
80 Everett Avenue, Suite 221  Chelsea, Massachusetts  02150
Tel:  (617) 887-2300     Fax:  (617) 887-0399     www.chelseacenter.org

Cover Printed on Recycled Paper Manufactured in Massachusetts  x

Technical Report # 40

Powder Processing Techniques to Recycle
Rubber Tires into New Parts from

100% Reclaimed Rubber Powder/Crumb

December 2001



2

Powder Processing Techniques to Recycle
Rubber Tires into New Parts from 100%

Reclaimed Rubber Powder/Crumb

Professor Richard J. Farris (rjfarris@polysci.umass.edu)

Graduate Students:

Drew E. Williams

Jeremy E. Morin

Amiya R. Tripathy

Polymer Science & Engineering Dept., Silvio O. Conte National Center for Polymer Research
University of Massachusetts Amherst

Amherst, MA 01003-4530

Chelsea Center for Recycling and Economic Development
Technical Research Program

DECEMBER 2001

This report has been reviewed by the Chelsea Center for Recycling and Economic Development and
approved for publication.  Approval does not signify that the contents necessarily reflect the views and
policies of the Chelsea Center, nor does the mention of trade names or commercial products constitute
endorsement or recommendation for use.

All rights to this report belong to the Chelsea Center for Recycling and Economic Development.  The
material may be duplicated with permission by contacting the Chelsea Center.  This project is funded by
the University of Massachusetts’ Chelsea Center for Recycling and Economic Development, through the
Executive Office of Environmental Affairs and the Clean Environment Fund, which is comprised of
unredeemed bottle deposits.

The Chelsea Center for Recycling and Economic Development, a part of the University of Massachusetts’
Center for Environmentally Appropriate Materials, was created by the Commonwealth of Massachusetts
in 1995 to create jobs, support recycling efforts, and help the economy and the environment by increasing
the use of recyclables by manufacturers.  The mission of the Chelsea Center is to develop an
infrastructure for a sustainable materials economy in Massachusetts, where businesses will thrive that
rely on locally discarded goods as their feedstock and that minimize pressure on the environment by
reducing waste, pollution, dependence on virgin materials, and dependence on disposal facilities.  Further
information can be obtained by writing the Chelsea Center for Recycling and Economic Development, 80
Everett Avenue, Suite 221, Chelsea, MA  02150.

© Chelsea Center for Recycling and Economic Development, University of Massachusetts Lowell



3

TABLE OF CONTENTS

1. ABSTRACT ...............................................................................................5

2. STATEMENT OF PROBLEM ..................................................................6

3. SCOPE OF WORK....................................................................................8

4. DESCRIPTION AND APPLICATION OF TECHNOLOGY ...................9
4.1 HIGH-PRESSURE HIGH-TEMPERATURE SINTERING............................................................... 9
4.2 POTENTIAL IMPACTS OF COMMERCIALIZING THIS TECHNOLOGY......................................... 9
4.3 APPLICABILITY TO INDUSTRY/USER................................................................................... 10
4.4 INNOVATION OF TECHNOLOGY/DEVELOPMENT HISTORY................................................... 11

5. TECHNOLOGY PERFORMANCE........................................................12
5.1 PERFORMANCE GOALS ....................................................................................................... 12
5.2 DISCUSSION OF THE TEST RESULTS.................................................................................... 12
5.3 MATERIALS........................................................................................................................ 12
5.4 INSTRUMENTATION............................................................................................................ 13
5.5 EFFECT OF MOLDING TIME ON MECHANICAL PROPERTIES................................................. 13
5.6 EFFECT OF MOLDING PRESSURE ON MECHANICAL PROPERTIES......................................... 14
5.7 EFFECT OF MOLDING TEMPERATURE ON MECHANICAL PROPERTIES ................................. 16
5.8 CURRENT WORK ................................................................................................................ 19
5.9 OTHER MECHANICAL PROPERTIES ..................................................................................... 24
5.10 ASPHALT MODIFIED RUBBERS....................................................................................... 26
5.11 PERFORMANCE COMPARED TO EXISTING/TRADITIONAL TECHNOLOGY......................... 29

6. COST ESTIMATE INFORMATION......................................................31

7. REGULATORY/SAFETY ISSUES AND REQUIREMENTS.................33

8. TRANSFERABILITY OF THE RESEARCH.........................................33

9. RECOMMENDATIONS FOR FUTURE WORK ...................................33

10. CONCLUSIONS ......................................................................................34

11. REFERENCES ........................................................................................35

12. APPENDICES..........................................................................................36

12.1 APPENDIX 1 – BASIS FOR CHANGE IN SCOPE OF WORK.................................................. 36
12.2 APPENDIX 2 – PROSPECT OF APPLYING THIS TECHNOLOGY........................................... 36
12.3 APPENDIX 3 - DEFINITIONS............................................................................................ 37
12.4 APPENDIX 4 – PROCESSING CONDITIONS DEPEND ON RUBBER TYPE............................. 37



4

LIST OF FIGURES

Figure 1 – Schematic of High-Pressure High-Temperature Sintering............................................ 9
Figure 2 - Effect of Molding Time on Mechanical Properties of GF-80...................................... 14
Figure 3 - Effect of Molding Pressure on Mechanical Properties of GF-80................................. 15
Figure 4: Compressibility Data of Rubber Powder in Piston Mold at Room Temperature.......... 16
Figure 5 - Effect of Molding Temperature on Mechanical Properties of GF-80.......................... 17
Figure 6 - Effect of Molding Temperature on Mechanical Properties of FKM-150. ................... 18
Figure 7 – The “Walking” of the Stress-Strain Curve for FKM-150 ........................................... 18
Figure 8 - Mechanical Properties of NR Powder Molded Plaques ............................................... 19
Figure 9 - Mechanical Properties of Sheets of NR at Various Temperatures............................... 20
Figure 10 -Properties of Powder Molded Parts and Sheets of NR at Various Temperatures. ...... 21
Figure 10a -Stress-Strain Curves of SBR Compounded by Bayer................................................ 22
Figure 10b - Stress-Strain Curves of Acushnet Natural Rubber ................................................... 22
Figure 10c - Stress –Strain Curves for Polysulfide Rubber.......................................................... 23
Figure 11 - Fatigue Behavior of Vulcanized and Sintered Sheets Tested at 1 Hz at Room

Temperature .......................................................................................................................... 25
Figure 12 - Fatigue Behavior Normalized by Ultimate Elongation at Break as Measured by

Tensile Tests.......................................................................................................................... 25
Figure 13 - Compression Properties of Vulcanized & Sintered Bullets in Accordance to ASTM

Standard................................................................................................................................. 25
Figure 14 – DMTA data for SBR Rubber..................................................................................... 26
Figure 15 – DMTA data for SBR with 11.4% Asphalt................................................................. 27
Figure 16 – DMTA Data for SBR with 34.2% Asphalt................................................................ 27
Figure 17 – Extraction data for SBR/Asphalt Blends ................................................................... 28
Figure 18 – Schematic of Asphalt Addition to Rubber Powder.................................................... 29

LIST OF TABLES

Table 1 - Various Rubbers Used for Testing, and Their Grinding Source.................................... 13
Table 2 - Comparison of Ring and ASTM Specimen Testing...................................................... 13
Table 3 - Highest Obtained Properties for All Systems................................................................ 24



5

POWDER PROCESSING TECHNIQUES TO RECYCLE RUBBER TIRES
INTO NEW PARTS FROM 100% RECLAIMED RUBBER

POWDER/CRUMB

1. ABSTRACT

Chemically crosslinked rubber used in tires is one of the most difficult materials to recycle, as it
will not dissolve or melt.  Millions of tires are discarded annually in the US, with only around
60% of them being recycled in some manner.  The rest of these discarded tires find their way
into landfills, where they subsequently pose an immense environmental hazard  (tire fires,
mosquito and rodent breeding grounds and the diseases associated with them, etc.).  Presently,
there are only a few uses for the materials reclaimed from scrap tires, and almost all of these are
low technology applications undertaken simply as a means of helping communities eliminate this
landfill waste problem.  One of the more sophisticated methods of recycling tires, and one that
offers the greatest potential to fully recycle them, is grinding them into a crumb/powder.
Currently, the reclaimed crumb/powder is used as filler in asphalts, cements, and other materials.
It is also blended back into virgin rubber products (~5-10%), however this process requires
careful quality control as several different types of rubber are used in a tire, and they are not
necessarily compatible with one another, or with the virgin rubber matrix.  There are several
companies in America grinding tires using either an ambient temperature aqueous based process
or a cryogenic dry process.  The resulting reclaaimed crumb/powder ranges from ~$0.04-$0.30
per pound (as the size decreases, the price increases), which is significantly less than the cost of
all virgin rubbers.  Additionally, the milling costs associated with compounding in various fillers
and additives are dramatically reduced, as powder blending is a low cost process.  Unfortunately,
the current uses of reground, reclaimed rubber only allow for about 5% of all discarded tires to
be recycled in this manner, as the market demand for crumb/powder is quite low.

A technique to process recycled rubber powder (crumb/powder will now be referred to as
powder) was discovered in 1999 in our laboratory, and a project was funded in FY2001 by the
Chelsea Center for Recycling and Economic Development to investigate it further.  The main
goals of the project were to study the high temperature chemical exchange reactions that permit
the solidification of rubber powders via the high-pressure high-temperature sintering and to
understand/control these reactions to tailor mechanical properties.  We also aimed at developing
continuous powder processing techniques to determine the feasibility of the process on an
industrial scale.  The following paper details the work that was conducted for the Chelsea Center.
It also focuses on the impacts such a process might have if transferred to an industrial setting,
and the problems that must be solved before such a scale up is possible.
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2. STATEMENT OF PROBLEM

The first mentioning of vulcanized rubber in scientific literature came between 1837 and 1844 in
patents by Charles Goodyear and Nathaniel Hayward1-4.  In the 1844 patent detailing his gum
elastic composition Goodyear stated:

• No degree of heat, without blaze, can melt it.
• It resists the most powerful chemical reagents:  Aquafortis (nitric acid), sulfuric acid,

essential and common oils, turpentine and other solvents…

With these patents and much of the work that followed, Goodyear created one of the most useful
materials of the modern era, and helped spawn the industrial revolution.  Unfortunately he also
created one of the most difficult recycling problems ever encountered.

Due to the enormous demand for it, and its inability to be recycled in an economic manner,
rubber (especially rubber tires) has become a significant waste problem during the last century.
Studies estimate there are approximately 2 billion scrap tires currently in U.S. landfills, with over
270 million additional tires reaching the waste stream each year 5,6. Of these 270 million, about
170 million are burned for fuel, 60 million are incorporated into various low technology
engineering uses (athletic tracks, marine reefs, etc.), and the remaining 40 million end up in
landfills 7.

In the 150 years since Goodyear’s patent, numerous ideas have been formulated to combat the
problem of waste rubber, all with varying degrees of success. Interestingly, Goodyear recognized
the need for methods of reuse of waste rubber articles, and in 1853 he patented a rubber grinding
process8.   The ground rubber powder he obtained was then mixed with virgin uncrosslinked
rubber prior to vulcanization, a process still used today.  A few years later in 1855, Charles
Morey9 patented a process he described as, “Forming or molding scrapings, filings, dust,
powder, or sheets of hard vulcanized India-rubber into a compact solid mass by means of a high
degree of heat and pressure…” This concept was revisited in 1981, when Accetta et al.10

described molding ground rubber tires at high temperatures and pressures while incorporating
additional vulcanizing agents, such as sulfur.  Law et al.11, talked about a proprietary method of
molding polyurethane powders into films and simultaneously discussed the effect of particle size
on mechanical properties.  Arastoopour  et al.12, have received a patent for “processing recycled
rubber” although the document has little mechanical data, and the majority of the patent is
focused on rubber grinding.  Adhikari et al13, offered an excellent review of the past and present
techniques for rubber recycling, and list numerous references for further study.  Schnecko14 also
looked at rubber recycling, and began to examine some of the political aspects driving the
recycling effort, especially in Europe.

Currently, rubbers are recycled/reused in only a few low technology applications.  Examples of
these include being burnt as fuel, used as fillers in other materials, or cut into mats and pads
directly from tires.   More specific applications of recycled rubber tires follow15-19:

• Oil spill absorbing media (powdered rubber with other polymer powders)
• Burnt as a fuel
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• Synthetic turf for athletic uses (powder rubber with a binder)
• Artificial ocean reefs (whole tires bundled together)
• Highway crash barriers (whole tires bound together)
• Concrete component (fillers)
• Sound Attenuation (fillers in paints and coatings)
• Erosion control (whole tires bound together)
• Roof coatings (filler in asphalt shingles)
• Road additive for asphalt highways
• Retread industry where the tire carcass is reused
• As a low volume additive to virgin rubber goods

In most of these applications the rubber is used as an additive, usually in low volume to modify
the properties of other materials.  Although useful products result, no significant value is added.
In essence the rubber is used as a modifier, and is not made into a new product.  Thus the major
benefit is simply removal of tires from landfills and therefore the tires are not truly “recycled”.

Overall, despite the enormous amount of time and money devoted to recycling rubber, no
significant advancement has been made in reducing the amount of rubber reaching the waste
stream.  Recent work in our laboratories has been concerned with molding rubbers at high
pressures and temperatures, and modifying the molding parameters to produce sheets from 100%
recycled rubber powder.  The main goal of this work (along with understanding the basic science
behind the process) is to develop a technique that enables one to make high value added recycled
rubber products from scrap rubber powder.  In doing so it is hoped that this will open new
markets for recycled powder, thus increasing its demand, and reducing the impact that waste
rubber has on the environment.
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3. SCOPE OF WORK

The specific goals and objectives for the work that were proposed to the Chelsea Center for
Recycling and Economic Development (Chelsea Center) for Fiscal Year (FY) 2001 (July 2000 –
June 2001) were as follows:

i. Study the high temperature chemical exchange reactions that permit the solidification of
rubber powders via high-pressure high-temperature sintering.  Understanding and
controlling these reactions is paramount to optimizing the process and properties.

ii. Optimize the processing variables and develop a model to predict the mechanical
behavior for a given processing condition for each type of processing technique
proposed.  These variables and properties would include:
a) High-Pressure High-Temperature Sintering (Hot Compaction)
b) Ram Extrusion
c) Paste Extrusion

While we have completed many of the above listed goals, some of the scope of research has
changed directions due to unforeseen results (see Appendix 1).  In our second quarter progress
report we stated that the molding variables of pressure, time, temperature had been optimized for
SBR-80 and GF-80.  These two powder samples were obtained from Rouse Rubber Industries
Incorporated.  SBR-80 is styrene-butadiene rubber (SBR) of a particle size of minus 80 mesh and
GF-80 is a natural rubber and SBR blend of the same particle size.  The second quarter report
illustrated the fulfillment of the goal of optimizing high-pressure high-temperature sintering (i.e.,
hot compaction) of rubber powders (goal 2a).  Currently, this technique is the most industrially
viable process for scale up based upon our work.  This is because high-pressure high-temperature
sintering can be carried out with conventional rubber compression molding equipment.

However, high-pressure high-temperature rubber sintering turned out to be a much more
complicated process than originally envisioned.  The process must be optimized for every
different type of rubber (no single set of conditions yield good properties for all rubbers).
Nonetheless, we have developed an understanding of the sintering process that seems to be
controlled by the intermittent stress relaxation that occurs at high temperatures.  Additionally,
while the chemical exchange reactions are extremely important to rubber sintering, chemical
stress relaxation does not give all the necessary information to enable optimization of the
processing conditions.  However, goal (i) to study the high temperature chemical exchange
reactions of SBR-80 and GF-80 has been accomplished.

One of the major goals of this project was the use of paste and ram extrusion.  Unfortunately
these techniques have had little success to date (see Appendix 1). Although it is believed that
these techniques are still viable, they require better processing equipment than that which is
available at the University of Massachusetts Amherst.  Therefore in the second half of the project
we focused more on a SBR “model” system (i.e. known formulations; Rouse’s SBR-80 is a
mixture of many different types of SBR rubbers and we wanted a system where we knew all the
variables) and asphalt modified rubbers, subjects which we have applied to the Chelsea Center
for funds to study further in FY2002.  We will also be collaborating in the future with the
Plastics Engineering Department at UMass Lowell on the feasibility of continuous rubber
(powder) processing.
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4. DESCRIPTION AND APPLICATION OF TECHNOLOGY

4.1 High-Pressure High-Temperature Sintering

Recycled rubber powder was molded together by a technique coined “High-Pressure High-
Temperature Sintering” using a Carver Model C Melt Press with a temperature controlled
heating and cooling system.   Samples were made with both a piston/cylinder mold and
conventional square mold.  A schematic of this process is detailed in Figure 1.  The procedure is
similar to molding a thermoplastic in a melt press.  To obtain a thorough understanding of the
molding variables, rubber panels were molded with varying times from 1 minute to 24 hours,
pressures from 0.5 MPa to 26 MPa and temperatures from 25oC to 240oC.

Figure 1 – Schematic of High-Pressure High-Temperature Sintering

4.2 Potential Impacts of Commercializing this Technology

An economically and environmentally viable process to recycle rubber has been one of the most
sought after technologies of the last century.  With the enormous amount of tires in landfills, one
can easily envision the impact on the environment such a recycling process would have.
Currently 35 states ban whole tires from landfills, 8 states have banned all scrap tires from
landfills, and within the next few years these numbers are sure to rise16-19.  Our technique of
high-pressure high-temperature sintering provides a simple and unique solution to the problem:
convert the waste tires to powder, and mold the powder into new parts.  Preventing tires from
reaching landfills helps both waste minimization and pollution as tires are an enormous waste
generator (3.4 million tons/year), and in landfills represent a large pollution and health hazard.
For example, mosquitoes prefer to breed in the quiet, stagnant water that collects inside tires, and
in addition to being the normal pests that they are, they can carry many deadly diseases,
including encephalitis, dengue fever and the West Nile virus.  Additionally, scrap tire fires are
difficult to extinguish, can burn for long times, and along the way release heavy black polluting
smoke, and can contaminate the soil surrounding them.  It is our belief that the process of high-
pressure high-temperature sintering will allow for the production of new rubber parts from up to

Rubber Powder

Pressure Temperature Rubber

Part

Particle Interfaces PresentPacking of Particles,
large void space

Small Inclusions/Defects

Figure 1
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100% recycled rubber.  This not only helps reduce the amount rubber reaching the waste stream,
it reduces the amount of virgin rubber consumed.

Presently, commercially available recycled powder rubber sells for between $.04 and $.30 per
pound while natural and synthetic rubbers cost around $1.00 per pound.  Thus, the process of
high-pressure high-temperature sintering starting with lower cost recycled rubber powder should
be cost competitive with existing virgin rubber processing.  Also, all the necessary fillers (carbon
black, etc.) are already incorporated into the recycled rubber and therefore the energy savings
and cost of milling in the fillers is eliminated when one uses recycled rubber powder. Finally,
any need for additional additives will be a simple and cost efficient process, as traditional
powder mixing techniques should be sufficient.

Overall, the potential exists for a process that is more economical than current ones, and is
environmentally friendly.  However, for this project to be a success, it must be scaled-up to an
industrial level.  It is likely to be several years before the impact of this process will be realized.
The potential number of uses are enormous, and even partial incorporation of this rubber
recycling process on a large scale should show significant results (see Appendix 2).

4.3 Applicability to Industry/User

We are currently in collaboration with two Massachusetts companies, Acushnet Rubber and the
Super Cool Corporation, and Rouse Rubber Industries Incorporated of Mississippi (previously
had a recycling operation in Massachusetts).  These companies have taken interest in our
process, albeit for completely different reasons.  Super Cool (potentially) and Rouse (currently)
are manufacturers of powdered rubber. They ideally would like to see a large market/demand for
rubber powder.  Our process, if adopted by an industrial company, would greatly benefit them as
it uses 100 % rubber powder, unlike most current processes that use only a small amount.  Thus
companies using our process would use a much larger amount of rubber powder than current
companies use, and the increased demand would be highly beneficial for both Super Cool and
Rouse Rubber.

Acushnet Rubber is also looking at the feasibility of our process, and how it can be applied
within their company for internal recycling of “flash”.  All rubber goods producers have a large
amount of “flash” that escapes from the mold during processing. In some cases it is put back in
the virgin material, however, in others it is seen as waste and disposed.  Our process could be
incorporated in this type of situation to produce parts from this waste.  This would have both an
environmental and economic impact as it reduces waste, and helps lower material costs.

Overall, the possibilities for high-temperature high-pressure rubber powder sintering are endless
(see Appendix 2).  If incorporated, it would help the environmental effort by reducing the
amount of waste rubber currently in the environment, and reduce the amount of waste reaching
the environment.  Recycling rubber would also reduce the amount of raw “virgin” rubber
consumed as recycled products could replace “virgin” ones in cases where they had equivalent or
better properties, or were more cost effective.
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4.4 Innovation of Technology/Development History

High-pressure high-temperature sintering is still in the early stages of development.  We began
using this process as a means of recycling rubber just over a year and a half ago, and since then
numerous strides have been made to improve it.  Past and current work has given enormous
insight into the problem and has allowed us to constantly improve the mechanical properties of
the parts produced.  We also have developed a significant understanding of the mechanism of
sintering, and the differences associated with different rubber systems (SBR, natural rubber,
different curing packages, etc.).  However, despite all our work, we believe that further gains in
the area can make the process even better. The potential exists for this to become an industrially
used process.  However, to speculate at this juncture whether it will be adopted or not is
imprudent.
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5. TECHNOLOGY PERFORMANCE

5.1 Performance Goals

The goal of this research is to make a product out of 100% recycled rubber that has properties
almost equal to virgin rubber.  To date we have been able to make parts out of 100% recycled
rubber that have retained greater than 60% of the virgin rubber properties of a typical tire tread
formulation.  This is a vast improvement over the properties we could obtain at the outset of this
work.  Our initial work focused mainly on tensile properties of the produced parts such as tensile
strength, elongation at break and modulus.  However, recent work has moved beyond these
standard measurements, and work has been conducted to examine fatigue, compression, and
other important properties of rubber.

It is our belief that production of parts made from 100% recycled rubber is an economically and
environmentally sound proposition.  For this production to occur, one must be able to make a
part that is either cheaper in production cost, has better properties than the currently produced
part, or some combination of both.  Our overall performance goal therefore is to produce rubber
products that fit this protocol.  The following data and results will illustrate how we are
attempting to make this a reality.

5.2 Discussion of the Test Results

The following describes the results of the work sponsored by the Chelsea Center in their FY
2001.  Initial work focused on GF-80 and SBR-80 rubber powders, commercially available from
Rouse Rubber Industries.  However, the properties of these virgin rubbers were unknown and
therefore later work focused on virgin rubbers with known starting properties (McMaster-Carr
NR, Bayer SBR and Thiokol polysulfide rubber).  This allowed us to compare the sintered
properties to the virgin materials and gave us insight into whether we were making parts with
useful mechanical properties and a sense of retention of properties.  Table 3 at the end of the
section summarizes the findings for all of these rubbers.  The figures in this report are listed in
chronological order of completion of work.  As the project proceeded we gained an enormous
amount of knowledge of rubber sintering.  Therefore, the description of recycled rubber
materials with the best mechanical properties appears near the end of this report.

5.3 Materials

Several companies produce rubber powders and crumb rubbers.  The initial work conducted used
powder that was obtained from Rouse Rubber Industries Incorporated.  The powders range in
particle size, type of material, and grinding method.  The powders investigated are listed in Table
1.  This table identifies the manufacturer, the type of rubber, the cross-linking agent, the particle
size, and the grinding source.  The nomenclature for the rubber powder is as follows: the initials
represent the type of rubber and the number describes the particle size (i.e. an SBR-80 is styrene-
butadiene rubber with a particle size of minus 80 mesh or an average particle size of 74 µm).
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Table 1 - Various Rubbers Used for Testing, and Their Grinding Source

Sample Type of Rubber Mesh
Size

Crosslink
Type

Grinder

SBR-80 Styrene-Butadiene Rubber (SBR) 80 Sulfur Rouse Rubber Industries
GF-80 Natural Rubber/SBR 80 Sulfur Rouse Rubber Industries

FKM-150 Fluoroelastomer 150 N/A Rouse Rubber Industries
NR-Tan McMaster-Carr Natural Rubber 15 Sulfur In House

NR-Black Acushnet Natural Rubber 15 sulfur In House
SBR Bayer SBR 15 Sulfur In House

Polysulfide Thiokol Polysulfide 15 Sulfur In House

*We have recently purchased a SPEX 6800 Freezer Mill, and now have the capability of grinding rubber
in house at particle sizes similar to those of Rouse Rubber Industries.

5.4 Instrumentation

Stress-strain curves were obtained by two methods.  The initial work was done on an Instron
5564, using ASTM D638 Type V tensile bars.  It was found that the ASTM D638 drastically
over estimates the elongation at break for the samples.  For this reason, it was decided that the
specimen geometry should be changed, and current work uses a ring sample in which the gage
length is half of the average circumference of the ring.  Table 2 shows the relationship between
the mechanical properties measured by the ASTM test samples versus those of the ring samples.
It is shown that the strength of the material independent of the two testing geometries.  However,
there is a large discrepancy between the modulus and elongation at break values of the two tests.
The data at large strains for the ASTM tensile bar has been shown to be inaccurate, but is
reported by the guidelines of the ASTM method.  It is for this reason that the later work
presented in this report used a ring shaped sample geometry with an average diameter of 7/8
inch, and more accurately represents the strain in the sample.

Table 2 - Comparison of Ring and ASTM Specimen Testing

Specimen Modulus (MPa) Strength (MPa) Elongation at Break (%)

Ring 4.9 4.6 187
ASTM D638 2.5 4.9 642

% Ratio of Ring to ASTM 200 95 29

5.5 Effect of Molding Time on Mechanical Properties

Figure 2 illustrates the influence of molding time on the mechanical properties of tensile
strength, elongation at break, and modulus for GF-80, a natural rubber/SBR blend material.  The
strength at break, and modulus data correlate to the left axis of the graph, while the percent
elongation at break points fit the right axis as guided by the arrows.  The plaques for this
experiment were molded at various times, at a constant temperature of 180 ºC, and a constant
pressure of 8.6 MPa.
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Figure 2 - Effect of Molding Time on Mechanical Properties of GF-80.
ASTM Type V Tensile Bars: Temperature = 180 C, Pressure = 8.6 MPa

As expected, the longer the molding time allowed, the greater the mechanical properties of
strength at break, and elongation at break.  However, no change in modulus was observed (for a
description of strength at break, elongation at break and modulus, see Appendix 3).  This is
consistent with our understanding to date, that adhesion of some type is occurring between the
particles, thus allowing them to sinter together by either a physical or chemical cross-link.
Obviously longer times allow for more adhesion between particles and it follows that the
mechanical properties should get stronger as time increases.  The time effect of strength and
strain at break also followed a pseudo logarithmic scheme, not a linear one, and it was observed
that roughly 80% of the maximum obtainable properties could be molded in approximately 1/9
of the maximum experimental time.  It is also noted that there is little to no oxidation of the
molded parts even at long molding times.  It should be noted that the mechanical properties of
these parts are not optimized.  Parts with between 6 and 8 MPa strength at break would likely be
obtained under optimized conditions.

5.6 Effect of Molding Pressure on Mechanical Properties

Figure 3 illustrates the influence of molding pressure on the mechanical properties of tensile
strength, elongation at break, and modulus for GF-80.  Again, the strength at break, and modulus
data correlate to the left axis of the graph, while the percent elongation at break points follow the
right axis.  The plaques for this experiment were molded at various pressures, with a constant
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Figure 3 - Effect of Molding Pressure on Mechanical Properties of GF-80.
ASTM Type V Tensile Bars: Temperature = 180 C, Time = 1 Hour

temperature and time of 180 °C and 1 hour, respectively. Again, we now know this to be too low
of a temperature for optimization of the mechanical properties.

Similar to the time data, the mechanical properties of strength and elongation at break both
increase with increasing pressure, while modulus remains constant.  As shown in the schematic
of the sintering process, pressure is required to bring the particles into contact.  An interesting
side note is that calculations determined (see Figure 4) that the pressure required for intimate
contact of the particles was only about 0.7 MPa, well below the experimentally investigated
limits. Here, powder was introduced into a piston mold, and the volume change was determined
by measuring the distance the piston traveled (all at room temperature).  Simultaneous
measurements of the pressures required to induce these volume changes are shown in Figure 4.
As one can see, almost no volume change takes place at pressures above roughly 100 psi (around
0.66 MPa).  It is therefore concluded that this is roughly the pressure required for intimate
contact of the particles.  One possible explanation for the trends observed in Figure 3 is that
rubber under pressure may not oxidize as fast at high temperatures as rubber under little or no
pressure.  To date however, no answer explaining this phenomenon has been proven.  However,
the effect of pressure on the resulting mechanical properties is much smaller than either
temperature or time.  For example, a 1ºC change in temperature is roughly equivalent to a 200-
psi change in pressure.  Therefore we have concluded that as long as some pressure is present to
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prevent oxidation, pressure plays a smaller role in determining the final mechanical properties of
the molded parts than either time or temperature.

Figure 4: Compressibility Data of Rubber Powder in Piston Mold at Room Temperature

5.7 Effect of Molding Temperature on Mechanical Properties

Figures 5 and 6 show the effect of the molding temperature on the mechanical properties for the
GF-80 and FKM-150 molded rubbers respectively.  The strength and modulus are shown on the
left-hand axis while elongation at break is shown on the right-hand side.  At temperatures below
around 80 °C this process does not work for either rubber type (as extrapolations of the tensile
strengths go to zero).  This is also the temperature that Tobolsky et al.22-24 and Murakami25 found
to be the onset of the chemical stress relaxation /interchange chemistry for sulfur containing
systems.  However, at this moment we have no explanation for observing this with the FKM type
rubber, as it is not thought to be sulfur cross-linked (Rouse Rubber will not disclose the starting
material of this ground rubber).  The other important feature of these graphs is what we call the
critical temperature of the system.  Beyond this temperature, the strength and elongation at break
of the molded parts begin to decrease. This temperature correlates well to the onset of
decomposition by Thermal Gravitational Analysis (TGA).  Interestingly, the modulus does not
show this trend; instead it decreases at a constant rate independent of this critical temperature.
The critical temperature represents the temperature at which the interface bond between particles
becomes equal in strength to the bulk material.  Figure 6 illustrates this critical temperature well.
In this figure, both the elongation and strength at break curves increase with increasing
temperature.  However, above approximately 230 °C, the curves take a turn downward, and the
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value of the properties begins to decrease.  The modulus data indicates that there are more
chemical bonds being ruptured at elevated temperature than are being reformed.  This increases
the molecular weight between cross-links and thus will lower the modulus.

Figure 5 - Effect of Molding Temperature on Mechanical Properties of GF-80.
ASTM Type V Tensile Bars: Pressure = 8.6 MPa, Time = 1 Hour

This critical temperature can also be seen in a plot of the stress-strain curves of the FKM-150
rubber at various molding temperatures.  This is illustrated in Figure 7.  As one can see,
increasing the temperature that the part is molded at “walks” one up the stress-strain curve.  The
critical temperature is found where there is an inversion, and thus above it, increasing the
temperature causes the rubber to track back down the curve.  The critical temperature for the
FKM-150 is approximately 235-240 °C as taken from both Figures 6 and 7.  It should be noted
that we recently discovered that the mechanical properties decrease as the powder ages at room
temperature after grinding.  There was a long period of time between grinding and molding of
GF-80, SBR-80 and FKM-150, hence the lower values of the mechanical properties.  We have
noticed as much as a 2 MPa difference in tensile strength of some of our parts with a difference
of aging times of just a month.
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Figure 6 - Effect of Molding Temperature on Mechanical Properties of FKM-150.
ASTM Type V Tensile Bars: Pressure = 8.6 MPa, Time = 1 Hour

Figure 7 – The “Walking” of the Stress-Strain Curve for FKM-150
Time=1 hr., Pressire = 8.6 Mpa (1250 psi). ASTM D638 Type V Tensile Bars
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5.8 Current Work

Up to this point, all the molded material had been made from the rubber powder as received from
Rouse Rubber Industries.  While this is important work in that it allowed us to better understand
the effects of molding conditions on mechanical properties, we wanted to have material that we
knew was “clean” (one type of rubber, GF-80, is a mix of SBR, NR and some butyl rubber;
SBR-80 is a mixture of several different types of SBR and, like GF-80, contains some butyl
rubber). The following work was conducted with tan colored natural rubber (NR) obtained from
McMaster-Carr (Figures 8-10), SBR rubber obtained from the Bayer Corporation (Figure 10a),
black NR from Acushnet (Figure 10b) and polysulfide rubber from Morton {now part of Rhom
and Haas} (Figure 10c).  The mechanical properties of the virgin rubber were measured.  Each
sample was then subsequently ground in the lab with a Spex 6800 cryogenic grinder.  The
powder rubber obtained from this grinding step was then molded as described previously, and
the resulting molded parts were tested and compared to the virgin, ungrounded starting material.
In addition, several plaques of ungrounded rubber were cut, subjected to the temperatures of the
experiments and then tested.  The data collected from these tests are shown in the following
figures (all tests were conducted with ring samples).

Figure 8 - Mechanical Properties of NR Powder Molded Plaques
Time = 1 Hour, Pressure = 8.6 MPa.

Figure 8 shows the mechanical properties of the sintered rubber product from the NR powder as
a function of molding temperature.  Figure 9 shows the mechanical properties of ungrounded NR
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sheets, which had gone through the same molding cycle as the powder.  In Figure 10, the hollow
points represent the as-received rubber sheets, which were heat-treated at the designated
temperature.  The solid points are the mechanical properties of the grounded NR molded parts.
Figure 9 shows the strength and elongation at break of the heat-treated (ungrounded) sheets.  It is
noted that both properties decrease as the molding temperature is increased.  In Figure 8 both the
strength and elongation at break for the molded ground rubber increase until the critical
temperature is reached.  The modulus for both the molded ground rubber and heat-treated sheets
show the same relationship; it decreases with increasing molding temperature.

Figure 9 - Mechanical Properties of Sheets of NR at Various Temperatures.
Time = 1 Hour, Pressure = 8.6 MPa.

In Figure 10 there is a point at which the heat-treated sheets data points and the molded powders
data points cross.  This is the same temperature as the critical temperature in Figure 8.  Above
this temperature the two materials are mechanically identical.  The NR sheets appear to have
begun to degrade while the rubber powder was both degrading and repairing the particle
interfaces.

Molding the NR at 2000C for 1 hour and 8.6 MPa yields a rubber panel with good mechanical
properties with a strength and elongation at break of 46% and 88% respectively of the “as
received” properties and a modulus, which decreased by 40%.  It has been shown that by adding
an accelerator to the powder, the modulus and strength can be increased without effecting the
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elongation at break.  Therefore by using an accelerator, it should be possible to increase both the
strength and modulus making the molded properties very similar to the starting material.
Investigations to test this theory are currently underway.

Figure 10 -Properties of Powder Molded Parts and Sheets of NR at Various Temperatures.
Time = 1 Hour, Pressure = 8.6 Mpa

Figure 10a illustrates the stress-strain behavior for SBR rubber obtained from the Bayer
Corporation.  The solid lines represent heat-treated sheets of the vulcanized “virgin” SBR, while
the dashed lines mark properties of the sintered and molded product at the noted temperatures
(the original vulcanized curve is marked “as received”).  As is shown, at 240 °C the sintered and
molded product recovers over 60% of the strength and 50% of the elongation of the vulcanized
“as received” sheet.  Figure 10b displays the stress-strain behavior for Acushnet’s black natural
rubber (original properties are 13 MPa strength and 250% elongation).  The dashed lines
represent sintered properties at the respective temperatures.  The solid line shows the effect of
Perkalink 900 (an anti-reverting additive).  Perkalink 900 helps reform crosslinks that breakdown
during the sintering process.  Work funded by other entities [Center for U Mass and Industry
Research on Polymers (CUMIRP) and National Environmental Technology Institute (NETI)]
exploring the effects of Perkalink 900 and other additives is currently underway in our
laboratory.  It is included here to illustrate how additives can improve retention of properties and
make the sintering process even more desirable.
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Figure 10a -Stress-Strain Curves of SBR Compounded by Bayer

Figure 10b - Stress-Strain Curves of Acushnet Natural Rubber
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Figure 10c shows the stress-strain behavior for the polysulfide rubber.  The curves here illustrate
how greater than 90 % retention of properties is obtained for this type of rubber.  Although
polysulfide rubber is no longer produced in large quantities, these results offer great insight into
the type of chemistry and mechanisms that other rubbers may be undertaking. The large percent
retention for this system offers hope that other systems can be modified to produce similar
results.

 Figure 10c - Stress –Strain Curves for Polysulfide Rubber

Overall, work with these systems has shown that rubber products with good mechanical
properties can be obtained from waste rubber.  Unfortunately the mechanisms of sintering are
different for each rubber type and therefore a general set of molding conditions to yield good
properties for all types of rubber is not possible (see Appendix 4 for further discussion).
Studying the different rubbers however has yielded insight into how the different systems work.
For example, we have proven that natural rubber crosslinks breakdown at the temperatures
employed in our sintering process.  Contrary to this, SBR rubber products are over crosslinked,
and for this reason have inferior mechanical properties.  The polysulfides maintain an almost
constant number of crosslinks and it is our belief that this is the reason for the large retention in
properties.  Further results in this area are awaiting publication26, 27.
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Table 3 - Highest Obtained Properties for All Systems

Ring Geometry Used Unless Noted

Rubber Type Virgin
Strength
(MPa)

Virgin
Elongation

(%)

HPHTS
Strength
(MPa)a

HPHTS
Elongation

(%)a

Retained
Strength

(%)

Retained
Elongation

(%)

SBR-80 N/A N/A 5.9 233

GF-80 N/A N/A 4.1 234

McMaster-
Carr NR

7.5 603 3.5 530 47 88

Bayer SBR 24.0 650 15 350 63 54

Acushnet
Black NR

13.0 b 250 b 9 220

Thiokol
Polysulfide

8.0 254 7.6 311 95 122

a   HPHTS – High-pressure high-temperature sintering (best properties obtained)
b Approximate properties – Rubber was obtained in strip form and could not be tested in ring
geometry due to lack of sufficient material. Numbers here represent tested strips in an Instron
tensile test.

5.9 Other Mechanical Properties

With the process practically optimized the focus shifted to investigating the other important
mechanical properties of rubber such as fatigue and compression behavior.  Figure 11 shows the
fatigue behavior of a vulcanized SBR rubber compared to a sintered sheet molded at 1 hour,
2500C and 8.6 MPa.  The initial strength for the sintered material is lower than the vulcanized
material similar to what we find from the tensile behavior.  However, if this response is divided
by the elongation at break obtained from a tensile test (i.e., zero cycles to failure), the two
materials behave identically as shown in Figure 12.  This means that our sintered rubber behaves
exactly the same as the vulcanized rubber under fatigue.  Figure 13 shows the compression
stress-strain curve for these same two materials.  The test was conducted using an ASTM
standard compression bullet.  Again the two materials behave identically.  The final compression
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Figure 11 - Fatigue Behavior of Vulcanized and Sintered Sheets Tested at 1 Hz at Room
Temperature

property that we investigated was compression set.  We found that the compression set of the
sintered rubber is much better than that of the vulcanized material.  At 1400C for 1 hour the
vulcanized material sets by 30% of the original length while the sintered bullet only sets 10%.

Figure 12 - Fatigue Behavior Normalized by Ultimate Elongation at Break as Measured by Tensile Tests

Figure 13 - Compression Properties of Vulcanized & Sintered Bullets in Accordance to ASTM Standard
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5.10 Asphalt Modified Rubbers

We have recently discovered a technique that allows us to add asphalt to ground rubber powder
(obtained from recycled tires) to produce a solid rubber part, extended with asphalt.  The
recycled powder/asphalt mixture is sintered together via the same high-temperature high-
pressure technique described earlier.  The final rubber part produced from this technique forms
one network from many little networks (i.e., individual particles) and is not simply rubber
powder glued together by asphalt.

Above approximately 40 % rubber by weight, the rubber powder sinters together and forms a
continuous phase.  Parts made with less than this amount of rubber fall apart and return to
powder when swollen in toluene, a good solvent for dissolving asphalt.  This suggests that the
rubber has not formed a continuous phase at these concentrations because the rubber powder
cannot “sinter” together as it is surrounded by asphalt.  Parts made with less asphalt than this,
however, do not fall apart in toluene.  Instead, the rubber part swells and a fraction of the rubber
part becomes extracted by the toluene.  This extractable fraction includes the asphalt and the oil
extender originally present in the recycled rubber powder.  The mechanical properties of these
parts behave like rubbers until the amount of asphalt reaches 60 % by weight.  At these higher
asphalt loading (>60 % by weight) the material behaves like a liquid not a rubber, again due to
the fact that the majority of the blend is asphalt, which behaves like a liquid.

The parts made at below 60 % asphalt by weight , also have a lower glass transition temperature
than pure asphalt and at -30 ° C behave like a rubber rather than like a glass as pure asphalt does.
These two extreme temperature characteristics are one of the main reasons why we think this is a
great product.  For example, when the temperature gets cold in the winter time, the asphalt
becomes more glassy like and does not bind the gravel in the road as well as it does under
normal temperature conditions.  A similar effect is observed at high temperatures, where the
asphalt has a lower viscosity.  This is why roads often feel softer on hot sunny days.  A road
made with an asphalt-modified rubber should perform much better in both cases since most
rubbers have a lower glass transition temperature than asphalt, and at elevated temperatures
behave like solids, and will
not become fluid-like as the
asphalt alone does.  Figures
14-16 shows Dynamic
Mechanical Thermal
Analysis (DMTA) data of
how asphalt modified
rubber blends behave
analogous to simple rubber
compounds.

Figure 14 – DMTA data for
SBR Rubber
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Figure 15 – DMTA data for SBR with 11.4% Asphalt

Figure 16 – DMTA Data for SBR with 34.2% Asphalt
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Figure 17 depicts swelling data recorded for the SBR-80/asphalt (AC-20) blends made in our lab.
As is evident, approximately 12% extender oil is originally present in the SBR reground rubber,
and this is subsequently extracted when the rubber is swollen in toluene.  As the asphalt content
of the blends is increased, one notices an increase in the extracted fraction.  This extracted figure
roughly corresponds to the amount of asphalt and oil extender initially present.  After swelling,
the parts are allowed to dry, and at concentrations up to approximately 60% asphalt by weight,
they remain solid pieces.  Beyond this percentage they return to powered rubber, as the rubber
has not formed a continuous matrix.  This is further evidence that the parts form a rubber
continuous phase at concentrations greater than 40% rubber by weight, and are not “glued”
together by the asphalt as theorized and presented in other papers and patents.

Figure 17 – Extraction data for SBR/Asphalt Blends

The process in which we blended the asphalt and rubber is unique (see Figure 18).  For the
process that we have applied for a patent, we cryo-ground the asphalt, since asphalt is glassy at
low temperatures.  For our experiments, we used a mortar and a pestle to grind the asphalt, but
any typical grinding apparatus works.  The ground asphalt is not tacky at low temperatures, and
therefore eliminates a problem associated with hot liquefied asphalt.  Furthermore, the asphalt
remains in a powder form if the temperature is kept below the glass transition temperature.  For
our case this meant storing the powder in a freezer.  The ground asphalt powder is then weighed
and mixed into the rubber powder using a powder mixer/cold blender.  Once this powder
equilibrates at room temperature it still feels and looks similar to the rubber powder and is much
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less tacky than 100% asphalt.  Therefore handling of this material is much easier than pure
asphalt because of these properties.

One other interesting observation of these powder mixes was their binding ability to Kapton
film.  In our initial high-pressure high-temperature work, Kapton film was used as a low stick
surface between the top and bottom steel plates of the mold.  When rubber powder by itself is
molded, the film allowed for easy removal of the formed part from the mold.  However, as the
concentration of asphalt is increased, it was noticed that strong adhesion was formed between the
sheets of Kapton film and the part in between them. In several cases the adhesion was so
strong that the Kapton could not be removed from the part without first putting the mold into a
freezer, allowing for thermal stress buildup and subsequent delamination of the Kapton to
occur.  At high asphalt concentrations these materials have very high “tack” and should make
excellent pressure sensitive adhesives, similar to that used on roofing shingles and membranes.

Figure 18 – Schematic of Asphalt Addition to Rubber Powder

5.11 Performance Compared to Existing/Traditional Technology

Recent work published in the literature has shown that adding crumb rubber to virgin rubber
decreases the mechanical properties obtained.  Specifically, adding 30 parts crumb rubber to 100
parts virgin SBR rubber decreases tensile strength from 28.0 MPa to 16.8 MPa, and elongation at
break from 310% to 263%20.  Work recently completed in our lab using recycled SBR rubber
(original SBR obtained from the Bayer Corporation, vulcanized here at UMass-Amherst, ground
into a powder {on our grinder}, and then molded by high-pressure high-temperature sintering),
displayed similar results.  The starting properties of the virgin, vulcanized rubber were 24.3 MPa
strength, and 653% elongation at break.  The highest obtained properties from the recycled parts
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were 14.7 MPa strength and 303% elongation, greater than 60% and 50% retention respectively.
Other work has been carried out to obtain similar properties for recycled rubber parts by using
outside energy sources (most specifically ultrasound) to devulcanize the rubber.  This
devulcanized rubber is then revulcanized with additional vulcanizing agents and additional filler.
Overall, slightly greater than 50% of the properties of the virgin rubber have been obtained for
carbon black filled natural rubber systems by this ultrasound method21.

The above suggests that the recycled rubber properties obtained by our process are at least in line
with much of the current work in the field  of rubber recycling.  We believe the advantage of our
process however is that it requires no additional virgin rubber, no other equipment besides a
standard compression mold set-up, and no additional chemicals.  All of these extra steps increase
the cost associated with the process, and hinder the chances of it making it to an industrial scale.
It is the simplicity of our process that we feel is one of its major assets, and what sets it apart
from the other current processing technologies in the literature.
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6. COST ESTIMATE INFORMATION

Current Rubber Manufacturing Process
Costs:   Parts

Natural Rubber        $0.95/pounda   100.0
Carbon Black        $0.25/pound b     40.0
Zinc Oxide        $0.45/poundc       5.0
Sulfur        $0.40/poundc       1.5
Stearic Acid        $0.75/poundc                   1.5
Accelerator        $2.50/poundc                   2.0

Total                  150

Rough assumption for cost of all virgin materials ~ $1.00/pound
Starting rubber costs subject to market conditions
Specialty rubbers (ex. Fluoroelastomers) cost significantly more per pound than natural rubber

Mastication (mixing in compounds prior to vulcanization) d

Mastication 2.1 kJ/kg
Extended Mastication 8.5 kJ/kg
Mixing/Compounding 4.4 kJ/kg

Total 15 kJ/kg

Converts to 6.8 kJ/lb and thus 0.0019 kWhr/lb
At roughly $0.14/kWhr e that equates to $0.02/lb for mastication and compounding

Thus the total is roughly $1.00/pound cost to have natural rubber ready for vulcanization, and this
estimate likely errs on the low side.  This also does not take into account other costs such as handling
and transportation of these materials, along with the operating costs for people running the milling and
compounding equipment.  Synthetic rubbers were of comparable cost (styrene-butadiene rubber going
for ~$0.60/pound, ethylene-propylene-diene (EPDM) for ~ $0.90/pound, and chloroprene for
~$1.10/pound a.)

In comparison, recycled rubber from tires (usually a mixture of SBR and NR) sells for between $0.12-
$0.30/pound (depending on mesh size (10-40 mesh respectively) f.  Similarly, Rouse Rubber Inc. sells
various rubber powders for ~$0.30/pound, for example EPDM at $0.36/pound.  Their specialty powders
(fluoroelastomers) sell for more than this, yet are still well below virgin costs.

Either way, these starting material costs are comparable, and in most cases significantly less than for
virgin rubber stocks.  In addition, recycled rubber already incorporates the various fillers and additives
in the rubber and thus no additional compounding step is necessary.  In essence, it is ready to be used as
received.
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At this point we have shown that our starting material costs prior to molding are competitive
with, and in most cases less than currently used materials.  Although molding parts at a high
temperature and pressure is an energy intensive process, it is similar to the process of
vulcanization currently used for virgin rubber, and it is envisioned that the two processes (our
high temperature high pressure sintering of recycled rubber powder, and virgin rubber
vulcanization) should be comparable in terms of costs.  However, at this junction, with no
specified process set for the production of parts from our process, a full comparison is not
feasible.  It is also envisioned that as more tires are converted into rubber powder the
competition associated with the market should help to further reduce prices and make the process
even more economically friendly.

a   Acushnet Rubber Company
b   http://www.rediff.com/money/2001/mar/01cris10.htm
c   Personal communication with Amiya Tripathy
d   http://www.irrdb.org/property/matgreen.htm
e   http://www.nyserda.org/nyep8.pdf
f   http://www.recycle.net/price/crumb.html
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7. REGULATORY/SAFETY ISSUES AND REQUIREMENTS

As we are in just the initial stages of development of this process, no significant safety issues
have evolved.  It is envisioned that the process should operate similar to most industrial
compression molding processes and therefore the issues most prevalent to the process would
have been dealt with in the past.  However, further speculation at this point, especially from an
academic institution not versed in regulatory issues is not justifiable.

8. TRANSFERABILITY OF THE RESEARCH

We strongly believe that this process would be ideal for many rubber-producing companies.
After talking with Acushnet Rubber, it was realized that industrial scale-up could be a feasible
enterprise as the currently used conditions for high-pressure high-temperature sintering have
been used previously.

9. RECOMMENDATIONS FOR FUTURE WORK

Work this coming year at UMass-Lowell should yield more insight to industrial scale
possibilites. Also, an in depth cost analysis might prove beneficial, and help alleviate concerns
companies might have as to the economic reality of such a process.  Overall, this process is in the
early stages of development, and it is likely that more research will need to be conducted to
transfer it to a large-scale operation.
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10. CONCLUSIONS

The research conducted for the Chelsea Center for Recycling and Economic Development during
the past year has answered numerous questions about high-pressure high-temperature sintering
of rubber powders.  At the beginning of this project the mechanical properties we could obtain in
the recycled rubber were extremely poor and the understanding of the process was minimal.
Currently, we have been able to retain greater than 60% of the original properties for some
rubbers, and have gained an enormous amount of knowledge of the sintering process.  Research
funded by other organizations has yielded a vast insight into the mechanism of the sintering
process.  This knowledge has allowed us to modify our molding parameters for the various
rubber systems for maximum property retention in the Chelsea work.

A new area of research was discovered during the Chelsea Center for Recycling and Economic
Development funded work.  Asphalt-modified rubbers were discovered as potential materials.
This work led to a continuation proposal with the Chelsea Center for Recycling and Economic
Development, and work will be conducted on these materials in the coming year under a Chelsea
Center for Recycling and Economic Development funded project.  There are numerous
envisioned uses for these materials (see Appendix 2), and the new grant aims at increasing the
understanding of the properties and potentials of these materials.

Overall, as noted earlier, implementation of this process is limited from lack of industrial
leadership at the current time, and not by feasibility.  We fully believe that this process could be
adopted on an industrial scale; however, it likely will take someone with an entrepreneurial
background to make it a reality.
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12.  APPENDICES

12.1 Appendix 1 – Basis for change in Scope of Work

Work was attempted for paste extrusion, and we had minimal success in trying to extrude the
sintered rubber.  Unfortunately, we had only small scale capabilities for extrusion, and it was
realized during the course of the work that large modifications would likely have to be made to
an extruder for the paste extrusion process to be successful (namely incorporating a long heating
section after the screw such that the rubber could sinter together under pressure, not a trivial
change).  Therefore it was decided that the work should be passed on to an institution with an
expertise in this type of processing. UMass-Lowell was therefore an obvious choice.  Similarly,
ram extrusion was briefly attempted (modifications also would be necessary), however when it
was realized how successful the high-pressure high-temperature sintering process was, more
emphasis was placed on it.

This is the main reason for the change in the scope of research, such that it focused more on
high-pressure high-temperature sintering. The equipment for this process is readily available here
at UMass Amherst and is standard processing equipment for any rubber processing facility.
Therefore scale up of this process should not require large changes.  It also proved to be
successful from the start, and thus more attention was given to it.  Simultaneously, we discovered
asphalt-modified rubbers and some of our focus shifted to these materials.  Overall, an enormous
amount of work was conducted this past year.  However, it was more focused on high-pressure
high-temperature sintering than initially set forth in the original proposal for the reasons given
above.

12.2 Appendix 2 – Prospect of Applying this Technology

It is our belief that all types of rubbers from a variety of sources (tires, mold scraps, reject parts,
etc.) can be turned into new products.  To date we have made a variety of parts with mechanical
properties better than commercially available sheets from McMaster-Carr.  We firmly believe
that products such as matting materials, shoe soles, bumpers, shock and vibration absorbers, and
low end wheels (wheel barrel type) could be produced from rubbers of these mechanical
properties.  In reality it takes someone with an imagination and motivation to take a process like
ours and make it work.  We are currently looking for these types of people and companies, and
have met a few individuals interested in attempting a scale up.  Any production of rubber parts
from recycled powder has a two-fold impact on waste.  First, it reduces the amount of virgin
rubber necessary for rubber production, as recycled rubber can replace parts originally made
from new rubber.  Second, turning used rubber into a starting material reduces the amount of
rubber reaching the waste stream.  Both will have significant positive impacts on our
environment.
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12.3 Appendix 3 - Definitions

Strength at Break – Maximum force per unit area (stress, usually measured in MPa or Psi)
required for fracture in an Instron tensile test.

Elongation at Break – [ ]L / Lo for the Instron tensile test, where [ ]L is the change in sample
length at break (length of sample – original length) and Lo is the original sample length.  Usually
reported as a percent.

Modulus – Value of stress at 100 % elongation.  Measure of sample rigidity, and is also related to
the crosslink density of the sample

12.4 Appendix 4 – Processing Conditions depend on Rubber Type

Rubber tires are typically made out of 3 or 4 different types of rubber.  The tread is usually SBR
or NR, the sidewall is often made from butyl rubber (good gas impermeability properties), and
other materials such as steel cord and polymer fibers are often incorporated for reinforcement.
The initial work conducted here used GF-80 and SBR-80 rubber powders.  These are mixtures of
rubber from all different types of tires.  Specifically, GF-80 contains both NR and SBR, and even
some butyl.  What we mean by saying no general set of molding conditions yields good
properties for all types of rubbers is just that.  No one set of molding conditions will not suffice
for all rubber powders.  For example, GF-80 molds better at lower temperatures than does SBR-
80 due to the NR present in the GF-80.  Similary, Bayer’s SBR rubber molds much better at
higher temperatures than does Acushnet’s NR.  However, a mixture of the two rubbers would
show a temperature somewhere in between as the optimum molding temperature.  Therefore this
should not present a problem in the overall scheme.  It is just a cautionary statement that one
must optimize conditions for each rubber mixture, i.e. GF-80, SBR-80, etc.


