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EXECUTIVE SUMMARY
AGM Container Controls Inc. (AGM) uses porous high density polyethylene (HDPE)
filters for their breather valve products. In the recent years, they have experienced defective
HDPE filters from their long-time provider, Porex. This led AGM to want to pursue their own
production of such filters for vertical integration and control over the filtering properties. In this
report, the technical and economic feasibility of a polyethylene sintering process will be
explored. Scanning Electron Microscopy (SEM) and extensive research allowed us to conclude
that a change in the heating process of the Porex samples is the primary factor producing the
faulty products. An additive extraction was conducted but did not yield reliable or useful results.
The particle size distribution (PSD) and porosity of their products were estimated using ImageJ
image processing software. The pilot scale sintering of the alternative, Ultra High Molecular
Weight Polyethylene (UHMWPE), was conducted to determine the temperature, time, and
thickness of the sample required to produce a durable porous plastic. A steel mold with uniform
heating properties was designed using Matlab software. Utilizing equipment available at AGM,
pilot scale samples were produced and evaluated. It was determined that Mitsui Chemicals XM220 UHMWPE powder provided a well sintered, porous material with promising filtering
properties when heated at 180 °C for 50-55 minutes. Further characterization of the air
permeability and porosity would be required prior to reaching full-scale production of the
product.
A full scale sintering process was designed and evaluated for both HDPE and the
alternative, UHMWPE. The HDPE process consists of a cryogenic grinder, hydraulic press, and
a convection oven. The cryogenic grinder was the largest contributor to the equipment purchase
costs due to its advanced technology for producing accurate PSDs. Although the UHMWPE

particles are more costly, they are provided at appropriate particle size distribution and do not
require a cryogenic grinder. The economic feasibility of these designs was determined under the
followings major assumptions: the overall interest rate was 15% for the lifespan, density of raw
material is .942 (g/cm3), and only one operator would conduct the entire process. The HDPE
sintering design provided an NPV of $1.50 million for a 10 year lifespan, where the UHMWPE
process had a NPV of $1.59 million for the same life span. The Guthrie Method was used to
determine these values. Although the UHMWPE process provides a higher NPV, the material
itself has not been used in past breather-valve applications; therefore, it cannot be concluded that
the UHMWPE design is favorable over HDPE design without further investigation of its filtering
abilities. Since the process is determined to be profitable, further testing and sintering parameters
should be explored to ensure correct filtering properties.
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SECTION 1: Introduction and Background
SECTION 1.1: Project Background
Breather valves are used to allow air to pass in and out of an aircraft when pressure drops
occur due to changes in elevation. Along with the air, moisture can permeate the apparatus and
accumulate, damaging electronic equipment and rusting the metallic interior of the aircraft.
Sintered porous plastics can be used as part of breather valves due to the hydrophobic nature of
the polyethylene. The breather valve is filled with additional water damage prevention material,
desiccant, that absorbs and retains moisture. The correct porosity for these plastics is important
to maximize the air passivity through the filters while maintaining minimal water entrance.
Being an integral part of aircraft systems, the market for durable and reliable sintered porous
polyethylene is small but lucrative at times when military activity is high. AGM Container
Controls have breather valves "specified on more than 300 Army, Navy and Air Force drawings"
("Breather Valves Theory" 2012).
AGM has been using Porex sintered High Density Polyethylene (HDPE) since the 1980s.
These products yielded satisfactory results in terms of durability and maintaining the necessary
air permeability and moisture rejection. Around the year 2003, AGM began receiving complaints
of cracking and degradation of the HDPE part of the breather valves for parts they sold in the
past. Although AGM decided to change their provider and have received less complaints as a
result, they want to produce the porous plastic themselves to give the company vertical
integration. As a starting point, Scanning Electron Microscope (SEM) photographs and an
additive extraction were performed on old (durable) and new (faulty) HDPE porous samples
(Usage of SEM, Additive Extraction Performance lab reports). As seen in Figure 1.1, the
difference in terms of melting and necking (how well connected each particle is to each other) is
presented.
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Figure 1.1: Comparison of Porex’s newer plastics (left) and old (right).

Through this visual inspection and through conversations with Dr. Douglas Loy of the
University of Arizona Material Science Engineering Department, it was determined that the heat
transfer characteristics may be the primary contributor to the faulty material. Investigations on
the percentage of additives were also conducted. Tetrahydrofuran (THF) at its boiling point
proved to be an effective extractant for dissolving additional components within the sample. The
results can be seen in Table 1.1.
Table 1.1: Results from extraction performed.
Sample

Solvent

Old
New

THF
THF

Percent
Additive
Content
11.73%
17.23%

These results are not reliable due to the possibility of small polyethylene molecules
dissolving, presence of contaminants, and lack of repetition of the experiment. It was determined
3

that further investigation and characterization of the extracted components would not bring
substantial added value to the project because obtaining the same source of HDPE would be
extremely difficult, it is expensive, would require additional training, and useful results would
not be guaranteed (Additive Extraction lab report).
SECTION 1.2: Project Goals
The overall goal of this project was divided into two parts. The first goal was to identify
the correct sintering parameters to produce a durable porous polyethylene plastic for use in
breather valve applications. The second goal was to design and price a plant that will produce
100 cubic feet per year of the aforementioned material to determine the economic feasibility of
this process. Since this is a sintering process, contamination is unlikely and will not have a
significant effect on the product’s performance. In addition, there will only be an estimated 1.0%
material loss due to grinding (Grinding Loss Calculation). Byproducts are not present in this
process and any unusable material will be recycled. Selling the unused product made an
insignificant economic difference and will simply be recycled (Section 6).
The porous plastic will be used in multiple applications that remain confidential.
Currently our plant is set to produce AGM’s current annual demand of 100 cubic feet, but
concerns have been raised due to the recent military funding cuts. The Pentagon states that it will
cut $487 billion dollars from their military funding for 2013 (David and Wolf, 2012). This
brings up an important economic hazard for this manufacturing process, but the effects this
hazard will have on AGM’s production are extremely difficult to predict and quantify.
Equipment failure can be another source of unexpected losses. Since the HDPE is used as part of
AGM’s products, rather than a sole product, the amount saved by producing the plastic internally
will be evaluated. AGM currently spends $621,000 on purchasing 100 cubic feet of porous
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HDPE per year from a distributor, meaning that the production cost has to be below this value to
turn a profit given the 10 year lifespan of the design. AGM also has close ties to another
company who would be willing purchase approximately an additional 150 cubic feet of material,
which can yield additional revenue of $1,036,000 annually. The aforementioned revenue value
will not be affected by a decline of military funding. For the purposes of the project, the demand
of HDPE will be held constant for both military and non-military applications. The annual
purchasing cost of HDPE pellets to support the demand will be $10,137 and will likely increase
due to the predicted increase in crude oil prices ("Crude Oil" 2012). This increase will be
considered insignificant compared to the rest of the costs in the project. The price for the
material produced by AGM can be estimated to increase due to the flexibility and direct quality
control that can be provided by the company. This means, the company will minimize the
number of complaints they have received in the past due to faulty plastics, in addition to having
control of characteristics such as porosity and the ability of making products specialized for their
applications.
The plant will be set at the AGM Container Controls Manufacturing Site in Tucson
Arizona. The space that the oven, press, and cryogenic grinder occupy is expected to be
insignificant compared to the space that is available in the warehouses at AGM. The installation
of this equipment is also very feasible because lab-scale sized equipment ran based on a 9 hour
work schedule will produce the necessary sintered plastic that is demanded. HDPE will be used
due to its hydrophobicity, low cost, and its ability to sinter at low temperatures (HDPE Porous
Tubes 2012). HDPE is polymer with low levels of branching, allowing the molecules to assemble
closely to one another and increasing the density. It is typically formed using ethylene gas in a
catalytic reaction with either the Phillips or Ziegler-Natta catalysts (Malpass 2010). An
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alternative will be evaluated, Ultra High Molecular Weight Polyethylene (UHMWPE), which is
a form of polyethylene that is made to have extremely long chains allowing them to form
stronger “necks” and increase the products durability (Kurtz 2003). Details on the benefits of
using UHMWPE are found in the UHMWPE Sintering Parameter Investigation lab report.
Mitsui Chemical provides these products at given particle sizes which fit the range what would
be needed for the sintered material (UHMWPE Sintering Parameter Investigation lab report).
Although UHMWPE is more expensive, using it would remove the cost of purchasing a
cryogenic grinder, eliminating the need for liquid nitrogen, and completely removing the raw
material lost due to grinding.
SECTION 1.3: Project Assumptions
There are assumptions made when determining the costs, quality, and feasibility in this
design. The HDPE that is being ordered is assumed to be consistent in quality, without any
additives or significant contaminants that would create variation from batch to batch. The
Particle Size Distribution (PSD) is assumed to be constant from batch to batch for both the postground HDPE and the UHMWPE provided. The average density for the HDPE was assumed to
be 0.942 g/cm3 (Malpass 2010) for the economic calculations.
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SECTION 2: Process Description, Rationale, and Optimization
SECTION 2.1: Overall Process Description
Proposed Process Description
The proposed process to produce 3,050 pounds of sintered high density polyethylene
(HDPE) requires three steps to convert polyethylene pellets into a sintered porous plastic sheet.
These three steps are: grinding, pressing, and heating. Each step is described below, and the
equipment required for each step is illustrated in the process flow diagram (PFD) and stream
tables.
The grinding step consists of cryogenically grinding the HDPE pellets to reduce their
average particle size down to 50 to 150 microns. In this step 100 grams of the HDPE pellets
purchased from Independent plastics are introduced into each of the cryogenic grinders C-101
and C-102, where they are cooled at a temperature of -195.8 oC for no longer than 20 minutes.
After the pellets have been cooled, they are grinded until an average particle size between 50 to
150 microns is achieved. The grinded particles are then extracted from C-101 and C-102, placed
into the pressing/heating die, and they are taken to the pressing step of the process.
The next step in the sintering process is pressing the grinded polyethylene particles using
a hydraulic press. The particles are pressed in the die using the hydraulic press C-103 up to a
pressure of 20,000 psig for at least 15 seconds. After pressing the particles, the pressure applied
on the die is released and the particles are allowed to relax for 24 hours. The particles are taken
to the heating step of the sintering process.
In the heating step, the particles are introduced in the convective oven E-101, where they
are heated up at a temperature of 130 oC for 9 minutes. After 9 minutes, the die is removed from
E-101 and the particles are allowed to cool down at room temperature by natural convection.
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After the die has cooled down, the sintered polyethylene sheet is removed from the die, and the
final product has been produced.
Alternative Process Description
The alternative proposed process consists of using ultra high molecular weight
polyethylene (UHMWPE) to produce sintered porous plastic samples. This process consists of
only two steps: pressing and heating. The grinding step has been omitted in this alternative
process because the raw UHMWPE material is purchased in the powder from Mitsui Chemicals
with an average particle size of 30 microns. The process for C-103 is the same as described in
the proposed process.
The process for E-101 is the same as described in the proposed project, except that the
sintering temperature is 180 oC, and the sintering time is 75 minutes.
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SECTION 2.1.1: Block Flow Diagrams
Block Flow Diagram for Proposed Process

Block Flow Diagram for Alternative Process
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SECTION 2.1.2: Process Flow Diagrams
Process Flow Diagram for Proposed Process
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Process Flow Diagram for Alternative Process
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SECTION 2.1.3: Stream Tables
Stream Tables for Proposed Process
Table 2.1: Stream table for the proposed process
Stream
1
2
3
4
5
6
7
8
Temperature (C)
25 -198.5 25
25
25
25
25 130
Pressure (atm)
1
1
1
1
1
1
1
1
Vapor Fraction
0
0
1
1
0
0
0
0
Total Molar Flow rate (kmol/day) N/A N/A N/A N/A N/A N/A N/A N/A
Total Mass Flow rate (kg/day)
5.45 52.8 52.8 52.8 0.05 5.40 5.40 5.40
Component (kg/day)
HDPE
5.45
0
0
0
0.05 5.40 5.40 5.40
Nitrogen (N2)
0
52.8 52.8 52.8
0
0
0
0

Stream Tables for Alternative Process
Table 2.2: Stream Tables for the alternative process
Stream
Temperature (C)
Pressure (atm)
Vapor Fraction
Total Molar Flow rate (kmol/day)
Total Mass Flow rate (kg/day)
Component (kg/day)
HDPE

1
25
1
0
N/A
5.3

2
25
1
0
N/A
5.3

3
25
1
0
N/A
5.3

4
190
1
0
N/A
5.3

5.3

5.3

5.3

5.3

SECTION 2.1.4: Equipment Tables
Equipment Tables for Proposed Process
Table 2.3: Equipment table for the proposed process
C-101
Unit
C-102
HDPE,
HDPE,
Component
Nitrogen
Nitrogen
1
Number of Units
1

C-103

E-101

HDPE
1

HDPE
1
14

Operating Temperature (°C)
Operating Pressure (atm)

-198.5
1

-198.5
1

25
1360

130
1

Equipment Tables for Alternative Process
Table 2.4: Equipment table for alternative process
Unit
Component
Number of Units
Operating Temperature (°C)
Operating Pressure (atm)

C-103
HDPE
1

E-101
HDPE
1

25
1360

130
1

SECTION 2.1.5: Utility Tables
Utility Tables for Proposed Process
Table 2.5: Utility table for the proposed process
Material Amount
Base Cost
Reference Annual Cost
Power
16,700 kW hr/yr $0.06/kW hr
Sieder
$1,000
Total Utility Cost in 2012
$1,000

Utility Tables for Proposed Process
Table 2.6: Utility table for the alternative process
Material Amount
Base Cost
Reference Annual Cost
Power
13,000 kW hr/yr $0.06/kW hr
Sieder
$785
Total Utility Cost in 2012
$785

SECTION 2.2: Rationale for Process Choice
Proposed Process
The rationale for the process steps required to produce sintered HDPE was based on
several research papers, and also several experiments done by the team. The grinding step in the
process was selected because the raw polyethylene material supplied; 1/8th inch polyethylene
15

pellets, has a higher particle size distribution than it is required to produce the target pore size. It
was found that a particle size of 100 to 150 microns could generate a porous material with an
average pore size of 15 to 40 microns (Barnetson and Hornsby, 1995). This is the pore size that
was requested by AGM container controls, therefore the purchased pellets needed to be grinded
to achieve the suggested particle size. A tradeoff of the grinding step is that there are material
losses after grinding the HDPE pellets. The losses of material are unavoidable, and an increment
of raw material requirements makes up for them. Another tradeoff of this step is the use of liquid
nitrogen; which introduces a great cost to the process. Again this is unavoidable because the
HDPE pellets need to reach the brittle temperature to be grinded down to 50 to 150 microns.
This grinding step in the process could be avoided if a company that supplies HDPE in the
powder form with a particle size of 50 to 150 microns is contacted. This is what gave rise to the
alternative design in which instead of using HDPE it was opted to use UHMWPE because a
company selling the suggested particle size range of UHMWPE supplied the material.
The rationale for the pressing step, and the required pressure in the production process
was based on a publication regarding the cold compression of UHMWPE (Truss et. al, 1980). In
this publication, the author suggested a compression cycle in the sintering process because
compressing the HDPE particles reduced the voids in the plastic sample. This allows better
contact between particles, and also decreases the total void volume, which in turn reduces the
total porosity of the sample. More contact between particles increases heat transfer within the
sample, and also allows more and better formation of necking between particles. Better necking
formation means that the plastic sample has a higher tensile strength, and might last longer than a
low necking sample. This conclusion was drawn after analyzing the SEM pictures for the old
porous sample, and the new porous sample produced by Porex (SEM Usage). The samples are
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required to relax for 24 hours after compression because HDPE is a viscoelastic material,
therefore the particles will try to return to its original shape after compression. Sintering these
compressed particles without allowing them to relax traps that compression energy within the
sample; which if released, would possibly break the necking formed, and the material might fail.
The only tradeoff of the pressing step of this process is that the sample needs to relax for 24
hours; therefore it might delay production if a pressed sample is ruined.
The rationale for the heating process was based on academia publications. The team tried
to run an experiment using HDPE, but it was impossible to grind the 3.2 millimeters inch pellets
using a non-cryogenic grinder or just liquid nitrogen and a mortar and pestle (Grinding lab
report). The heating step is what allows the polyethylene particles to form a neck between them,
which is what holds them together. This neck is what determines the strength of the final
material, and its durability. The heating process is the most complicated step in the sintering
process because there are several variables one can control that will affect; positively or
negatively, the quality of the final product. The main variables that were analyzed in the heating
process were sintering temperature, sintering time, and sample thickness. The optimum
temperature was determined to be 130 oC, with an optimum sintering time of 9 minutes (Padel
2011). The optimum temperature and time give the best results for sample thickness of 1.6
millimeters. And it was also determined that sintering the sample without covering the top yields
a rougher and more porous material (UHMWPE Sintering Parameter Investigation).
Alternative Process
The alternative process rationale for all the steps in the process is the same as the rationale for
the proposed process. The only difference is that the optimum conditions for sintering
UHMWPE are different. These conditions are described in the sintering report (Sintering Report).
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SECTION 3: Equipment Description, Rationale, and Optimization
Cryogenic Grinder C-101 and C-102
The cryogenic grinders C-101 and C-102 were selected because they are able to grind the
HDPE pellets feed down to a particle size of 50 to 150 microns. These grinders are produced by
SPEX SamplePrep LLC , and the equipment specifications sheet can be found in its website
(http://www.spexsampleprep.com) . The maximum capacity of these cryogenic grinders is 100
grams of raw material per batch per grinder. Each batch is cooled for no more than 20 minutes
with liquid nitrogen inside the chamber of the grinder. The liquid nitrogen is fed to the grinder
from a liquid nitrogen storage cylinder, and 3.5 liters of liquid nitrogen are required per batch
according to the equipment specifications sheet. It was decided to include two cryogenic grinders
in the process because of the requirements of total production per year, and the available shifts
per day. One grinder working nine hours per day would only be able to grind half of the required
material.
One of the tradeoffs of these pieces of equipment is that part of the raw material fed into
the grinder is lost after grinding it. It was assumed that only 1% of the raw material fed into the
grinder is lost in the process (Grinding lab report), which creates an additional cost of $100 per
year for the raw material (Economics Spreadsheet D2L). Another tradeoff of the cryogenic
grinders is the requirements of liquid nitrogen per batch. It was calculated that every 100 grams
of raw HDPE requires 3.5 liters of liquid nitrogen. Turns out the total cost of liquid nitrogen per
day is greater than the cost of HDPE. This is a big disadvantage for the total cost of production,
but it is unavoidable if the raw HDPE material is not purchased in the powder form with a
particle size of 50 to 150 microns.
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Hydraulic Press C-103
The hydraulic press C-103 was selected to compress every batch of HDPE; after being
grinded, up to a pressure of 20,000 psig for at least 15 seconds. The hydraulic press suggested for
this process is supplied Kempler Industries (http://www.kempler.com/). This press compresses
200 grams of HDPE, and after compression the sample is allowed to relax for 24 hours before
entering the convective oven E-101. The tradeoff of using the C-103 is that the compressed
sample needs to relax for 24 hours, and thins might cause some delays in production if an
unforeseen even happens (i.e. dropping the batch after it has relaxed).
Convective Oven E-101
The convective oven was selected to sinter the grinded and compressed HDPE particles
at a temperature of 130 oC for 9 minutes. The convective oven is manufactured by Despatch
Industries (http://www.despatch.com). This oven was selected because it can reach the required
sintering temperatures, and also it has enough space for the die containing the 200 grams of
HDPE.
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SECTION 4: Safety Issues
Awareness of safety issues allows for pre-planning and the installation of precautionary
measures prior to an incident. The proposed design is comprised of three major pieces of
equipment. The first piece of equipment in this process is the cryogenic grinder. Liquid nitrogen
is used as the active freezing agent. Safety and hazards associated with liquid nitrogen will be
discussed later in this section. All pieces of equipment need to be periodically cleaned to ensure
continual operation without problems. Hazards and operability reviews for each piece of
equipment can be found in Appendix A. Proper maintenance of the grinder is required for
dependable operation. Humidity an important factor due to the machine’s freezing operating
temperatures, -196 °C, leading to accumulation of condensation and frost. The operating area
should be humidity controlled and properly ventilated. An air conditioner or similar HVAC
system is recommended.
The second piece of equipment is the hydraulic press. The press functions at 20,000 psig,
proper operating distance should be used during operation. A safety shield is required to protect
operators from possible projectiles due to improperly placed pressing material.
The third piece of equipment is the industrial oven. The oven functions at a maximum
temperature of 200 °C, which may potentially cause severe burns. High temperature resistance
gloves are required during operation of the oven. Regular maintenance and calibration of the
thermocouple is recommended to ensure accurate readings and quality products. An exhaust to
the outside is required to release the hot air and fumes that may be produced.
Several chemical hazards present themselves in this design. One danger of liquid nitrogen
is asphyxiation from nitrogen gas displacing air. Storage outside is ideal due to the ample natural
ventilation in case of leaks. Storage inside includes the dangers of accumulation. The greatest
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danger is in the morning and over the weekend because this allows for a significant buildup of
nitrogen gas and oxygen deficiency. Storage indoors requires a room with adequate ventilation,
size, and an oxygen deficiency alarm to accommodate the additional risks. According to the
liquid nitrogen MSDS, the ratio of the room volume (m3) to the liquid nitrogen volume (L)
should be more than 15 unless there is good ventilation. The second hazard associated with
liquid nitrogen is its subzero temperature which can cause severe cold burns and frostbite.
Precautions and personal protective equipment (PPE) can be found in Table 4.1 as well as a
detailed description of liquid nitrogen and related safety information.
The HDPE used in this design does not have high associated risks. In this process, HDPE
does not undergo a chemical reaction and highly inert. Thermal decomposition can occur due to
temperatures exceeding its melting point (130 °C– 135 °C) causing mild respiratory irritation.
Particle sizes must smaller than 10 microns to cause human health hazards (Rhodes 2008).
Decomposition products can include and are not limited to: aldehydes, alcohols, organic acids,
and trace amounts of hydrocarbons. Table 4.1 provides further description and safety details for
HDPE.
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Table 4.1: Detailed safety information on process chemicals.
Name
Description
Health
Hazards

First Aid

Liquid Nitrogen
Colorless, odorless liquid.
Can cause rapid suffocation;
can cause severe frostbite; may
cause dizziness and drowsiness.
Inhalation: Remove to fresh air.
Skin Contact: Immediately
warm frostbite area with warm
water
Eye Contact: Flush eyes
thoroughly with warm water for
15 minutes.
Call a physician.

Not flammable.
Stable compound; avoid high
temperatures, exposure to
Reactivity
lithium, neodymium, titanium,
and magnesium.
Safety glasses, goggles, face
Personal
shield, and cryogenic gloves are
Protective
recommended; use air supplied
Equipment
respirators if ventilation is
(PPE)
inadequate.
Store in adequately ventilated
areas. Store only where
Storage &
temperatures will not exceed
Handling
52 °C.
Excess liquid nitrogen should be
allowed to evaporate naturally in
Disposal
a well ventilated area.
Evacuate all personnel from
danger area. Use self-contained
respirators if needed. Ventilate
Accidental
the area or move container to
Release
ventilated area. Test for
sufficient oxygen before reentry.
Transport in road vehicles
requires the liquid nitrogen
Transportation
container to be in a separate
compartment than the driver.
MSDS Liquid Nitrogen
Reference
Flammability

HDPE
White, odorless pellets or granules.
Not classified as dangerous according
to EC criteria.
Inhalation: Remove to fresh air.
Skin Contact: If molten material
comes in to contact with the skin,
apply a cool running stream of water.
DO NOT attempt to remove material
from skin.
Eye Contact: Flush eyes thoroughly
with water for several minutes.
Ingestion: Seek medical attention,
may cause gastrointestinal blockage.
Not flammable.
Stable. Exposure to elevated
temperatures can cause
decomposition.
Safety glasses; if the particles are
small enough use a respirator.

Keep away from elevated
temperatures.

Plastic recycling.

Contain spilled material. Sweep up
and collect in suitable containers.

Transport in well sealed containers.
MSDS HDPE
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SECTION 5: Environmental Impact Statement

Study Scope
This study is a consequential life cycle assessment (LCA) of high-density polyethylene
sintering. The production site will be located at AGM Container Controls Inc. in Tucson, AZ. A
consequential LCA for UHMWPE is comparable to the HDPE LCA.
Production Process Description
Polyethylene sintering is accomplished through a series of unit processes. The first is a
cryogenic grinder where high-density pellets roughly one millimeter in diameter are ground into
micron sized pellets. The second is a hydraulic press used to compress the pellets, reducing void
volume. The third process is the industrial oven which sinters the pellets into sheets of porous
polyethylene.
Functional Unit
The functional unit in this LCA will be one days worth of production, 8000 cm3 of
porous high-density polyethylene. A single filter is roughly 3.07 cm3. This value is an estimate
provided by AGM Container Controls for a single filter.
System Boundary
Two system boundaries for this gate-to-gate LCA were defined using a solid line box and
dashed line box. The cumulative system boundary (solid line box, Figure 5.1) represents both onand off-site materials, energy consumed, and associated emissions. Off-site considerations
include transportation costs from the chemical plants to the production facility, production of
electricity, and fuel for transportation vehicles. The second boundary (dashed line box Figure 5.1)
is the on-site boundary accounting for materials, energy, and emissions found at the production
facility. The on-site boundary will be the only one considered for this gate-to-gate analysis.
Figure 5.1: System boundaries for porous HDPE sheet production.
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Product Yields
Product yields observed in this LCA shows how the input HDPE pellets will be processed
into products. Production of 8000 cm3 of HDPE pellets is required to sinter 0.28 ft3 of HDPE
sheets per day. Some HDPE powder ground smaller than the micron range will be unusable for
this process and will be recycled.
Transportation
Delivery of the HDPE pellets to the production facility will be by truck or airplane. The
samples used in the UHMWPE Sintering Parameter Investigation lab report were flown from
Japan but future providers will likely be closer in proximity. Transportation energy usage from
HDPE plants will not be reported in this analysis because this is a simple gate-to-gate analysis.
Transportation requirements for the final products to customers are also not taken into account.
Inputs and Outputs
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Table 5.1: Inputs required and outputs from products for HDPE production taken from Section 6.
Inputs and Outputs
Materials
HDPE Pellets
Liquid Nitrogen
Fuels
Purchased Electricity
Emissions
Gaseous Nitrogen

Quantity per day
5.45 kg
67 L
231 MJ
44800 L

Electricity Use
The electricity requirement was calculated using Product and Process Design Principles
by Seider et al. For the on-site system boundary to produce 8000 cm3 of HDPE, 45.7 kilowatt
hours will be required. Electric ovens used to sinter the HDPE make up most of the electricity
requirements with roughly 10,000 kilowatt hours per year.
Emissions
The only emission from this process is the vaporization of the liquid nitrogen into
gaseous nitrogen. The atmosphere contains approximately 78% nitrogen. No adverse ecological
effects are expected. “Nitrogen does not contain any Class I or Class II ozone depleting
chemicals. Nitrogen is not listed as a marine pollutant by DOT 49 CFR” (Liquid Nitrogen
MSDS).
Carbon Balance
There are no carbon emissions for this process. There is no chemical change occurring so
there will be no emissions other than the nitrogen used for cooling.
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SECTION 6: Economic Analysis and Economic Hazards

In order to meet the manufacturing demands of AGM a process was priced that could produce
100 cubic feet of high quality porous plastic each year. This process contained two cryogen
grinders, using liquid nitrogen, to grind the pellets of high density polyethylene (HDPE) to
particles of the appropriate size, one hydraulic press capable of producing sheets of compressed
HDPE particles, and one bench top oven to heat the sheets to a suitable temperature in order to
finish the sintering process. This setup provides a very economically favorable method for
producing the porous plastic requirements of AGM.
Table 6.1: Summation of bare module costs of equipment for porous plastic sintering process.
Equipment
Cryogenic Grinder
Hydrolic Press
Forced Convection Oven
Total Bare Module Costs 2012

Quantity
2
1
1

FBM
1
1.39
1

Cost
$35,550
$7,576
$2,533
$45,659

The table above displays the summation of the equipment costs for the start up of this
plant section as a total bare module cost of about $45,700. This number was calculated using the
Guthrie Method (Seider et al. 2010). The prices for the various pieces of equipment used for this
process were found from various company websites. The mill chosen was from SPEX
SamplePrep LLC and the price of this mill without any additional attachments was about
$17,800; however, this mill was not large enough to meet the production needs of AGM. As a
result, two were priced for the overall process. The total price for the grinding stage in the
production process was about $35,500. Next a hydraulic press was priced at about $7,600 and
came from Kempler Industries in order to meet manufacturing needs. The final piece of
equipment priced, the oven, was from Despatch Industries. This piece of equipment was priced
at about $2,500. Since AGM has its own machine shop and the price raw steel is only about
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$0.80 per pound, the price of producing a mold needed for the hydraulic press was not included
in the economic section but it is a necessary piece of equipment
(http://www.ttiinc.com/page/ME_Materials). The utilities and feedstock for the system included
the electricity needed for the equipment, the liquid nitrogen needed for the cryogenic grinding,
and the HDPE pellets needed for the process. The summation of these two costs yielded about
$22,500 annually. This calculation was based on pricing for the pellets of $3.27 per pound given
by Nexeosolutions and a pricing for the liquid nitrogen of $0.68 per liter given by the cryogenics
and gas facility at the University of Arizona. As displayed in the table below, about 8.38 pounds
of HDPE will be needed per day and about 45 liters of liquid nitrogen per day of the year. The
calculated amount of HDPE to be purchased per year takes into account that about a 1.0 % loss
of material occurs during the grinding process. Selling the material losses as recycled HDPE was
taken into consideration. However, the amount money that could be saved per year by selling
these losses was so insignificant that it did not impact any of the economic results. Thus, it was
not included in the economic analysis section.
Table 6.2: Summarization of costs for all feedstocks needed for the porous plastic sintering
process.
Feedstocks
HDPE Pellets
Liquid
Nitrogen
TOTAL

$/lb
3.27

$/L

Quantity per day
11.8 lbs

Purchase cost/day
$27.41

Purchase cost/year
$10,006

0.68

63 L

$30.60

$ 11,169
$ 21,175

In order to incorporate this new manufacturing section of the plant, an addition to the
already existing plant was priced. Based on this idea and the costs for equipment and utilities the
total depreciable capital was calculated to be about $120,000. From this number the annual
maintenance costs along with taxes and insurance were priced to be approximately $9,700 and
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$2,400 respectively. This yielded a calculated annual cost of manufacturing (COM) of about
$371,000. This annual cost is based off the assumption that this setup only needs one operator to
run the entire process working a nine hour day and about 260 days out of the year (Seider et al.
2010).
When calculating the total investment capital (TCI) the assumption that this process
would simply be an addition to an already existing plant was used. Under this assumption the
total depreciable capital (TDC) was calculated to be about $123,000. The next assumption that
was made was that this type of production equipment is very familiar to the current operators,
thus, a smaller investment for the plant startup was needed. Then based on the plant location an
investment site factor of 0.95 was used to calculate a TCI of about $157,000. The calculated
values determined for this economic section are displayed in table below.
Table 6.3: Summarization of total capital investment calculations for the porous plastic sintering
process
Total Bare Module investment, TBM
Cost of site preparation
Cost of service facilities
Allocated costs for utility plants
Total of Dir. Perm. Inv., DPI
Cost of Contingencies/Contractor's
Total Depreciable Capital, TDC

$45,658.20
$2,282.93
$684.88
$55,461.79
$104,088.44
$18,735.86
$122,823.95

Cost of land

$2,456.48

Cost of royalties

$2,456.48

Cost of plant startup

$6,141.20

Total permanent investment, TPI

$133,878.11

TPI corrected

$127,184.20

Working Capital

$100,050.07

Total Capital Investment, TCI

$157,429.11

Because the finished products that AGM sells for a profit only incorporate the porous
plastics, estimating the sales from the production of just the plastic would be nearly impossible.
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As a result, the sales section is substituted by the money that AGM would save by not purchasing
100 cubic feet of this material annually and producing it themselves instead. The company
currently pays about $0.25 per square inch of 1/16 inch thick filter. Thus they would save about
$691,000.00 per year by producing the material themselves. This value was used for the annual
sales when calculating the net earnings for this process within the company.
Based on all the previous calculations performed a net present value (NPV) was
calculated using the cash flow diagram outlined in Seider et al. The life of the plant section was
chosen to be 10 years simply because it may need to expand in the future to accommodate more
production and the startup period for this plant was only one year because it is a pretty small
process, and it will simply be an addition to an already existing plant. The depreciation for this
plant was calculated by using the seven years modified accelerated cost recovery system
(MACRS) method outlined by Seider et al. Based on the depreciation, the 10 year life span, and
the chosen interest rate of 15%, the NPV was calculated to be about $1,500,000. The entire cash
flow diagram is displayed in Table 6.4 below.
Table 6.4: Cash flow diagram used to calculate the net present value of the porous plastic
sintering process.
End of
Year
0

fCTDC

CWC

$

$

(0.12)

D (MACRS)

C excl D

Sales

Net
Earnings

(0.10)

Undisc. Cash Flow

Disc. Cash Flow

Cumulative
PV

$

(0.22)

$

(0.22)

$

(0.22)

1

$

0.02

$ 0.33

$

0.69

$

0.34

$

0.36

$

0.31

$

0.09

2

$

0.03

$ 0.32

$

0.69

$

0.34

$

0.37

$

0.28

$

0.37

3

$

0.02

$ 0.33

$

0.69

$

0.34

$

0.36

$

0.24

$

0.61

4

$

0.02

$ 0.34

$

0.69

$

0.34

$

0.36

$

0.20

$

0.81

5

$

0.01

$ 0.34

$

0.69

$

0.34

$

0.35

$

0.17

$

0.99

6

$

0.01

$ 0.34

$

0.69

$

0.34

$

0.35

$

0.15

$

1.14

7

$

0.01

$ 0.35

$

0.69

$

0.34

$

0.35

$

0.13

$

1.27

8

$

-

$ 0.35

$

0.69

$

0.34

$

0.34

$

0.11

$

1.38

$

-

$ 0.35

$

0.69

$

0.34

$

0.44

$

0.13

$

1.50

9

$

0.10
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There are not many economic hazards for this manufacturing process. Since the material
inputs and equipment are relatively cheap, changes in the costs of them would not significantly
affect the final net present value. The main hazard really comes within the costs of
manufacturing. Most of these expenses are relatively cheap excluding the labor related
operations. If only one more operator is needed for this production process the net earnings
would decrease $300,000 per year resulting in the NPV decreasing by almost $1,000,000 after 10
years. Since this is such a small operation, paying for the salary and benefits of another operator
makes a very large difference in the money that AGM would be saving. Possibly the most
realistic economic hazard is reduced military funding. If the military funding is reduced the
demand for AGM’s breather valve product would decrease significantly. It is difficult to
determine exactly how much this would affect the production levels, but it would certainly have
a significantly negative overall effect on the company’s sales.
The first alternative that was considered for AGM’s porous plastic production process
incorporated an increase of 150 feet cubed per year to the amount produced. This alternative was
chosen due to information from Pat Lane, an AGM employee and the project supervisor,
involving additional HDPE demand for a company they have close ties with. The main
differences between the original manufacturing process and the manufacturing process for this
alternative were the addition of more equipment and more employees. This dramatically
increased the annual costs of manufacturing for AGM. However, these new costs were more than
overcome by the additional money made from the extra 150 cubic feet of product sold per year.
The new total depreciable capital was $205,000 and the new total capital investment was
$386,000. The new annual sales was approximately $1,728,000 resulting in net earnings
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$950,000 per year. These values resulted in a final NPV value of $4,300,000 with an interest rate
of 15%.
The other economic alternative was taking into account the alternative manufacturing
procedure, using UHMWPE powder, discussed earlier in the report. The only major change in
the manufacturing process was that cryogenic grinders are not needed since the UHMWPE
purchased is already at the correct size. However, since the economics are not very sensitive to
the cost of equipment, the final values do not change significantly. Another difference in the
economics is the change in purchase cost for UHMWPE. The cost of this material is only $2.76
per pound compared to $3.27 per pound for HDPE (Luoyang Guorun Pipes Co., Ltd). These
adjustments resulted in total depreciable capital of $58,400 and a total capital investment of
$111,700. The new net earnings were $350,000 per year resulting in a new NPV of $1,590,000
with an interest rate of 15%.
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SECTION 7: Conclusions
Based on the results from the sintering experiments, shown in the SEM Usage lab report,
the approach, outlined in the UHMWPE Sintering Parameter Investigation lab report, for solving
the needs of AGM is a sensible one. The results from the SEM photographs show that under the
right manufacturing conditions high quality Porex material replication is a possibility. However,
there are a large number of different parameters involved in this process, such as temperature,
pressure, and heating time, to name only a few. Thus, getting great results from the sintering
research becomes a very arduous process. Essentially with more time for running tests and
further reading of published papers on the subject a finished product, with all of AGM’s desired
characteristics, would be produced.
Once the manufacturing technique for this material is developed a full scale process can
be implemented with ease. AGM requires only about 100 cubic feet per year of this porous
plastic material thus, scaling up to this manufacturing size would not be too difficult. The major
adjustment to the procedure would come from operating the cryogenic grinders. Since this piece
of equipment has not been used up to this point there might be an addition of new parameters to
the process that were not originally accounted for. As a result, a little bit of trial and error testing
of the new piece of equipment might be necessary before the ideal product is produced. One
more adjustment that could cause problems in the scaling up process is the heating of larger
amounts of material in the oven. So far, all the heating tests have taken place with powder
contained in small metal molds. When this process is scaled up, the larger quantity of material in
the oven will heat differently from the material in the small molds. As a result, this new heating
process may need to be modeled using Matlab, and the parameters may need to be adjusted
slightly to accommodate the different conditions.

33

Based on the final NPV if AGM eventually adds this manufacturing section into their
facility it would be very economically beneficial. Thus, it is recommended that AGM continue
with its plans to incorporate this porous plastic division into their already existing plant.
However, for this to be accomplished the sintering research will need to continue and follow the
process that has been outlined in the “Sintering” lab report. Based on the research already
performed this appears to be the most effective method for producing the desired results. Of
course the adjusting of parameters in order to discover the ideal manufacturing methods still
needs to continue in the future before AGM’s goal can be reached.
The alternative manufacturing approach for the production of the porous plastic material
was to incorporate ultra high molecular weight polyethylene (UHMWPE) instead of the HDPE.
This alternative would result in lower costs of raw materials since UHMWPE is cheaper than
HDPE on a per pound basis and the cryogenic grinders were eliminated since the UHMWPE
arrives at the correct particle size. These adjustments yield cheaper costs for manufacturing and
thus, a larger NPV after 10 years. Based on this information, using UHMWPE in the
manufacturing process would be the preferred method if quality products can be produced with it.
One final recommendation is, if AGM has the opportunity to provide about 150 cubic
feet more annually to a company that they have close ties with then AGM should take the chance.
This recommendation is based off of the NPV from manufacturing the original 100 cubic feet per
year. If scaling the process up to produce 100 cubic feet per year saves AGM over one million
dollars after 10 years then scaling up to incorporate another 150 cubic feet per year should yield
the same effect. As a result, AGM should take on any large production requests from other
companies who implement porous plastics because it will only earn them larger profits.
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SECTION 9: Nomenclature
AGM: AGM Container Controls Inc.
BFD: Block flow diagram.
HAZOP: Hazards and operability.
HDPE: High density polyethylene.
LCA: Life cycle analysis.
NPV: Net present value.
PFD: Process flow diagram.
PPE: Personal protective equipment.
PSD: Particle size distribution.
SEM: Scanning electron microscopy/scanning electron microscope.
TCI:

Total capital investment.

TDC: Total depreciable capital.
THF: Tetrahydrofuran.
UHMWPE:

Ultra high molecular weight polyethylene.
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SECTION 10: Appendices
Appendix A: Additives Extraction Lab
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SUMMARY
HDPE particles typically contain additives such as antioxidants, UV stabilizers,
lubricants, and flame retardants. An additive extraction was performed using toluene and
tetrahydrofuran (THF) of the old and new Porex samples. The solvents were heated up to their
boiling points to increase the solubility of the additives. This fluid was filtered, and the solution
was rotovaporized. The mass of the additives was determined, and used to determine the
composition of the plastics. When extracted in THF, the old sample gave an 11.73% additive
composition, where the new sample gave a 17.23% additive composition. The toluene extraction
melted the samples and did not yield reasonable results. Although THF can be considered as a
good solvent for extraction, there are too many sources of error in this experiment. It is highly
possible that the mass being considered as the additives might be composed of degraded
materials, contaminants, or only remnants of the actual additives. Further characterization
techniques would be too costly and time consuming and would not provide any useful
information.
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SECTION 1: Introduction/Background
Objective
To determine the amount of additives of the old and new Porex HDPE samples. This was
determined via extraction using heated toluene and tetrahydrofuran (THF).
SECTION 1.1: Theoretical Background
HDPE and other polyethylene product’s popularity rose around the 1930s because of
their intrinsic thermoplastic properties (Renfrenew & Morgan 1960). Up until then,
polypropylene and polyvinylchloride required a large amount of additives called plasticizers to
achieve similar thermoplastic properties. Although they are not needed to achieve thermoplastic
properties for HDPE, additives are commonly present in this material as: antioxidants, UV light
stabilizers, lubricants, flame retardants, etc. (Malpass 2010). The extraction was performed to
elucidate possible causes for the discrepancies seen in the Porex samples, and provide
information on what raw materials needed to be ordered for a small scale production process.
Solvents used for the extraction were Tetrahydrofuran (THF) and toluene. Toluene is known to
dissolve HDPE (Tung 1956), where THF was chosen due to the recommendation provided by Dr.
Douglas Loy, of the University of Arizona Material Science and Engineering Department, and its
polar characteristics. The additives will likely be organic compounds, which dissolve easily in
organic solvents (Malpass 2010).
Both solvents were heated to their boiling points to increase solubility. Toluene was hot
enough to melt the HDPE, and was removed manually as described in the experimental section.
The solvent was rotovaporized to remove it from the container and the mass of the components
leached will be weighed. The will be used to determine the percent composition of additives.
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SECTION 1.2: Experimental Apparatus
Equipment used for the extraction of 2 samples using toluene and THF


4 – 250 ml Erlenmeyer flasks



2- 250 mL round bottom flasks



Rovaporator



Lab Scale Mass



Vacuum Tubes



350 ml toluene



350 ml THF



2 – Hot Plates



1 – Spatula



2 – Micro filters

SECTION 1.3: Experimental Procedure
Portions of (~5 g) the older and newer sample (2 old HDPE sample, 2 new) were cut and
weighed. 2 of the 250 ml flasks were filled with 150 ml of toluene, the other 2 with 150 ml THF.
Each pair was placed on a hot plate under a fumehood (for ventilation), the toluene flasks were
placed under a hot plate set at 100 °C, where the THF flask was placed on a hotplate set at 70 °C
to reach the solvent’s boiling point. Each sample was placed in a flask of a different solvent and
allowed to sit for 20 minutes to ensure that additive leaching occurred. The samples placed in
toluene were removed from heat and allowed to cool since the plastic had melted. After 2
minutes of cooling a spatula was used to “pull” the more viscous plastic to allowing it to solidify.
The beakers filled with THF were placed aside to cool down to room temperature. While the
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samples cooled both 250 ml round bottom flasks were weighed to allow for the mass difference
to be taken after rotovaporization. Both samples were poured through a microfilter under vacuum
(into a 250 ml round bottom flask) to ensure that no solid particles remained in the solution.
These samples were placed under rotovaporization to remove all the solvent, leaving a ring of
solid particulate. Each round bottom flask was weighed after all samples had been removed. The
solid residue in the round bottom flask was rinsed with ~10 ml of THF and stored in case further
experimentation was needed. Used solvents were poured in the organic waste buckets located in
Dr. Loy’s laboratory.
SECTION 1.4: Safety and Environmental Factors
No special PPE or lab safety equipment was required for this experiment. Toluene and
THF are flammable, skin and lung irritants that are required to be worked with under a fume
hood and kept away from ignition sources (“Toluene Material Safety” 2012, “THF Material
Safety” 2012). The hot plates were burn hazards thus contact of the heat source was prevented.
Since these solvents were used in such small quantities, local laws required for them to be
disposed in the organic waste bucket.
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SECTION 2: Results and Discussion
SECTION 2.1: Extraction Results and Performance of Each Sample
THF was the most successful solvent for extracting the additives, providing reasonable
values for the percent additive in each sample. According to the data set, the old samples had a
much higher content of additives. It is possible that these additives could be agents that allow the
product to sinter better as noticed in the “SEM Usage” lab report.
Table 2.1: Calculated percent additive from each extraction
Solvent
THF
THF
Toluene
Toluene

Sample
Old
New
Old
New

Percentage
Additives
11.73
17.23
-5.16
0.96

The extraction performed with Toluene melted the samples did not provide reliable
values. The extraction for the old Porex sample showed that the the mass of the round-bottom
flask increased giving a negative percentage of additive presence which is not possible. Although
these results are likely to occur due to human error, it is also a heavy indicator that toluene is not
a good solvent for separation of additives from the plastic as a whole. Being that toluene melted
the plastic, it also made the process more tedious and prevented reliable inspection of the sample.
SECTION 2.2: Extraction Results Reliability
The percent additive values can be considered unreliable for multiple reasons. First, the
10 year old sample is susceptible to degradation which lowers the length of the polyethylene
chains that otherwise would have been present in the extractant. Second, the additives in the old
sample may have degraded or diffused away over the material’s lifespan. Third, contaminants
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may have been present in both samples. This is most likely caused by the accumulation of
particulates located in their storage environment.
SECTION 3: Conclusions and Recommendation
The extractions performed suggest that the older Porex products may have been sintering
HDPE with a higher content of additives. However, due to the possibility of degradation,
contamination, and human error these values are unreliable. The extractants may be further
evaluated by more sophisticated methods for determining what the additives may be. These
methods consist of: column chromatography to separate each component, Gas
Chromatography/Mass Spectometry to examine the molecular weight, and Nuclear Magnetic
Resonance (NMR) Spectroscopy or Infared Spectroscopy to gain structural information (Ferrer
et. al, 2003). Although such evaluation may provide interesting information, we believe that it
would not bring substantial added value to the project. The addition of additive to HDPE samples
were not pursued any further since obtaining a source of HDPE that contained additives would
be extremely difficult and that these evaluations are expensive and would require additional
training, and the fact that valuable results are not guaranteed

45

SECTION 4: References
Ferrer, Imma, and E M. Thurman. Liquid Chromatography/mass Spectrometry, Ms/ms and Time
of Flight Ms: Analysis of Emerging Contaminants. Washington, DC: American Chemical
Society, 2003. Internet resource.
Malpass, Dennis B. Introduction to Industrial Polyethylene: Properties, Catalysts, Processes.
Salem, Mass: Scrivener Pub, 2010. Internet resource.
Renfrew, A, and Phillip Morgan. Polythene: The Technology and Uses of Ethylene Polymers.
London: Iliffe, 1960. Print.
"THF Material Safety Data Sheet." Sciencelab.com. Science Lab Inc. Web. 25 Apr. 2012.
<http://www.sciencelab.com/msds.php?msdsId=9927294>.
"Toluene Material Safety Data Sheet." Sciencelab.com. Science Lab Inc. Web. 25 Apr.
2012. <http://www.sciencelab.com/msds.php?msdsId=9927301>.
Tung, L. H. (1956), Fractionation of polyethylene. J. Polym. Sci., 20: 495–506.
doi: 10.1002/pol.1956.120209609

46

APPENDIX A

Sample
Old
Old
New
New

Mass
Mass
Fraction
mass
Temperature of
after
Mass
"Other
Solvent (g)
(Celsius)
Flask
Rotovap Difference Stuff"
THF
0.912
66 160.75 160.858
0.107
0.1173
Toluene
0.775
110 188.06 188.056
-0.004 0.00516
THF
1.596
66 127.59 127.865
0.275
0.172
Toluene
1.355
110 144.27 144.287
0.013 0.00959
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Appendix B: SEM Usage Lab
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SUMMARY:
Scanning electron microscopes (SEM) have the ability to take quality photographs clearly
displaying the morphology of an objects surface on the scale of microns. Thus this technique was
chosen to observe the differences in morphology of porous high density polyethylene materials.
It was originally used to investigate the differences between newer and older versions of high
density polyethylene that varied in performance. Images showed that the older material not only
has a smoother appearance, but the particles have a much higher degree of joining to neighboring
particles than the newer materials. From these SEM photographs taken it became known that the
samples most likely varied significantly in the method by which they were processed.
This same technique was used to observe how the morphology of ultra high molecular
weight polyethylene changed with process variables including temperature, pressure and
geometry of the samples during the sintering research. The SEM images showed that changing
the parameters yielded a large variety of quality in samples. The samples produced using 30
micron sized particles generally had a relatively high degree of joining between neighboring
particles. The ones that spent a longer period of time in the oven had a higher amount of joins.
The sample that was produced using 150 micron sized particles had weak joining between
particles. This probably occurred because its time spent in the oven was too short a period of
time.
SECTION 1: Introduction/Background
Objective
The objective of this lab was to observe the morphologies of the newer and older HDPE
plastic samples. The differences in these samples were observed and then conclusions were made
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about why the different samples have dissimilar properties. It was also to determine the quality
of ultra high molecular weight polyethylene plastic samples produced from the sintering research.
SECION 1.1: Theoretical Background
A scanning electron microscope (SEM) is used in the capturing of magnified images of
solid materials. The magnification ranges anywhere from 10 times to about 500,000 times. This
technique is especially useful for obtaining the morphology of the selected materials. This is
accomplished by shooting a high energy beam of electrons at a desired section of the body and
observing the various deflected electrons. The electrons lose kinetic energy as they collide with
the material and scatter sending a large variety of signals back to the detectors of the SEM. These
signals include secondary electrons, backscattered electrons, diffracted backscattered electrons,
photons, visible light, and heat. However, the only signal that is used in producing SEM images
is the secondary electrons that get detected, and the other signals can be used for other purposes
such as the crystal structures and orientation of materials (Darrell, 2012).
The few limitations of this kind of imaging include: the inability to detect samples that
are not solids and the failure to detect wet samples such as organics. Samples must also be able
to fit within the microscope chamber. One more limitation is that nonmetal samples can easily
accumulate electrons which inhibit the detection process. To counteract this, the nonmetals must
be coated with a very thin layer of electrically conductive material before the scanning process
such as metals or metal alloys.
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SECTION 2: Results
The resulting images from the SEM usage showed the morphology of the plastic samples
from the different generations. These can be examined closely in order to determine the
differences in the samples that are visually apparent. The images captured by the SEM display
very different morphologies for the newer and older samples produced by Porex as shown in the
figures below (Figure 2.1 through 2.3). Figure 2.3 has a very high degree of agglomeration of
HDPE particles that is not present in the new Porex samples. The newer material show mostly
rough looking particles that have not begun to join together yet. Obviously any material that has
a higher level of agglomeration of particles is going to be much stronger due to the formation of
necks between particles. Thus, the variety in the morphology helped explain why these different
samples display different degrees of toughness.
The images also revealed that the two newer Porex samples have different morphologies
from each other. Figure 2.1 shows a good variety in the size of particles but in general they have
the same texture. This is not the case in Figure 2.2 where there appears to be two different types
of material. Even though both of these materials are alike with respect to their levels of
agglomeration they are still very different in appearance. Based on these images alone it is
difficult to derive an accurate explanation for this phenomenon, however, the assortment of
different particle shapes in Figure 2.2 gives evidence of heating issues. If a material such as
HDPE is heated at a high temperature, the morphology of the particles begins to change as
displayed in Observations on the Sintering of Ultra-high Molecular Weight Polyethylene
(UHMWPE) Powders by C. Bellehumeur. If the sample displayed in figure 2.2 was removed
from the oven too early some of the particles would have changed in morphology while other
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still needed more time. This heating theory is the likely source for the appearance of the particles
in Figure 2.2 (Bellehumeur, 1996).
Figure 2.1: Box design from newer HDPE material, performing improperly

Figure 2.2: Flat surface design from newer HDPE material, performing improperly
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Figure 2.3: Tube design from older HDPE material, performing properly

The next set of SEM tests was used to characterize the result of the sintering experiments.
Since most of the characterization performed on Porex’s samples came from SEM imaging, it
was the most useful form of characterization testing for the samples from the sintering
experiments. Even though the sintering experiments were performed using ultra high molecular
weight polyethylene (UHMWPE) powder, the SEM photos displayed a great amount of
information about the samples. Based on Porex’s older HDPE sample it is apparent how SEM
images should look for a material to have the desired characteristics. Figure 2.5 shows almost as
much agglomeration as the older sample provided by Porex (Figure 2.3). Thus, this sample was
probably sintering in the oven at the right temperature but needed a little bit longer period of
time. This additional time would have probably given the correct degree of agglomeration
needed for the best material properties. Figure 2.8 showed that the sample sintered using larger
particles has the opposite qualities of the sample shown in Figure 2.5. It has particles that were
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about the appropriate size needed to replicate the older Porex material, but the degree of joining
between the particles is very low by comparison.
Figure 2.4: 30 micron size particles of UHMWPE sintered at 180 °C for 55 minutes

Figure 2.5: 30 micron size particles of UHMWPE sintered at 180 °C for 50 minutes
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Figure 2.6: 30 micron size particles of UHMWPE sintered at 180 °C for 35 minutes

Figure 2.7: 30 micron size particles of UHMWPE sintered at 180 °C in a preheated mold for 10
minutes
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Figure 2.8: 150 micron size particles of UHMWPE sintered at 200 °C for 45 minutes

These SEM photographs obviously have their limits in terms of how much they are able
to characterize the material. Almost everything learned about the differences in materials is
qualitative in nature. It is impossible to get a good quantitative analysis of each material from
these tests, thus other characterization methods were needed to more decisively determine
differences in the materials.
SECTION 4: Conclusions and Recommendations
These tests are an extremely useful characterization method for determining the quality
and morphology of materials. Based on the SEM pictures the major differences in morphology
between the newer and older processed materials provided by Porex became obvious and led to
various theories about why the properties such as toughness and flexibility varied so greatly.
Based on the observation that the newer material had not done much agglomerating, a change in
57

processing probably occurred in the heating portion of the manufacturing practice. This
conclusion was determined by observing polymer sintering sequences in an article by
Bellehumeur. This article showed sintered polymer particles at different times during the
sintering process (Bellehumeur, 1996). The differences between the particle that had received
enough heating and the ones that had not were similar to the differences observed in Porex’s
newer and older samples. Thus, a change in the heating during the manufacturing of these
materials was the most reasonable conclusion. However, an issue with the applied heat could
mean that the samples were not heated for a long enough period of time or that the heat applied
was not at a high enough temperature. This knowledge gap was filled in by performing sintering
the experiments (Sintering lab report).
Based on the SEM image of the sintering experiment samples, it was apparent that the 30
microns particle size experiments yielded a higher necking between the particles than the 150
micron particles. However, the images also showed that the particles were smaller than the older
Porex material. This might lead to a pore size that is too small to allow for adequate air flow
through the porous material. Thus, the material had all of the necessary properties except
possibly the pore volume. The larger particle experiments yielded material that appeared to have
the adequate pore volume size, but these particles had too low of a degree of necking. As a result,
the material had one of the required properties (pore volume) but it lacked all the properties such
as toughness and flexibility needed for a quality product.
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Appendix C: Particle Size Distribution Analysis Lab
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SUMMARY:
Sintering of porous plastics is a process that requires the control of multiple variables
such as pressure, temperature, density, and particle size of the raw materials. Determination of
the particle size distribution of previous samples is important for future raw material
procurement. Two methods were evaluated using the multifaceted image processing software:
ImageJ. A macro named “Particle Size Analyzer” (psa_r12), and a developed “Manual Method”
was used to analyze the size of the particles. The cross sectional and top side image of the Porex
“box sample” are evaluated in this lab by both methods. Standard deviation was used to
determine the variation between the particles in each sample, where the difference between the
averages of each method were used to determine the consistency between each method for the
same photograph. The average particle size determined from the manual analysis is 94 µm,
where the average from the macro was determined to be 2.3 µm (see table 2.3.1 for more detail).
The error between the averages when comparing the macro to the manual method was large,
averaging at 86 µm, where the errors between the values in the same method were small (table
2.3.2). Both methods are not recommended due the presence of human error and lack of
comparison to actual values. Therefore the accuracy cannot be established. This method shall
only be used if no other economically feasible method is present. It is recommended to obtain
raw material of known particle size distribution.
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SECTION 1: Introduction/Background
Objective
The purpose of this lab is to estimate the particle size distribution of pre-sintered HDPE.
The values are estimated using SEM photographs evaluated with ImageJ. These values are used
for raw material procurement.
SECTION 1.1: Theoretical Background
Particle Size Distribution (PSD) of pre-sintered material is important for producing a
sintered porous plastic (Barnetson 1995). ImageJ is a java based image processing software
developed by the National Institute of Health commonly used for scientific photographs (“Imagej”
2012). With all of its features it is possible to determine the particle size distribution using the
“analyze particles” feature under Analyze tab. There are multiple features in ImageJ that may be
used to analyze the particles and macros that can be written to utilize them effectively. The
“Particle Size Analyzer” that is available through Google Docs unifies every method for particle
size is pre-processing and analysis implementing particle size measurement methods in a unified
manner (Ralph, 2010).
Manual measurement of the particle size was determined using the measure command,
and the draw command to mark which particle was measured. This was used to bypass any
image depth/scale issues that occur in SEM photographs. Each analysis is compared in terms of
precision and error with each other using error and standard deviation.
∑

√

(Eq. 1)
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The error is evaluated as differences between the averages of each estimation. Samples
that are used in the analysis are the cross sectional and top side image of the Porex “box sample”
proved by AGM Container Controls.
SECTION 1.2: Experimental Apparatus
SEM photos were taken under the methodology in “SEM Usage”. A laptop with ImageJ
installed was used for image analysis and measurement. The macro used for facile particle size
determination was attained online and was called PSA_r12.txt.
SECTION 1.3: Experimental Procedure
SECTION 1.3.1: Particle Size Analyzer Macro
The cross sectional SEM photograph of the box sample was analyzed due to the
definition that can be seen in the images (figure 1.4.1) and to remain consistent with the tests
conducted in the High Density Polyethylene Porosity lab report.
Figure 1.1: Cross sectional SEM photograph of box sample from Porex
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Once the image is opened in ImageJ, the macro was run by clicking on “plugins” then
“run” and opening the psa_r12 file. This macro opened up a menu where processing options
were given.
Figure 1.2: Opening settings menu from the PSA Macro

Background removal of inverted Gaussian (10% Image size) was used with a Gaussian
smoothing filter of r = 2 (radius). The minimum diameter of 2 µm was used to prevent grains
from affecting the results. A maximum diameter of 999 µm was used to prevent computing
errors. The length scale was input by measuring a line of a known distance and inputting in its
values.
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Figure 1.3: Photograph of the scaling used in the macro

The unit length was set to 1000 µm to determine the values from the experiment.
Figure 1.4: Menu screen for setting the scale

The threshold was set to make circular regions for the evaluations; the threshold was adjusted to
minimize grains and errors.
Figure 1.5: Threshold setting adjustment

65

Figure 1.6: Image of the adjusted SEM photos pre-processing

Results were provided after setting the threshold and were saved, entered in excel, and evaluated.
SECTION 1.3.2: Manual Particle Size Distribution
The manual particle size distribution was performed using the “straight line” feature,
where the draw and measure commands were used to mark and measure the length of the particle.
Every particle that was fully visible in a given area were measured and the values were saved
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and exported in excel for further evaluation. Lop-sided particles were measured diagonally to
prevent inaccurate size measurements.
SECTION 1.4: Safety and Environmental Factors
There are no safety and environmental factors needed involved in this experiment.
SECTION 2: Results
SECTION 2.1: Particle Size Analyzer Macro Results
SECTION 2.1.1: Cross Sectional Image of the Box Macro Analysis
Figure 2.1.1: Graph produced by the Macro program. All measurement values are in (µm)

Figure 2.1.2: Image of what the macro analyzed. The green are what was entered into the macro,
where the number is the measurement number assigned to it.
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Figure 2.1.3: Image of what the macro analyzed. The green parts are the values that were
deemed acceptable for evaluation where the yellow were parts that were ignored.

SECTION 2.1.2: Box Top Image Analysis with Macro
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Figure 2.1.4: Graph produced by the Macro program. All measurement values are in (µm)

Figure 2.1.5 – Image of what the macro analyzed. The green are what was entered into the
macro, where the number is the measurement number assigned to it.
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Figure 2.1.6: Image of what the macro analyzed. The green parts are the values that were
deemed acceptable for evaluation where the yellow were parts that were ignored.

SECTION 2.2: Manual Particle Size Distribution Determination
SECTION 2.2.1: Box Cross Sectional Image Analysis Manual

Figure 2.2.1: Image exemplifying how the values were determined
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SECTION 2.2.2: Box Top Image Analysis Manually
Figure 2.2.2: Image exemplifying how the values were determined
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SECTION 2.3: Comparison table of all values
Table 2.3.1: Table of all the values from each evaluation for comparison
Box
Cross
Box Cross
Box Top Section
Box Top
Section Manual Manual
Macro
Macro
Measurements
168
168
651
891
Average (µm)
95.25
93.02
7.80
7.42
Standard Deviation
(µm)
28.67
28.22
5.55
5.017
Max (µm)
196
190.54
46.67
45.56
Min (µm)
39
41.77
2.28
2.23
Table 2.3.2: Table of errors between each method
Error
(µm)
Box CS: Manual vs. Macro
Average
Box Top: Manual vs. Macro
Average
Manual vs. Manual Average
Macro vs. Macro Average

87.44459
85.60741
2.223081
0.385894
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SECTION 3: Analysis of Results
SECTION 3.1: Manual vs. Macros Comparison
Particle measurement values of both methods varied greatly producing an error of 87.4
µm and 85.6 µm between averages for the cross sectional and box top images respectively. Table
2.1.3 shows that the standard deviations between each were very large. This shows that the
results from each method cannot be joined; the results are not comparable.
SECTION 3.2: Macro vs. Macro
The error between the averages from the macro method was very small at 0.386 µm. The
standard deviation, maximum value, minimum value, and average value were all very similar as
well. Mathematically it would appear that this method was very precise in obtaining the PSD,
however there is a lot of doubt in its accuracy. The program had trouble in actually separating the
apparent particles due to the depth issues in the image. Since the program makes a black and
white version of the image, it uses the differences in the brightness to differentiate the particles
from its background (figure 1.4.3). These results were different because of the shading issues of
the ImageJ macro ran. Because the particles themselves are very grainy, this perturbs the lighting
and does not allow a fair separation as seen in figures: 2.1.3 and 2.1.6.
SECTION 3.3: Manual vs. Manual
The error between of the averages between the manual measurements was 2.22 µm.
These values are very small when compared to the averages. The standard deviation of the
manual measurement methods were closely aligned (Table 2.3.1). Human errors were caused by
the lop-sided particles that required a diagonal measurement, particles of different depths
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providing different measurements, and the resolution of the measurement causing the end to end
distance of the line to vary. Although the manual method was subject to human error and bias,
the sample size of 168 helped diminish this apparent error and minimized any possible variation.
SECTION 4: Conclusions and Recommendations
These methodologies are not recommended for determination of an exact particle size
distribution to be used for raw material procurement. Although each method was inherently
precise, it cannot be determined whether these values can be considered accurate. The actual
particle size distribution cannot be determined with these methods because there are no methods
to verify the values. However, the manual method may be used to check consistency of each
sample due to the lack of large error in their values. The errors in the macro method were also
minimal, but inspection of how the values were taken show that they are not feasible as
discussed at the end of section 3.2.
Due the economic feasibility of particle size distribution determination methods, it is
recommended to find a retailer who provides the raw material with a particle size distribution. In
addition to aforementioned issues, SEM photos may be too costly to actually conduct multiple
for product evaluation.
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Appendix D: HDPE Porosity Lab
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SUMMARY:
The pore fraction of two high-density polyethylene (HDPE) samples provided by AGM Container
Controls needed to be determined. An analysis was conducted on a set of scanning electron microscope
(SEM) images taken of the samples. ImageJ was used to analyze the SEM images using a “Radially
Averaged Autocorrelation” macro to determine the pore fraction. The macro uses spatial correlation
functions to estimate a pore fraction value.
Three images of a box material and one image of a tube material were tested. Testing three
images of one material measured the precision level of the program. The pore fraction from these four
images ranged from 0.75 to 0.85. These results are believed to be rough estimates due to several reasons.
The autocorrelation is assumed to be roughly equal to the porosity, but this is usually true only at low
porosities. ImageJ uses grayscale imaging to interpret the images but the lighting is not uniform.
Adequate control images were also unavailable to determine the accuracy of the macro. However, the
consistent porosity values for the three box images demonstrate that this method is reasonably precise
based on available equipment.
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SECTION 1: Introduction/Background
Objective
The objective of this analysis is to determine the porosity percentage of two HDPE samples
provided by AGM Container Controls using SEM images. This analysis will offer a method of
characterization and quality testing for newly sintered material.

SECTION 1.1: Theoretical Background
Spatial correlation functions are used to calculate the porosity or pore fraction. According to
Berryman 1986, equation 1 describes the pore fraction. Where S is the autocorrelation, <f(x)> is the
volume average over a spatial coordinate x, and

is the void volume fraction.

S   f (r )  

( eq. 1)

The macro uses two-point correlation of the pixels in the image as a function of distance. It is
scaled such that an output of one means “perfect correlation” and zero means “no correlation.” Using
equation 1, the pore fraction is found by reading the autocorrelation when the radius reaches zero
(Berryman 1986). The pore fraction is the ratio of empty space to total space.

SECTION 1.2: Experimental Apparatus
The analysis equipment consisted of an SEM, shown in detail in the SEM Usage lab report, and
the ImageJ program. An ImageJ macro that calculated the radial average of the autocorrelation was used
to calculate the pore fraction.
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SECTION 1.3: Experimental Section
SEM images of the sample were obtained, refer to SEM Usage. The Radially Averaged
Autocorrelation macro was run and the desired SEM image were analyzed by the ImageJ program. The
Radial_Profile plugin must be installed in ImageJ to run this macro correctly. Detailed instructions can be
found on the ImageJ website (ImageJ Documentation Wiki). The “straight” tool line was used to calibrate
the scale of the program. A line was drawn over the length of the scale on the SEM image, then Set Scale
was selected under the Analyze tab. The known distance and the unit length were entered accordingly.
The macro was run by selecting Run Macro under the Macro tab which produced plots shown in section 2.
Analysis was repeated with other images.
The plots for porosity were read by examining the point where the plot meets the y-axis. The
normalized correlation is represented by the y-axis. The porosity is roughly represented by the S value
when the radius is equal to zero (Berryman 1986). Calibration images are included in Appendix A.

SECTION 1.4: Safety/Environmental Factors
This analysis has no safety or environmental factors. Refer to the SEM Usage lab report for safety
and environmental factors with an SEM.
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SECTION 2: Results and Analysis
The average pore fraction ranged approximately from 0.75 to 0.85 for the analysis of four images
consisting of three box material images and one tube material image.
The autocorrelation plots for each image slope downward as distance increases shown in Figures
2.2, 2.4, 2.6 and 2.8. This result showed a non-uniform distribution of particle sizes, there were smaller
particles dispersed throughout the material. The lack of dips in the plot showed the particles existed
throughout the range shown on the x-axis as opposed to test image 1 in Figure A.2. The porosity of the
three box images stayed fairly consistent at different magnifications. This result shows that this analysis
method is precise but not necessarily accurate.
A comparison of images at 1.0 mm scale is shown by Figures 2.3 and 2.7. Figure 2.3 shows an
SEM image of the box material while Figure 2.7 shows an SEM image of the tube material. The two plots
are nearly identical with very little offset. The difference of S at each 0.1 mm intervals is at most is 0.03.
This result shows these two samples have similar porosities and void space distributions.
Figure 2.1 shows the cross-section of the box material as well as empty space. The cross-section
was not cut evenly because particle protrusions can be seen scattered throughout the image. Figure 2.3
displays no empty space, allowing for less error. The analyzed results of Figure 2.1 and Figure 2.3 are
shown in Figures 2.2 and 2.4 respectively. The curve in Figure 2.2 is slightly higher than the curve in
Figure 2.4 in the region with 0 to 0.2 mm. The void space in Figure 2.1 may explain this discrepancy.
Porosity determined through SEM images is not perfect due to couple reasons. Assuming
autocorrelation was equal to the pore fraction was an estimate usually used for low porosity materials
(Berryman 1986). ImageJ interpreted the SEM image as a grayscale image to determine the boundaries of
the pores but the lighting and shading of the grayscale image was not uniform. Parts of the image were
lighter and other parts were darker. Another possible error was in the calibration of the program.
Insufficient test images were found with known porosities so the final autocorrelation value could not be
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verified. However, the pore fraction range determined by the ImageJ program of 0.75 to 0.85 matched
well with the predicted pore fractions of the material provided by AGM Container Controls.

Figure 2.1: SEM image of the box material cross-section using a scale of 1.00 mm.

Figure 2.2: Porosity analysis of box material cross-section at a scale of 1.00 mm.
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Figure 2.3: SEM image of the box material using a scale of 1.00 mm.
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Figure 2.4: Porosity analysis of box material at a scale of 1.00 mm.

Figure 2.5: SEM image of the box material using a scale of 400 µm.
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Figure 2.6: Porosity analysis of box material at a scale of 400 µm.
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Figure 2.7: SEM image of the tube material using a scale of 1.00 mm.

Figure 2.8: Porosity analysis of box material at a scale of 1.00 mm.
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SECTION 3: Conclusions and Recommendations
The quality of this analysis has yet to be proven but ImageJ provided a cheap predictive tool for
the porosity percentage and was more cost effective than alternatives. Finding the true porosity of the
sample materials with mercury porosimetry is ideal but is too costly to test multiple samples (Palmer
1974). Another recommendation is finding higher quality test images with known porosities to establish a
calibration curve. A proper error analysis can then be conducted with the new test images.

SECTION 4: Nomenclature
SEM: Scanning Electron Microscope.
HDPE: High density polyethylene.
S: Autocorrelation
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APPENDIX A
Figure A.1: Test image 1 with a known pore fraction output of around 0.5 at a scale of 20 nm.

Figure A.2: Porosity analysis of test image 1 at a scale of 20 nm.
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Figure A.3: Test image 2 of another material at a scale of 500 µm.
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Figure A.2: Porosity analysis of test image 2.
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Appendix E: Heat Transfer Modeling For Sintering HDPE in a Cylindrical Die Lab
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SUMMARY
The objective of this lab experiment was to model the heat transfer inside a cylindrical
metal die during the sintering process. This model produced the mold parameters that promote an
even heat transfer distribution, and allow the entire sintered sample to reach a glass transition
temperature. The heat transfer modeling inside the metal die was done using the “PDE Tool”
application in Matlab. This application allowed us to draw the cross sectional area of the top of
the die, and also the side of the die, and then generate a numerical solution based on the energy
equation modeled by the drawings. The numerical solution was evaluated at different times, and
then these results were compared.
The results suggests that a die diameter-to-sample-thickness of 12 would make the lateral
heat transfer rate of the die negligible relative to the axial heat transfer rates. In conclusion, the
sintered samples will have to comply with the ratio found using this model; otherwise, uneven
heat transfer might occur, and the sample’s core might not reach the glass transition temperature.
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SECTION 1: Introduction/Background
Objective
The purpose of this experiment was to model the heat transfer during the sintering
process of high molecular weight polyethylene (HDPE) in a cylindrical metal die. This was done
by determining the metal die dimensions required for an even heat distribution throughout the
HDPE surface using model. The model was also used to further elucidate other heat transfer
characteristics such as the sintering temperature, and heating time dependence based on the
thickness of the HDPE sample.
SECTION 1.1: Theoretical Background
The modes of heat transfer taken into account during sintering were: conduction between
the metal die and the HDPE layer and convection between the air in the oven and the metal die.
The metal die was determined to have a cylindrical shape to promote even distribution of heat
from the sides of the die to the center of the HDPE layer. In this experiment the convective heat
transfer from the oven air to the metal die was considered irrelevant because it was assumed that
the oven temperature was maintained at a constant sintering temperature (Ts). It was also
assumed that the surface of the metal die was maintained at Ts because it was preheated prior to
adding the HDPE sample. The final assumption was made because the metal die surface can
reach a temperature close to the oven temperature, and still conduct the required energy rate to
the core of the die.
The governing equation for the heat transfer inside the die is:
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Since the die has a cylindrical shape, modeling the heat transfer analytically yields a second
order partial differential equation which is described by eq. 1 (Saez, 2011). Solving this equation
analytically was avoided using a numerical approximation, which was developed using the PDE
Tool option in Matlab. PDE Tool allowed us to sketch the cross-sectional area of the top of the
die, and also the cross sectional area of the side of the die. Doing this allowed us to visualize the
temperature gradients inside the die, at different time scales in critical parts of the die.
The primary concern of the sintering process is to achieve an even heat transfer
distribution across the HDPE sample, and to do this the lateral heat transfer rate should be much
smaller than the heat transfer rate from the top and bottom of the die. In other words, if the heat
transfer on the sides of the die is about the same as the heat transfer on the top and bottom of the
die, then the center of the HDPE sample will not reach a glass transition temperature before the
surface of the sample reaches the melting point and blocks all the pores into the HDPE sample.
The glass transition temperature is when the plastic sample goes from a hard or brittle state to a
soft or molten state (Callister, 2009). This state allows the formation of necking between
particles, which is what creates coalescence between particles and gives the sintered sample its
tensile strength. Therefore, modeling the heat transfer in the die using different dimensions for
the die yielded the minimum ratio between the die’s diameter, and the sample’s thickness
SECTION 1.2: Experimental Apparatus
The only apparatus used was a computer with Matlab version 7.10. Matlab has a function named
PDE Tool which allowed us to solve the partial differential equations generated in the modeling
of heat transfer inside the metal die.
SECTION 1.3: Experimental Procedure
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PDE tool was used to draw the cross sectional area of the top of the die. The die’s outer diameter
was set to 6 cm, and within the die there is a plastic sample of HDPE with a diameter of 5 cm.


To create these two circles click on the ellipse button in the tool bar of the window. Click
and hold the pointer inside the drawing space, and drag the mouse until an ellipse is
formed. Then, double click on the ellipse shape, and set up its center at x = 0, and y = 0.
Also set it’s a and B axis to 0.06. This is illustrated in figure 1.1.

Figure 1.1: Die’s Top cross sectional shape set up.



The same procedure for setting up the HDPE sample, but now the A and B semiaxes are
set to be 0.05 allowing a 0.01 offset.



Now, click on the scrolling bar that says Generic Scalar, and click on the Heat Transfer
options as it is shown in figure 1.2.
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Figure 1.2: PDE mode option set up.



The next thing to do is to set the boundary conditions. Click on the boundary button in
the tool bar, and select boundary mode. The contour of the circles will appear to have
several red arrows as it is shown in figure 1.3.

Figure 1.3: Boundary mode configuration



Double click on each arrow and set up the conditions as Dirichlet, and set the h value to 1,
and the r value to 435. This means that the boundary will always be 435, and in our case
it is 435 Kelvin. This temperature represents the possible sintering temperature that will
be required to produce a porous HDPE sample. Set up all the boundaries with these
conditions as it is shown in figure 1.4.
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Figure 1.4: Boundary conditions set up



Now, click on the PDE button and select the PDE mode option. Once on PDE mode,
double click on the HDPE sample circle (the one inside the other circle). This pops-up a
window in which the pde conditions are specified.



Set up the type of PDE to parabolic because the heat transfer is transient. Then enter the
density, heat capacity, and thermal conductivity of HDPE. Also set up the Q, h and Text
values to zero. The material properties for HDPE and the metal die are specified in Table
1.1.

Table 1.1: Material properties of HDPE and the Metal die (Tool Steel)
Property

HDPE

Tool Steel

Density (kg/m3)

940

7800

Heat Capacity (J/kg K)

2000

500

Thermal Conductivity (W/m

0.046

20

K)
The set up for specifying the material properties in the PDE for the HDPE sample is shown in
Figure 1.5.
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Figure 1.5: Set up for HDPE PDE material properties



Same procedure is followed for the metal die circle, but now using the tool steel
properties displayed in table 1.1.



Click on the Mesh button, and select the initialize mesh option, this creates the triangles
within the circles that will generate a solution for the PDE.



Finally, click on the solve button, and select the parameters.. option. Set the u(to) value
to 300; this means that the initial temperature of the sample will be 300 degrees Kelvin.
Also set the time to 0:1000, which means that the solution of the PDE will be for
evaluated at time equal to 1000 seconds. This is shown in figure 1.6.
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Figure 1.6: Solution parameters for PDE



Now, we can click on the solve button and select the solve PDE option.



As for the cross section of the side of the die, the same procedure described before was
followed except that instead of drawing two circles, three rectangles were formed. Two
rectangles had a thickness of 0.01 and a height of 0.05, and the other rectangle had the
same height, but a thickness of 0.005. This last rectangle was located in between the other
two rectangles. All the boundary conditions were set as dirichlet with an h value of 1, and
an r value of 435.

SECTION 1.4: Safety and Environmental
There were no safety and environmental concerns in this lab experiment.
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SECTION 2: Results
The results obtained from the modeling of the cross sectional area of the top of the die are
displayed in figures 2.1, 2.2, and 2.3.
Figure 2.1: Temperature distribution at 100 seconds for the cross sectional area of the top of the
die.

Figure 2.2: Temperature distribution at 500 seconds for the cross sectional area of the top of the
die.
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Figure 2.3: Temperature distribution at 1000 seconds for the cross sectional area of the top of
the die

.
The results obtained from the simulation of the heat transfer across the cross sectional area of the
die’s side are displayed in figures 2.4, 2.5 and 2.6.
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Figure 2.4. Temperature distribution at 20 seconds for the cross sectional area of the side of the
die.

Figure 2.5. Temperature distribution at 50 seconds for the cross sectional area of the side of the
die.
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Figure 2.6: Temperature distribution at 100 seconds for the cross sectional area of the side of
the die.
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SECTION 3: Analysis and Discussion of Results
As it can be observed in figures 2.1, 2.2, and 2.3, it takes 1000 seconds for the core of the
HDPE sample to increase its temperature to about 20 K. This means that the lateral heat transfer
is very slow due to the resistivity of the HDPE sample to heat transfer (low thermal conductivity).
But, this information is only relevant when it is compared to the heat transfer of the top and
bottom of the die. As it can be observed in figure 2.4, it only takes 20 seconds for the core of the
HDPE sample to increase its temperature by 60 K. After 50 seconds the core has reached a
temperature of about 425 K, and finally after 100 seconds it has almost reached the temperature
of the metal die. When the temperature distribution of the side cross section is compared to the
distribution of the top cross section at 100 seconds, it can be concluded that the heat transfer
from the side of the die is negligible for the given dimensions. The dimensions used in this
experiment are a die inner diameter of 6 cm, and the sample thickness is 0.5 cm, therefore
yielding a diameter to thickness ratio of 12. A smaller ratio might have a higher transfer rate on
the top of the die than on the side, but the side transfer rate might not be much smaller that the
top’s transfer rate, and therefore not negligible. Notice, that the results obtained are an
approximation of what might happen in reality because the heat equation was solved numerically,
but also because the void space between the HDPE particles was not taken into account. This
might either delay or increase the heat transfer rate.
SECTION 4: Conclusion
In conclusion, this experiment allowed us to determine the ratio between the inner
diameter of the die, and the thickness of the HDPE sample such that the core of the sample
reaches the glass transition temperature before its surface reaches its melting point. This ratio
was determined to be 12, and a ratio below this might make the lateral heat transfer not so
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negligible, which in turn might keep the core of the sample below the glass transition
temperature, while other parts of the sample reach the melting temperature.
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Appendix F: Grinding Lab
SUMMARY
High-density polyethylene pellets with an average particle size of 3.2 mm were required to be
grinded or broken down to 50 to 150 μm. Two experiments were run. The first used a SPEX grinder,
provided by Dr. Corral of the Material Science and Engineering Department at the University of Arizona,
to grind the pellets. The second used liquid nitrogen, provided by Dr. Muscat of the University of Arizona
Chemical and Environmental Engineering Department, to reach the HDPE’s low temperature brittleness
point. Neither produced desired results. The pellets only plastically deformed in both the grinder and the
liquid nitrogen tests and showed no signs of breaking.
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SECTION 1: Introduction/Background
Objective
The objective of this lab was to grind 3.2 mm in diameter high-density polyethylene (HDPE)
pellets to 50 to 150 μm using two different methods. The first involved utilizing a SPEX grinder without
liquid nitrogen and the second utilized liquid nitrogen to freeze the pellets then shatter them using both a
mortar and pestle and a high pressure press. The product from either of these methods would have been
used to sinter porous HDPE sheets.

SECTION 1.1: Theoretical Background
Polymers plastically deform by absorbing energy prior to fracture thus resisting in shattering or
grinding. The plasticity of HDPE is overcome at the low temperature brittleness point, where HDPE
becomes brittle enough to break without significant deformation. This temperature can be achieved by
using liquid nitrogen as a cooling agent. Liquid nitrogen has a temperature of -198.5 °C and HDPE has a
low temperature brittleness temperature of -76 °C (Liquid Nitrogen MSDS, HDPE Specifications).

SECTION 1.2: Experimental Apparatus
The equipment consists of the SPEX grinder, liquid nitrogen, mortar, pestle, and the press. For
the grinding test, the laboratory SPEX grinder was used. The liquid nitrogen test required liquid nitrogen,
a mortar and pestle, and a press.
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SECTION 1.3: Experimental Section
The first experiment involved the SPEX grinder and used small vials filled with water and
polymer spheres. The HDPE pellets were then added to the vial. The vial was then inserted into the SPEX
grinder and ground at one minute intervals with one minute resting periods to allow the grinder and
material to cool. For the second experiment, the HDPE pellets were frozen in a holding container with
about 20 mL of liquid nitrogen. The pellets were allowed to sit for approximately fifteen minutes before
removed. The mortar and pestle and the press were then utilized in attempts to shatter the chilled HDPE
pellets.

SECTION 1.4: Safety/Environmental Factors
The environmental and safety factors for liquid nitrogen and HDPE are considered in the
Evaluation of HDPE and UHMWPE Sintering Process for the Production of Durable, Porous Plastic
report.

SECTION 2: Results and Analysis
Neither the SPEX grinder nor the liquid nitrogen experiments yielded desired results. The SPEX
grinder did not grind the HDPE pellets, only plastically deformed them. Several factors produced this
result. HDPE is a polymer so it plastically deforms at room temperature and normal pressures. The
grinding media used, the only one available at the time, was a polymer. Unfortunately, it was impossible
for the polymer grinders to break the HDPE polymer. The liquid nitrogen test did not produce any better
results. The mortar and pestle and the press only plastically deformed the particles. The liquid nitrogen
likely did not have enough contact time with the pellets or the pellets were possibly too large, reducing
the ability of the liquid nitrogen to penetrate the pellets.
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SECTION 3: Conclusions and Recommendations
The SPEX grinder requires a much harder media than a polymer to grind HDPE pellets. Subzero
temperatures during the grinding process would help to embrittle. The liquid nitrogen test would likely
yield expected results if the contact time is increased significantly or if the pellet size could be reduced.
Allowing the liquid nitrogen to penetrate and freeze the pellets will ensure the low temperature brittleness
point is reached.

SECTION 4: Nomenclature
SEM: Scanning Electron Microscope.
HDPE: High density polyethylene.
S: Autocorrelation
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APPENDIX A
Figure A.1: The SPEX grinder. Number 1 shows where the vial is placed. Number 2 shows the settings
panel.
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Figure A.2: The vial filled with water, polymer media (2), and HDPE pellets (1).

115

Appendix G: Sintering Parameter Investigation Lab
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SUMMARY
Pilot scale sintering experiments were performed in order to research the parameters
necessary to produce high quality porous plastics. A 1.6 mm layer of the polyethylene was made
in the die. The closed mold was placed in a 180 °C convection oven for different times to
determine which provided the best sintered product. Once the molds cooled to room temperature,
samples were characterized using SEM images, porosity testing using ImageJ software, and
some hands on strength and flexibility testing. The alternative material, UHMWPE, was used for
this process instead of HDPE because of the failure to grind pellets discussed in the Grinding lab
report. Two sets of samples were used. The XM-220 had a particle diameter of 30 μm with a
smooth morphology, where the 340M had a diameter of 150 μm with an aggregate morphology.
Four samples of the XM-220 product sintered for different times are characterized using
SEM photographs, porosity testing, and hands on testing .These experiments all yielded intact,
porous plastic samples that upon characterization displayed a relatively high degree of necking.
Of these experiments, samples that displayed the highest quality properties were the ones in the
oven between 50 and 55 minutes. It has yet to be determined whether these very small particles
will exhibit the air flow characteristics needed for proper filtration. As a result, further
characterization of this material is needed to determine its true potential as a porous plastic.
One additional sample was sintered using 150 micron sized particles at 200 °C. This
sample spent 45 minutes in the convection oven and remained extremely brittle. Further
characterization of this sample showed that there was a very small degree of necking between the
particles explaining its brittle property. Based on extensive research it was further concluded that
UHMWPE might have a maximum particle size of 100 microns during sintering. Thus, further
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research is needed to determine whether or not this particle size is capable of producing quality
porous plastic material.
SECTION 1: Introduction/Background
Objective
The objective of this lab is to determine the optimum parameters required for the
sintering process based on the results obtained from the previous characterization of the old and
new Porex plastic products. Ultra High Molecular Weight Polyethylene (UHMWPE) will be
sintered and evaluated by hands-on strength test, Scanning Electron Microscope (SEM)
photograph evaluation, and ImageJ porosity evaluation. The best sintering conditions was based
on how closely these results resembled the old porous plastics produced by Porex.
SECTION 1.1: Theoretical Background
Sintering of porous plastics is a process that requires the control of multiple variables
such as pressure, temperature, time heated, thickness of sintered sample, and particle size of the
polyethylene powder. Pressure is typically used for compaction of the particles, thus increasing
the contact between them, and promoting their ability to form “necks”. Necks (or necking) are
described as the portion of the particles connected to one another; an example is seen in Figure
1.1(MSE BOOK). Necking joins the particles together, increasing their tensile strength and
durability.
Figure 1.1: The connection between both spherical particles is considered the neck formed in
sintering.
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Time spent in the oven during heating is significant in determining how strong the necks
between each particle are and whether or not the sample will melt. Thickness of each sample
affects the uniformity of heating, consequentially affecting the uniformity of the sintering
throughout the sample. The thinner the sample, the more uniform the heat will be transferred.
The particle size of the polyethylene powder is proportional to the surface energy available in the
particle. Surface energy is a mild instability evident in the surface molecules of a particle caused
by lack of “bonding partners” on their exposed sides. This instability causes the necking to
become more favorable. It is believed that particles below 100 µm in diameter favor strong
sintering, while larger particles form fragile materials (Truss et al., 1980). Heating times,
temperatures, and sample thickness will be adjusted based on qualitative evaluations determined
via SEM photographs, hands-on testing, and porosity determination utilizing ImageJ software
(these methods are further described in the “Results and Discussion” section). Pressurizing the
sample will not be evaluated because it will introduce an additional variable to the investigation,
introducing further complications. Compaction causes particle deformation and a decrease in
porosity possibly introducing unfavorable characteristics in the samples (Hambir and Jog 2000).
Due to difficulties in obtaining HDPE at a comparative particle size determined from the
“Particle Size Distribution Lab”, UHMWPE will be sintered as a model for the process because
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it was available in sample sizes within the recommended size distributions. UHMWPE is
considered as an emerging material due to its “high abrasion resistance, low coefficient of
friction, and good chemical and stress crack resistance” (Hambir and Jog 2000). Although
UHMWPE sintering is more dependent on additional variables such as molecular weight and
particle morphology, it is likely that it is also more durable than its polyethylene counterparts
(Hambir and Jog 2000). Molecular weight is significant because the polyethylene chains are
long enough where they can form significantly strong London-dispersion interactions with one
another. London dispersion interactions, sometimes called non-polar or hydrophobic interactions,
are a type of van der Waals force that occur with non-polar molecules. These molecules exhibit
instantaneous dipoles allowing them to become more compact and stabilize each other.
Molecular weight may be ignored when sintering using high density polyethylene because their
molecular weights ranges are much smaller, ranging from 2*105 to 3*106 g/mol (Reusch 2012).
Morphology is an important factor in UHMWPE sintering. Based on an article by Truss
et al., there are two types of morphology types that affect UHMWPE sintering, aggregate and
open fibrous. Aggregate morphology consists of “nodules” or a “lumpy” structure that is
relatively smooth, with fibrils smaller than 1 µm. Fibrous particles are described by having “an
open fibrillar structure” of ~1 µm, which provide durable particles based on yield stress tests
(Truss et al., 1980).
The particles and their respective data sheets used to characterize them are provided by
Mitsui Chemicals. These products are provided within a particle size range and will not require
grinding prior to sintering (Yasuhiro Higuchi, email to author, March 23, 2012). The sintering
process will be explored using Mitsui Chemical Mipelon XM-220, and Hi-Zex Million 340M.
The XM-220 is typically used for porous filters, paint additives, and for self lubricating materials.
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The 340M product is distinguished by its extremely high molecular weight (Table 1.1) and is
typically used for artificial limbs, high strength fibers, and as the primary component in adhesive
wear tapes (Yasuhiro Higuchi, email to author, March 23, 2012). SEM photographs allow us to
identify our samples’ morphologies. The 340M sample exhibits nodules with the absence of
fribils within the specified diameter and is classified under the aggregate morphology. The XM220 is fully spherical and does not belong to any of the aforementioned morphologies because it
does not exhibit fibrils nor nodules (the technology to produce this type of morphology product
came much later than the Truss et al. publication). The morphologies can be seen in Figure 1.2.
Additional characteristics are available in Appendix A. (attach the brochure).

Figure 1.2: Close-up SEM photograph of single particles of the used samples: (Left) XM-220.
(Right) 340m.

Table 1.1: Primary characteristics of UHMPE powder utilized in the investigation
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Product

Molecular
Weight (*104)
(g/mol)

Average
Particle
Size
Density
(µm)
(g/cm3)

340M

340

155

0.935

XM-220

200

30

0.940
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SECTION 1.2: Experimental Apparatus
The process involved a Blue M industrial oven and three circular tool steel molds with
lids. The molds have release four release holes near the bottom of the mold to prevent creation of
a vacuum shown in Figure 1.5. The oven is shown in Figures 1.3 and 1.4. A scale was used to
weigh the UHMWPE powder.

Figure 1.3: The Blue M oven is shown. (1) Exhaust from the oven. (2) Heat resistant glove. (3)
Window of the oven where samples can be viewed.
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Figure 1.4: The Blue M oven settings are shown. (1) High temperature safeguard. (2)Power
switch. (3) Setpoint display.
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Figure 1.5: Picture of the mold with lid. (1) Release holes.
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SECTION 1.3: Experimental Procedure
The Blue M oven was turned on and set to the desired temperature, ranging from 180°C
to 200°C. The oven was allowed to reach the desired temperature at ~20-30 minutes. While the
oven heated, 3.0 g of either 30 μm or 150 μm UHMWPE powder were measured on a laboratory
scale and transferred onto to the molds. The UHMWPE powder in each mold was leveled off and
spread evenly across the surface using a laboratory spatula. The lid was the placed on each mold
while the release holes were covered to prevent loss of material. The molds were placed in the
middle of the oven using heat resistant gloves after desired temperature was reached. After a set
amount of time, the molds were taken out and placed on cardboard sheets to prevent damage to
countertops. The molds were cooled by ambient air for a day before opening them and extracting
the sintered products.

SECTION 1.4: Safety and Environmental
The safety and environmental factors in this investigation were minimal. To prevent
burning from the oven, heat resistant gloves were used when handling the hot molds. The
powder particulates did not pose any respiratory threats (See Safety and Environmental section
of main report). Since the plastic samples were small, faulty trials and losses were discarded in
the garbage. The oven was turned off after use and unplugged from its power source to prevent
unnecessary energy use or possible fire hazards. The air from the oven was expelled to the air
through a ventilation system located at AGM Container Controls.
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SECTION 2: Results and Discussion
The characterization methods used for this experiment were limited to SEM images of
the samples, porosity testing from the SEM images, and simple hands on testing. Due to time
constraints, tensile testing of the material could not be preformed. The tensile test was substituted
with hands on testing. Hands on testing consist of observing flexibility, strength, and
morphology by using the one’s hands and naked eyes. These characterization tests yielded a
large amount of information about the quality of the sintering material when compared to the old
porous plastics produced by Porex. The sintered samples produced using the 30 micron sized
particles of UHMWPE (XM-220) are labeled A, B, C and D and represent the material shown in
Figures 2.1, 2.3, 2.5 and 2.7.
Sample A was sintered by without preheating the metal mold before 3 grams of particles
were added evenly across the bottom of the mold. It was then placed into the oven at 180 °C for
55 minutes. The hands on testing of this sample yielded very similar results to sample A. The
morphology was very smooth and the material was tough.
Figure 2.1: SEM image of the surface of sample A.
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Figure 2.2: SEM image of the cross section of sample A.

The SEM images of the surface and cross section of A are displayed above in Figure 2.1
and Figure 2.2 respectively. The scale in the bottom right of the images gives details about the
general size of these particles. Both images show that the particles were forming significant
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necking with neighboring particles, and the cross section confirms that the material was
receiving an even amount of heat throughout since the same level of sintering appeared to have
occurred in the sample.
Sample B was sintered similarly to sample A. The mold was not preheated before 3
grams of particles were spread across the bottom of it. This sample was allowed to stay in the
oven at 180 °C for 50 minutes prior to being allowed to cool overnight. The hands on testing of
this material yielded very similar result to sample A. The material was flexible and smooth to the
touch, but this material was a little less tough than sample B. It could be torn at the edges with
some effort.

Figure 2.3: SEM image of the surface of sample B.

Figure 2.4: SEM image of the cross section of sample B.
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The images above show the SEM testing of the surface and cross section of sample B in
Figure 2.3 and Figure 2.4 respectively. Similarly like the images for sample A, there is a scale in
the bottom right corner of the images of sample B showing the approximate size of the objects in
the photos. Under this set of parameters the sample seems to have about the same level of
necking on the surface as sample A, but does not appear to have this same degree of necking
between the particles throughout the material, as shown by the cross section image. This may
have resulted from the sample spending five minutes less time in the oven.
Sample C was once again sintered without preheating the mold before 3 grams of the
particles were added evenly across the bottom of the mold. This sample was then placed in the
oven at 180 °C once again and was left inside for 35 minutes. The hands on testing of this
sample showed the same morphology as the samples before it, but it was much more brittle than
the previous samples and as a result, less flexible.
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Figure 2.5: SEM image of the surface of sample C.

Figure 2.6: SEM image of the cross section of sample C.
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The SEM images of the surface and cross section are displayed above as Figure 2.5 and
2.6 respectively. It is apparent from the surface image that this sample did not have particles
form necking to the same level as the samples A and B. There even appears to be much rougher
particles mixed in with the smoother ones. This is a definite indication that sample C did not
sinter together as much as samples A and B. The cross section photo shows that the sample had
approximately this same degree of necking between particles throughout the material.
Sample D was sintered by preheating the metal mold at 180 °C for 20 minutes before 7.1
grams of particles were evenly spread across the bottom of the mold. This mold was then
allowed to sit in the oven for an additional 10 minutes at 180 °C before being taken out to cool.
The mold was left intact during the cooling process. The hands on testing of this material showed
that the material was very tough but not very flexible and displayed a very smooth morphology.
The major difference between this material and samples A and B was the flexibility. The larger
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quantity of UHMWPE powder that was added to this mold increased the thickness of the sample
and as a result decreased its flexibility.
Figure 2.7: SEM image of the surface of sample D.

Figure 2.8: SEM image of the cross section of sample D.
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The SEM images of the surface and cross section of sample D are displayed above in
Figure 2.7 and 2.8. Based on these images, the particles appear to have approximately the same
degree of sintering as samples A and B. This makes sense since the difference in time spent in
the oven is only five minutes between the two samples.
Since samples A through D were all produced using the same particle size, only one
porosity test was performed on the four of them. Sample A was tested with this technique since
the degree of necking between the particles seemed the most similar to the older material
produced from Porex.
Figure 2.9: Graph of normalized autocorrelation versus distance produced from porosity testing
of sample A.
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This graph above of normalized autocorrelation versus distance indicates that the porosity
of sample A was about 80%. The methodology for retrieving the degree of porosity from this
figure is indicated in the High Density Polyethylene Porosity lab report. The degree of porosity
of this sample is very similar to the porosity of the older samples produced by Porex. It is
assumed that samples A, C, and D would display approximately the same porosity. The only
issue with this characterization method is that it is slightly inaccurate. This problem with the
software is also discussed in further detail within the High Density Polyethylene Porosity lab
report.
The last sample that received characterization testing was labeled E and was produced
using 150 micron sized particles (340M). The mold for this experiment was not preheated before
the particles were. This sample was allowed to sit inside the oven at 200 °C for 45 minutes. The
hands on testing of this material showed that it was extremely brittle and as a result not flexibly
at all. The sample did feel about as smooth as the samples produced using smaller particles.
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Figure 2.10: SEM image of the surface of sample E.

Figure 2.11: SEM image of the cross section of sample E.
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The above SEM images show the surface and the cross section of the sample E in Figure
2-10 and Figure 2-11 respectively. It is very apparent that these particles have barely begun to
form necks with their neighbors. They are very rough in appearance as well, showing that they
did not receive the amount of energy required to begin changing their morphology.
Unfortunately the SEM images of this material did not allow for the porosity characterization test
to be used. This is because the images taken are too close up. If the images had been scaled down
during production they would have been acceptable.

SECTION 3: Conclusions
In order to make substantial conclusions about the sintering experiments the properties of
the produced samples were compared to the high quality, older material produced by Porex. All
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the different characterization tests used on the sintering experiment samples needed to be
performed side by side with the Porex material. By running this method of comparison testing it
was determined that several of the sintering samples had very similar characteristics to the older
material.
Using hands on testing, samples A through D appeared to be quite a bit smoother than
Porex’s sample. This is most likely because the particles of these sintered samples used such a
small size of particles. It is very logical to assume that larger particles would yield a lower
degree of smoothness. Another possibility for the exceptional smoothness of these samples is
that the weight of the metal mold compressed the particles during the heating process. As a
result, they may have deformed to the lid of the mold and become very smooth. However, further
testing of this theory was not performed, thus it was difficult to make significant conclusions
about this speculation. Based on more of the hands on testing results, both samples A and B had
the appropriate amount of flexibility and toughness when compared to the high quality older
material. These samples consisted of only 3 grams worth of 30 micron particles and spent
between 50 and 55 minutes in the oven. These conditions appear to give flexibility and toughness
properties to the material that are needed to replicate the high quality older material. Sample C
also used 3 grams of 30 micron particles but received significantly less time in the oven. This
resulted in a much more brittle material that did not imitate the high quality older material’s
toughness. As a result, it becomes apparent that samples that are produced with 3 grams of 30
micron particles of UHMWPE need to spend approximately 50 to 55 minutes in the oven at 180
°C in order to get high quality properties. Even though sample D does have a very good
toughness property the amount of UHMWPE used for production turned out to yield a sample
that was too thick and lacked flexibility.
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Figure 2.12: Side by side comparison of older Porex material (left) to sample A (right).

Further conclusions were based on comparisons of the SEM images taken. The image on
the left is of the high quality, older material that Porex produced and the material on the right is
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sample A from the sintering experiments. Obviously there are some major differences between
these two samples. The sintering experiment sample definitely has a lower degree of
agglomeration of the particles. This image shows that the particles are forming necks with their
neighboring particles, but in the image of the Porex sample it becomes difficult to distinguish
between what is one large particle and what is a clump of smaller particles. As discussed in the
results the samples that spend longer in the oven tend to form more joins between particles.
Thus, in order to replicate this sample the sintering experiments needed to be carried out with
longer period of time in the oven. This conclusion was also based on a research paper by C.
Bellehumeur where the progression of sintering polymer particles in an oven was displayed in
SEM images.
The images above also yield the conclusion that 30 micron sized particles are smaller
than what Porex used. By observing the scales in the bottom right of either image, it was
concluded that the particles used by Porex in their manufacturing process were generally in the
range of 100 to 200 microns in size. Thus, the particles that were used in the sintering
experiment of samples A through D were about one fifth of the size they needed to be to
perfectly replicate the high quality sample from Porex. However, perfect replication of the Porex
material may not be necessary to achieve success. If these smaller particles are able to meet the
necessary specification of AGM they could be used for production instead. Further
characterization of this material would be needed in order to determine the exact quality of this
material.
For additional analysis the SEM images of sintering experiment, sample E and the high
quality older Porex sample were compared.
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Figure 2.13: Side by side comparison of older Porex material (left) to sample E (right).

The Porex sample is displayed on the left and sinter experiment sample E is on the right.
The first conclusion based on these images was that 150 micron sized particles for sample
production appears to be approximately the size needed to replicate the Porex material. It does
appear that Porex had a range in their particle sizes since some of them seem to be smaller or
larger than sample E’s particles. It is difficult to determine if Porex is mixing particles of
different sizes together before the sintering process or their distribution of particles size comes as
a result of grinding raw material to obtain the correct particle size. This grinding theory arose
because the particles used in the sintering experiments were delivered at the appropriate size and
no grinding was needed.
Even though these larger particles used in sample E were approximately the size needed
to replicate the Porex sample the degree of agglomeration between the particles was definitely
not enough. The particles in the SEM image of sample E are still very separate from each other
and appear to have a very rough texture as well. By again observing the heating progression
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shown in the research paper by Bellehumeur it was determined that the particles of sample E did
not receive enough heat to form major joins between particles or become smoother in
appearance. Thus, this sample should have spent a longer amount of time in the oven in order to
replicate the Porex sample. A different explanation for why this sample did not sinter very well
is discussed in Observations on the sintering of ultra-high molecular weight polyethylene
(UHMWPE) powders by A. Barnetson. This research paper talks about how there is a maximum
particle size when sintering UHMWPE samples. The maximum stated in this report was 100
microns (Barnetson, 1980). Thus, the 150 micron sized particles used in the sintering research
might not have sintered very well because they exceeded this 100 micron size limit. This theory
was not tested very extensively during the sintering research, but if this limitation for the
sintering of UHMWPE is accurate then this material might be incapable of producing the
properties required by AGM.
In order to determine true potential of UHMWPE for producing AGM’s required porous
material further research needs to take place. First is that further characterization of the 30
micron samples need to occur in order to determine if this particle size is capable of producing a
material with the necessary properties. If these particles are capable of this, a large scale
manufacturing facility could be implemented for mass production of this material to meet
AGM’s needs. If it turns out that these particles are in fact incapable of producing the necessary
material because they are too small then further research on this idea of a maximum particle size
for UHMWPE sintering is needed. If the smaller particles are incapable of producing AGM’s
perfect material then larger particles might be able to, but the limitation of UHMWPE in terms of
sintering capabilities needs further testing first. Lastly, more sintering research utilizing a
hydraulic press needs to occur. The paper by Barnetson mentioned earlier states that an adequate
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pressure for compacting UHMWPE with a hydraulic press is about 20 ksi (Barnetson, 1980).
This pressure would be a starting point for incorporating the hydraulic press into the sintering
procedure. This compaction of the particles prior to heating would most likely increase the
density of the final product. These higher density products would then need extensive
characterization before it could be determined what impact on the product properties had
occurred.
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Appendix H: Equipment HAZOPs
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Hazards and Operability Review

Name:

Porous Plastic Sintering

Equipment (PFD #):

Reference Drawing:
Possible Causes

Pressure

r Fans Speed

d
e

wer
tch

Current

Action Required

Kept too long in liquid nitrogen

If the entire mill is chilled
Raise the temperature of the
during operation, controller and grinder
display screen can fail

Undercooled

Not enough time in liquid nitrogen

HDPE may not grind properly,
not brittle enough

Cool the HDPE longer

Pressure buildup leading to
mechanical failure

Unblock the valve

Grinder will not run

Check the power connection

Grinder will not run

Clean the grinder

Blocked

Stopped

Blockage or foreign object in valve

No power
Unclean

Flow

Possible Consequences
Include info on process
immediately downstream

Overcooled

sor

ief
ve

of

No Flow

Liquid nitrogen tank not connected

Low Flow

Liquid nitrogen tank is low

No current

Completed:
No Action:

Process
Deviations
Parameters
(Guide
Words)

mperat Temperature

Page

C-101

Cryogenic Grinder

tudy
ode

Date: 4-16-12

Not plugged in

Reply Date:
Assigned
To:


Grinder will not cool the HDPE Attach a liquid nitrogen source

Grinder will not cool properly

Replace the liquid nitrogen
source

Grinder will not power on

Check power source and cables
to power source

147





Hazards and Operability Review
Date: 04/13/12

Name: Porous Plastic Sintering

Page

of

No Action:

Equipment (PFD #): C-102
Reference Drawing:

Study
Node

Process Deviations
Parameter
(Guide
s
Words)

ief
ve

Pressure

Blocked

Completed:

Possible Causes

Clot in the valve or object partially
or completely blocking the valve

Possible Consequences
Include info on process
immediately downstream
Pressure build-up inside the
grinding chamber, possibly
opening the safety door.

Action Required

Reply Date:
Assigned
To:


Removing objects blocking the
valve, or replace the valve if
clotted.

Nitrogen accumulation inside
the grinding chamber, possibly

ogen
d hose

Nitrogen
Flowrate
Air
convection

e Holder

Power

Leak

Worn out hose, or ruptured due to
bad usage

Higher usage of liquid nitrogen

Not working

No current reaching the fan motor

Uneven cooling inside the
grinding chamber.

Fan motor broken

Grinder could overheat

Verify fan motor operability,
and if motor is broken replace
it.

Burnt out fuse

Grinding not turning on

Replace fuse

Sensor malfunction

Possibly reaching a brittle
transition temperature for the
metal inside the chamber

Calibrate the thermocouple or
replace it.

No power

rmocou Temperature High

Sensor not calibrated

Replace nitrogen feed hose.

Hazards and Operability Review

Name: Porous Plastics Sintering

Date: 4-15-12

of

Completed:
No Action:

Equipment (PFD #): C-103
Hydraulic Press

Page

Reference Drawing:

Reply Date:
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tudy
Node

d

Process
Deviations
Parameters
(Guide
Words)
Fluid Level

unding Stability

ld

ssure
ge

Less

Leaking or under filled

More

Over filled

Possible Consequences
Include info on process
immediately downstream
Not enough pressure yielding
poor quality product

Action Required

Fix leak, add fluid

Too much pressure yielding
poor quality product

Drain some fluid

No

Negligence

Injury to operator, damage
equipment

Make equipment level and
secure it to the ground

Position

Wrong

Negligence, working too quickly

Cracking mold, injury to
employees, poor quality
products

Center the mold

Shape

Poor

Poor machine shop work, working
too quickly

Cracking of mold, potential
injury, ruined products

Readings

Inaccurate

Worn out gauge, broken down gauge Too much pressure could ruin
products, too little pressure
could ruin products

drolic
Operation
wer unit

ety
eld

Possible Causes

location

Poor

Improper

Assigned
To:


Remake the mold with more
care and precision
Purchase a new gauge

Rewire machine, purchase new
Wiring is improper, worn down over Sends improper signals to press power unit
time
causing poor quality products
Not attached to press or improperly
attached

Injury to employees

Properly attach shield
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Hazards and Operability Review
Date:4/15/12

e: Porous Plastic Sintering

Page 1

of 2

Completed:
No Action:

ipment (PFD #): E-101

Node

Reference Drawing:
Process
Deviations
Parameters
(Guide
Words)

ouple Temperature

Low

Possible Causes

Incorrect reading of
thermocouple device
Power control knob not
turned high enough

Possible Consequences Include
info on process immediately
downstream

Reply Date:
Assigned
To:
 


Action Required

Check thermocouple

Operator

Time may be taken to adjust the
temperature
Plastic may be incorrectly sintered,
causes product loss.

Turn knob up higher to achieve
desired temperature

Technician

Melt and poorly sintered product

Lower set temperature, fix or
replace thermocouple

Temperature not properly set

Technician

Check machine for clogs or
malfunction

Temperature set too low
Clog in machines convective
heat production device

High

Temperature set too high
Incorrect reading of
thermocouple

Temperature

High

Door not properly closed,
heat escapes

Operator
Technician

Burning of operator or surrounding
materials

Check if lock mechanism and door Operator
is properly closed and functioning

Door broken or damage on it
Temperature

High

Clogged or incorrectly
functioning

Product melted, incorrectly sintered.
Explosion or overheating of oven

Shut off oven. Check for clogs or
obstructions.

Technician

Power

No power

Not plugged into wall

Product unsintered, and time lost.

Plug in the plug

Operator

Check for damage on outlet and
plug/cord

Technician

Name: Porous Plastic Sintering

Damage to Cord

Hazards and Operability Review
Date:4/15/12

Page 2

of 2

Completed:
No Action:

Equipment (PFD #): E-101
Reference Drawing:

Reply Date:
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tudy
Node

Process
Deviations
Parameters
(Guide
Words)

nvectiv Temperature High
eat Fan

low

Possible Causes

Fan is blocked off or working at
variable speeds.

Possible Consequences
Include info on process
immediately downstream
Product incorrectly sintered.
Melting may occur which may
contaminate other samples or
the oven.

Fan working too fast or not at all
Under sintered product.

Action Required

Assigned
To:


Sample will need to be
Operator
disposed after evaluation.
Melted product will need to be
properly cleaned. Contact
technician to look over the fan.

Sample will be evaluated and
disposed of. Heat buildup in
Operator/T
the oven will be evaluated to echnician
ensure no hazards or damage is
present.
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Appendix I: Mass Balance

{

}

{

}

{

}

{

}

Proposed Process:
Mass Balance on HDPE:
{

}

{

}

{

}

Mass Balance on Nitrogen:
{

}

{

}

Alternative Process:
Mass Balance on UHMWPE:
{

}

{

}

Reference:
Felder, Richard M., and Ronald W. Rousseau. Elementary Principles Of Chemical Processes. 3rd ed.
Hoboken, N.J.: John Wiley & Sons Inc, 2005. Print.
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Appendix J: Grinding Loss Calculation
The particle size distribution obtained in the particle size distribution lab experiment was
used as a reference for the distribution that comes out of the cryogenic grinders C-101, and C102. The distribution is assumed to be normal, therefore allowing us to use the central limit
theorem to find the percentage of particles that are not within the desired range. This range was
determined to be between 50 and 150 microns based on the results obtained from the particle size
distribution.
The mean diameter (μd) of the particles was determined to be 95.25 microns, with a
standard deviation (σd) of 28.67 microns. Since we will be able to regrind the particles that have
a diameter greater than 150 microns, we will only consider the particles with a diameter lower
than 50 microns as losses. To find the percentage of particles below 50 microns we use the
central limit theorem, where the standardized score (z) is:
μ

Where d is the diameter of the particle.
Therefore the percentage of particles below 50 microns is given by:
{

}

{

}

This means that 5.7% of the total particles coming out of the grinder are below 50 microns.
Using a worst case scenario in which all the particles below 50 microns are 50 microns, and the
rest have the mean size, then we can calculate the maximum losses. To do so, we assume that the
particles are spherically shaped. Therefore the total weight of the particles below 50 microns is
given by:
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(

)

And for the rest of the particles, assuming their diameter is equal to the mean diameter we get a
total weight of

.

Therefore the weight percent loss is found by dividing the losses weight by the total weight. This
gives a weight percent for losses of about 1%. With this value we can quantify the total weight of
losses per year.

References:
Watkins, Joe. "Math 363." Introduction to Statistical Methods. N.p., n.d. Web. 21 Apr 2012.
<http://math.arizona.edu/~jwatkins/statbook.pdf>.
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Appendix K: Economic Calculations
Tables are provided in dropbox in D2L.
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Appendix L: Relevant Phone/Meeting Logs
Phone/Meeting logs are uploaded in dropbox in D2L.
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