4 125-145x7~12
ISTN3-2B 10 135°C 120 bar48 hr | 120°C 120 bar | 1&12 46.3 160-
ISTN3-3 10 135°C 110 bar48 hr | 120 °C 110 bar 5 46.3 155-
ISTN3-5 10 135°C 110 bar48 hr | 118 °C 110 bar 5 43 180 x 8~13mm
ISTN3-7 10 135°C 110 bar48 hr | 118 °C 110 bar 3 61 157-162x7~15
ISTN4-1A 7 135°C 110 bar24 hr | 120 °C 110 bar 3 41.1 [122-125 x13~24
ISTN3-12 10 135°C 110 bar48 hr | 120 °C 110 bar 3 40.8 | 135-138x16~24
ISTN4-1B 7 135°C 110 bar24 hr | 122 °C 110 bar 1 41.4  [117-126 x11~24
ISTN4-1C 7 135°C 110 bar24 hr | 122 °C 110 bar 3 42.8 |[118-122 x14~22
ISTN4-2B 7 135°C 110 bar24 hr | 121 °C 110 bar 3 504 |117-119 x12~19
ISTN4-2A 7 135°C 110 bar24 hr | 119 °C 110 bar 3 48.5 |121-124 x13~19
ISTN4-2C 7 135°C 110 bar24 hr | 117 °C 110 bar 3 57.3 |112-114 x12~18
ISTN4-3C 7 135°C 110 bar24 hr | 119 °C 110 bar 1 443 |133-136x11~17
ISTN4-3B 7 135°C 110 bar24 hr | 121 °C 110 bar 1 38.4 |142-146 x14~18
ISTN4-5A 7 135°C 110 bar24 hr | 122 °C 110 bar 1 37.2  |134-142 x10~20
ISTN4-5C 7 135°C 120 bar24 hr | 122 °C 120 bar 1 35.4 |134-141 x10~19
ISTN3-8 10 130 °C 125 bar48 hr | 121 °C 125 bar 1 33 132-193x11-15
ISTN3-14 10 130 °C 125 bar 48 hr 121 °C 125 bar 1 47 147-161x8.5-18
ISTN5-2A 7 130°C 120 bar24 hr | 122 °C 120 bar 1 49.5 [115~128 x9~20
ISTN5-2C 7 135°C 120 bar22 hr | 122 °C 120 bar 1 35 [135-155x9~20
ISTN5-2B 7 135°C 120 bar22 hr | 121 °C 120 bar 1 34.6  |144-162 x 8~22
ISTN5-3C 7 135°C 120 bar22 hr | 121 °C 120 bar 1 38.7 [137~149 x9~14
ISTN5-3A 7 135°C 120 bar 22 hr | 122 °C 120 bar 1 34.8 |149-156x11~13
ISTN5-3B 7 135°C 120 bar22 hr | 122 °C 120 bar 1 36.4 |[144-161 x 11~15

Table 6. ISTN Pressure Vessel Foaming Experiments Data.

The major goals set in the original project management plan for this phase of work were: (a)
preparation of low-density CO2 foamed samples in laboratory pressure vessel and optimizing
pressure vessel foaming conditions to be used for pilot/factory production, (b) reducing foaming
pressure by enhancing CO: solubility and reducing foam density to below 35 kg/m?, (c) addition
of radiation blockers to increase foam R value from R-4.1/inch to R-5/inch, (d) controlling pore
size and morphology to further increase R value towards R-6/inch. Advancements towards these
milestones in pressure vessel foaming are summarized.

Optimization of foam densities

We were able to adjust several different foaming condition parameters to lower the sample density
by almost 3 times (from 0.1 gram/cc to 0.035 gram/cc). We were able to adjust several different
foaming condition parameters to produce foams with densities as low as 33 kg/m®. The R value
normally increases with density reduction until radiation heat transfer became dominant. Thus,
additional density reduction was attempted with the increased addition of radiation blockers. The
photographs below in Figure 4 and Figure 5 are earlier examples of two large foam (samples
(density of 40 and 50 kg/m? respectively) made by the new pressure vessel.
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CO2 Solubility Enhancement — Feasibility has been demonstrated

One major technical barrier of replacing the current HFC blowing agents with CO2 has been the
anticipated substantially higher processing pressure at the die exit. This is a necessary practice for
compensating for the lower CO:z gas solubility by holding the gas mixture at a higher equilibrium
pressure (Henry’s law) and preventing premature foaming within the extruder die. We proposed
the use of solubility enhancement additives to lower the pressure of a foaming process. The low
density foam was produced from polystyrene compounded with an organoclay made with amino-
undecanoic acid (AUA). It is hypothesized that the AUA acts to increase solubility of COz. The
samples with solubility enhancement achieved the low density with significantly lower soaking
pressure (100 bar) instead of 135 bar without solubility enhancement). This was a promising
development as we may be able to apply material technology to ease the processing constraint of
switching from HFCs to CO2, which was the primary objective of this project.

Figure 4. ISTN3-9. Foamed at 121°C, 110 bar. Figure S. ISTN4-2B. Foamed at 121°C 110 bar.
Foam diameter 165mm. Foam diameter 120mm.

Secondary nanostructure and oblate pore structure by use of polymer blends

It is hypothesized that addition of elastic component could

Q improve the foaming density as well as allowing side-chain

modification for secondary nanostructure to be tested in

larger-scale foaming experiments. SEBS (polystyrene-block-

poly(ethylene-co-butylene)-block-polystyrene block

Figure 6. SEBS. copolymer) is a tri-block copolymer with the elastomeric

hydrogenated ethylene/ butylene segment (EB) sandwiched

between two end polystyrene blocks (as illustrated). Through a collaboration with Taiwan

Synthetic Rubber Company (TSRC) we explored the blending of SBS and SEBS into the PS resin

for making a new generation of thermal insulation foams by creating an intertwined nanostructure.

The two styrene-blocks would most likely be anchored within the main polymer phase (PS) of the

cellular wall, while the EB blocks, with appropriate side-chain modifications, could remain in air

pocket as basis for forming the intertwined secondary structure. Our concept of incorporating this

copolymer was intended for accomplishing two objectives: (a) Reducing the total foam density by

increasing the porosity of the non-load-bearing EB block, and (b) Separating the EB segments with
peroxide or other curing agents to create the secondary intertwined nanostructure.
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The addition of only 10% of SEBS thermoplastic elastomer into the viscous PS resin can make
foaming more difficult because of the drastically different relaxation behaviors among respective
viscous (PS) and viscoelastic (SEBS) phases. The substantial density increase (from 40 kg/m® to
258 kg/m®) of the first few samples foamed at conditions virtually identical to previous
experiments had manifested the challenge of including such elastomer in foaming polystyrene.
However, with the adjustment of the timing of pressure quenching (from 1 second to 3 seconds)
we were able to produce PS+SEBS samples not only without any blisters and blow holes, but also
achieving a low density of 33 kg/m? (photographs shown below).

— S
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Figure 7. ISTN6-7A: Foaming T 123°C, Density Figure 8. ISTN6-7B: Foaming T 123°C, Slower (3
258 kg/m? sec) gas discharge, Density 33kg/m?

We believe these experiments had achieved a major innovation of upgrading polystyrene building
insulation with the addition of SEBS and subsequently filed a patent. We had conducted more
experiments both in the pressure vessel as well as on the pilot line and in factory trials that had
further demonstrated the benefits of this new technology.

IR reflective aluminum flakes

From our theoretical modeling work and previous experimental data, we believe the most effective
approach of blocking radiation heat transfer is by adding reflective metal flakes. However,
previous experiments also revealed difficulties of processing aluminum flakes as well as its
adverse effects on foam densities. By selecting new aluminum flake additives we were able to
compound as much as 3.75% of aluminum flakes within the resin and successfully made low-
density foams embedded with aluminum flakes. The photograph shown in Figure 9 is a sample
containing aluminum flakes and showing their characteristic shiny, reflective grey color even at a
low weight fraction. The foam density was still higher than samples made without aluminum flake
additives. In order to achieve the R-5/inch value we targeted, the density needed to be reduced
below 40 kg/m? which was later achieved in the pressure vessel experiments (shown below) and
verified in full scale factory trials. Reflective radiation blockers were successfully incorporated
into foam samples and the density was lowered to the lowest 0.033 g/cc. We measured thermal
conductivity of a few samples and obtained R value of R-4.5~4.8/inch. Based on these results and
our modeling calculation, we designed the recipes containing SEBS and Al flakes for factory
manufacturing trials with samples at production reaching R-5/inch. While lowering density is most
effective in increasing R value, it reaches a limit when radiation heat transfer becomes appreciable
(sometimes 20 % of the total heat transfer). Thus, density reduction must be accompanied by
addition of radiation (IR) blockers. One of the most significant progresses in the vessel
experiments was that we produced a sample with Aluminum (Al) flakes and also with the lowest
density as shown in Figure 10.
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Figure 9. ISTN3-8 with 1.9% Al additive.
Foam density = 33 kg/m3 Aged R value/in = 4.55. photomicrograph. Mean cell diameter 4Spm £10pm.

Homogeneous nucleation

We already demonstrated the feasibility of initiating a homogeneous nucleation during foaming
experiments performed in the pressure vessel. We foamed pristine PS resin without any additives
to eliminate the heterogeneous nucleation often occurring within purposely added porous additives
such as talc. The resin can be foamed to low density (42 kg/m?) which indicated the existence of
homogeneous nucleation. However, judging from the cell size (90 £ 10 pum), cell coalescence
effects or homogeneous nucleation had not reached the desired level. The key to making nanopore
super insulation by foaming is to reinvent and control homogeneous nucleation. Because of the
extremely high porosity (97%) required by an insulation foam, the homogeneously created nuclei
must appear in very high population density as well. The average cell diameter of the pressure
vessel foams (96% porosity) was in the range of 100 micron, 10 times larger than the targeted
milestone value (10 micron). We can achieve such a reduction in pore size by lowering the
dynamical interfacial tension of the CO2 bubbles. We had already developed a proprietary resin
modification idea capable of creating low interfacial energy center for bubble nucleation.

B. Pilot Extrusion Phase Experiments and Results

In order to expedite the scale-up process for 100% CO: foaming, we concentrated on creating foam
insulation material at the pilot and small-production scale utilizing external extrusion equipment.
Several external facilities were evaluated and based upon the contract cost, project details and
capability, we initially selected Polymer Processing Institute, Newark NJ ("PPI) for compounding
and foaming experiments and subsequently LTL Color Compounders LLC ("LTL") for
compounding and MuCell Extrusion LLC (Woburn, MA) to run pilot-scale foaming experiments.

Pilot Extrusion Experimental Design and Focuses

A major mission of this project was to commercialize 100% CO2 foaming technology for building
insulation production in order to completely eliminate the use of HFCs in foam production. Thus,
every technology advancement achieved by the project in laboratory must be quickly scaled up to
the pilot level and then eventually to the manufacturing scale. Our focuses of pilot experiments are
(a) lowering foam density (30-35 kg/m?), (b) making R-5/inch insulation foam with 100% CO:
blowing agent, (c) creating oriented oblate pore structure to further enhance R-value, (d) modifying
die design to produce thicker insulation foam with 100% CO:x.

We had previously produced in pressure vessel foam samples loaded with radiation blockers and
with insulation value approaching R-5/inch. The objective of this element of work was to

ISTN 7



DE-EE0003983
Recovery Act: Advanced Building Insulation by the CO2 Foaming Process

demonstrate such improvement capability by an actual extrusion production process. Such
foaming experiments were successfully scaled up to pilot extrusion level at the facility of PPI and
at MuCell Extrusion LLC (Woburn, MA).

The objective of the work at PPI was to compound various PS formulations using Leistritz twin
screw extruder and study the feasibility of producing low density foam rods with small cell size
using various PS formulations in a tandem extrusion system utilizing 100% CO2 as the blowing
agent. A 34 mm Leistritz twin screw extruder was used for compounding the polymer/additive
mixtures at 15kg/hr.

A tandem extrusion system, consisting of a
34 mm diameter co-rotating twin screw
extruder (mixing extruder) feeding a 40 mm
diameter single screw extruder (cooling
extruder), was used for the production of the
foam samples. Polymer pellets were fed into
the hopper of the twin-screw extruder
through a solid metering feeder. The blowing
agent was injected in the twin-screw extruder
through a positive displacement pump (dual
piston HPLC pump) at 20 L/D of the
extruder, after a complete melting of the
material was achieved. The screws of the
twin-screw  extruder ~ were  specially Figure 11. Scanning Electron Micrograph of foamed
configured to ensure good mixing of polymer sample #11-9-11-11.

and blowing agent. The barrel and the die temperatures of the single screw (cooling) extruder
were controlled using four separate oil heaters to achieve proper cooling and temperature control.
A 4 mm rod die was attached at the end of the cooling extruder. Polymer throughput was
approximately 2.5 kg/hr. The density ranges achieved with all formulations (Table 7) were around
58-70 kg/m>, except for sample #11-9-11-11 (with IR blocking additive). This sample had a higher
density compared to other foamed products but its SEM image (Figure 11) showed very small cell
size and very uniform cell size distribution.

Die Pressure Cell size range

Sample # Resin psi Density (kg/m®) (pm)

11-8-11-5 PS1700+ 2.3% 1500 -1600 66 100-160
Clay-1

11-9-11-9 PS1600 +2.6% 1500-1600 78 80-180
Clay-2

11-9-11-6 PS1600 + 9% 1800-1900 58 N.A.
Kraton FG-1901 +
2.5% Clay-1

11-9-11-11 PS1700+ 2.3% 1100-1300 95 30-50
Clay-1+ 2% Al (fluctuations)

Table 7.  Density and cell size of selected samples foamed at PPI.

The conclusion from the foaming tests at PPI was that larger pilot extruder equipped with slot die
design and accurate CO2 metering was necessary to produce lower density foam and also in a shape
useful for thermal property measurements.
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The single screw tandem line at MuCell was equipped with a slot-die designed to generate 2500
psi pressure at the head. The 2’ inch diameter extruders were operated at feed rate of
approximately 45 kg/hr. Extruder parameters (screw speed, temperature zones, carbon dioxide gas
flow) were adjusted to optimize the foam board density. Three extrusion experiments were
conducted testing our material modification and processing improvements. Trials were conducted
with virgin resin and with two levels of the aluminum radiation blocker pigment. For the first trial,
no nucleating agents were added since the extrusion conditions are favorable for the homogeneous
nucleation of the carbon dioxide from the polymer melt. A photograph of the virgin resin foamed
board exiting the die is shown in Figure 12. The densities of the trial run samples were in the range
of 35 - 40 kg/m’>.

The thermal conductivity measurements of
these samples showed improvements with
the addition of radiation blockers, but not as
much as those achieved by samples foamed
in a pressure vessel. The fact that the degree
of improvements was not directly in
proportion to the amount of embedded
radiation blocker leads to the conclusion that
the dispersion of radiation blocker in
extrusion runs might not be adequate at
higher levels of additive. In the second pilot
run and later factory trials we compounded
the radiation blockers into a master batch
prior to foam extrusion to facilitate its
dispersion during the extrusion process
which indeed improved the R-value to our projected level.

Figure 12. CO2 foaming of polystyrene with a slot-die
at Mucell Extrusion LLC.

Thermal Conductivity Measurements

Testing was carried out using the 15cm x 10cm ASTM C1114 fixture, foam samples were cut to
6 — 7mm thickness using a hot-wire device. The relative error in the thickness was generally
acceptable (0.5 — 1.25%). Two pieces of foam per side were used because the useable width of the
extruded boards was 6 — 8cm.

Pilot extrusion of R-5/inch foam with 100% CO:> blowing agent

Foam A (23°C)
Trial M2 SEBS- Clay Al Density | W/(mK)
- PS1600 MA [10A] Pigment | p, kg/m3 x 103 R/in
1 100% 0% 0% 0% 38.1
2 88.0% 9.0% 3.0% 0.0% 40.5 33.0 4.37
3 85.2% 8.9% 3.0% 3.0% 45.0
4 91.0% 5.4% 1.8% 1.8% 41.0 31.3 4.61
5 85.2% 8.9% 3.0% 3.0% 45.9 32.6 4.42
6 80.2% 11.9% 4.0% 3.9% 39.7 32.3 4.46
Table 8.  Select formulation and results of density and thermal conductivity measurements from MuCell
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trial.
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Figure 13. Reflected light photomicrograph of M2-4
foam. Mean cell diameter 43pm + 15pm.

production line trials later.

ISTN

The highest R-value achieved in pilot
extrusion (trial M2-4 at R-4.61/inch). A
photomicrograph of sliced section of this
foam is shown in Figure 13. Our modeling
calculations indicated that we could increase
the R-value to R-5/inch by lowering the foam
density to 30 kg/m?. The processing
parameter control in the pilot extruder was
not as good as in a full production line and
hence it was not possible to lower the density
further. Nevertheless, the pilot extrusion
experiments had generated sufficient data
and information that led to the successful full
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Creating oriented oblate pores by restricting expansion ratios

We had designed a device that can be attached to the die of the pilot extruder to restrict the foam
expansion after its exiting from die. The following design called for the plates to be installed at the
exit of the extruder and clamped down by nuts and bolts to maintain the gap between the plates.
The width of the gap between two plates was reduced to limit the expansion in the direction vertical
to the machine extrusion direction. Teflon coating was applied to minimize friction resistance
between the foam and the plates. We tested this device at Mucell during a third trial. The extruding
power of the pilot line was not strong enough to overcome the friction force from the top and
bottom plates. (Similar devices had been used in a full production line which had a much higher
throughput than the pilot extruder we were using.) We were able to produce restricted-expansion
samples by adjusting the gap of the belt puller. However, the first set of results was not conclusive
in geometry and orientation. Restricting the height of the foam using the belt puller also
consistently increased the foam density.

The foam board was cut in three orthogonal directions with x-y plane sliced parallel to machine
direction, x-z plane sliced parallel to cross machine (width) of foam and y-z plane sliced parallel
to parallel to height of foam. Restricting the foam as in exits the die does not significantly alter the
cell size and there was no significant orientation in the cell morphology as shown in the figures
below.

Figure 14. Optical micrograph of foam M3-3 cut in Figure 15. Optical micrograph of foam 3-3 cut in
Machine Direction X/Z Plane. Cross-Machine Y/Z Plane.

Pilot Extrusion of Foam with SEBS

We have successfully incorporated SEBS into material batches and produced good foams in pilot
extrusion experiments. Foaming SEBS in a pressure vessel was considerably more difficult than
foaming PS. The cell structure and foam quality of pilot extruded foams were generally similar to
samples from the pressure vessel. During these pilot experiments, we did discover another
important advantage of using SEBS. SEBS is an elastomer and could improve the toughness of the
foam product and the stability of the foaming process. Additionally, we could further use SEBS’s
elasticity to expand the foam through externally induced tension force. This idea had been included
in the new design of the die. We filed a provisional patent based on new design of the die and the
use of tension force to increase expansion ratio in machine direction (by pulling).

New Design of Die to Allow Thicker Board Production

One primary reason that foam producers have been doubtful about the 100% CO2 foaming
technology to this point is the limitation in thickness range of their CO2 blown foams. The COz
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foaming production has generally required a much higher die pressure in order to dissolve
sufficient gas to accomplish a low density. As a result, the die opening must be kept very small,
preventing the production of thicker insulation board (above 2 inch). ISTN had developed a
proprietary die design that could maintain a high die pressure without sacrificing the thickness of
the foam board. Additionally, this new design, because of the capability of maintaining a high die
pressure, allows additional post-die attachment to control the expansion ratio in the vertical
direction. Such an integrated design could help create and orient oblate pore structure right after
the die exit. A provisional patent application had been filed based on these experimental
results.

C. Factory Trial Run Results

Results of Factory Foaming Trial

We carried out a full-scale foam production trial at a plant in Shanghai China and basic
compositions of the master batches used are given in the table below:

Batch number MB-1 MB-2 MB-3TW | MB-3US MB-4

Ingredient

Polystyrene resin 64% 67% 85% 85% 80%

SEBS polymer 36% 27%

Clay 6% 15% 15%

Aluminum MB 20%
Table 9.  Shanghai trial masterbatch compositions.

During the three day factory trial, the tandem single-screw extruder was operated at approximately
430 kg/h and the pressure at the exit die was 65 — 80 bar. (This head pressure is too low to reduce
pore size and should be increased with using new die design in future factory work.) Full-size foam
boards with thickness 35-40 mm and widths up to 75 cm were produced. By use of a blend of CO2
(up to 60% w/w) and ethanol as the low GWP physical foaming agent, it was possible to obtain
well-formed XPS boards with low density (29 — 33 kg/m? ) for a majority of the compositions by
extruder die fine-tuning and optimizing the melt temperature especially for recipes containing
aluminum additives. For thermal conductivity measurement, the extruded boards were cut into
30cm square pieces and measured using a guard hot-plate instrument and also additional
measurements were made on aged foams at ORNL (Building Envelope Research) using a heat
flow instrument. Selected compositions and results of measurements carried out on the foam
boards are given in Table 10.
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Avg. Cell Size |R-value/inch, Age R-value/inch, Age
Trial Density (kg/m?3) (um) =10d = 48d or 58d*

10 29.9 169

12 30.3

17 33.1

18 32.5 135 4.85 4.47

19 33.0 150

21 30.5
HO 32.9 174 4.02 4.11

22 29.7 436 3.78 3.71

23 29.3 463

24 30.4 279

25 30.8 192 3.82 4.04

27 30.4 266 3.89*

28 30.4 223 3.87*

30 32.6 156 4.95 4.55,4.49*
31 32.6 116 5.17 4.68,4.53*

Table 10. Selected factory trial results. Measurement Conducted at ORNL using ASTM C518 Test Method
(Mean Temperature 23.9°C).

Increasing the puller speed stretch the foam as it emerged from the die to magnify orientation of
the cells was also attempted for trial #19 - 21. It was possible to do this while still producing a
well-formed board. Optical micrographs of foams sliced in the transverse and machine directions
are shown in which showed anisotropic pore structure.

Ll

Figure 16. Optical Photomicrograph of Polystyrene Figure 17. Optical Photomicrograph of Polystyrene
(SH-18) Foam Sliced in Cross-Machine Y/Z Plane. (SH-18) Foam Sliced in the Machine Direction X/Z
Plane.

Polymer Blend A Foaming and Aging Studies

We acquired for thermal conductivity measurement several 30cm x 30cm x 5.6cm foamed Polymer
Blend A boards from a well-known, large European manufacturer of polymer foams. These foams
were expanded with a hydrocarbon blowing agent (with low GWP) to a density of 60 kg/m>. We
submitted the Polymer Blend A foams to the Building Envelope Research division of ORNL for
initial thermal conductivity measurement to be followed by an accelerated aging test. The
measured value using ASTN C518 test is 27.7 x 10 W/(m-K) or R/in value of 5.2. Previous in-
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house aging tests done by the European company had demonstrated excellent aging performance
over PS and PU insulation.
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5. Conclusions
(A) Cost-effective HFC-free building insulation with enhanced R/inch performance

The major goal of this project was to produce enhanced building thermal insulation with cost
competitive to common building insulation. Any improvement in R/inch performance must be
judged by the cost increase on per R basis. Therefore, any advancement in insulation performance
at laboratory must be further demonstrated at the full factory production trials in order to assess
the final cost of the new insulation products.

Present building insulations have exceptionally high, i.e. ~ 97% porosity and thus, extremely low
material cost. The factory production of an advanced building insulation is extraordinarily
challenging as processing the high porosity (by foaming) must not only be within the cost
limitation of conventional foam extrusion standard, but also be precisely as high to control the
base material cost. For example, a small decrease in porosity from 97 to 96% would amount to
25% material cost increase (foam density increased from 30 kg/m? to 40 kg/m®) even without
losing its insulation performance. This has long been the reason of not having any significant
product improvement over the past seven decades.

Another major technical difficulty in running a factory production test is the high throughput of
the foam extrusion process, which itself is the reason for minimizing the processing costs of
insulation. Any attempt of experimenting a new recipe to improve insulation performance must
overcome not only the high porosity extreme hurdle, but also the enormous amount of scrap
insulation generated along with tuning production run conditions. We tested our material recipes
at a throughput rate of 450 kg resin per hour, which, given the targeted 30 kg/m? insulation density,
generated 120 m? (~53,000 board-ft.) waste material in one day. Our production collaborator had
a recycle system that can partially reclaim the raw material consumed by our three-day trial run
experiments. Nevertheless, the logistics of handling the enormous amount of waste, particularly in
the initial phase of assessing a new recipe’s performances, remains to be one of the biggest
challenges in the development of a superior building insulation.

Figure 18. Shanghai trial. Foam product. Figure 19. Shanghai trial. Extrusion line.

In our three-day factory trial run of several best recipes, which were screened and selected after a
series of designed pressure vessel and pilot experiments, we had successfully produced several
sets of sample with commercial potential and improved insulation performance. The significant
technology advancement of our manufactured products included:
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1. The foaming agents were predominately CO2 — achieving the objective of removing the
harmful HFC, or HCFC in future building insulations.

2. The product samples were at densities near 30 kg/m® and thus can be produced in mass
production with a cost competitive to present building insulations — achieving our goal of
increasing insulation value with justifiable cost on per R basis.

3. Several sets of samples had insulation value in the range of R-5~5.5/inch with implementing
our technologies of IR blocking additive and oblate pore structure control — achieving R-
5/inch insulation produced at the manufacturing scale and with affordable costs.

Part of the successes in insulation enhancement was attributed to the compounding of aluminum
flakes into a master batch prior to foam extrusion which may slightly increase the processing cost
in future with justifiable performance enhancement. The oblate pore structure was created by a
pulling force applied to insulation boards after their exit from the extruder die. The enhancement
in insulation performance from this treatment did show a regression due the dimensional change
caused by the elasticity of the SEBS additive. From this trial run we further developed a new die
design which could lead to oblate pore structure without the concern of thermal relaxation after
production. The concept was filed for a patent and illustrated by the diagrams below.

Vertical direction (z)

r

Extruder Head

Lateral direction (x)

Figure 20. Extrusion process concept design.

Figure 21. Extruder die design.

The die modification would shape oblate pore structure nearer to the die exit and thus lower the
likelihood of contraction after foam curing and preserve the higher insulation value resulted from
the oblate pore structure.

(B) New Building Insulation of R-6/inch Performance

We have been closely examining Polymer Blend A foaming technology since early 2010. Based
on our modeling calculation along with some preliminary data analysis, we are convinced that
Polymer Blend A foam insulation could replace incumbent polystyrene insulation in future
building material market. PS has been used as building insulation for almost 70 years and its
insulation value can hardly be improved beyond R-5/inch even with the inclusion of harmful
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HCFCs. Compared to PS insulation, Polymer Blend A building insulation would have the
following distinctive advantages:

(a) Polymer Blend A is an engineering plastic and a stronger structural material than PS

(b) Polymer Blend A insulation can be made of plastic recyclable from bottles of water and
drinks

(c) Polymer Blend A contains functional groups that are as good a radiation absorber as those
in polyurethane (PU) and polyisocyanurate (PIU) and thus could raise R value above PS
insulation to those achievable by PU and PIU insulations (R-6~7/inch)

(d) Polymer Blend A can be blown with pentane gas which has similar insulation enhancement
power as HCFC, but with much reduced global warming power

(e) Polymer Blend A is the best vapor barrier and could hold insulation-enhancement blowing
gas much longer than PS insulation, or any other polymers currently available in insulation
market

We always believed the two major challenges of developing a new generation of Polymer Blend
A building insulation had been (1) Foaming Polymer Blend A to a very low density (i.e. below 40
kg/m?), and (b) Achieving same performance comparable to PS insulation in real fire tests.
Polymer Blend A resin is denser than PS (specific gravity of 1.3 versus 1 for PS) and requires a
higher blowing ratio (i.e. higher porosity) in order to compete with PS on the material cost basis.
Secondly, Polymer Blend A foam is predominantly blown with pentane and could retain pentane
for a very long time, which would compromise its resistance to fire. The technical progress
achieved by our project on PS building insulation, lowering foam density and with 100% COx2 gas
foaming, could help resolve those two challenges and greatly contribute to the development of
future Polymer Blend A building insulation product. If successfully made at production level, this
could be the fastest way of raising the R-value of building insulation from present R-5/inch to
above R-6/inch or even higher.

We have been collaborating with a leading European insulation foam company on the development
of Polymer Blend A foam for a new generation of building insulation. Polymer Blend A is an
engineering plastic that has an outstanding mechanical strength particularly suitable for building
insulation application. In addition, the excess Polymer Blend A wastes generated by the bottling
and optical industries globally can be turned into a valuable raw material source for an energy-
saving insulation product.

Based on extensive R&D work supported by this grant we have concluded that the technology and
market barriers against super insulation products are how to produce them cost-effectively so that
the cost-per-R-value is competitive to existing insulation products in the same market. Nanopore
insulations can easily reach R/inch value of 8 to 10 but the cost per inch thickness is several times
higher than the PS insulation, and thus, could only be applied in a few niche markets situations as
specialty insulations.

Polymer Blend A insulation’s most appreciable difference from polystyrene is the potential
upgrading of insulation value beyond R-6/inch due to its stronger radiation absorption power and
gas retention capability. Consequently, Polymer Blend A could become the best bulk polymer for
a future generation of building insulations. With implementing additional additives and pore
morphology control technologies developed by this project, future building insulations could be
upgraded to the range of a super thermal insulation (R-value in the range of 8-10 per inch).
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We have discussed with our European collaborator the possibility of a co-development and cross-
licensing partnership that would allow us to apply ISTN foaming technology to further improve
the insulation value and the fire resistance rating of future Polymer Blend A insulation. The
collaborating company already produce a number of foams based on Polymer Blend A with a
density of 80 kg/m®, and were able to produce lower density Polymer Blend A foam insulation
(~40 kg/m?) at a pilot scale extrusion line.

The company was interested in ISTN technologies of (a) CO2 gas foaming to reduce flammability
of current blowing gas of cyclopentane, (b) SEBS-Ma additive and nucleation package to
successfully scale-up density lowering technology to full production scale, (¢c) New die design to
elevate head pressure of extrusion line and consequently create finer cell structure to further
increase the R/inch value of Polymer Blend A insulation. The following chart is based on
preliminary data and calculation that definitely demonstrates the value of our proposed technology
improvement and the potential of Polymer Blend A to become the next generation of thermal
insulation.

Density | Thermal K R per SameR | Thickness | Weilgnht Shipping
Inch performance cost

80 kg/M2 | 36 MW/MSK | R-4/Inch 3m3 1 240 kg 1

40 kg/M2 | 24 mMW/MK | R-6/Inch 2m3 0.66 80 kg 0.66

Table 11. Polymer Blend A density optimization.

The above table clearly confirmed the value addition of our foaming and additive technologies to
the Polymer Blend A building insulation. Successful implication of our technologies at production
level could help increase R value, reduce application thickness, material costs (by three folds), and
even the shipping cost by 30%. This illustrated our point of increasing performance/cost ratio to
commercialize an advanced building thermal insulation.

We believe with the following modifications of present foaming technology we could
commercially produce an advanced building insulation sooner than any other conceivable
approach we have been evaluating. Because Polymer Blend A foam insulation already has the
advantage over PS insulation in reduced radiation heat transfer, any technology we have originally
proposed towards the development of super building insulation can be accomplished much quicker
with using Polymer Blend A as the starting base resin for building insulation (or refrigeration
insulation). Thus, all the technologies proposed for R-value reduction, such as (a) smaller pore
size, (b) oriented oblate pore structure, and (c) secondary nanostructure in original proposal could
be immediately applied to foaming Polymer Blend A for producing an advanced building
insulation. Additionally, Polymer Blend A, being one of the best polymer barrier to gas
permeation, could also be developed into long-lasting vacuum insulation panel to further augment
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R/inch value for refrigeration applications.

b.1) Using SEBS-Ma and clay composite to lower Polymer Blend A density — We already
designed a processing strategy to incorporate molecules that are capable of cross-linking
Polymer Blend A during extrusion to increase the melt strength of Polymer Blend A.
Furthermore, with incorporation of SEBS-MA we expect to further improve the toughness
of the Polymer Blend A foam insulation and also help reduce pore size and density in
foaming as demonstrated by our pressure vessel and production experiments accomplished
in the project.

b.2) A new blowing agent package with CO; to replace cyclopentane — Using COx2 to replace
harmful, flammable gases could also increase the foaming pressure and create finer pore
structure. However, in difference to our trial with PS foaming, ethanol cannot be used in
Polymer Blend A system due to its degradation effect on the resin. The CO: solubility
enhancement technology developed by this project could be a valuable option for Polymer
Blend A foaming.

b.3) Modifying the die design to lower density and control pore morphology — The above
mentioned provisional patent of creating oblate pore structure could be applied to Polymer
Blend A foaming to further lower density and boost insulation performances. We intend to
use a die containing several vertical slit openings, instead of a horizontal single slit die, to
increase the pressure holding power of the die (shown figure below) and gain more control
in both the size and geometry of the pores.

Figure 22. Extruder die design.

We expect the new die design to achieve Polymer Blend A foaming with finer cell
structure, higher CO: content, and most importantly lower-density with improved
appearance (currently a problem in the pilot extrusion of low-density Polymer Blend A).

b.4) Injection molding of Polymer Blend A foam for refrigerator insulation — An additional
innovation of the die modification is to apply vacuum and mechanical pulling after the
resins melt leaving the die. We can apply this approach to create anisotropic expansion in
an injection molding process and create high-R-value Polymer Blend A foam for
refrigerator insulations. Our vacuum drawing approach has a major difference from
conventional scheme of density reduction by vacuuming because of the addition of SEBS
elastomer. The elasticity of SEBS could help maintain a tension within the melt and thereby
allow using the tension to further lower nucleation energy barrier and could additionally
reduce pore size to a submicron scale.

Top view of the head of a pilot

E\ac:uum draw 4--{22922223 > - Vacuum draw

Figure 23. Creating oblate pore structure by a center-fed injection process.
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(C) CO2 Foaming of Polymer Blend and Organic-inorganic nanocomposite

In this project we had thoroughly upgraded the foam extrusion process using CO2 predominately
as the blowing agent. Along with the development of the next generation of building insulation we
successfully invented the high-porosity (low-density) foaming of blends material with recyclable
thermoplastic elastomers, for example SEBS, and inorganic nanostructured additive such as silica
gel and exfoliated clays.

The new technology, besides of enhancing insulation performance, could become a platform
technology to upgrade building as well as many other foam products. For example, the polymer
blend foaming can be utilized to produce shoes, furniture, cushioning mats, automobile parts that
are environmentally friendly and recyclable. Foaming of polymer-clay composites is also a
significant technology advancement that leads to better fire resistance, stronger modulus, and
lighter-weight automobile parts.

(D) Super-Thermal (R-8~10/inch) Insulation with Secondary Nanostructure

This study also provided a feasible route of making super thermal insulations at costs competitive
to conventional insulation on per R basis. At present, the barrier against commercialization of
nanopore insulation is still its high processing cost. By integrating a nanopore creating process
with a conventional foam extrusion process not only could upgrade the present building insulation
without a forbidden cost increase, but also allowed creating nanopores with larger pores of an
conventional foam during a low-cost foam extrusion process. Such an integration of supercritical
drying and foaming (by COz) into a known low-cost extrusion process should guarantee the
processing cost be competitive with conventional insulation material. ISTN is seeking venture
capital funding to continue working of scaling-up this process to the pilot and manufacturing
levels.
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mwﬂambyhmm.&mm&mmmllk

auoydﬁtulmmlhmhndsdmmmm

well beyond those needed 10 make the technology
cially viable. Recently, we had sucoessfully developed the
technology of producing low -density (density ~0.03 gloc)
Somfummhmbyknmquﬂ 100% CO,. By inte-
the two tech ber, we could design a
s)mnlhuudm:mwl('o,mﬁmcmmdpw
serve nanometer gas embryos (by a nucleation process), and,
Mwwuﬂsuhhbh(bynhungm)fwmnhng
ha could p high-
mqkmnnhmb-smllpommmdd
lenge. of course, remained as how to effectively control the

bubbla mmwwdfmm
i of rapid g foumer-

ouspuhubhhanch folbuodbylhuﬁ:lymﬁm
the foam’s expansion. We could envision two approaches 1o
mmltbmm&nnguwhanpdhhblqm

¥

size.
DETAILED DESCRIPTION OF THE INVENTION

This invention relates to the field of thermal insulation. In
particular, the invention describes superinsulation articles
having a desired porosity, reduced pore size and cost-cllec-
tive methods for manufacturing such articles. Inone aspect of
the present imvention, the anticle may comprise a material
system with at keast about 20% porosity, for example, 30%,
407%, S07%, 60%, T0%, 80%, preferably at least about 90%%
porosity, for example, 95%, 96%, 97%, 98%, and 99%. Ina
further aspect of the invention, an articlke may comprise
greater than about 25%, 50%, 75%, and 90% of nanoporcs
having a pore size no greater than about 1 500 nanometers, for
example, 1250 cters, 1000 et no
g than about 900 eters, 800 750,

First, we plan 1o induce the homogs

(alrcady dem ‘by mwlamwl)ma
foam ly small gas
embryos, mlmodbymmllnslhchbbkl growth. Or, we

can use a reactive systom, such as the polymenization of
styrene or urcthane, which secrete out volatile solvent, or
1, 2 LI —— N I

»

s

nanometers, 700 nanometers, 650 nanometers, 600 nanom-
cters, and S50 nanometers, in its shortest axis.

The articles of the present invention, in addition 1o porosity
and a reduced pore size, mayalﬁommpmeuwmwl
Mnopom In one aspect of the p i

< poly 1} o
create a spinodal decomposition, followed by controlled
expansion of the entrapped volatike fluid phase. Both pro-
cosses required a bow initial interfacial tension, as well as a
controlling mechanism 1o slow down the bubble growths.
llherm:rﬂmmlmmﬁmpnmndm;h

&0

than about Imsns)mmralpom

l'ucnwk 25%, 40%, and 507, preferably greater than
about 75%, 80%, 90%. and 93%. Onc aspect of the present

invention is an article greater than about 25%, for
example, 35%, S0%, than about 75%, for
ac-aple B0%, 85%, 90%, and 95% oblate or substantially

Another aspect of the present invention is

volatile fluids). Obviously, such a breakthrough process
would be difficult, because it would require orders of magni-
tude improvement in pore size controls (from ~100 microns
o 0.1 micron) comparing 1o prior foaming arts.
DESCRIPTION OF THE DRAWINGS

FIG. IM\;M“MNM(H‘L«WW
allel with the 1 Left le (in-serics)
Mahqhmhmnhh:hornghmpk
FIG. 3M!MSPM pwmmol’lbe:ellumalong
two different d Through | { vessel expen-
ments, foams with anisotropical pore have been

produced.

FIG. 3 shows the batch depressunization process to create
prolate pore structure.

FIG. 4 shows the batch depressurization process 1o create
oblate pore structure.

FIG. hhanlhcmcol’al’olmcdcbymm
to facilitate gas lead-
mglocuacponmm

FIG. 6 shows the alignment of exfolisted clays in foam
extrusion restricts bubble growth normal to machine direc-
tion.

ymm i
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mmkwmnmmthnobwl)% for example,
35%, 507, preferably greater than about TS% lorex.nmple
807%, 85%, 90%, and 95% prolate or Iy g

RANOPOres. Ymmmofhpmmmmy
be an article comprising nanopores having an asymmetry
uﬂhoﬂmwmlﬂehmnmnmmﬂdm
di i dimlmm(eg.ibcthm
m:lgmdnnldmm) Furth anartick of the p it
mmmmymnmmhimﬁcnnfoﬂmcwwh‘m-
tially oblate, prolate or substantially prolate, and other asym-

DANOPOLSS.
The anichkes of the peosent invention may also comprise
nanopores onicnled in a preferred direction. In one aspect of
the present invention, One Of MONe RANOPorss are ofented
normal to the application direction (i.c. when reference is
made herein the onentation of the nanopore is referring to the
longest axis of the pore. Therefore, the longest axis of the
pore, Mlhmomumdwlhcqspluhm
,.lhe shortest axis is aligned with the

» ially pormal to the applica-
umdmmhmd:erupmoﬁhemumﬂmm
of mosre nanopores are onented normal to the thermal grads-
ent direction or substantially oriented normal 10 the thermal
gradient direction. In another aspect of the present invention,
one of more nanopones are onented along the machine dircc-
tion (i<, the shortest axis normal to the machine direction) or
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substantially along the machine direction. Yet, in one aspect
of the present invention, an article may comprise greater than
about 25%, for example, 35%, 45%, 55%, preferably greater

than 75%, for example 8076, 85%, 90%, and 95%, of nanop-
ores oncnted normal 1o the thermal gradient direction or
mnlummwuwmm
tion.

The anticles of the present invention may also comprise a
secondary nanostructure. Furthermore, the anticles of the
present invention may compnse a lertiany and'or quaternary
nanostructure. In one aspect of the pecsent invention, an
anicle may comprise greater than about 25%, for example,
35%, 45% and S07%, preferably greater than about 75%, 807%,
85%, 907%, and 95%, of nanog with dary, tertiary
and/or quaternary structure. ()newmoflhemmm-

10

6
than about 1000 nanometers, for example, 900 nanometers,
800 nanometers, 700 nanometers, 600 nanometers, S50
mmhblymsmu«lhn&&mbf
450 400 s, 3%

m nanometers, 250 nanometers, 200 napometers, 150

nanometers, 100 nanometers, and SO nanometers.
In another aspect of the present invention, the gas embeyos
mhww«mswbyma
including any K oquivalents means
lhemr hmupmo!lbepmmwmnmk
comprises greater than about 25%, for example, 35%, 50%,
preferably greater than about 75%, for example 80%, 85%,
90M%, and 95%, of gas embryos expanded by, or substantially
expanded by, batch foaming. In another aspect of the present
2 Ibegumhmm«paﬂdudbywﬂhulnlb'

tion is an artick comprising a secondary
m.m«amanmam
sion lowening agents or functionally equivalent thercoll A
further aspect of the present invention may be an article
comprising greater than about 25%, for example, 35%, 45%,
and 50%, preforably greater than about 75%, 80%, 85%,
9%, and 95%, of with a surfs

Ll

or an
mwaknlmtlnmf lnouuupmol't‘heptmm
tion, an artick compriscs greater than about 25%, for
cxample, 35%, 507, preforably greater than about 75%, for
example 80%, 85%, 9076, and 95%, of gas embryos expanded

mnkmlkml‘;\mdn-pmorlk
may bea ary prising
fractal structure or als ly a substantially
fractal structure, Aﬁmhcrupmorhwmdnmonmy
be an articke comprising greater than about 25%, for example,
JﬁJ%NMNﬂUMMM?%
80%, 85%, 9076, and 95%, of with an int

fractal and/or sub lly intertwining froctal
structure, Yet, another aspect of the present invention may be
umkwmh”ﬁ.fww 10%,
20%, 50%, 1N O OF MORe dary, tertiary,
and/or qmmmty

structures.

Furthermore, the articles of the present invention may have
a thermal insulation value greater than about 6 Rfinch, for
example 6.5 Rinch, and 7 Rinch, preferably greater than
about 7.5 R/inch, for example 8R/inch, 8.5 R/inch, 9 Rfinch,
9.5 Rfinch, and 10 R/inch. In another aspect of this invention,
the articles of the present invention may have a thermal con-
ductivity value kess than about 30 mW/M?® K, for example 25
mW/M® K, and 23 mW/M? K, preferably less than about 22
mW/M* K. for example 21 mW/M* K. 20 mW/M* K. and 15
mW/M® K.

The articles of the p im may bem
by creating or generating o substantially creating or gener-
ating onc or more gas embryos. In one aspect of the present
invention, the gas embryos or the known equivalent thercol
mmwwmmmuyoﬁnknnn
means of nuck Teat

oumohbemmmmwb mp

Laman ]

. 1

sites. In

s

45

ol or known byutmbﬂmuﬂywby lmuwfmm
inventi P Yet.in aspectofthey the gas
ecmbryos are expanded by, or sub ially dod by, a

In yet a further aspect of the present invention, the pore size
of greater than about 25%, for example, 35%, 50%, prefer-
ably greater than about 75%, for example, 80%, 85%, 90%,
and 95% gas embryos is controllked by, or substantially con-
trolled by, one or more restnction methods or equivalent
restriction means theroof, including any known sire control-
hqma&vmmwmolmmm

pects o
nanOpores. bafm«maflkmmwmlhe
embodded inert gas may be exchangad by airover lime. Inone
aspect of the present invention, greater than 5% of the inert
gas, for example, 10%, 25%, and 40%, preferably greater
than $0%, for example, 6076, 70%, 8076, 907 and 95%, may
be exchanged by air over time. In another aspect of the present
invention, embeddad inert gas may be exchanged by air over
time, such as greater than 10 days, for example 20 days, 30
days, and 45 days, preferably greater than 60 days, for
example, 90 days, 120 days, 130 days, and 360 days. Accord-
ingly, inert gas may include a mixture of the blowing gas (e.g.,
C0,) and air, for example, at about 10:90, about 50:50, and
about 90:10, percent blowing gas to percent air. Furthermore,
bcﬂwmydniwludt 100 percent blowing gas o 100
peroent air.

Thelhrd

oflhmml' lation is defined as the
1! ir pockets withcomposition
hol syspuuﬂydcasndhblwﬂucm

greater than about 25%, for example, 35%, 50%, preferably
greater than about 75%, 80%, 85%, 907, and 95%, of gas
embryos created or generated by such means or the equivalent

thereof. In another aspect of the present invention, the gas <

PR

and

li‘s&umn!mndmmkm its ondinary value (e, <23
mW/M* K). resulting in a super insulation of insulation value
higher than at least R-7/inch. Prior ants (selected examples
mwmmymmsmmnyorm

embryos are created or g d by sp position
or any known means creating a phase separation throughout
the matenal and pot just at the nuckeation sites. [n one aspoct
of the present invention, an anticle comprises greater than
about 25%, for example, 35%, S0%, preferably greater than
about 75%, 80%, 85%, 9076, and 95%, of gas cmbryos cre-
ated or gencrated by, spinodal decomposition or the equiva-
lent means thereol. Yet, in another aspoct of the present imven-
tion, a combination of such methods for creating or
generaling gas embryos may be used.

In a further aspect of the present invention, an artiche may
Comprise one of more gas embryos having a size not greater
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lation with ity lower than 23 mW/M-* K when
pore sizes wore reduced to below the mean froe path of air
(<100 nm). However, relying completely on pore size redue-
tion 10 make a super insulation has experienced the tremen-
dous processing challenges when using a supercritical drying
process. The inventions disclosed bere take a different
mpmdmﬁdwmmuﬁcwof
of thermal insulation. This new invents
i mponents, which
mmwmummummmome
third generation of insulation with thermal conductivity much
lower than the 1 g on prod
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@) G ing homog Iy mlkr gas mhl)u o mcmnfmplhoru)mldhclmlcdw,mmdmm
Jomains by a h i (the apy ion), instead of all three directions, In
it muimg(‘o,mrqpedunﬂun mmhw«wdmmnﬂhﬁwwh-

decomposition
blowing, agent ora within a polymer system,
(b)(iminga)mﬁnl(obbuwmhe)pmm

phology.

(¢) Orienting asymmetrical (oblate or prolate) pores in a
preferred direction,

() C

pores.
Prior nanopore structures of super insulation were accom-

plished by a solution supercritical drying process, which was

extremely show as well as capital i The first i

tion in this invention is 1o use the expansion power of a

high-pressure gas embodded in the form of cither a solute, or

awmhmwmdnhﬂmmwﬂbyawp«

'

g the ¥ pore structure within air

cation direction, only their shortest axes noad 1o be controlled
below the threshold value, Relaxations of size controls in the
other two irrelevant directions allow a much larger volume for
eoch pore, and therefore, much less pore density be created by
foaming. Sccondly, the effects of geometry and oricntation
could help reduce thenmal conductivity on top of what already
achievable by pore sire reduction. Morcover, unlike pore sire
reduction, the aspect ratio of spheroids has no threshold value
0 pass. The effects of onentation appear once the shape is
asymmetrical, and m \mh ncreasing aspect nlm
resulting the possible stepwise i of, in

eﬁwlofmmmmwmnlmhmvﬂwfm

thermal insulation. Furthermore, lhesumbtyouor

4 by abomog Y
mmmneﬂbﬂw ‘lhe‘ bbles” h
from their initial births. Previously, yuhbblemm
within such a system went through a heterogencous nucle-
ation process where the initial nuclei provided by the nucle-
ating agents were alrcady much langer than microns. As a
result, the pore sizes in prior foams blown using heteroge-
neous nuckeation were already substantially larger than the
100 nanometer requined by super insulation.

Early models revealed that the gas thermal conductivity
would not be reduced significantly unless the pore sire was

fuced below a threshold value b 1 and 0.1 ms
The simultancous requirements of a high porosity (over 95%)
uﬂm&mﬂmﬁmmhmﬁmhlm
foaming p ful in producing such a super
mlmonz\ﬂcull the task of increasing th | insulats
value of foams two and a half times higher, from the cumrent
R-4/inch 10 R-7-10Vinch is extremely ambitious and, thus,
inherently difficult,

The present invention i three additional inno-
vations (b, ¢, and d listed above) in addition 10 pore size
reduction which are all capable of further increasing the insu-
lation value of a porous substrate. These throe options could
each individually be utilized to improve insulation value of a
current foam product, Collectively, they could be engineered,
along with using pore size reduction, to accomplish the
mﬁmmbyjumpwdmofamimhﬁmw

incremental technology improvements.

One unique aspect of the invention is the recognition and
Mhmwwhulbeduwwmoflm-
Mr r mu h h I
nofp&maﬂmm&emﬂmnﬂm
mmoflhcpuumldhcu:lmedbwlhcmllm
value along the heat flow di (i.e. the direction of the
temperature gradicnt, or, the application dmm} Annlo-
gous 10 the spatial arrang; i3 of resistor-in Ikl
eucondoﬂwny}.udmn-wm(lawucoﬂmmty).

ane e

s
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dard to that of a new generation.
The thind g jon of thermal insulation material com-
prising and made from any, or a combination of, the following
features:

(a) generating homogencously umllerpsaanmor
domains by a homog i
dmmpmmmmmb'co,orum-
lar inert gas, entrapped as cither a blowing agent or a
co-solvent in a poly

(b) growing asymmet
phology.

(¢) onenting asymmstrical (oblate or prolate) pores with
Mshmuuahoglbemiuuwplm(w the

orp ) pore mor-

i
=l {cchl

(d)mhmmmnm air
pores, which are to be formed by, but not limited to, the
surfactant structure incorporated at the pore surface, of

an intertwining fractal within each pore.
Themm:nal system of the third generation of thermal
insul s dofap or a blend of polymers,

wbyemm,am«mmudmrmu-
tures utilizing a b

Mnucrulmoflhrlhldmmofhml
insulation is such as, but pot
limited to, sty and urcth ol'whnhhpol}mmnm
reaction is utilized 10 secrete or generate volatile liquid phase
mhnwmlmmdlo(‘og.byamampwm
f for the sub the fMuid
evaporation. The volatile fuids of the system arcembodded in
under a high pressure, entrapped by the polymer(s) by super-

polymerizat

mllq.otdum@ ton.lndl-ncrw through
an triggered 10 the insulation on
demand and on location.
In the third generation of th | insulation, one or all of

MMMM(:L(D)M(G)I:MM!&M
dqm-uunm process dcnpul hased on pnncmh of

we can ulilize the of spheroad pores in parallel
(kwuuwmlldml.hehmllmdwwm).u.lusmﬁ
(long axis normal to the beat flow direction) o optimise,
mmwwmmuwofm
resistance in one direction (app ywould be at
the exp of the resi of the mo other directions,
which are irrelevant 1o insulation performances. As shown in
FIG. 1, we have specific modeling calculations to corroborate
and estimate these geometry and onentation effects.

The ability of using pore geometry and orientation to fur-
ther complement the effect by pore sive reduction provided
substantial leverages of making a super thermal insulation.
First of all, the difficult task of pore size reduction (1o below:

ISTN
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restricling inone (the ap direc-
um)uuluﬁnl-mhlmd:dﬂbs Jand 4 of this
In the third g of th ] insulation, one or all of

the attributes (a), (b) and (c) are created through a foam
mmuﬂa&e&np«iwmmm&sof
restAcling eXpansion in one won (the ap ion direc-
um)mhmdbyl-mkﬂﬂu G)nl'llmmtum

The production of the thind generation of thermal insula-
tion by these methods use both platelet molecules of the
exfoliated clay o restrict expansion in the application direc-
tion (se¢ Fxample 3 and FIG. 8). and platelet molecules of

) modified and exfoliated clay to increase the solu-
bility and the nuckeation of the blowing gases (CO, or other
inert gas).
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The composition of the third gencration of thermal insula-
tion contains exfoliated clays as a major eot (ie.

10
The particular sample shown in FIG. 2 was produced ina

—

weight % oqual 10 or greater than $%).
TThe third gencration of thermal insulation is comprised of

d vessel with a sudden release of pressure by open-
asawlwuibehpoﬁhewud This sctup, as shown in
FIG. 3, provided a favorable di of foam exp

a polymcby composite b} the batch dep
method previously descnbed
Alhdpmhmofhmﬂmhtm_ :“umdroﬁpob'

5

( ds the top of the vessel), therchy creating anisotropic
expansion ratios of the foam (higher expansion ratio to the top
than 1o the sides). The difference in expansion ratios led 10

pr

mer<lay composite by the foam
described above.

The method of p a thind of thermal
mﬂamuxbdullnﬂnpofuhm'lhfounm(u

demonstrated by polystyrene), crystallization (such as dem-
onstrated by Polyethylenc), cross-linking (such as demon-
strated by rubbers), or polymernization (such as demonstrated
by

A method of producing a third g of th | insu-
lation which utilizes a including one or more of

lhcmwdumbedmtn.ntxhuwbym
inan d into a

prolate (noedle-like) cell structure shown by the TEM pic-
tures above. mnmpkhuuyuuomfimtt Thermal

ductivitics (long polar axis
uﬂthdnnwm)um!?mdﬂmwm K.

respectively. The 12% reduction in thermal conductivity
agroed well with our modeling results for the prolate geom-
ctry.
F«abhmns and pore morphology
mthhemaulotdmwmnlhe feature.

nanopore
The impeovement in thermal resistance be short of the
dramatic mmwbﬂublebynmpt::?hnmll signifi-

cant for g d in the market place and contributing

ing under p
mold.iolhuodbyhbwcbdq\rmwmmw

A method of p g & third g of thermal insu-
htionwhichmiliauaoomposiﬁminﬂudingmormnof
the components describod herein, which is prepared by mix-
ing under pressure inmexvudworamr.shbiliudby
cooling below glass transition temp ofthe p

expandable polymer beads), and then injected into a mokd,
followed by a heat-triggered depressurization method.

The third generation of thermal insulation with the com-
position, structure and processing described herein which is
utilized as buikling insulation products, refrigerator insula-
tion products, HVAC (Heating. Vientilsting and Air-condi-

)and rel nsulation industrial insu-
Leion prodeot Sador speclabyLaosidon peodacts, ches,

(o »

d lhcpnlafmahwﬂwmm
Example 2
Oriented Oblate Pores Reducing the Thermal K by
e

Our modeling results indicated a moee si improve-
ment in insulabon for the oblate goometry shonpolams
and long equator axes, i.c. disk-like) cell structure aligned
normal to the beat Dow direction. The thermal conductivity of
a similar ity 1o the above prolate example could be
reduced down to 24 mW/M-* K, ‘hirhmldhcmb-tr
than the th 1K of foam ¢ g low th 1K
wmhull(‘!-‘(‘ Swh(obhw)wllmuowldbc

cossing descnbod hercin, but with less porosity  porosity
bﬂlmzo-m).mydnbem“afmm for, but

not limited 1o, protection,
packaging. sports, tnln'lml.. sound mhu.ng. medical
devices, and decoration.

EXAMPLES

One key step 1o produce finer-ccll, high-porosity foams is
o initiste gas blowing from a high pressure-drop. The larger
the pressures drop, (i.c. dwwmpwm}.lb:m
the induction of homogs The challenge of
foaming from a high pressure-drop is 10 control the bubble
growth afler nucleation. The melt temperature, molecular
weight, viscoclasticity must be fine tuned for a ful

s

“ ex

d by a batch foaming process with restriction of expan-
sion in the polar direction and free expansion in equator’s
directions as shown in FIG. 4,

Example 3

Using Exfoliated Clay 10 Facilitate Asymmetncal
Pore Formations

While these two innovations lowered the risks of making
large number of nanopores by a foaming process, the tochni-
cal burden is shifted to the control of pores’ geometry as well
as their onentation during foaming. This imvention includes
specific material nanotechnology 1o facilitate the growth and
oncatation of spheroid pores. One method is the use of a

polymer-clay composite with exfoliated clay layers as tem-
mhpmrmm(wmmmn
ion, have platel

foaming of low -density insulation. We can first simulate such
a foaming process in a pressurized vessel and obtain poces-
sary data of material and processing for future extrusion
productions. These batch experiments also help demonstrate

the working principles and the feasibility of making a super ¢

thermal insulation. They can also be scaled up for basch

Onented Prolate Pores Reducing the Thermal K by
10-15%

Through pressurized vessel experiments,
anisotropical pore structure hove been produced. FIG. 2
shows the SEM pictures of the cell structure aloag two dif-
ferent directions.

romwnh

ISTN

structure with aspect ratio above
lmsymmhwhenhchyﬂuﬂa homoge-
ncous nucleation can be enhanced within the galleries of
neighboring platclet molecules and increases the formation of
oblste pores as shown in FIG. 8. These highly anisotropic
plate molecules (aspect mtio from 40 up to 1000) will be
oriented under volume exclusion effect, or by the shear force
of the extrusion 10 the preferred di The inorganic
ﬂhmd»mmh&vnﬂm&emo[hpﬁw
foam material.

Example 4
Producing Onentated Cell Structure in a Foam
Extrusion Process
Create and align oblate pores of an insulation with their
short axes all along the insulation application direction (ic.
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the dicot di ) are difficult processing
tasks, Mwmmuawﬂes(l and 2), by controlling the
depressurization direction(s), provided design principles for
abatch foaming process. humchﬂmnsuamnplnh
oricntated oblate cell structure in a conti foam

Gas noclei ercated during homogencous nucleation are
generally spherical and the pore geometry must be controlled
during the bubble growth stage. In a batch foaming process,
the bubble growth can be physically restricted in the insula-
tion application direction, whilke allowing the bubble grow
freely in the other two directions normal 10 the restricted
dmlnamnmhmmmm the most
costeefliective method, the exfoliated clay platelet
mokecules can be relied upon 1o intemally restrict bubble
expansions (so¢ FIG. §). In a foam extrusion process (of
M-ulpw).lbemlmmmlmmdzmmupm

dicular to the machi as shown in FIG. 6. The
mrmuh&emmm&mhmdlc
align exfoliated clay platelet molecules. The shear force
aligns platclet molecules along the machine direction, which
in tum then ict the bubble from expansion in the insula-
tion application direction. The detailed design of the die
depends on the viscoelastic behavior of the polymerclay

12

of pores, micron size and nanometer size, within the structure.
The microa size pores, created by emulsification, are filled
with nanopore acrogels. A pair of SEM pictures is shown in
FIG. 7 10 reveal the microstructure. The scale bars are one
micron for the picture at keft and ten microas for the picture at
right respectively. The visible cavities are pores created by
emulsification. The balls sitting in the cavity are silica acrogel
providing the socondary nanostructure. The thermal conduc-
tivity of this composite was ~20 mW/M-* K, example of a
super insulation. However, the composite was made by a
supercritical drying process, not by a gas foaming prooess
outlined by this invention.

The addition of components {b). (¢) and (d) ﬂ.pn(h:l
options of making the thind of thermal i
Iuhdofﬁx\uqmlyonmnnmmurm
of controlling pore morphology have boen added 1o increase
the thermal insulation value of embodded air, which is the
dtﬁmgmorﬂrhudmbmoflhmlmh
tion. M er, with this i np component
(d).lbemlunmlndlud&ngmo[ﬁefmm
composite can be Jindependently addressed and adjusted,
making the p

ofa insulati
@ super in

pmuumllymcr Funber, the implementation of

eu:h oplmwuﬂdmndy ibute 1o in

composite and the roquired die pressure for a specific bl
gas,

Example §

Secondary Nanostructure within a Pore to Scatter Air
Molecules

A common way 1o reduce the thermal conductivity of foam
15 10 use heavier gases such as CFC, HCFC, and HFC. These
gases have a larger collision cross section and thus a smaller
mean froc path, Some polyurcthane foam made with gases
heavier than air could accomplish R-value similar to that of a
super insulation. However, foams made with heavy gases will
gradually lose their insulation value after these gas molecules
diffusing out. In addition, the concerns over their omone
depleting hazards and extremely high global warming power
had called for a complete ban of their uses in foaming process.
The founh component (d) of this invention is intended 10
apply a similar principle to reduce the thermal conductivity of
air in the pore to further boost the foam insulation valve, yet
without the concems of losing its superior property over time,
or damaging the environment.

As in the use of heavier gases, more frequent collisions of
air mobecules would reduce the mean free path and the ther-
mal conductivity of air. The increase in insulation value due to
pore size reduction, was also resulted from more froquent
collisions of air molecules with the barrier walls. This inven-
tion includes a secondary (low-density, loose) nanostructure
built within cach air pocket 1o further increase the collision
frequency with air molecules and thereby reduce the thermal
conductivity of the air in the pores. Since these secondary
structures do pot carry the extra burden of mechanically sup-
porting the foam the structures can be
made with extremely low densitics while containing a large
surface arca to effectively scatter incoming air molecules.
The structure can be formed by, but not limited 1o, the surfac-
tant structure incorporated at the pore surface of an intertwin-

} . d the feasibility of this
dn.(mhmmmmuﬁmmwl& styrene
inverse emulsion technology, a secondary i fractal

»

&0
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lll lation value towands the ultimate goal of
making super linsul progs
ments, instead of a quantum leap, 1o the new generation of
insulation product would creste more commercialization
opportunitics on the road towards a revolutionary super insu-
lation product.

While preferred embodiments of the present invention
have been shown and described herein, it will be obvious 1o
those skilled in the art that such embodiments are provided by
way of example oaly. It is intended that the following claims
define the scope of the i ion and that methods and struc-
tures within the scope of these claims and their equivalents be
covered thereby.

What is claimed is:

1. A method for manufacturing an article comprising a
Mmmnﬂmwﬂhnhn%mm

ing greater than 10% asymmetrical pores, comprising:

i)famhgooewmegunmkiinlmrw:

ll)wwwhmwmwuxh

via gas foaming 10 form one or more gas bubbles,

wherein the size of the one or more gas bubbles is no
greater than 1500 nanometers in its shortest axis.

2. The method of claim 1, wbﬂnmh:iummol‘dnone

wmpsnxhum

decomposition. .

3. The method of claim 2, wherein the homogenous nucle-
ation uses supercritical CO,.

4. The method of claim 2, wherein the spinodal decompo-
sition uses a reactive system, wherein the reactive system is
sclected from the group consisting of polymerization of sty-
renc and urcthane.

. The method of claim 1, wherein the gas foaming is via
sudden asymmetric release of pressure of a gas emboedded in
the polymer material under pressure sufliciently high for
adoquate gas solubility.

6. The method of claim §, wherein the hi gasis
embodded in the polymer matenial in the form of a solute or
co-solvent.

7. The method of claim 1, wherein the manufactured article

structure was formed within Styrofoam. There are two kinds

ISTN

P nanopores having a pore sire no greater than 1500
nanometers in its shortest axis.,
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8. The method of claim 1, wherein the f: d article
greater than 25% asymmet 'pom..
9. The method of claim 1, wh in the gas fi
mclncnlccpmsnn umntmlledwllntlhcas)mnctml

pores are aligned in a prefi L1
10, Thmhodordmml.whmnﬂmaymlpom
are prolate or oblate.

11. The method of claim 1, whercin the forming of the
asymmetrical pore is facilitated by using an inorganic filler as
a template for the f jon of the one or more gas nucle. 10

12. The method of claim 11, wherein the inorganic filler is
a modified clay to form a polymer-clay composite.

13. The method of claim 12, wherein the modified clay is
an exfoliated clay.

14. The method of claim 11, wherein the inorganic filler is 15
aligned along the machine direction in a continuous foam
CXLIUSION PrOCess.

15. The method of claim 1, wherein the gas foaming is a
continvous foam extrusion

16, The method of claim 1, uhumlheumol’tlnm« 2
more gas nuclei is lked by a sudden dep ization.

.« & &

ISTN .



