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Appanates and Method for Advanced Structural Foam Mold.ing

Chul B. Park and Xiang Xu

Microcellular Plastics Manufacturing Laboratory

Department of Mechanical and Tndustrial Bngineering
University of Toronto

Toronto, Ontario, Canada M58 3G8

FIELD OF THE INVENTION .

The present invention relates to polymeric foam processing in general, and more
. specifically. to systems and mecthods for manvfacturing shuctural foams via injection

molding.
BACKGROUND OF INVENTION

Structural foams are plastic foams manufactured using conventional preplasticating-
type injccti.on—molding machines, whete a physical blowing agent (PBA) and/or a
chemical blox\}ing agent (CBA) is employed to produce a cellular (foam) structure during
processing. The structural foam molding technology was initially invented by Angell'Jr.
et al. (US Patents 3,268,636 (1966) and 3,436,446 (1969)), and further improvements
were made to it (US Patent 3988403 (19706)).

Typically, low-pressure preplasticating-type structural foam. molding machines are
most commonly used, because the required mo!ding systemn for producing large products
is small with low pressure in the cavity. (J. L. Throne, Thermoplastic Foams, Sherwood
Publishers, p. 210, 1996) Since the generated cells compensate for the shrinkage of
injection-molded parts during cooling, structural foams typically bave outstanding
geometric aceuracy. Because of this unique advantage, the low-pressure preplasticating-
type structural foam molding technology bas been widely used for manufacturing large
prbducts that require geometric accuracy.

However, there are a number of drawbacks to this technology. First, the cell number

density (or cell density) of structural foams is typically less than 10%cells/em®, the cell
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size s greater thah "1 i, and the cell-size distribution is very non-uniform. Structural
foams also have very poor swrface quality, very low void fraction, and poor mechanic;al
properties (due to the large gas pockets). The processing conditions and the product
quaﬁty are very inconsistent, too. Development wotk has been broadly practiced to
improve the cellular structure, surface quality, and process consistency in the structural
foam molded products.

Efforts have been made to improve the structure of injection-molded foams based on
a preplasticating-type system using different designs of the accumulator, gate assembly
and nozzle assembly. In U.S. Patent 5,124,095 issucd in 1992 to R, F. Gianni et al., a
method was developed to prevent plastic degredation in the accumulator by allowing for
the melt which enters the accumulator first, to be the first to leave the accumulator. They
also developed a special gate assembly. In U.S. Patent 5,098,267 issued in 1992 to A. T.
Cheng, by designing a special oylindtical plunger, improvements were rmade to process
the mold structural foarn articles using a resin plasticating batrel. A specially designed
mixing nozzle assembly was developed in U.S. Patent 4,548,776 issued in 1985 to I
Holdredge. In this invention, a valve-like mixing nozzle assembly including a rotating
mixing turbine, mounted in the flow path of the plastic material can be selectively
operated to control the flow of plastic material into an injection mold and thereby to
improve the cellular structure of molded foamns.

High-pressuxe structural foam molding has been developed and widely practiced to
improve the surface quality of structural foams by using an sxpandable mold. Tn a typical
high-pressure process, a anmaﬁle polymer melt is injected into the mold cavity with a
full shot; the melt is then subj ected to high packing pressure to compress the cells formed
during mold filling; afler a solid skin is formed, the overall mold volume is expanded;
then with the compression released, foaming of the core matetials fills out the mold. A
sood example is US Patent 3,801,686 issued in 1974 to W. T. Kyritsis ot al. Another
variation of this process is that instead of moving the mold, one or more movable cores
that initially occupy part of the mold cavity can be used to provide a necessary foaming
space, This variation is known to be good for thick-walled parts. An example of this
variation is British Patent 1,194,191, The high-pressure process can produce the finishes

superior to those of the low-pressure one, but compared to the high cost, it can only
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provitie a partial ifiiproVément in surface appearance by compression of the foams formed
in the solid skin. On the other hand, parts geometry is limited due to the requirements of
moving mold, and the molding system should be larger because of the high pressure in
the mold.

Gas counter-pressure foam molding was developed purely as the swirl-free molding
technique, and has received a cousiderable amount of attention. The concept belind
counter-pressure is to utilize a gas pressurized mold, which, through controlled venting
allows the foam expansion stages of the cycle to occur afier a smooth surface has been
formed. Numerous development cfforts starting as early as the‘ mid-seventies have
advanced the gas counter-pressure molding technology. Examples include U.S. Patent
4,255,368 issued in 1981 to O. Olabisi, and U.S. Patent 4,952,365 issued in 1990 to T.
Shibuya ct al.

A techuology that combines high-pressure structural molding and gas counter-
pressure in order to accommodate the benefits from both p.l:ocesées was also developed. It
was claimed that such a process could generate a foamed thermoplastic atticle having
smooth and glossy surfaces free from swirl marks and hair cracks. In this process, a
thermoplastic melt containing a blowing agent is first injected into a gas-pressurized
mold cavity in a full shot, then relcasing the gas pressure, and thercafier enlarging the
volume in the molded cavity by movement of a mold wall, Examples include, U.S. Patent
4,096,218 issued in 1978 to A. Yasuike et al., U.S. Patent 4,133,858 issued in 1979 to A.
Hayakawa et al., and U.S. Patent 4,783,292 issued in 1988 to R. K. Rogérs.

Efforts on material modifications have also been made to improve the quality of
molded foams. In U.S. Patent 3,950,484 issued in 1976 to E. A. Egli, an improvement
was made by using a foaming agent and finely divided lithopone particles comprising of
about 30% zinc sulfide and about 70% barium sulfate. In U.S. Patent 4,255,367 issued in
1981 to C. W. Wallace et al., various additives were selectively introduced, for either the
skin or core portion of the articles, into the polymer melt downstream of an accumnlation
device and upstream of a static mixer just prior to its introduction into the mold cavity.

Efforts have also been made to propetly contral the polymer and gas flow. In U.S.
Patents 6,322,347 issued in 20071 and 6,579,910 issued in 2003 to J. Xu, a restriction

element was invented to reduce the backflow of polymer melt in the extrusion bamel
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diitihg e ection id ~Sjection period to produce microcellular foam based on a
teciprocating-type injection m,olding‘system. In U.S. Patent 6,451,230 issued in 2002 to
H. Eckardt, a method to maintain a constant pressure difference between the pressure of
the ihjected gas and the pressure in the thermoplastic tnelt was introduced to improve the
cell structure.

In order to remove the typical defects of injection foam molded parts such as mottled
areas, visible flow lines, and pin holes, efforts have also been made to amend the molding
process or use a different processing method. In U.S. Patent 4,031,176 issued in 1977 to
R. A. Molbert, a process was developed where a short-shot of the cxpandable
thermoplastic was injected into an elastic membrane positioned within a cooled mold
cavity. [n U.S. Patents 4,067,673 issued in 1978, 4,155,969 issued in 1979, and 4,390,332
issued in 1983 to J. W. Hendry, a process to provide a predetermined skin thickness of an
injection foamn molded part was developed by first injecting solid plastic resin into a mold
and then injecting a foamed plastic resin like in co-injecti,o-n molding but with one
extrusion barrel.

Efforts have also been made to introduce subsequent shaping to structural foam
molding. Tn U.S. Patent 4,022,557 issued in 1977 to K. G. Johnson, structural foam
profiles ¢an be made by drawing a partially expanded thermoplastic material containing a
foaming agent by a puller mochanisim through a chilled Ashaping or sizing die and
allowing its continuous expansion in ﬂa.e intetior of the profile to develop foam in the
cote while the surface layer is cooled. Tn U.S. Patents 5,202,069 issued in 1993 and
5,348,458 issued in 1994 to T. M. Pontiff, structural foams were produced by first
extruding a foamable melt through a die orifice, then c.o}nprcssing the foamed
thermoplastic material by a vertically-oriented mold into the desired shape.

Whereas a preplasticating-type injection-molding machine has been used in struciural
foam molding for manufacturing large products with thick sections, a reciprocating-type
injection-molding machine has been used to produce microcellular foams for the products
with thin scctions. A great deal of effort has been made to develop and improve the
“Mucell” technology for producing mictrocellular foams that have much. finer cell size
and higher cell density, based on the reciprocating-type system without an accumulator.

In U.S. Patent 5,866,053 issued in 1999 to C. B. Park et al., microccllular foams can be



WO 2007/026257 PCT/IB2006/003364

produded” by "itidiieiig"d thermodynamic instability through a tapid pressure drop, e.g.,
higher than 0.9 GPa/s in the nucleation dévice of an extrusion system. In U.S. Patent
6,294,115 issued in 2001 to K. Blizard et al, a microcellular injection-molded article
having an average cell size of Jess than about GO microns can be produced using a
polymeric material, a nucleating agent in an amount between about 2.5 and about 7
weight percent, and a blowing agent amount less than 1.5 weight percent by inducing a
pressure drop rate less than 1.0 GPa/s in tﬁe solution of blowing agent and polymeric
material. In U.S. Patent 5,334,356 issued in 1994 and RE37,932 in 2002 to D. F. Baldwin
et al., microcellular and supenmicrocellular foamed materials having cell densities in the
range of about 10° to 10'S cells pet cubic centimeter of the material with the average cell
size being at least less than 2.0 microns can be produced by inducing a thermodynamic
instability to the plastic material saturated with a sufficient amount of supercritical fluids.
In U.S. Patent 6,593,384 issued in 2003 to J. R. Anderson et al., mictocellular polymeric
materials can be produced using a very low blowing agent ]‘evel (less than 0.08% by
weight) via injection molding based on the reciprocating-type injection molding system.
In U.S. Patent 6,884,823 issued in 2005 to D. .E. Pierick et al., microcellular foams can be
produced by controlling pressure drop rate and shear rate via a nucleator that is upstream
to the pressurized mold and extrusion system with a reciprocating screw.

Microcellnlar foams have also been produced using expandable hollow microspheres.
In U.S. Patent 5,665,785 1ssued in 1995 to T. R. McClellan, it was claimed that

* microcellular foams can be produced by adding expandable thermoplastic hollow
microspheres containing a volatile material in an injection molding process. In U.S.
Patent 6,638,984 issued in 2003 to D. S. Soane et al., it was claimed that microcellular
foams can be madc upon heating the thermo-expandable microspheres which are
characterized by having a polymeric wall surrounding one or more pockets or particles of
blowing agent or propellant within the microsphere.

Microcellular molded foams have also been made by other methods. In a technical
papér presented by M. Shimbo ct al. (Foams’99, pp. 132-137, 1999), microcellular
injection molding was demonstrated based on a preplasticaling-type system on. a small
scale. Tn their work, efforts were made to independently control the plastication and

injection process. However, this art does not teach how to stabilize the barrel pressure in
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order to better disperse the gas in the polymer melt. On t_hé other hand, W. Michacli and
S. Habibi-Naini developed the Optifoam Technology that can produce microcellular
molded foams via a specially designed nozzle assembly with a gas loading capability, and
an iptensificd mixing function based on an in-line Teciprocating injection molding system
(Blowing Agent and Foaming Process 2003 conference, RA.FRA, Munich, Germany,
2003).

Although the above-mentioned technologies such as an expandable mold, a
mixing nozzle, 2 mold membrane, etc. have been made to produce wniformly disttibuted
fine-celled structures and to improve surface quality jn the struetural foams produced
from various injection molding machines including the preplasticating-type systems, they
are known to be expensive. With the same intention of improving cellular sbructure and
surface quality of structural foams, the present invention is directed to improving the
process consistency while simplifying the required system modi.ﬁt:étion based on the
widely-practiced preplasticating-type structural foam molding system. It is our purpose to
propose an inexpensive method to effectively improve thc uniformity of cellular
structure, the surface quality, and the consistency of production process based on a

preplasticating-type structural foam molding systern.

SUMMARY OF INVENTION

We have found that much more improved structural foam articles with a finer cell
size, more wniform distribution, high surface quality, and a larger void fraction can be
manufactured using the present inveution. This invention is a processing technology
based on the modification of the conventional low-pressure ﬁreplasticatin,,-type structural
foam molding system. This invention can be applied easily by retrofitting the existing
low-pressure structural foam mélding machines with slight modification.

Our advanced low-pressure structural foam molding technology is characterized by a
design that facilitates the uniform dispersion/dissolution of gas in the polymer melt
during the structural foam molding process, thercby minimizing the chance of creating
large undissolved gas pockets. Knowing that the stop-and-flow molding behaviors

inevitably cause inconsistent gas dosing, we propose to use an additional accumulator
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(i-e., a hydraulic piston, a spring-loaded piston, an expandable tube, or some instrument
of this nature) combined with a gear pump, betwecn the extrusion barrel and the shut-off
valve (before the main ascumulator) to completely decouple the gas dissolution opetation
from the injection and molding operations. This invention would ensure that the pressure
in the extrusion bamrel can be relatively well maintained and that consistent gas dosing
can be attained to achieve a uniform polymet/gas mixture regardless of the pressure
fluctuations caused by the injection and molding operations.

From this invention, almost the same level of cell (number) density in the range of
10% ~ 107 cells/om® ¢an be achieved as in conventional extrusion foaming bascd on the
heterogencous nucleation scheme. Since this cell density is much. higher than that of the
conventional structural foams, i.e., 10! ~ 107 cells/am®, the cell size of structural foams
becomes much smaller by using the present invention. Thercfore, the surface quality, the
void fraction, and the mechanical propertics of the produced structural foams are

increased accordingly.

reduced by using our invention. Because \the void fraction is increased by 10 ~ 20%, the
expensive plastic material will be used less, and therefore, the material cost will be
reduced accordingly. Since the plastic material cost of structural foam molding is
typically about 50% of the total cost, the total cost will be reduced by 5 ~ 10% from the
reduced amount of plastic material. In addition, the cost for CBA will also be
significantly reduced. Tt should be noted that this cost reduction is accompanied with the
enhanced properties of structural foams.

Another major benefit of the present invention is the consistency of the product
quality and the manufacturing (proccssing) conditions due to the consistent gas dosing

realized by the art provided in this invention.
BRIEF DESCRIPTTON OF THE DRAWINGS
Figure 1 shows a schematic illustration of systern configuration Option 1.

Figure 2 shows a schematic illustration of system configuration Option 2.

Figure 3 shows a schematic illustration of system configuration Option 3.
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Prgte 4-showk'a'sthitmatic illustration of system configuration Option 4.

Figure 5 shows a schemalic illustration of system configuration Option 5.

Figure 6 shows a schematic illustration of system configuration Option 6.

Figure 7 shows a schematic illustration of system configuration Option 7.

Figure 8 shows a schematic illustration of system configuration Option 8.

Figure 9 shows a schematic illustration of system configuration Option 9,

Figure 10 shows a schematic jlJustration of system configuration Option 10.

Figure 11 shows a schemalic illustration of system configuration Opﬁon 11,

Figure 12 shows a schematic illustration of system configutation Option 12.

Figure 13 shows the cell density of HDPE structural foams produced from, this

invention at various talc sizes, tale contents, and N3 conients.
DETAILED DESCRIPTION OF THE INVENTION

In today’s most commeonly used low-pressurc strictural foam molding technology
with a low-pressure preplasticating-type (so-called piggy-bag) system, the injected gas
(typically Nz) amount is normally beyond the solubility limit locally or globally. It is
because of the overdosed gas content and/or the pressure fluctuations during each cycle,
that the injected gas cannot completely dissolve into the polymer matrix during
processing.

Furthermote, the amount of the gas injected into the polymer melt is not consistent
becanse of the mon-steady nature of the existing low-pressure structural foam molding
process. In existing low-pressure structural foam molding systems, a shut-off valve is
typically used between the plasticating extrusion barrel and the accumulator to prevent
the reverse flow from the accumulator to the extrusion barrel. However, this shut-off
valve cannot completely decouple the functions of the extrusion barrel and the
accumulator. Since the valve needs to be shut off during the injection period, the rotation
of the plasticating screw needs to be stopped; otherwise, the matetial supplied from the
extrusion barrel will go nowhere and the system pressure may cxceed the safety limit,
which is both dangerous and potentially damaging. Once the injection and molding

operations have been completed, the valve is opened, the accumulation resumes, and the
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rotation of the screw is restarted. This stop-and-flow process in the extrusion barrel
causes significant pressure fluctuations in the barrel. Because the atnount of injected gas
is greatly affected by the bartel pressure, the fluctuations of the barrel pressure will lead
to an inconsistent gas dosing into the polymer melt stream. As a result, a non-uniform
state of polymer/gas mixture is attained, which is very detrimental to the achievement of
a uniform and fine-celled foam structure. Although US Patent 6,451,230 teaches how to
better contiol the gas flow rate for the reciprocating-type machines to improve the
consistency of the gas flow rate, that art does not teach how to stabilize the barrel
pressure and thereby achieve better dispersion of gas in the polymer melt, especially for
the low pressure preplasticating-type structural foam molding machines.

The above-mentioned technological limitations of most struetural foam molding
machines often result in the magufacture of final foam products with undesirable
propetties. Fitst of all, the roanufactured structural foams typically have uncontrallably
formed numerous large gas poclkets, especially along the weld lines, which govems the
maximum achievable void fraction of the final foam products. The void fraction of
structural foam determines the materials saving, and therefore, it is desirable to maximize
the achievable void fraction. In the currently practiced structural foaming technology in a
low-pressure preplasticating-type system, the achievable void fraction is in the range of
0.08 to 0.20 and is typically determined by the geometry of the products (i.c., a low void
fraction for complicated geometry and a high value for simple geomeiry) and the shot
size. If a higher void fraction is intended to be achieved by decreasing the shot size for a
given geometry, the rate of scrapping and recycling the defective products is increased
because of the uncontrollably formed large gas pockets in the final products. Secondly,
the inconsistent, non-uniform and exccssive gas dosing ultimately leads to the
deterioration of foam properties (i.e., the mechanical properties, in particular) through the
formation of large gas pockets. Despite the low void fraction, the structural foams have
degraded the mechanical propertics because of the large gas pockets generated in. the
foam. Thirdly, the non-uniform and/or excessive addition of gas also causes serious
sutface defects such as non-uniform surface swirl, color contrast across the weld lines,
and weld line traces on the patt’s surface, which are another outstanding drawback of

existing structural foarn molding technology.
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PSSRk QRGN fponnology guarantees Umitorm gas dispersion and complete (or
substantial) dissolution in the polymer melt, despite the von-steady molding nature.
Recognizing that the stop-and-flow molding behaviors inevitably cause inconsistent gas
dosing, we hereby propose with this patent that means for allowing the flow of the
polymer melt to continue (i.c., not be stopped during the injection period), which means
preferably ¢omprise a positive displacement pump, such as a gear puinp, combined with
an additional accumulator (i.e., a hydraulic accumulator, a spring-loaded piston, an
expandable tube, or some instrument of this naturc), be attached between the extrusion
barre] and the shut-off valve (before the main accumulator). The approach is to
completely decouple the gas dissolution step from the injection and molding operations
using means such as the positive-displacement gear pump, and to maintain the gas
dissolution step in a steady state with respect to time. Duting the injection and r.r..\‘.olding
operations, the plasticating screw is still rotating and the generated polymer/gas mixture
is accumulated in the newly added accumulator. After the injection and molding
operations, the temporarily stored polymet/gas mixturé in the new accumulator is moved
to the main accumulator to be injected in the next cycle. Our invention would ensure that
the pressure in the extrusion barre] can be relatively well maintained to be constant, and
that consistent gas dosing can be attained to achieve a uniform polymet/gas mixture
regardless of the pressurc fluctnations in the main accurulator caused by the injection
and molding operations.

In order to maintain consistent gas dosing into the polymer and to completely (or
substantially) dissolve all the gas in the polymer melt, a relatively constant rotational
speed of the screw is maintained in the present invention. The advantages of having a
constant rotational speed of the screw are twofold. Firstly, the pressure fluctuations inside
the extrusion barrel can be minimized so that a consistent gas dosing can be easily
realized. Secondly, the dissolution of the injected blowing gas into the polymer melt can
be guaranteed by maintaining a high pressure. A uniform polymer/gas mixture with a
constant gas-to-polymer weight ratio in which the gas has been completely (or
substantially) dissolved provides the basis for producing a uniform and fine-celled foam

structure unlike the existing structural foam molding technologies.

10
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iWddof algdai™fitmy is preferred because it entails a very important benefit of
controlling the pressure in the extrusion barrel and thereby maintaining a consistent
polymer-to-gas weight ratio. Firstly, the pressurc in the extrusion batrel will be relatively
well maintained due to the positive displacement nature of the gear pmnp for the viscous
polymer mclts. Since the gas flow rate is a sensitive fimction of the bartrel pressute, a
constant gas flow rate can be obtained by having a constant pressure in the extrusion
barrel as mentioned above. Secondly, the flow rate of polymer/gas mixtore can be
controlled by varying the rotational speed of the gear putnp. Therefore, by independently
controlling both the flow rates of gas and polymef./gas mixture, the polymer flow rate can
also be controlled, and thercby a consistent polymer-to-gas weight ratio can be casily
achieved. As a result, the uniform state of polymer/gas mixtures can be easily
accomplished. The application of a gear pump confers this very unique advantage, which
may not be achieved with a shut-off or non-retumable check valve.

However, when the wear on the gear pump is severe, there will be internal lcakage
through the gears inside the gear pump and any pressure fluctuations in the accumulator
may affect the extrusion barrcl pressure to a certain degree. In this case, a slight increase
in the rotational speed of the gear pump during injection ¢an compensate for the leakage
(to maintain the same pressure in the inlet of the gear pump). But the effect of the
pressure fluctuations due to the wear of the gear pump during the short injection time
may not be significant in most cases.

An additional accumulator should be attached to accommodate the material during
the injection period in each cycle so that the screw can continuousi!y rotate and gas can be
continuously injected into the melt. This model represents a significant difference from
all the previovs structural foam molding technologics based on the low-pressure
preplasticating-typc system because of the constantly rotating screw speed. Once the
pressure in the extrusion barrel ¢an be maintained at a relatively stable value, the flow
rate control of the injected gas into the polymer becomes relatively easier to perfottn and
the gas can be more uniformly dispersed into the melt.

Prcferably, this accumulator can be hydranlically driven so that a constant melt
pressurc can be maintained. But a piston Joaded with a spring can also be used as an

accurmulator. In the case of using a spring-loaded piston, the pressure will increase over

11
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tithelddithe lﬁbtﬁgﬁbllitmiﬁtmfe is accmnu_lated in the accumulator because the force of
spting (and thercby the melt pressure) is proportional to the displacement of the piston.
An expandable tube can also function the same as a spring-loaded piston. Although the
pressite of the accumulated melt increases, the gear pump will prevent the pressure
increase in the bartel corresponding to this pressurc increase in the accumulator, Again, if
a pressure increase in the extrusion barrel is observed due to the wear in the gear pump, a
slight increase in the rotational speed of the gear pump can maintain the same batrel
pressure (and thereby the same flow rate of the polymer/gas mixtures) as described
earlier.

If a gear pump is not used and only an accumulator is additionally added, the control
of maintaining a consistent pressure in the extrusion barrel would not be as easy as in the
case of using a gear pump. In this case, a cettain degree of fluctuations in the gas-to-
polymer weight ratio would be obtained. However, by modifying and operating the
system properly, these fluctuations can be decreased substantially. First, at least a shut-
off valve (or a non-retumable check valve) needs to be used to isolate the gas-dissolution
process from the injection and molding operations as in the case of the existing structural
foam molding system. Furthermore, in ordet to continuously fonm a polymer/gas mixture,
an additional accumulator needs to be installed before the shut-off valve (or nom-
retwmable check valve). This accurmulator stores the formed polymer/gas mixiure during
the injection operation. If a hydraulically driven constant-pressure cylinder is used, the
gas amount can be rolatively easily adjusted accordingly because of the constant
accumulator pressure (and thereby the constant barrel pressure). So in the case of using
no gear pump, usc of a hydraulically driifcn accumulator is strongly recommended. If a
spring-loaded piston or an expandable tube is used as the accumulatot instead of 2
hydrauh'_c one, the accumulator pressure will be increased over time (as described above).
Since there is no gear pump between the extrusion barrel and the additional accumulator,
the barrel pressure will also be increased over time. For a small shot-sized product (L.e,
with a short injection time), this may not affect the consistency in the final product
significantly. But for a large shot-sized product, it may be difficult to maintain a
consistent gas-ta-polymer weight ratio in the polymer melt. As a result, the final product

may have non-uniform cell sttactures. But because of the additionally attached
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leEpii atotlafdl g Gbntinuous rotation of the screw, the dispersion of gas in the
polymer melt is still better than, that in the cutrently practiced structural foam molding
technology, and consequenﬂy,.l‘h,e cell structure is better than that of the current structural
foams.

‘When a consistent gas-to-polymer weight ratio is achieved, complcte dissolution of
the injected gas may be performed by maintaining a “sufficiently high pressure” in both
the extrusion barrel and the accumulators. A “sufficiently high pressure” indicates that
the melt pressure is much higher than the solubility pressure for the given amount of gas
injected into the polymer melt. When such a high pressure is applied to the mixture,
dissolution of the injected gas it the polymer melt is facilitated. In addition, maintaining
a “sufficicntly high pressure” after complete dissolution of gas indicates that the
formation of a second phase in the polymer melt is prevented during the accumulation
stage. Since the solubility pressure for the appropriate gas content that can produce a
fine-celled structure is relatively low (e.g., 140 psi ~ 1,400 psi for 0.1% ~ 1.0% Ny in
HDPE) compared to the pressure capacity of any existing low-pressure preplasticating-
type structural foam molding machincs (~3,000 psi), a “sufficiently high pressure” can be
easily maintained in the retrofitted low-pressure structural. foam molding machines.

A]tl1ough complete dissolution of the injected gas is preferred by maintaining a
“sufficiently high pressure” in both the extrusion barrel and the accumulators, a low
pressure can also be chosen duting the practice of our invention in the extrusion barrel
and/or the accumulators to mechanically disperse the injected gas in the polymer melf as
described in US Patent 4,548,776. For exaruple, the pressure in the accumulator can be
chosen to be lower than the solubility pressure during somne period of time. In another
cage, the extrusion barre] pressure may be below the solubility pressure so that the
injected gas bubbles can be mechanically dispersed by the mixing actions of the mixing
clements on the screw (and optionally the static mixers) instead of completely dissolving
the gas into the polymer matrix. Bven if the pressure is higher than the solubility
pressure, the injected gas (especially N2 with a low solubility) may not be dissolved
completely in the polymer melt becausc of the low solubility of gas and/or the short
tesidence time. Then the dispersed sccond-phased gas pockets will be most likely the

nuclei of the cellular structure in the molded foams regardless of the added hucleating
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hgeit! Because 83 thie' eohsistency in the gas content in the polymer using the additional
accumulator and the gear pump, the cellular structure will be uniform. If a constant, high
speed of the screw can be maintained with a special screw design, the dispersed second
phase gas pockets will be fine, and therefore the resultant cell structure will be fine. But
if the rotational speed of the screw is not really high, the mixing of polymer and gas may
not be typically done well because of the high viscosity ratio of fhe polymer melt and the
gas, Aq a result, the cell density of 'ghe foam would be most lilely lower than that in the
case of completely dissolving the gas. So a sufficiently high pressure is preferred to
completely dissolve the injected gas in the polymer melt.

Once the injected gas dissolves in the polymer melt uniformly, the cell-nuclei density
will be governed by the distributed nucleating agent. In this casc, any commonly used
nucleating agents (such as talo, CaCOsj, or a small amount of second phase polymer in
blend) can be added and distributed in the polymer matrix to produce a fine-cell structure.
By utilizing this heterogencous nucleation scheme based on these nucleating agents, a
reasonably high cell density of 10* ~ 107 cells/om?®, can be casily achieved from any
conventional extrusion foam processing (C.P. Patk, Chap 8, Polyolefin Foam, in:
Polymeti¢ Foams and Foam Technology, 2nd Ed., D. Klempner aud V. Sendijarevic, Ed.,
Hanser Publishers, Munich, 2004; S.T. Lee, Poly. Eng. Sci., 33, 418-422, 1993; S.T. Lec,
J. Cellular Plast., 30, 444-453, 1994; US Patent 5,250,577; and US Patent 5,389,694). Tt
should be noted that inducement of this fine-cell density in extrusion does not need such
a high pressure drop rate required for microcellular nucleation (as described in US Patent
5,866,053). This cell-density can be casily obtained in extrusion foaming as long as the
nucleating agent is used and the blowing agent is uniformly dispersed. It should also be
emphasized that this ccll density is easily obtained in extrusion because a uniform
concentration of gas in the polymer can be relatively easily obtained in extrusion through
the constantly maintained barrel pressure. From this, we could theoretically conclude that
2 similar cell density of 10* ~ 107 cells/crn® should be obtained from the structural foam
molding as long as the gas dissolves in the polymer matrix unifoxmly. Interestingly tale
or CaCo; has already been used in the existing structural foam molding technology and
that heterogeneous nucleation will occur once there is gas uniformly dissolved in the

polymer. However, because of the difficulties that arise with complete and uniform
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~Qissoiltion ol gas i thie polymer melt in the conventional low-pressure structural foam
molding process, the added nucleating agents catmot play the same role that they play in
extrusion foaming. Instead, the undissolved pockets typically govern cell nucleation and
a very low cell density in'the range of 10' ~ 10° cells/om® (typically with a large cell size
above 1 mu) is obtained even though tale is added. However, with this newtechnology,
i.e, by dissolving the blowing agent uniformly through the attached gear pump and
additional accumulator, we can produce foams with cell densities that match those of
extruded foams. This means that the cell nucleation mechanism in the new technology is
almost the same as that observed in conventional extrusion foaming.

We also noted that once the gascous blowing agent is well dissolved into polymer, a
small amount of chemical blowing agent (CBA) can also be used to help regulate cell
nucleation and generate a high cell nucleation rate across the polymer matvix. Thus very
uniform and fine-celled foams with a oell density in the range of 10* ~ 107 cells/cm® can
be achieved. This is a commonly well known and well practiceci art in the extrusion foam
processing (C.P. Park, Chap 8, Polyolvcﬁn Foam, in: Polymeric Foams and Foam
Technology, 2nd Ed., D. Klempner and V. Sendijarevic, Ed., Hanser Publishers, Munich,
2004; B.H. Tejeda et al, J Cellular Plastics, 41, 417-435, 2005). It is interesting to know
that most existing low-pressure structural foam molding processes have also been using a
CBA together with the injected physical blowing agent (i.e., N;). But because of the
poorly dispersed N, in the melt, the CBA has not played well as a nucleating agent. In
fact, the amount of expensive CBA used In the existing structural foam molding
technology is typically high (up to 0.5% ~ 1.0%), and consequently the CBA has played
as a blowing agent. But in our new technology, the required amount of CBA as a
nucleating agent would be much smaller (typically an order of magnitude smaller than
the currently used CBA amount in the existing structural foam molding process), and
therefore the cost of CBA can be significantly reduced. It should be noted that a large
quantity of CBA can be still used together with the injected N3 in our technology, but it
would be unnecessary.

Tn addition to the gascous blowing agents (such as Ng, CO;, At, He, etc.), any high

with a proper amount of nucleating agent.
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rng presshtuvetiiish. may also be used to produce fine-celled wood fber/plastic
compositc structural foams. In this case, both wood fiber and void can be used to
dectease the expensive plastic cost. Unlike in extrusion, the volatile gencrated from the
wood fibets are liquified under pressure in the mold and only the added blowing agent
contributes to the void fraction. The volatiles/extractions generated from the wood fibers
will play as a nucleating agent together with any added nucleating agent. But too high a
content of volatiles/extractives will make the wood fiber/plastic product weaker, and
therefore a low processing temperature is recommended. In this perspective, the present
invention is better than the currently practiced CBA based foam injection molding of
wood fiber composites (AK. Bledzki and O. Faruk, Blowing Agents and Foam
Processing, Stuttgart, Germany, May 10-11, 2005). In order to.decompose the CBA, the
polymer/WIF composite should be heated to a high temperature and a significant amount
of volatiles will be génerated as described in US Patent 6,936,200, But the present
invention of making the wjected N; be better dispersed and blay a proper role as the
blowing agent can avoid the need to overheat the materials and therefore the geherated
volatiles will be much less, indicating bettet wood fiber composite foams.

' One of the striking features of this new technology is the easy retrofittability to any
preplasticating-type structural foam molding machines, especially, to the low-pressure
molding machines, without major modification. Because the cell nucleation rate is less
sensitive to the pressure-drop rate with the hcterogeneous nucleation scheme, a high

“: injection pressure would not be required to acﬁieve the desirable cell density of 10 ~ 107

" cells/cm®. This means that the pressure capacity of any e‘xisting' low-pressure structural

 foam-molding machines (typically 3000 psi) would be more than sufficicnt for practicing
this new technology. This pressure capaeity is also higher than the “sufficiently high
pressure” to dissolve the injected gas as discussed above. Therefore, retrofitting the
existing low-pressure structural foam molding machines to our technology can be easily
done by simply adding an additional accumulator and a gear pump. The high-pressure
structural molding machinés can also be rettofitted without any difficulty. But the
reciprocating-type injection molding machines cannot be easily retrofitted to this

technology. For the reciprocating systems, (Jother technologies can be used. It should be
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OHIPLSIZUY "wat us wveuon 15 only for the preplasticating-type injection molding
machines.
Several system configuration options can be generated based on the above-mentioned

concepts,

As illustrated in Figure 1, the extrusion battel (1) melts and moves the polymer
forward through the rotation of its. plasticating screw (2). The gascons blowing agent
otiginally contained in a gas cylinder (3) 1s pressurized first and then mectered by a gas
pump (4) while being consistently injected into the extrusion barrel (1) through a gas
injection port (5), which is mounted on the cxtrusion barrcl (1). After entering the
extrusion barrel (1), the gas initially mixes with the polymer melt and forms a second
phase; it gradually dissolves into the polymer melt through the rotating motion of the
screw (2). The screws (2) may have optionally some 111ixi11é sections to enhance the
mixing and dissolution of gas in the polymer melt. The axt of using mixing section of the
screw is well known. By using a gear pump (7), as discussed carlier, the pressure in the
extrusion barrel (1) can be relatively well 'maintained because of the positive
displacement nature of the gear pump (7).

Through a shut-off valve (ot a nop-returnable check valve) (9), the mixtute i then
charged into the main accumulator (10) to accumulate a desirable shot size. During this
accwmulation stage, a sufficiently high back pressure can be applied to the mixture using
a hydraulic system (11). ‘

When the ideal shot size is obtained in the accumulator (10), the mixture is ready to
be injected into the mold (12). At that moment, the shut-off valve (9) is closed; a
hydraulic pressure is applied on the piston of the hydraulic system (11) for injection.
Next, the nozzle shut-off valve (13) mounted between the accumulator (10) and the mold
(12) is opened; the foamable mixture is forced into the mold cavity through the xunner
and the gate, and foaming occurs simultancously.

During the mold-filling period, the main shut-off valve (9) is closed. But the
plasticating screw (2) in the extrusion barrel (1) is continuously rotating at the same

speed and the gas is also continuously injected into the melt. The gear pump (7) is
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running at the same speed. This covtinuously formed polymer/gas mixture is now
accumulated in the secondary accumulator (15) driven by hydraulic system (16) duting
injection. (or mold filling). After mold filling, the nozzle shut-off valve (13) is closed and
the main shut-off valve (9) is opened. This makes the main accumulator (10) start to
receive the polymer/gas mixture from the gear pump (7). At the same time, the secondary
accumulator (15) starts to discharge the stored polymer/gas mixture to the tnain
accumulator (10) as well. This can be done by setting up a slightly higher pressure in the
secondary accumulator (15). The higher pressure in the secondary accumulator (15) will
not affect the barrel pressure much besause of the gear pump (7).

Onge the molded part (14) is cooled, it is ejected out to empty the mold and to be
ready for the next cycle.

For retrofitting of the existing structural foam molding machines to Option 1
configuration, only a gear pump (7) and a hydraulic based (16) secondary accumulator

(15) need be attached to the existing system.

Option 2;
Figure 2 shows another configuration. This system is exactly the same as that of

Option 1 (shown in Figure 1) cxcept for the restraining mechamism of thc secondary
accumulator (15). Instead of using a hydraulic system that is operated under a constant
pressure, a spring-loaded piston (or an expandable tube) (24) is used as the seccondary
accumulatot. The exact same operation is used as in the case of Option 1 and the only
difference is the pressure in the secondary aceumulator (15). But the pressure changes in
the secondary accmnulétor (15) could not affect the barre] pressure significantly because
of the gear pump (7).

Fot retrofitting to the Option 2 configuration, only a gear pump (7) and a spting-
loaded piston (or an expandable tube) (24) nced to be attached to the cxisting structutal

foam molding systcm.
Option 3;

Figure 3 shows a variation of Option 1 (shown in Figure 1). The only difference from

Option 1 is that there is no gear pump used between the extrusion barrel (1) and the
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“SECOMAAYY ACCWMUIALOT ( 13, instead, a non-tetumable check valve (6) can be optionally
used. The constant pressurc-driven hydraulic piston (16) will make the ptessure in the
batrel (1) relatively constant during injection. But there would be slight pressure
fluctuations due to the pressure difference in the accumulators. |

For retrofiiting to the Option 3 oonﬁgﬁration, only a hydraulically driven secondary

aceymulator (16) and optionally a non-returmable check valve (6) need to be attached.

Option 4:

Figure 4 shows a variation of Option 2 (shown in Figure 2), The only difference from
Option 2 is that there is no geat pump used between the extrusion barrel (1) and the
sccondary accumulator (15). Instead, a non-retutnable check valve (16) can be optionally
used. Since a spring-loaded piston (or an expandable tube) (24) is used for the secondary
accumulator (15), the accumulator pressure will increase as the accumulated amount
increases. If the shot size is small and therefore the injection time is shott, the changes of
the gas content in the polymer melt due to the increase in the pressure of secondary
accumulator (15) (and thereby due to the increase in the barrel pressure) may not be
large. 7

For refrofitting, only a spring-loaded piston (or an expandable tubc) (24) and

optionally a non-retumable check valve (6) need to be attached to the existing structural

foam molding machines.

Option 3: 4
Figure 5 shows another variation of Option 1. The differences arc thatho secondary

aceumulator is added and a non-retumable check valve (8) is used between the main
accurnulator (10) aud the gear pump (7) justead of a shut-off valve. Since the non-
returnable check valve (8) allows the melt flow only in one direction, i.e., from the geat
pump (7)to the main accumulator (10), but not in the opposite direction, 2 continuons
screw rotation with a constant barrel pressure can be realized. This will simplify the
modification to the existing system. However, because of the possibility of the high

pressure surge in the down stream of the gear pump (7), the gear purnp (7) may be broken
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aown easiy. A lower Injection, pressure in the accumulator (10) may have to be used.

Furthermore, the shot-size control will be more difficult.

Option 6:

Figure 6 shows a variation of Option 3. The difference is that a non-returnable check
valve (8) is used between the secondary accumulator (15) and the main accumulater (10)
instead of a shut-off valve. Due to the one-way flow feature of the non-returnable check
valve (8), it will be relatively easier to realize a contituous screw rotation withont strict

timing control of valve operations during injection and molding operations.

Option 7;

Figure 7 shows another system configuration. Instead of utilizing two different
accumulators after the gear pump, as shown in the other options, two compatible
accumulators (10 and 18) and molding units (12 and 20) are attached after the gear pump
(7) so that each accumulator-molding unit can be alternating. When the first accumulator
(10) is receiving the material from the gear pump (7) through the opened shut-off valve
(9), the other shut-off valye (17) attached to the other accumulator (18) is closed. Oncc
‘he required amount of material is stored in the accumulator (10), the shut-off valve (9) is
slosed and at the same time, the other shut-off valve (17) is opened to accumulate the
Towing polyiner/gas mixture to the other accumulator (18). During this accumulation
rocess in the other accumulator, injection (or mold filling) is performed in the first
nolding system. Namely, the first nozzle shut-off valve (13) is opened and the foamable
»olymer/gas mixturc stored in accumulator (10) is injected into the mold (12) under high
sressure in the hydraulic system (11). When mold filling is done, the nozzle shut-off
ralve (13) is closed and the accumulator (10) is ready to receive the polymer/gas mixture.
NMhen the molded part (14) is cooled, it is cjected out, On the other hand, when the
ceumulation is done in the other accurnulator (18), the other shut-off valve (17) is closed
nd the first shut-off valve (9) is opened simultaneously. At the same time, the other
ozzle shut-off valve (21) is opened and the injection and molding operations are
onducted in the othet molding system. This alternating accurmulation and injection will

¢ continued. The amount of polymer/gas mixture can be controlled by the rotational

20



WO 2007/026257 PCT/IB2006/003364

speea paseq on the shot sizes of these two molding systems and the required cooling
times. In another altemative to this option, more than two. accumulaiors and molding

units can be used.

Option 8:

Figure 8 shows apother variation of Option 7. The difference is that a bypass
accumulator will be additionally used for the multi-molding system. A gear pump and a
bypass accumulator ate used to facilitate the achievement of a continwous rotation of

plasticating screw and a consistent gas dosing.

Option 9:

Figute 9 shows another variation of Option 7. The difference is no gear pump is
added between the extrusion barrel (1) and the main accumulators (10 and 18). Justead,
an accumulator is attached. In this case, a continuous rotation of plasticating screw and a
consistent gas dosing cau be still realized through close control of the shut-off valves (9
and 17). The modification for retrofitting to the existing system is simplified using this
option,

Option 10:

Figure 10 shows a variation of Option 1 for a multi-accumulator and single~mold
system that has a single large cavity or multiple cayities in the mold. For a multi-cavity
mold, both the accumulators (10 and18) and the mold cavitics can be filled in sequence,
and continuous rotation of the plasticating screw and consistent gas dosing can be easily
achieved. For a large cavity mold, ivjection may need to be done by multi accumulators
in scquence. With the gear pump (7), the pressure in the barrel (1) will be maintained

vasily.

Option 11:
Figure 11 shows a variation of Option 10 for a multi-accumnulator and single-mold

systemn that has a singlc latge cavity or multiplé cavities in the mold. The difference is

that a bypass accumulator will be additionally used for the multi-molding system. A gear
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‘it 'and 2"bypasttdesimulator ave used to facilitate the achievement of a continuous
rotation of plasticating screw and a consistent gas dosing, For a large cavity mold,
injection can be done by multi accumulators simultanconsly or in sequence, Even in the
case of simnltancous injection, the accurnulators can be filled in sequence, and the
secondary accumulator (hydraulic piston, spring—loaded. piston, or expandable tubc) (23)
is helpful to accommodate the melt during injection so that a continuous rotation of

extruder screw and a consistent gas doging can be realized.

Option 12:

Figure 12 shows a variation of Option 10. The difference is that no gear pump is
added between the exirusion barrel (1) and the accumulators (10 and 18). Instead, an
accumulator is attached. In this case, a continuous rotation of plasticating screw and a
consistent gas dosing can be still realized through close control of the shut-off’ valves (9
and 17). The modification for rctro.ﬁ.fting to the existing syste;:n ig simplified using this

option.

Tn all of the options desctibed, whete no specific mention is made of the possible
substitution of one apparatus for anothet (i.e., a check valve for a gear punip, a spring
loaded piston for a hydraulic piston, or multiple accumulators and molding units for a
single accumulator and molding unit), those substitutionsare all encompasscd by the

present invention and disclosure.

EXAMPLES

A serics of critical experiments were conducted to vetify the validity of the
technology based on the present invention. HDPE (HS5534, Equistar Chemical) was
selected as the plastic material because HDPE is most widely used in structural foam
molding. Talc and N, were used as the nucleating agent and blowing agent, respectively,
in the critical experiments. A total of 21 sets of experiments were conducted while
varying the talc size, talc content, and N content as shown in Table 1. To investigate the

effect of the tale size, two kinds of tale (0.8 microns and 2.5 microns) were used. The tale
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rtotitefitvas-Varitd'frdm’'0.1 % to 1.0% whereas the N, content was varied from 0_1‘%; to
0.5% (at relatively low levels in consideration of the low solubi lity of N»).

The resulls of the critical experiments Were very positive as showsn in Figure 13. For
all the combinations of the tale size, talc content, and N, content, very uniformly
distributed fine-celled structures were successfilly obtained throughout the volume of the
structural foams. Even for the cases of using no tale, the cej,l.ular structures were very
uniform although the ccll densitics were relatively low in the tange of 10* ~ 10°
cells/cm’. But thn talc was added, the ccll density was dramatically increased in the
range of 10° ~ 107 cells/om® and the cell structure was more uniform. Especially, when
the N, content was higher than 0.2%, the cell density became greater than 109 cells/om? -
cven with 0.1% talc content. This demonstrates that the cell morphology of structural
foams will be improved significantly when the beterogeneous cell nucleation mechanism
is appropriately used by distrbuting the talc particles properly and by dissalving the gas
unifonmly in the melt using the present invention. It is obvioﬁs that the heterogencous
nucleation mechanism has not worked properly in the existing structural foam molding
systems even with the added talc particles, because the injected N3 gas did not uniformly
dissolve in the polymer melt. '

It was observed that as the talc content increased, the cell density increased, but at
some point, the cell density did not increase further with the talc content. As the talc size
was changed, the cell nucleation bchavior was entirely changed. Although the total
number of tale particles became increased by an order of magnitude when the talc size
was decreased from 2.5 microns to 0.8 microns, the cell density was not increased
proportionally to the number of tale particles. ﬁecause of the smaller surface area and
potentially more segregating tendency of the smaller (0.8 microns) particles, the cell
nucleating behaviors of the two tale patticles were very different as the N content was
varied. But overall, as the blowing-agent content was increased, the cell dewsity was
increased for both cases. The results demonstrate that the talc size, the talc content, and
the blowing-agent (N>) content affect significantly the cell density of the structural HDPE
foarns produced based on this invention.

All thesc cell-nucleation results of injection-molded stmuctural foams were very

comparable to those of the extrusion foams obtained in our laboratory using the same
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plastic, the same nucjeating agent, and the same blowing agent with low pressure-drop
rate dies, This strongly indicates that the cell nucleation mechanisms of the present
invention are exactly the same as those of conventional extrusion foaming as described
above,

The void fraction was varied by conttolling the shot size of the polymer/gas mixtute
in the main aécumu]_ator for the fixed volume of mold cavity. For each set of expetiment
with fixed tale and N2 contents, various void fractions in the range of 10% ~ G0% were
successfully achieved without formation of any latge gas pockets or a non-uniform. cell
structure unlike the existing structural foams. Although the cell size was greater with an
increase in the void fraction by using a reduced shot size, a very uniform cellular
structure was achieved. This indicates that a very high void fraction up to 60% can be
obtained from this teclmology without fonming any large gas pockets or a non-upiform
cell structure. Therefore, even for a high void fraction, the rate of scrapping/tecycling the
defective structural-foam products due to the formation of ].érge gas pockets will be

completely removed using the present technology.

All the cellular morphologies were consistently observed with respect to time, and
there were no changes in the results for several hours. This means that the injected Ny
was dispersed well in the polymer (IDPE) melt, and thereby the commonly observed
non-steady behaviors of the product quality and processing conditions due to the
undissolved N; from the existing structural foams dissappeared completely using this:

technology.
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Table 1 Combinations of the nucleating-agent kind, the nucleating-
agent coptent, and the blowing-agent contemt for the ctitical
experiments of structural foam molding

Set  Plastic Nucleating agent Blowing agent
kind, size, and content kind and content
1 HDPE No tale Nz, 0.1%
2 HDPE No tale Ns, 0.2%
3 HDPE No talc Na, 0.5%
4 HDPE Tale, 0.8um, 0.1% N, 0.1%
5 HDPE Tale, 0.8um, 0.1% Na, 0.2%
6 HDPE Tale, 0.8um, 0.1% Nz, 0.5%
7 HDPE Talc, 0.8um, 0.5% Na, 0.1%
8 HDPE Talc, 0.8um, 0.5% N,, 0.2%
9 HDPE Tale, 0.8um, 0.5% Na, 0.5%
10 HDPE Tale, 0.8um, 1.0% N, 0.1%
11 HDPE Talc, 0.8um, 1.0% N, 0.2%
12 HDPE Talc, 0.8pm, 1.0% Na, 0.5%
13 HDPE Tale, 2.5um, 0.1% Nj, 0.1%
14 HDPE Tale, 2.5urm, 0.1% N,, 0.2%
15 HDPE Tale, 2.5pun, 0.1% N,, 0.5%
16 HDPE Tale, 2.5um, 0.5% N, 0.1%
17 HDPE Tale, 2.5pm, 0.5% Ns, 0.2%
18 HDPE Tale, 2.5um, 0.5% Nz, 0.5%
19  HDPE Talc, 2.5um, 1.0% N,, 0.1%
20 HDPE Tale, 2.5um, 1.0% N,, 0.2%
2] HDPE Talc, 2.5um, 1.0% N, 0.5%
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We glaim:

1. A structural foam molding apparatus comprising: an extruder having at least one
rotating screw disposed therein for advancing a polymet/gas-containing melt flow stream
located within said extrudet, said extrudet in cotnmunijcation with an accumulator
through a shut-off valve, said aceumulator in copxmunication with a mold, said shut-off
valve being closed during mold ﬁ]l.in,g, and means located between said extruder and said
shut-off valye for allowing the coniinued totating of said at least one screw aund

advancing of said polymer/gas-containing melt flow stream during said wold filling.

2. A structural foam molding apparatus as claimed in Claim 1, wherein said mcans
located between said extruder and said shut-off valve for allowing continued rotating and

advancing comprises a second accurmilator.

3. A structural foam molding apparatus as claimed in Claim 2, wherein said second
accumulator is selected from hydraulic pistons, sprivg-loaded pistons and expandable

tubes.

4, A structural foamn molding appatatus as claimed in Claim 2, wherein said means
located between said extruder and said shut-off valve for allowing confinued rotating and
advancing further comprises pump means located between said extruder and said second

accumulator.
5. A structural foamn molding apparatus as claimed in Claim 3, wherein said pump means
located between said exbruder and said second accumulator comprises a positive

displacement pump.

6. A structural foam molding apparatus as claimed in Claim 3, wherein said pump means

located between said extruder and said second acoutnulator comprises a gear pump.
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7. A structural foam molding apparatus as claimed in Claim 2, wherein said means
Josated between said extruder and said shut-off valve for allowing continued rotating and
advancing further comprises check valve means located between said extruder and said

second accumulator,

8, A structural foam molding apparatus comprising: an extruder having at least one
rotating screw disposed thercin fot advaucing a polymér/gas—containing melt flow siream
located within said exiruder, said extruder in communication with an accumulator, said
accumulator in communication with a mold, and means located between said extruder
and said accumulator for allowing continuous rotating of said at least one screw and

advancing of said polymet/gas-containing melt flow streamn during mold filling.

9. A structural foam molding apparatus as claimed in Claim 8, wherein said means
located between said extruder and said accumulator for allowing continuous flow of said

polyiner/gas-containing melt flow streain comprises check valve means.

10. A structural fomm moldihg apparatus as claimed in Claim 8, wherein said means
located between said extrudet and said accumulator for allowing continued rotating and
advancing comprises pump means and check valve means, said pump means disposed

upstream of said check valve means.

11. A structural foam molding apparatus as claimed in Claim 9, wherein said pump

means comprises a positive displacement pump.

12. A structural foam molding apparatus as claimed in Claim 10, wherein said pump

means comprises & gear pump.

13. A structural foam molding apparatus as claiimed in Claim 8, wherein said means
located between said extruder and said accumulator for allowing continued rotating and
advancing comprises a plurality of check valve means and a second accumulator disposed

between at least two of said plurality of check valve means.
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14. A structural foam molding apparatus as claimed in Claim 8, wherein said means
located between said extruder and said accumulator for allowing continued rotating and
advancing comprises check valve means, pump means, and a second accumulator
disposed between said check valve means and said pump means, said pump means

disposed upstream of said second acouwmulator.

15. A structural foam molding apparatus as claimed in Claim 9, wherein said pump

means comptises a positive displacement pump.

16. A structural foam molding apparatus ag claimed in Claim 10, whetein said pump

means comprises a gear pump.

17. A structural foam molding appatatus as clairned in Claim 14, wherein said second
aceumulator is selccted from hydraulic pistons, spring-loaded pistons and expandable

tubes,

18. A structutal foam molding apparatus comﬁn'sing: an extruder having at least one
rotating screw disposed therein for advancing a polytner/gas-containing melt flow stream
located within said exiruder, said extruder in communication with a plurality of
accumulators, each accumnulator in communication with a mold, each accumulator
associated with a shut-off valve located beﬁVeen the extruder and the accumulator
associated therewith, each of said shut-off valves being closed during the mold filling
period of its associated accumulator, means for managing the sequencing of opening and
closing said shut-off valves so that the shut-off valve associated with at lcast one of the
plurality of accwmulators is open when the shut-off valve associated with at least one of
the plurality of accumulators is closed, and pump means located between, said extruder
and said shut-off valves associated with said accumnulators thercby allowing the
continued rotating of said at least one screw and advancing of said polymsr/gas-

containing melt flow stream during mold filling.
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19. A structural foam molding appatatus as claimed in Claim 18, wherein said pump
means located between said extruder and said shut-off valves comptises 2 positive

displacement pump.

20. A structural foam molding apparatus as claimed in Claim 19, wherein said pump

means located between said extruder and said shut-off valves comprises a gear pump.

21. A structural foam molding apparatus as claimed in Claim 18, further comprising at
lcast one secondary accumulator located upstream of said shut-off valves associated with

said accurnulators and downstream of said pump means.

22. A structural foam m,oldin‘g apparatus as claimed in Claim 21, wherein said secondary
accumulator is selected fiomn hydraulic pistons, spring-loaded pistons and cxpandable

tubes.

23. A structural foam molding apparatus comprising: an extruder having at lcast one
rotating screw disposed thetein for advancing a polymer/gas-containing melt flow stream
located within said extruder, said extruder in commuuication with a plurality of
accumulators, each accumulator in communication with a mold, each accumulator
associated with a shut-off valve located between the extruder and the accumulator
associated therewith, each of said shut-off valves being closed during ﬁhé mold filling
period. of its associated accumulator, means for managing the sequencing of opening and
closing said shut-off valves so that the shut-off valve associated with at least onc of the
plurality of accumulators is open when the shut-off valve associated with at lcast one of
the plurality of accurnulators is closed, and at least one sccondary acoumtlator located
between said extruder and said shut-off valves associated with said accumulatots thereby
allowing the continued rotating of said at least onc screw and advancing of said

polymer/gas-containing melt flow stream during mold filling.
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24. A structural foam molding apparatus as claimed in Claim 23, wherein said secondary
accumulator is selected from hydraulic pistons, spring-loaded pistons and expandable

tubes.-

25. A structura] foam molding apparatus comprising: an extruder havivg at least one
rotating screw disposed therein for advancing a polymer/gas-containing melt flow stream
located within said extruder, said. extruder in communjcation with a plurality of
accumulators, each of said aceumulators in communication with a mold, each of said
accummulators associated with means located between said cxtruder and each of said
accumulators for allowing continued totating of said at least one screw and advancing of
said polymer/gas-containing melt flow streamn during mold filling, whetein said means
located between said extruder and each of said accumulators for allowing continuous
rotating of said at Jeast one screw and advancing of said polymer/gas-containing melt

flow stream comptises check valve means.

26. A structural foam molding apparatus as claimed in Claim 25, further comprising

pump means, said pump means disposed upstream of said check valve means.

27. A structural foam molding apparatus as claimed in Claim 26, wherein said pump

means comprises a positive displacement pump.

28. A structural foam molding apparatus as ¢laimed in Claim 27, wherein said pump

IMeans comprises a gear pump.

29. A structural foam molding apparatus as claimed in Claim 25, further comprising at
least one secondary accumulator located upstream of said check valve means associated

with said accurnulators.
30. A structural foam molding apparatus as claimed in Claim 29, whertein said secondary

accumulator is sclected from hydranlic pistops, spring-loaded pistons and expandable

tubes.
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31. A structural foam molding apparatus as claimed in Claim 26, further comprising at
least one secondary acommulator located upstream of sald check valves means associated

with said accumulators and downstream of said pump means.

32. A structural foam molding apparatus as claimed in Claim 31, wherein said secondary
accumulator is selected from hydraulic pistons, spting-loaded pistons and expandable

tubes.

33, In a structural foam molding apparatus, which appatatus comprises an extuder -
having at least one rotating screw disposed therein for advancing a polymet/gas-
containing melf flow stream located within said extrudet, said extruder in communication
with at least one accumulator, cach of said at least one accumulator in cominunication
with a mold, the improvement comprising:

means located between said extruder and said at least one accumulator for
allowing continued rotating of said at least one screw and advancing of said polymer/gas-
containing melt flow stream during mold filling, said means comprising at least one

positive displacement pump.

34. Tn a structural foam molding apparatus, which apparatus comprises an extruder
having at least one rotating screw disposed therein for advancing a polymer/gas-
containing melt flow stream located within said extru.der,Asa.id extruder in communication
with at least one accumulator, cach of said at leést one accumulator in communication
with a mold, the improvement comprising:

means located between said extruder and said at least one accumulator for
allowing continued rotating of said at least one screw and advancing of said polymer/gas-
containing mclt flow stream during mold filling, said means comprising at least one

accumulator not in communication with a mold.
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35, A structural foam molding method comprising:

advancing a polymer/gas-containing melt flow stream through an extruder by the rotation
of at least one rotating screw disposed therein;

passing said advancing polymer/gas-containing melt flow sitream to an accumulator
through a first shut-off valve, said accumulator in communication with a mold through a
second shut-off valve;

filling said accumulator with a quantity of said advancing polymer/gas-containing welt
flow stream;

closing said first shut off valve and opening said second shut-off valve;

filling said mold by transferring said quantity of said advancing polymet/gas-containing
melt flow stream from said accumulator to said mold; and

allowing the continued rotating of said at lcast one screw and advancing of said
polymer/gas-containing melt flow stream while said first valve is closed during said mold

filling.

36. A structural foarn molding method comprising:

advancing a polymer/gas-containing melt flow stream through an extruder by the rotation
of at least one rotating screw disposed therein;

passing said advancing polymer/gas~containing melt flow streamn to an accumulator through a
check valve, said accumulator in commtunication with a mold through a shut-off valve;
filling said accumulator with a quantity of said advancing polymer/gas-containing melt
flow stream; }

opening said shut-off valve;

filling said mold by transferring said quantity of said advancing polymer/gas-containing
melt flow stream from said accumulator to said mold; and

allowing the continued rotating of said at least onc screw and advancing of said

polymer/gas-containing melt flow stream during said mold filling.
37. A structural foam molding method comprising:

advancing a polymer/gas-containing melt flow stream through an extruder by the rotation

of at least one rotating screw disposed therein,
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passing said advancing polymer/gas-containing melt flow stream to a plurality of
accutnulators through a first shut-off valve associated with each accurnulator, each of
said accumulators in communication with a mold through a second shut-off valve;

filling said accumulators with a quantity of said advancing polyme_r,/gas-con’tairﬁng melt
flow stream by opening said first shut-off valve;

filling said molds by transferring said quantity of said advancing polymer/gas-containing
melt flow stream from said acowmnulators to said mmolds by closing said first shut off valve
and opening sajd second shut-off valve; and

allowing the continued rotating of said at least otte screw and advancing of said
polymer/gas-containing melt flow stream during mold filling by managing the
sequencing of opening and closing said first shut-off valves so that the first shut-off valve
associated with at least one of the plurality of accumulators is open when the first shut-

off valve associated with at least one other of the plurality of accumulators is closed,

38. A structural foam molding method comprising;

advancing a polymer/gas-containing melt flow stream through an extruder by the rotation
of at least onc rotating screw disposed therein; ‘

passing said advancing polymer/gas-containing melt flow stream to a plurality of
accumulators, each of said accumulators in communication with a mold through a shut-
off valve;

filling said accumulators with a quantity of said advancing polymet/gas-containing melt
flow stream;

filling said molds by transferring Sz;id quantity of said advancing polymet/gas-coptaining me;
flow stream from said accumulators to said molds by opening said shut-off valve; and
allowing the continued rotating of sajd at least onc screw and advancing of said
polymer/gas-containing melt flow stream during mold filling by managing the
sequencing of opening and closing said shui-off valves so that the shut-off valve
associated with at least one of the plurality of molds is open when the shut-off valve
associated with at lcast one other of the plurality of molds is closed.

36, A structural foam molding method comprising:
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advancing a polymer/gas-containing melt flow stream through ap. extruder by the rotation
of at least one rotating screw disposed therein;

passing said advancing po]ymer/gas-containing melt flow stream to a plurality of
accumulators through a check valve associated with cach accumulator, each of said
accumulators in communication with a mold through a shut-off valve;,

filling said accumulators with a quantity of said advancing polymer/gas-containing melt
flow stream through said check valve;

filling gaid molds by transferring said quantity of said advancing polymer/gas-containing
tmelt flow stream fromm said accumulators to said molds by opening said shut-offf valve;
and

allowing the continued rotating of said at least one screw and advancing of said

polymet/gas-containing melt flow stream during mold filling.

40, A structural foam molding method according to Claim 39, further comprising:
managing the sequencing of opening and closing said shut-off valves so that the shut-off
valve associated with at least one of the plurality of molds is open when the shut-off

valve associated with at least one of the plurality of molds is closed.

41, In a structural foam molding process, which process comprises: advancing a
polymer/gas-containing melt flow stream through an extruder by the rotation of at least
one rotating screw disposed theérein; passing said advancing polymet/gas-containing melt
flow stream to at least onc accurnulator associated with a mold; filling said at least one
accurnulator with a quantity of said advancing polymer/gas-containing melt flow streamn;
filling said molds by transferring said quantity of said advancing polymer/gas-containing
melt flow stream from said accumulators to said molds; the improvement comprising:
allowing continued rotating of said at lcast one screw and advancing of said
polymer/gas-containing melt flow stream during mold filling through. the use of at least
one positive displacement pump disposed between said extruder and said at least one

accumulator.
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42, In a structural fosm molding process, which process comprises: advancing a
polymer/gas-containing melt flow stream through an extruder by the rotation of at least
one rotating screw disposed therein; passing said advancing polymer/gas-containing melt
flow stream to at least one accumulator associated with a mold; filling said at Jeast one
accumulator with a quantity of said advancing polymer/gas-containing melt flow stream;.
filling said molds by transferring said quantity of said advancing polymet/gas-containing
melt flow stream from sald accumulators to said molds; the improvement comprising:
allowing continucd rotating of said at least one screw and advancing of said
polymer/gas-containing melt flow stream during mold filling through the use of at least

one accumulator not in communication with a mold.

43. In a process for producing structural molded foams, which process comprises
extruding, injecting and molding a polymer/gas—contaiﬁing melt flow stream, wherein
said extnuding comprises advancing said strearn by at least one or more rotating scrcwé,
and wherein said rotating of said one or more screws is stopped during said injecting and

molding, the improvement comprising:

continuing said rotating of said one or more screws and said advancing of said

polymet/gas-containing melt flow stream during said injecting and molding.
44. A structural molded foam comprised of polymer-containing mattjx, a cell density in

the range of 10,000 cells/cm® to 10,000,000 cells/cm’, and containing any or no

nucleating agent.
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