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ABSTRACT

A method is needed to make a critical splice for a downhole tool in the petroleum
industry. The goal is to connect two wires, cover the connection with a protective coating,
and then assess the integrity of the finished splice. This project investigates how ultrasonic
welding and injection molding can be employed in making the splice. After equipment and a
process are designed, splices are produced and testing proceeds. Then an overall assessment
of the method is made: connecting the wires in manufacturing should be done by ultrasonic
welding and coating the wires using injection molding is a viable option. Further testing
should investigate the reliability and failure modes of the coating at high pressures and
temperatures along with how the coating method can be improved for quality assurance.
Using the system designed during this project and the information gleaned, the plastic
injection method should be compared with different methods, such as shrink-tubing, in order
to make a final decision on the best coating method to be optimized for employment in
manufacturing.
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Chapter 1: Introduction

1.1 Thesis Content

This thesis consists of seven chapters. Chapter 1 introduces the project. Chapter 2
provides background information on the materials involved in the splice, ultrasonic welding
technology, and injection molding. Chapter 3 discusses the method employed to make the
splice and test it. Chapter 4 provides experimental results from testing splices under different
environmental conditions. Chapter 5 discusses and analyzes the results. Chapter 6 contains
conclusions about what has been learned from this feasibility project and recommends the

direction for future developments. Appendices follow.

1.2 The Problem
A splicing method must be devised for an application in the petroleum industry. The
problem is better understood by discussing the goal, application, and requirements of the

project.

1.2.1 The Goal

This project investigates how and if injection molding can be employed in making a
suitable splice. A splice consists of two wires connected together with a protective coating
over the connection. The goal for this project is to connect the wires, cover the connection

with a protective coating, and then test the integrity of the finished splice.

1.2.2 The Application

Splices are used in petroleum industry applications. Petroleum products, such as oil,
are extracted from the earth for society’s demands, including powering automobiles and
generating electricity to light homes and businesses. North America alone consumes over 24
million barrels of crude oil per day'. It is believed that only one third of the world’s oil

reserves have been tapped. Two thirds of our oil supply remains untouched but is difficult to

! PenmWell Corporation. International Petroleum Encyclopedia. Tulsa: PennWell Corporation. 1999.



locate and retrieve’. This drives energy service companies to research and develop new
technologies and tools to help locate and extract these untapped petroleum reserves.
Schlumberger, Halliburton, and Baker Hughes are some of the main players in the oilfield
services market.

Schlumberger is in the research and development stage of designing a tool that will
aid in faster communication with downhole tools while drilling for oil. The company is
working to make it a manufacturable tool.

A splicing technique is a critical component for this tool. Two small wires of different
sizes must be connected and be able to withstand the harsh downhole environment that is
characterized by very high temperatures and pressures. The splice will be surrounded by a
potting material, but liquids may leak through the potting, so the splice should be hermetic.

The splices employed in this environment are critical.

1.2.3 The Requirements

A method must be developed for an unskilled operator to make a correct splice. The
final method and final splice must satisfy certain requirements in order to be employed in
manufacturing. The splice must meet geometric requirements by fitting into a small, curved
groove. Each splice must be inexpensive. The method must produce a splice quickly, in
addition to being independent of the operator’s skill. Splices of consistent quality must be
produced, and the quality must be testable. Splices must be waterproof at all times, including

at high pressures and temperatures up to 20,000 psi and 300°F.

1.2.4 Focus of Thesis

The objective of this thesis is to evaluate methods of welding a wire connection and
developing a manual system to mold a coating over it. It is also of interest to identify ways to
test the integrity of the splice. The hypothesis states that:

“By developing the equipment and process to make a critical waterproof

splice, the splice will be ready for evaluation and the equipment ready for

optimization for manufacturing.”

? DuMond, Todd. Massachusetts Institute of Technology thesis: “The Feasibility of Using Viscometers and
Flowmeters in an Oilwell Environment.” Cambridge, MA; June 2001.

10



1.3 Prior Art

The work in this thesis builds upon past research and procedures. The need for a wire
connection covered by a protective coating has already been identified. A prototype exists
where the wires are connected with a “winding and soldering” method, then coated with a
heat-shrink-tubing. These methods will now be discussed, highlighting where improvements

are needed.

1.3.1 Connecting Wires with Winding and Soldering
Two wires of different sizes must be connected together (Figure 1). A “winding and
soldering” method has been considered to accomplish this (Figure 2). Such a method consists

of overlapping the ends of the two conductors, winding a small wire around the overlapping

section, and then soldering the connection in place.

Figure 1: Two different size wires must be connected together.

.

- pise 4t A -

Figure 2: Two wires connected via the “winding and soldering” method

This method is commonly used in industry for small quantity applications. Though
“winding and soldering” is appropriate for small numbers of splices, it is expensive and
impractical for larger volume applications because of the time involved and the skill

required. Also, using solder is not desirable because it has a low melting temperature. Solder
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melts at approximately 430°F 3 whereas Teflon® * FEP melts at approximately 500°F A
When heat is used to make the connection’s Teflon over-coating, the solder can melt and
flow. Melted solder can damage the coating and compromise its ability to form a watertight

seal. A new type of wire connection is needed.

1.3.2 Insulating the Connection with Heat-Shrink-Tubing

The wire connection (Figure 2) must be protected with a coating. A heat-shrink-
tubing has been considered to accomplish this (Figure 3). This method consists of wrapping
Kapton® ® tape, a high temperature tape, around the wires’ insulation on either side of the
connection. A heat gun is then used to slowly shrink a clear plastic tube from one end of the
splice to the other. The tube consists of two types of plastic; the outside of the tube is made
of Teflon PTFE and the inside of the tube is Teflon FEP. The outer plastic shrinks when
heated and forces the inner plastic to melt and move towards the wire connection and

insulation. Since both the insulation and the inner plastic are Teflon FEP, they should bond

completely.

Figure 3. A heat-shrink-tube coating around a “wind and solder” wire connection, as used in
prototypes. (The clear tube the length of the splice is the shrink-tube, and the orange tape at
either end of the splice is the Kapton tape wound around that section of wire.)

As described, this method is not suitable for manufacturing downhole tools. Though
the cost of supplies for the shrink tube method is minimal, the time required of a skilled
operator makes this an expensive process. Skill sensitivity and reliability are issues when

shrinking the plastic. Uneven shrinking can result in inconsistencies such as bubbles, or

3 http://shorinternational.com/Solders.htm (June 2004)

* Teflon is a registered trademark of DuPont. DuPont Corporate Information Center, Chestnut Run Plaza,
705/GS38, Wilmington, DE 19880-0705.

3 DuPont. Injection Molding Guide for Teflon FEP, Teflon PFA, Tefzel. p 4.

¢ Kapton is a registered trademark of DuPont. DuPont Corporate Information Center, Chestnut Run Plaza,
705/GS38, Wilmington, DE 19880-0705.
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thinly covered areas that could later turn into bubbles. Bubbles can pop as pressure increases,
thus exposing the wire connection to the environment and creating a short circuit. Therefore,

a better coating method is now being sought.

1.3.3 Initial Dialog

A welding method, to connect the wires, and a molding method, to coat the
connection, was suggested. After reviewing various methods for connecting wires and
coating them, welding and coating were determined to be good options based on the current
understanding. They should be fully investigated to determine if such methods should be

employed in manufacturing the downhole tool currently under development.

1.4 Approach

The process for producing a hermetic splice is chosen to proceed as follows: First,
wires are welded together. Then, the connection is coated by placing and holding it in a
mold, followed by injecting molten plastic around it. The integrity of the finished splice can
be tested once it is cooled.

The approach for building the equipment and designing the precise procedure to
accomplish this splice is as follows: To develop the connection method, ultrasonic welding
research is done and a custom welder designed. The development of the coating method
begins with optimizing the cavity shape of the mold and proceeds to design and build the rest
of the injecting equipment. Experimenting with the system reveals appropriate operating
parameters. Finally, methods of testing the integrity of the splice are identified and show

whether an injection method can produce a hermetic splice.

1.5 Technical Issues

Technical issues arise concerning the wire connection, and involving the coating
equipment and parameters.

For the connection, requirements for geometry and robustness must be determined,
and then an ultrasonic welder must be customized to satisfy those requirements. Geometry
requirements include accomplishing a straight, compact weld with a small maximum cross

section. It must be robust and able to withstand high tensions and bending.

13



For coating, a design must be determined and equipment built, so that splices can be
tested. Coating development issues include determining the methods for applying tension to
the wire, heating plastic, and injecting plastic, along with designing the mold. The mold’s
outer dimensions, the flow pattern for the plastic, and the material of the mold must be
determined. They must be designed to avoid contamination, incomplete coating of the splice,
and excess heat loss.

The settings of the coating system must be determined in addition to simply building
the system. The main settings arise as a temperature profile, tension setting, and pressure
profile. The temperature profile must avoid causing bubbles, hot spots, melted insulation, or
an unfilled cavity. A correct tension setting will assist in centering the wire in the cavity so
that the wire connection is completely coated. The pressure profile also influences the

centering of the wire.

14



Chapter 2: Background

This chapter provides an overview on key elements of the project. The materials used
to form a splice are discussed. Background on the connection method of ultrasonic welding

and the coating method of injection molding is then given.

2.1 The Materials

The splice materials consist of the wires that must be connected along with the plastic

injected around that connection (Figure 4).

Figure 4: Wires and Teflon pellets. This shows the two wires that will be connected and the
pellets that will be melted to coat the splice. The larger (20 AWG) wire is on the left and the
smaller (26 AWG) wire is on the right. The wire’s insulation (white Teflon) is stripped off
the end of each wire so the conductors (visible where the insulation is stripped) are ready to
be connected.

2.1.1 The Wires

Two different size wires (Figure 4) meet at the connection. Here we discuss the

characteristics of each wire.
The larger of the two wires has a size designation of 20 American Wire Gauge (20
AWG). The wire’s conductor consists of 19 silver coated copper strands, each 32 AWG in

size. All 19 strands are twisted together into a conductor with a diameter of 0.037 — 0.062

15



inches. This conductor is insulated with a Teflon FEP NP-1017 coating, resulting in the wire
having an outer diameter of 0.054 — 0.062 inches. (See Appendices A.1 and A.2.)

The smaller wire is 26 AWG. Its conductor consists of 19 strands of silver coated
copper, each of which is 38 AWG (0.004 inches in diameter). The strands form a conductor
with a diameter of 0.019 inches. Again, the conductor is insulated with a Teflon FEP NP-101
coating. The outer diameter of this wire, including insulation, is 0.035 — 0.043 inches. The
pull strength of the conductor is 7.88 1bs (see Appendix C.4) and the voltage rating of the
wire is 600 volts. Though a 19 strand wire is electrically optimal for use in the downhole
tool, a similar 26 AWG wire with only 7 strands is available as an option®. (See Appendix
A.l)

Because the 26 AWG wire is the smaller of the two wires, its ratings (e.g. pull
strength and maximum allowable voltage) are the limiting ratings of the full connection
(when the two wires are connected). Also, regarding the pull strength, it should be noted that
the pull strength of copper changes with temperature. This correlation with temperature is

examined later in section 5.1.

2.1.2 Injected Plastic
The plastic injected around the connection (Figure 4) is Teflon FEP 100, supplied by

the DuPont company. (See Appendices A.3, A.4, and A.5 for information on the Teflon
pellets.) Quantitative properties of this polymer are as follows:

Upper Service Temperature® 390°F

Nominal Melting Point' 491-510°F
Teflon FEP is a thermoplastic'', meaning that once it is formed it can be heated and reformed
over and over again'?. It is a good insulator and can be used at high temperatures; in addition,
it has high melt strength and stability at recommended processing temperatures. It has
chemical inertness to nearly all industrial chemicals and solvents. It is valued for its

toughness, flexibility, negligible moisture absorption, weather resistance, and performance at

7 Quirk Wire Co. Route 9, P.O. Box 1180, West Brookfield, MA 01585.

® Geophysical Supply Co.12021 Britmoore Park Dr, Houston, TX 77041. (713) 666-4100

? DuPont. Product Information: Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 2.
' DuPont. Product Information: Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 2.
' DuPont. Product Information: Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 1.
2 Plastics Resource. Plastics 101: Plastics-The Basics. www.PlasticsResource.com

16



extreme temperatures. Molded products have moderate stiffness and high ultimate
elongation. Teflon FEP 100 is often selected for products made by injection molding because
it offers high available flow rates'” (Figure 5). Compared with other types of Teflon FEP,
Teflon FEP 100 has a higher flow rate and the best balance between end-product

performance and ease of processing.

Fow Rates of TEFLON" FEP and PFA and TEFZEL" vs, Temparature at
Constont Shaar Stress— Typical Values

Tempatoture, °F
+00 600 650 700 750 800
5] I Ll T — ¥ ‘%
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TEFZEL" 200
40 I 1
1
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Figure 5'°. Flow Rates of Teflon versus Temperature. This shows the increase in flow rate of
Teflon FEP 100 with thermal exposure.

'3 DuPont. Product Information; Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 1.
'* DuPont. Injection Molding Guide for Teflon FEP, Teflon PFA, Tefzel. pp 5,6.
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Concerns with Teflon do exist, but can be alleviated when care is taken. Storage
conditions should be designed to avoid airborne contamination and formation of water
condensation on the resin. Also, molten Teflon resins are corrosive to many metals.
Therefore, special corrosion-resistant materials must be used for all equipment that comes
into contact with the melt. Nickel-based alloys such as Hastelloy® '°, Inconel®, Monel® '

. 19,2
Xaloy® '",'® and Duranickel '**

ki

are the materials of choice. Additionally, adequate
ventilation of the workspace is necessary due to vapors and fumes liberated during hot
processing.”’

In addition to Teflon’s many desirable characteristics, Teflon FEP was selected
because Teflon FEP is also used in the wires’ insulation. It was therefore expected to be
optimal for achieving full bonding and creating a hermetic seal. Teflon FEP 100 is a general-
purpose resin available in translucent, 2.5mm pellets.?? (Teflon FEP 100 is also available in a

powdered form, “fluff,” designated Teflon FEP TE 9050.)

2.2 Ultrasonic Welding Connects Wires

Ultrasonic welding (Figure 6) is chosen to connect the wires (Figure 7). In ultrasonic
welding, the exposed ends of the wires (conductors) are first overlapped (for a length of
approximately 0.19 inches, see Appendix C.1) and clamped together. One of the conductors
1s vibrated at an ultrasonic frequency. Oxides are dispersed by the scrubbing action between
the two conductors, the molecules of the two conductors vibrate into one another’s lattices,
the conductor’s materials commingle, and a pure metallurgical bond forms®.

This process is accomplished with an ultrasonic welding machine (Figure 6, 8).

Overlapped wires are placed onto the flat platform created by the sonotrode. The parts of

15 Hastelloy is a registered trademark of Haynes International, Inc. 1020 W. Park Avenue, Kokomo, IN 46901.
www haynesintl.com (May 2004).

' Inconel and Monel are registered trademarks of Special Metals Corporation. Huntington, West Virginia.
www.specialmetals.com (January 2005).

'7 Xaloy is a registered trademark of Xaloy, Inc. 3 Terminal Road, New Brunswick, NJ 08903, www.xalov.com
(January 2005).

'®* DuPont. Teflon FEP 100 Fluorocarbon Resin: Technical Information. p2.

" Duranickel is a registered trademark of International Nickel Company, P.O. Box 1958, Huntington, WV
25720.

2 DyPont. Injection Molding Guide for Teflon FEP, Teflon PFA, Tefzel. p 7.

*! DuPont. Product Information: Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 1.

*2 DuPont. Product Information: Teflon FEP 100-J, Fluoropolymer resin, Extrusion and Molding Resin. p 1.

% Personal Communication: Shane Beam, Application Engineer. Stapla Ultrasonics Corporation; Wilmington,
MA; May 2005.

18
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Figure 6. An ultrasonic welder Figure 7. Two wires connected by
will connect the two wires being ultrasonic welding.
held in place by the operator.

Interest, while welding (Figure 8b), include a vertical anvil that moves downward to force the
upper conductor down onto the lower conductor. A horizontal anvil also pushes the
conductors sideways against a stationary wall to secure them in place. Moderate pressure is
applied during the joining process to maintain intimate contact between the parts (the
pressure does not cause significant deformation in the weld zone—seldom more than
10%).The sonotrode (Figure 8b) then oscillates horizontally. This arises from ultrasonic
energy being produced through a transducer, which converts high frequency electrical
vibrations to mechanical vibrations of the same frequency (20,000 Hz). Mechanical
vibrations are transmitted through a coupling system to the welding tip and the work pieces.
The tip vibrates laterally, essentially parallel to the weld interface, while the static force is
applied perpendicular to the interface. The surface of the sonotrode in contact with the lower
conductor is rough and therefore grips the bottom conductor. The sonotrode’s energy
transfers to the lower conductor, which then vibrates across the surface of the upper
conductor until the metals commingle and the weld is complete. No significant heating is

involved; the maximum temperature at the interface is usually in the range of 35-50% of the
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Finger.

Horizonta!l anvil

foot cover

Cover

“~Vertical anvil assy

Figure 8a “*. Key aspects of the ultrasonic welder.

Anvit

Sonotrode

Figure 8b > . Parts involved in welding. The
Anvils hold and clamp the wires in place. The
sonotrode oscillates (along the length of the wires)
and transmits vibrations to the welding tip and
wires.

absolute melting point of the metal.*® The clamping and welding process occurs in less than
gp g

three seconds.

The machine operates according to the profile that is set and selected on the welder’s

controller. The welding profile includes specified weld-time, energy, and width of the weld

nugget, as well as pre- and post-weld heights. If the weld is not within the allowable range

set for each of these parameters an alarm will sound.

24 Stapla Ultrasonics, Manual: Ultrasonic Welder—Alfa Automatic, 2004, pp 15, 27.

25 Stapla Ultrasonics, Manual: Ultrasonic Welder—Alfa Automatic, 2004, pp 15, 27.

% Janet Devine. Metals Handbook Ninth Edition, Volume 6 Welding , Brazing, and Soldering. “Ultrasonic
Welding” pg746. American Society For Metals, Ohio, 1983.
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Several companies make ultrasonic welders for welding metals and plastics. Suppliers

were researched and visited to choose the best supplier for the application. The two

2

companies of most interest produced similar products and welds. Stapla Ultrasonics 7 was

selected based on service quality and technical expertise, including their ability to detect

missing strands and to offer suggestions for customizations appropriate for this application.
(Missing strands are detected using an internal height sensor that measures pre-compaction
height prior to welding, and then measures the final compaction height after welding.) (See

Appendices B.1 and B.2 for more information on the ultrasonic welder.)

2.3 Coating the Connection using Plastic Injection

Molding a coating (Figure 9) consists of melting plastic and injecting it into a mold
around the wire connection. It is possible to injection-mold Teflon in ram-type equipment or
in machinery with a reciprocating screw®. Examples of each method were researched and

observed in use. Taking quantity and cost considerations into account, ram-type equipment

was chosen as the best method for this prototype.

Figure 9: A molded coating around an ultrasonically welded wire connection. (This
photograph was taken of a sample made later on into this project.)

2.3.1 Ram Injection

Ram injection is the simpler method of injecting. The ram method involves pushing a
plunger through a tube full of plastic and injecting it out into the mold. It has been suggested
that this simple method is best designed by trial and error. There is little written information
available beyond this; however a simple injecting unit for occasional repairs of nicked

insulation is available, which provides a good starting point to begin design. The insulation

>’ STAPLA Ultrasonics Corporation, 375 Ballardvale Street, Wilmington, MA 01887.

www.staplaultrasonics.com (January 2005)
*8 DuPont. Injection Molding Guide for Teflon FEP, Teflon PFA, Tefzel. p 7.
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repair machine demonstrates that a simple injection machine is capable of melting and
injecting Teflon.

Positive features of the ram method of injection include design simplicity resulting in
lower cost and quicker prototyping than for screw injection. Negative aspects to overcome
include little available design literature, as well as concern about the uniformity of the melt
and consistency of quality from shot to shot. Initial concerns with the ram method were
allayed because the method was able to deliver molten Teflon in the SCD machine. Ram
machinery was chosen over screw injection because it is the most suitable for the low volume

runs in this prototype and testing phase.

2.3.2 Applying aspects of Screw Injection to a Ram Injection Process

Understanding screw injection is still useful for designing a ram injection unit. Screw
injection is the primary method of forming thermoplastics, particularly in large quantities. In
this process, plastic material is loaded into a hopper. The plastic then proceeds into a heated
injection unit. A reciprocating screw moves the plastic along the length of a heating cylinder,
where the material is melted to a homogenized fluid state. When the softened plastic reaches
the end of the chamber, it is forced at high pressures through a nozzle and into a mold. As
soon as the material solidifies, the mold opens, and the press gjects the formed plastic.”’

An abundance of literature discusses designing optimized screw injection units for
various applications. DuPont provides information on the optimized screw injection design
for Teflon FEP in their injection molding guide for Teflon. Specific geometry is
recommended for the screw and cylinder, as well as machine materials, temperature ranges
from 600°F to 700°F along the length of the cylinder, and “troubleshooting” help.

Though not applicable for this prototype, screw injection is recommended by Teflon’s
manufacturer because it produces a thoroughly plasticated, uniform melt as well as a more
efficient transmission of pressure to the molten resin flowing into the mold. Other positive
aspects include less resin hold-time and higher possible melt temperatures, with less thermal
degradation.*® Having design standards set and available, the uniformity of the melt, and

control over the general process are also desirable characteristics of screw injection.

? Thomas Regional Industrial Buying Guides Newsletter. “A Primer on Plastics Processing.”
www.ThomasRegional.com/newsletter.com (September 2004)
* DuPont. Injection Molding Guide for Teflon FEP, Teflon PFA, Tefzel. pp 7-9, 16.
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However, purchasing an injection molding machine is very costly, making it inappropriate
for low volume production. Other negative aspects of screw injection, resulting from the
complicated design, include: the difficulty to machine parts which affects the ease, time, and
cost to obtain them while prototyping, as well as the lack of ease in experimenting, cleaning,
modifying, and repairing.

Literature primarily geared towards screw injection is still useful. Guidelines for
screw injection can be adapted. Recommended screw machinery materials that prevent
corrosion are applicable to ram materials as well. Also, recommended temperatures and
pressures for screw injection can be interpreted as maximum temperatures and pressures for
ram injection (a process that typically uses lower pressures and temperatures than screw
injection). DuPont’s injection molding guide includes applicable information such as the fact
that degeneration of the plastic is both time and temperature dependent. The injection
molding process, particularly screw injection though applicable to all methods of injection, is
ideally suited to manufacturing mass produced parts of complex shapes requiring precise
dimensions’’. The steps in the injection molding cycle highlight the many steps and

components of any injecting machine.

The Injection Molding Cycle*:
1. The mold clamps close.
2. The polymer is injected into the mold cavity.
3. A holding pressure is maintained to compensate for material shrinkage.
4. The screw turns, feeding the next shot to the front of the screw; this causes
the screw to retract as the next shot is prepared.
5. Once the part is sufficiently cool, the mold opens and the part is gjected.

The main components of an injection molding machine are the plasticating unit, the
clamp, and the mold. The purpose of these components is best seen by noting their roles in a
screw injection molding cycle. The major tasks of the plasticating unit are to melt the
polymer, allow the melt to accumulate in the screw chamber, eject the melt into the cavity,

and maintain the holding pressure during cooling. Elements of the plasticating extruder,

3! Osswald, Tim A. Polymer processing fundamentals. Cincinnati: Hanser/Gardner Publications, 1998. p 117.

32 Osswald, Tim A. Polymer processing fundamentals. Cincinnati: Hanser/Gardner Publications, 1998. p 118.
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applicable to ram injection, include: the hopper, screw (or ram), and heater bands. The task
of the clamping unit in an injection molding machine is to open and close the mold at the
beginning of each cycle, and to clamp the mold tightly to avoid flash during filling and
holding. There are predominantly two types of clamping methods, mechanical and hydraulic.
The mold distributes the polymer melt into and through the cavities, shapes the part, cools
the melt, and ejects the finished product. Important elements of the mold include: the sprue
(hole through which molten material is channeled into the mold) and runners (connect sprue

to mold cavities®®), gate, the mold cavity, the cooling system, and the ejector system.**

2.3.3 Obtaining details on Ram Injection through Observation and Experimentation

As mentioned previously, there is a machine (the “SCD Machine”) employing ram
injection (Figure 10). The machine was handmade many years previously and design and
procedural documentation no longer exist. But by observing and experimenting with the SCD

machine, it contributes to beginning my own design.

Tension system

Hydraulic ram
" injects plastic

~ Mold insert (wire
" connection is inside)

Figure 10. The “SCD Machine,” an example of ram injection with Teflon.

3 http://www. what-is-injection-molding.com/Default.aspx?tabid=40 (January 2005).
3 Osswald, Tim A. Polymer processing fundamentals. Cincinnati: Hanser/Gardner Publications, 1998. pp 126-
28.

24



Figure 11. A “mold insert” used in the SCD machine. Custom mold inserts, that fit in the
SCD machine, assist in the development of an optimal cavity profile (designating the
coating’s shape). (See Appendix B.4 for part drawings of mold inserts designed for this
project.)

Studying the geometry and process is useful in understanding the main components of
a ram injection unit and important issues, such as the significance of applying tension when
heating the area around a wire. Mold inserts (Figure 11, Appendix B.4), that fit into the SCD
machine, were designed with the shape of the inside “trough” modified to accommodate the
two different size wires involved in this project. (The “trough” refers to the indentation
running along the length of a mold insert, for the purpose of holding the wires in place.)
Designing custom mold inserts allowed the cavity shape (the widened section of the trough
which designates the plastic coating’s shape) to be optimized for use in the thesis project’s
machine simultaneously with the development of the heating and injection components of

this new machine.

2.4 Chapter Summary

Chapter 2 has given an overview of the project. The primary materials (wire and
Teflon), have been discussed. An introduction to ultrasonic welding has been provided. And
finally, background research and decisions on injection molding have been presented to
illustrate where the design of a ram injection unit begins. Chapter 3 will proceed to illustrate

how the designed splicing system is used.
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Chapter 3: Method

Chapter 3 discusses the method of fabricating and testing splices. Splices are made by
first welding a wire connection with an ultrasonic welder. Then, the connection is coated by
applying tension to the wire, applying a pressure cycle to Teflon pellets, and applying a
heating the cycle to the system. The wire connections are tested in Tension Tests and Bend

Tests. The coated splices are tested with Water Tests, Spark Tests, and Pressure-Temperature

Well Tests.

3.1 Making Splices
An overview of the final splicing process will be presented along with the
corresponding components. Then, the two steps of the process, welding a connection

followed by coating it, will be discussed in more detail.

3.1.1 Overview of Splicing

Mold and Pressurizing
Heating components COMPONEnts Ultrasonic
/ | welder
g*“’*f« ,’ ;

Tension

components g

Figure 12. The main components involved in splicing: the welder, mold,
tension components, pressurizing components, and heating components.
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Splicing Equipment:
Splicing is accomplished using several main components (Figure 12):

1. The welder

2. The mold

3. The tension components

4. The pressurizing components
5. The heating components

Figure 13 should be consulted for a full list of parts involved in the splicing process.

Parts list of Splicing Equipment:

FINAL EQUIPMENT COMPONENT CATEGORY
Materials:
Wires (20 and 26 AWG) Materials
Teflon Pellets Materials
Connecting Wires:
Ultrasonic Welder Welder
Coating:
Monel Mold (top) Mold
Monel! Mold (bottom) Mold

Monel Tube

Pressure component

Monel Plunger

Pressure component

Cylinder Platform

Pressure component

Block Supports Pressure, tension, mold
components
Insulator Support Mold

Controller

Heating components

Cable Heater

Heating components

Cartridge Heaters (2 plugs w/ 4 heaters ea.)

Heating components

Thermocouples ("rod tipped")

Heating components

Thermocouples ("wire tipped")

Heating components

Air Filter

Heating component

Double-Acting Pneumatic Cylinder

Pressure components

Wire Clamps

[Tension components

Weight Hanger & Weights

'Tension components

Figure 13. Parts primarily fall into five component categories: the welder, mold, tension,
pressure and heating components or are materials that make up the splice itself. (See
Appendix B.4 for part drawings and Appendices B.5 and B.6 for information on the design of
the mold.)
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Using the Equipment:

The splicing process (Figures 14 and 15) is carried out in the following steps:

1. Connect the wires with the ultrasonic welder
2. Coat the connection with the plastic injection system

a. Place the wire in the mold

b. Apply tension to the wires

c. Melt the plastic

d. Apply pressure and inject the plastic
e. Cool

3. Remove the splice and prepare for the next cycle

Figure 15 should be consulted for full step-by-step instructions on the splicing process.

2a. Place the wire

sthesmald 2c¢. Melt the plastic ~ 2e. Cool System 3. Remove wire and

prepare for next cycle

2b. Apply 2d. Apply pressure
and inject plastic 1. Connect wires

into the mold

Tension

Figure 14. The splicing processes’ steps and the corresponding location for each.
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Steps of the Splicing Process

Step

Summary

If...

Then...

1

Prepare connection

Beginning

Strip ends and weld wires
(large wire on bottom, "Splice 1" setting)

2 Wipe wire with towel if dust very visible
3 |Prepare for heating Use back clamp to align splice in cavity
4 Straighten splice or wire if very off center
5 Fan on
6 Check that thermocouples are in place
7 Pressure: 20 psi
8 Tension: 2.5 Ibs
9 |Begin heating Heat change: ( ---, 200, 200) °F *
Heat change: (200, ---, ---)°F
10 [Preheat {B** or T**}>175F Heat change: ( --—-, 300, 300) °F
Heat change: (300, ---, ---)°F
11 {BorT}>275F Heat change: (450, 450, ---)°F
Pressure: 25 psi
12 [Melt plastic B>425F Heat change: (500, 500, --- ) °F
13 {Coil*™* or B} > 490 F Heat change: (520, ---, ---)°F
14 -IF- settles at {Coil & B} < |Heat change: ( ---, 510, ---) °F
500 & not injecting
15 |Inject plastic Begins to inject Pressure: 30 psi
&/or {Coil & B} > 504 F
16 |Cool Melted plastic visible Heat off
Pressure: 15 psi (range: 10-19 psi)
17 -IF- pressure begins to drop (Turn up to 15 psi (10-19 psi range)
(Do not let drop below 10 psil)
18 |Remove splice {B&T}<375F Tension off
Unscrew clamping screws, open mold
19 Cut out splice & remove
20 |Prepare for next cycle Cut out excess plastic & remove
21 If any plastic residue, use scraper to
loosen it
22 Wipe cavity with paper towel & replace
top mold
23 Remove plunger from tube (~40psi;

begin with 300°F, increase by 50°F's,
with a max of 500°F until comes out)

*NOTE: (#, #, #) refers to changing the settings to the (Coil Heater Zone, Bottom Heater Zone,
and/or Top Heater Zone); "---" indicates that no change of setting is necessary in that step

*NOTE: "B," "T," and "Coil" refer to the actual temperatures of the Bottom Heater Zone, Top
Heater Zone, and Coil (or "tube") Heater Zone respectively

Figure 15. Step-by-step instructions for an operator to complete the splicing process.

30



3.1.2 Connecting the Wires

To begin the splicing process the wires’ ends should be striped longer than 0.315
inches, with thermal wire strippers. Next, each stripped section is cut down to a length of
0.315 inches (+/-0.010 inches). (Special attention should be given so that the stripped section
is not too long. This will prevent the creation of a “fringe” of misaligned wire tips, at the end
of the weld, and prevent the risk of wire later protruding beyond the molded coating).

The ultrasonic welder, using the “Splice 17 setting, connects the two wires.
Overlapped wires are placed (Figure 16) on the platform created by the sonotrode (Figure 8).
The larger of the two wires is kept on the bottom to prevent over-welding. The foot pedal is
used to actuate the welder. If no alarm sounds after the short welding process, the connection
is complete (Figure 17). If the alarm sounds, the operator should redo the weld. If the alarm
begins to sound more often than usual, recalibrate the weld-height (see Appendix B.3 for

calibration instructions, as well as Appendices B.1 and B.2 for welder specifications and

customizations).

Figure 16. An ultrasonic welder will connect the
two wires being held in place by the operator.
The larger wire is placed on the bottom to
prevent over-welding.

Figure 17. A wire connection done by
an ultrasonic welder.
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3.1.3 Coating the Connection

After the connection is made, it is placed in the mold to be coated. The wire is held in
tension, and pressure and temperature cycles run to facilitate coating the wire connection.
(See Appendices C.1, C.2, and C.3 for drawings of the splice and information on the

development of the coating process.)

Applying Tension to the Wires:

After the wires are welded together, any significant amount of dust or particles that
have collected on them should be wiped off with a dry paper towel. The connection and
surrounding wires are then placed in the mold (Figure 18), noting that the “troughs” on each
side of the mold’s cavity are sized to correspond with the two different gauge wires.

The welded section should be centered in the mold cavity (the tension method secures
it horizontally). The wire connection should be straightened by hand if it appears bent or off-

center in the mold’s cavity.

Holes for
clamping
screws
Wire sitting
in “trough”

Gate (provides pai
for excess Teflon)

Mold cavity

Figure 18. The connected wire is in the mold. The wires (white) are resting in the
mold’s troughs. The wire connection is centered over the cavity (widest section of
the trough). After the cavity is filled, the gate provides a path for the excess
Teflon.
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Tension for alignment is applied using the “rear” clamp and weights (Figure 19). The
“front” clamp is useful to temporarily aid in alignment. Foam or rubber pieces should always
be placed between the clamp and the wire to distribute the clamping force and to prevent
wire damage. Weights apply tension during the heating process to prevent off-centering of
the wire connection in the mold cavity. (If insufficient tension is provided, the wire
connection will be pushed to one side of the mold cavity by the Teflon melt. If the
connection remains off-center in the cavity, the wire may not be fully coated on all sides, and
thus the splice may not be properly insulated.) To apply the tension, weights are placed on a
weight hanger, which hooks into a loop on the end of the smaller wire. (Note that the weight
hanger and small aluminum piece around the hanger’s rod weigh 0.50 lbs; thus for the
desired total applied weight of 2.5 Ibs, a 2 Ib metal weight should be put onto the 0.5 1b
weight hanger.)

Tension is applied before, during, and after heating to contribute to radial centering.
The smallest wire is rated to withstand approximately 6 lbs of weight at room temperature.
Note that the wire can withstand higher weights at room temperature than at elevated

temperatures (Figure 29 and 30).

“Front” clamp

RE(-ZIF for temporary
(main) alignment use
clamp

Weight to
apply tension

Figure 19. The tension system. The “rear” clamp is the main clamp that holds the
larger (20 AWG) wire. The “front” clamp is temporarily used for alignment. The
weights apply tension and allow for adjustment of the force applied to the wire.
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Once the wire connection is aligned, the top piece of the mold is closed and screwed
down onto the bottom piece of the mold (Figure 18). With the wire secured, the connection is
prepared for the coating process. The mold is now ready to be heated and to have the molten
plastic injected into the back of the mold, then up into the mold cavity. Once the mold is
filled, excess plastic will flow out through the gate. The operator knows the cavity is
sufficiently filled with plastic and is coating the connection when plastic becomes visible in

the gate (Figure 18).

Applying Pressure to the Plastic:

Pressure is applied to the Teflon with a pneumatic cylinder. The double acting
cylinder allows the plunger to push the Teflon from the heating tube into the mold during
injection, as well as to retract afterwards. Two air valves are used to actuate the cylinder, and

the gauge displays the pressure in the cylinder (as specified in the process steps in Figure 15).

Pressure gauge

Air input to regulator

Plastic
injected into
bottom mold

Heater tube

Plunger

Double acting cylinder Air valves actuate cylinder

Figure 20. Pressure is applied to the Teflon pellets in the heater tube. The
operator uses the valves and pressure gauge to actuate a double acting pneumatic
cylinder. The cylinder pushes the plunger, which in turn applies pressure to the
Teflon in the heating tube and eventually injects melted Teflon into the mold.
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A pressure profile (Figures 21 and 15) corresponds to the temperature profile of the
injecting unit. A pre-pressure (of 20 psi) is first applied to the cold system. As the Teflon
begins to melt, the pressure is increased (to 25 psi). Once the plunger begins to move the
Teflon towards the mold, the highest pressure in the cycle (30 psi) is briefly applied until the
cavity is filled and melted plastic is visible at the gate. The heat is immediately turned off and
a low post-pressure (15 psi) is maintained during cooling.

Each part of the pressure profile has a purpose. A pre-pressure is employed to make
the process less skill sensitive. By applying a moderate pressure at the beginning, any
operator delay or error later on in the process (i.e. at times of crucial temperature monitoring
when demands on the operator are highest), is less likely to significantly affect the quality of
the final splice. The lowest pressure possible that will still move the melt is desired. The
profile steps up to higher pressures rather than going there directly. Over-pressurizing can
push the wire connection against one of the cavity walls (Figure 22). To prevent gross off-
centering of the splice, pressure should never exceed 30 psi with the current process. (It
should be noted that higher pressures require higher tensions to achieve the same centering of

the splice.) If pressure is not maintained during cooling, air bubbles may form in the cavity.

inject
A (30)
(25)
':a;
= -press 2
= pre-pressure (20) ’ o A
5 pressurize solidifying
2 plastic (15)
9
)
melt =
=
2
yeheat £
/ l cool [id
Time )

Figure 21. Pressure and Temperature Profiles.
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(However, note that if bubbles exist in a splice, they may also be caused by overheating of
the Teflon.) The plunger should be removed from the tube after the melt re-solidifies but

while the tube is still warm; re-warming of the heater around the tube is often required.

Heating:

Heating is accomplished by setting the controller (Figure 23a) which directs three
heating zones (Figure 23b). These zones are: the Top Mold Zone (consisting of the four
cartridge heaters in the top half of the mold), the Bottom Mold Zone (consisting of the four
cartridge heaters in the bottom half of the mold), and the Tube Zone (consisting of the coil
heater around the heating tube, as seen in Figure 20). Thermocouples (Figure 23b) in each
zone allow the controller to regulate the temperatures according to the settings entered by the
operator. (Note that having the controller’s thermocouples for the top and bottom heater
zones in the mold itself, rather than directly on the heaters, make the system more

controllable.)

Figure 22. If the pressure is too high, significant off centering can occur and the
coating will be of insufficient thickness to insulate the splice.

The heating profile (Figures 21 and 15) consists of: preheating the Teflon pellets,
melting them, and then cooling the system. The heating profile works in conjunction with the
pressure profile (Figures 21 and 15). Preheating (heating below the “upper service
temperature” of 390°F) eliminates humidity while the pre-pressure is applied to the pellets.
The Teflon is then melted (between 491°F and 509°F) and applied pressure forces it into the
mold and around the wire connection. As soon as the cavity is filled and melted Teflon is
visible in the gate, all heat is shut off and the Teflon coating solidifies around the connection.

After the splice is taken out of the mold, the plunger is removed. This usually requires
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Controls:

Top Zone

Bottom Zone

Tube (or Coil) Zone

Thermocouples:
Heaters: Tube Zone
Tube (or Coil) Zone Top Mold Zone
Top Mold Zone Bottom Mold Zone
Bottom Mold Zone

Figures 23a and 23b. The controller (23a) as well as the heater zones with their heaters
and thermocouples (23b).

reheating the Tube Zone to between 300°F and 500°F, in order to soften the Teflon but not to
melt or degrade it.

The heating profile (as specified in Figure 15) aims to quickly coat the splice while
keeping the Teflon-melt’s temperature as low as possible. The heating profile was
determined from a combination of experiments done around the known “upper service
temperature” (390°F) and the melting range (491°F - 509°F) of Teflon. Keeping the melt at
the lowest temperature possible, without re-solidifying and trapping air pockets, is desired to
preserve the integrity of the wires’ insulation. The insulation will bubble if it gets too hot for
too long. Having both plastics (the Teflon pellets and the wire insulation) composed of

Teflon FEP, aims at obtaining complete bonding between the two; while the slightly different
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melting characteristics of the two different FEPs allow heating of the Teflon pellets without
damaging the wire insulation.

Note that bubbles will appear when temperatures are either too high or too low.
Though such bubbles look similar, they stem from very different issues. If the melt is too
cold, escaping air during pressurizing is trapped. If the melt is too hot, gas pockets form and
cause the coating or wires’ insulation to be damaged (Figure 24). Hotspots, as opposed to

trapped air, can be detected by observing that the bubbles are localized near heaters.

Figure 24. Gas bubbles form if the melt is too hot (example: hot temperatures
cause insulation damage and bubbles in the cavity).

Desired temperatures are maintained by controlling the three heating zones separately
and managing overshoot. The plastic in the heater tube (Figure 20) is heated thoroughly,
while the bottom mold is set to be slightly cooler, and the top mold is set cooler still. This
helps achieve a balance between melting the plastic pellets sufficiently to flow and not
trapping bubbles or damaging the wires’ insulation with heat. The steps of the heating profile
have also been designed to manage temperature overshoot. The heat is elevated in steps to
prevent unacceptable amounts of overshoot. The heating profile is designed to leave room for
expected overshoot while still meeting basic heating objectives. An example of this is evident
in the preheat setting of 300°F, when 392°F is actually the maximum allowable preheat

temperature.
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After the heating settings have been carried out, the mold temperature cools to under
375°F and the mold is opened. The splice (Figure 25) is cut out; here a razor blade is useful.
Excess plastic is also removed, using a plastic scraper as necessary, and the mold is wiped
with a paper towel. Finally the top half of the mold is replaced to keep the mold clean.
(Additionally, the plunger may also be examined periodically for plastic buildup when the
plunger is still slightly warm. Any thin film of buildup may be scraped off effectively using
one’s fingernail.) After the plunger is removed from the heating tube, the equipment is ready

for the next cycle.

Figure 25. A finished splice (the smaller wire, 26 AWG, is shown on the left and the larger
wire, 20 AWG, is shown on the right).

3.2 Testing Splices

Splices are tested. First welded connections are tested with tension and bend tests for
robustness. Coated splices are then tested for insulative properties at both ambient and
downhole temperatures and pressures. Coatings are investigated with Water Tests, Spark

Tests, and Temperature-Pressure Well Tests.
3.2.1 Testing Welded Connections:
Tension Tests
Welded connections undergo a tension, or “pull,” test to determine the force they will

fail at when put in tension at room temperature. Also, any unexpected break of the wire at

elevated temperatures during the coating process is recorded.
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Bend Tests:

Some bending can occur with handling of the splice during the welding and coating
processes. Bend Tests investigated if bending the welds during would weaken the
connection. If bending was found to cause adverse affects, special handling in manufacturing
could be specified.

Welded connections are flexed in “Bend Tests.” Each “flex” consists of taking a
straight connection (at position O degrees), then bending it +90 degrees and -90 degrees from
its original position. The bends center at the weakest part of the connection, where the
smaller (26 AWG) of the two wires transitions into the weld. Each flex takes approximately 2
seconds to complete. After a given number of flexes (0, 1, 2, 3, or 4), connections undergo

pull tests.

3.2.2 Testing Coated Splices

Water Tests:

“Water Tests” investigate the integrity of the insulative coatings in fluid at ambient
temperatures and pressures, during the prototyping process. In a Water Test, the splice is
submerged in a water bath (in a metal tub), while the loose ends of the wire are kept out of
the water. A megohmmeter applies 500 Volts across one of the wire ends to the metal tub
holding the water. Thus, a reading of “OL,” or overload, implies that the resistance between
the wire and the water is very high (greater than 4.9 GQ). High resistance is desired and with
the “OL” reading the splice passes the Water Test. If significantly lower resistance is
detected, this means the coating is not properly insulating the conductor.

Water Tests are preliminary tests, performed before splices undergo a Temperature-
Pressure Well Test. Water Tests are useful during the development phase of the coating
process, but are not a testing option for final manufactured splices because the test requires
the two wire-ends to be free, and in the actual tool the spliced wires will form a closed loop

of wire.
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Spark Tests:

“Spark Tests™ also investigate the integrity of the insulative coating at ambient
temperatures and pressures, only this time in air. The coated portion of the wire is passed
through the metal bead chains of a spark-tester (Figure 26) with 2,000 Volts passing across
them, for 1 minute. If any section of the insulation is too thin or absent all together, a hole
will burn through the coating (or be enlarged) in that location. The spark-tester will indicate
any such problem, and the hole will also be visually recognizable.

Spark Tests are useful both in the development phase of splices, as well as during
manufacturing. Wires forming a closed loop of conductor, like those in the final downhole

tool that splices are used in, can be tested with a spark-tester.

Figure 26. A spark-tester. The wire connection is passed through the metal beads of the
spark-tester which detects any holes or particularly thin sections of insulation.

Pressure-Temperature Well Tests:

Pressure-Temperature Well Tests investigate the integrity of the insulative coating in
an environment simulating an oil well, where a splice may be surrounded by fluid at high
temperatures and pressures. This is the most demanding test a splice can undergo and is as
harsh, or more so, than the actual environment in which the splice will be used. (Ideally fluid
would not be able to flow through the potting material surrounding the splice when it is in the
downhole tool, but such an occurrence is possible, and so is considered in this rigorous test.)

In a Pressure-Temperature Well Test, multiple splices are strung together, submerged

in water (Figure 27), then cycled through various temperature and pressure settings (Figure
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28). A test proceeds as follows: First the ambient temperature of 25°C (77°F) is held.
Meanwhile the well-chamber, that the splices are in, is brought from the low pressure of 90
psi, to 10,000 psi, followed by 20,000 psi, then back down to a low pressure of 2,000 psi.
Next, the temperature is raised to 150°C (302°F) and the pressure again steps up to 10,000
psi, followed by 20,000 psi, then back down to the ambient pressure of 14.7 psi. Throughout
the course of the test, resistance measurements are taken while passing a 500 Volt charge
across each loop’s end and the water in the well. This determines whether the coating is
insulating the conductor from the environment (in which case a very high resistance will be
detected, over 4.9 GQ2, and a reading of “OL,” or overload, will be displayed on the meter),
or if the fluid is able to reach the conductor and short the wire loop to the water (in which

case a much lower resistance will be detected by the meter).

Figure 27. Preparing a Pressure-Temperature Well Test. Loops of wire, with multiple splices
along them, are placed into the pressure-well to determine the integrity of the splices
submerged in fluid at the high temperatures and pressures of an oil well.
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Figure 28. The pressure and temperature over time during a Pressure-Temperature Well

Test. Resistance measurement are made after each environmental change (changes include
air or water surrounding the splice, as well as pressure or temperature increases and
decreases). The measurements determine if the Teflon coating continues to insulate the wire

connection after each environmental change.
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Chapter 4: Results

The following chapter contains a summary of the test results. Welded connections
were tested for robustness with Tension Tests and Bend Tests. Observations on the coating
process where made and coated splices were tested for their ability to insulate the welded
connection with Water Tests, Spark Tests, and Pressure-Temperature Well Tests. (For more

details on individual trials, refer to Appendix C.4.)
4.1 Testing Welded Connections

Tension Tests:

At ambient temperature, the wire broke with approximately 9.0 1bs of weight applied
(with a standard deviation of 0.4 lbs). This average is based on 50 tests”. Breakage occurred
at the transition between the 26 AWG wire and the weld. The expected failure weight, given

the manufacture’s strength rating of the wire, is 7.88 Ibs (see Appendix C.4 for the

calculation).
average | standard dev.
(Ibs) (Ibs)
Experimental breaking weight: 9.0 04
Expected breaking weight: 7.88 N/A

Observations were made concerning the tension the wire can withstand at elevated
temperatures. During the coating process, the wire broke in both cases where the actual
temperature (not the set-temperature) exceeded 700°F. (This took place when 2 and 5 lbs
were applied.) Given a chart of copper’s strength vs. temperature (Figure 30), the wire is

expected to fail at approximately 680°F.

Bend Tests:
Bend Tests, as described in section 3.2.1, where performed by flexing wire

connections 0, 1, 2, 3 or 4 times; then a tension test was done on each flexed wire connection

 As recorded at STAPLA Ultrasonics Corporation, 375 Ballardvale Street, Wilmington, MA 01887.

45



to see if bending had an affect on strength. Three trials where performed for each number of

flexes. ¢

Breaking Weight for each group of Bend Tests:

average | standard dev.
(lbs) (Ibs)
0 Flexes 8.0 0.2
1 Flex 8.0 0.7
2 Flexes 8.9 0.4
3 Flexes 10.1 2.1
4 Flexes 8.7 0.4

4.2 Testing Coated Splices

Observations on the Coating Process—Skill Sensitivity:
When the one-page chart of directions (Figure 15) was given to an operator
unfamiliar with the machine, splices were made that were visually comparable to those done

by an operator familiar with the system.

Water Tests (500 Volts):

All connections passed. All meter readings were “overload”, which means the
resistance between the wire and water was very high, greater 4.9 G2 which is greater than
the meter can measure. (If any readings had shown lower resistance the integrity of the
insulative coating, in water and at ambient temperature and pressure, would have been in

question.)

Spark Tests (2,000 Volts):

All connections passed. No holes in the insulation or very thin areas of insulation
were detected by the spark tester machine. (If any holes or thin areas had been present, the
machine would have burned those areas into visually larger holes and would have indicated

with an alarm.)

% As recorded at STAPLA Ultrasonics Corporation, 375 Ballardvale Street, Wilmington, MA 01887.
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Pressure-Temperature Well Tests (500 Volts):

Resistance measurements where made in the Pressure-Temperature Well Tests after
each environmental change (e.g. an increases or decreases in the temperature or pressure
around the splices). A “pass” implies a resistance measurement of “overload,” where the
resistance is over 4.9 GQ and higher than the meter can detect. Such a reading means that the
splice’s coating is properly insulating the wire connection from its environment. A “low”
measurement means that the resistance between the conductor and its environment is lower
than 4.9 GQ and that the coating is not properly insulating the wire connection. A
measurement of “both” signifies that the megohmmeter gave two different readings, and
those two readings are listed in the table in parentheses. (Multiple readings at the same
measurement point are not expected and may indicate flaws in test set-up, such as a loose
connection on one end of the string of splices.)

The measurements from the first pressure-temperature well session were discarded
because of a combination of megohmmeter malfunction and technician error. The second and
third test session measurements were retained. In Test Session I, cable 2A did not pass at all
measurement points in the test, but cables 2B, 2C, and 2D did. In Test Session II, none of the
cables passed at all measurement points in the test. A variety of results were found at the
initial low temperature, none of the cables passed at high temperature, but all cables passed at

the final combination of low temperature and pressure.

Test Session 1I:

low temp. high temp. lower temp.
(69°F) (302°F) (150°F)

14.7 psii10,000 psit 20,000 psi  [2,000 psi {10,000 psi| 20,000 psi 14.7 psi

pass pass BOTH LOW LOW LOW pass
Cable 2A (pass/300KQ) |{350KQ) (150KQ/pass)

pass pass pass pass pass pass pass
Cable 2B

pass pass pass pass pass pass pass
Cable 2C

pass pass pass pass pass pass pass
Cable 2D
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Test Session I1I:

low temp. high temp. lower temp.
(69°F) (302°F (150°F)
14.7 psi[10,000 psi| 20,000 psi 2,000 psi 10,000 psij 20,000 psi 14.7 psi
Cable 3A | Pass | LOW pass LOW LOW LOW pass
Cable 3B | Pass | pass pass LOW LOW LOW pass
Cable 3C | LOW | LOW LOW LOW LOW LOW pass
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Chapter 5: Discussion

5.1 Testing Welded Connections:

Tension Tests

Tension tests at room temperature showed better strength than predicted. On average,
connections broke at 9.0 Ibs in experiments rather than 7.9 lbs as predicted.

Breakage of the wire (Figure 29) during the development of the splicing process is
attributed to high temperatures affecting the strength of the copper conductor. Of the two
tests that exceeded 700°F, the wire broke in both cases. The results (strength at
corresponding temperature) are directly supported by strength data available for copper from
the American Society of Metals (see Figure 30). Copper loses over 30% of its tensile strength

between room temperature and Teflon’s melt temperature.

Figure 29 High tension can cause the wire to break when brought to elevated temperatures.

Bend Tests:

The results of the Bend Tests showed no change or a slight increase in strength data
as the number of flexes was increased. The increase in the strength data was not expected,
but is welcomed. This increase is slight and most likely due to variation between individual
wire connections and the small number of samples tested. The data is interpreted to show that
no significant adverse change in strength is observed after flexing the edge of the wire
connection. A decrease in strength would have signified that bending during handling and
manufacturing could adversely affect the splice, but with no decrease in strength, bending

during handling is dismissed as a manufacturing concern.
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Figure 30 3, Strength vs. Temperature data for copper 38 This information closely
corresponds with Tension Test results, at both ambient temperature and 700°F, and explains
why wires broke when temperatures exceeded 700°F.

5.2 Testing Coated Splices

Observations on the Coating Process—SKkill Sensitivity:

When one-page directions for splicing were given to a person who had not used the
molding system before, they could produce a splice comparable to those produced by a
skilled operator. Ultimately however, the success of making the splicing process less skill
sensitive is dependent upon verifying that the process produces splices that are hermetic in a

downhole environment.

Water Tests, Spark Tests and Temperature-Pressure Well Tests:

All splices passed the Water Test and Spark Test, but they did not all pass the
Pressure-Temperature Well Test.

In Session II of the Pressure-Temperature Well Test, three of the four cables (chain of
splices) passed the full test. This indicates that the coating method is capable of producing
good splices (that can perform at up to 300°F and 20,000 psi as desired), but quality is not

currently assured. The cable that did not pass at all measurement points in the test, passed at

37 American Society for Metals. Metals Handbook Ninth Edition: Properties and selection--nonferrous alloys
and pure metals. Metals Park, Ohio: American Society for Metals, 1979. p 277.
3 Data for: copper C10100 or C10200 rod, 1180 temper
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low temperatures and pressures (up to 150°F at the ambient pressure of 14.7 psi). In addition
to passing during the original ambient conditions, the cable also passed when it came back to
the original temperature and pressure at the end of the testing cycle. Thus, its past history did
not affect its later performance. Here, the cable’s failure appears to be pressure related.

In session III of the Pressure-Temperature Well Test, the majority of the
measurements at lower temperatures showed passing results; however, none of the cables
performed properly at high temperature. This trend is most apparent with Cable 3B, where
the cable’s splices all worked at low temperatures (regardless of applied pressure), did not
work at high temperature, but then did again work when brought back down to a low
temperature. Cable 3A shows similar results, with the notable exception of the test at 10,000
psi not passing (thus pressure is not ruled out as a contributing cause of failure). Cable 3C
results appear the most inconsistent of all cables tested, since the cable did not pass until after
a full temperature-pressure cycle was completed.

Though not all measurements are fully understood, three of the seven cables passed at
all measurement points in the test, and all splices tested passed in at least one measurement
point during the test cycle. This is encouraging and thus the splicing method employing
injection molding shows promise and is worthwhile developing further.

Possible causes of inconsistent results or failure that appeared include quality control
issues concerning the coating process and also equipment malfunction. (As noted in Chapter
4, a combination of a megohmmeter malfunction and technician error during test setup was
the reason Session I test results are not valid for analysis.) Additionally, Spark Tests may
have induced problems since they were performed at 2,000 Volts, and the 26 AWG wire is
only rated up to 600 Volts. Further testing should be done to establish more definitive trends
and to rule out the possibility of test equipment problems. These investigations will enable
the splices’ most critical failure modes to be better understood so the splicing method can be

further refined and evaluated.
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Chapter 6: Conclusions and Recommendations

6.1 Conclusions

6.1.1 Welding

Ultrasonic welding is an excellent method for connecting the wires for the given
application. The process connects wires rapidly, reliably and with quality independent of the
operators’ skills. The connection is compact, predictable in shape as well as size, and does
not weaken the wire (including its bending or pull strength). Although the welding machine
incurs a significant expense when purchased, once acquired, numerous splices may be made
at minimal additional cost. The primary maintenance consists of calibrating the machine (no
more than monthly). The ultrasonic welder is ready to be implemented into the
manufacturing process of the downhole tool currently being developed. Ultrasonic welding,
and in particular the customized machine developed during this project, is recommended as

the means for connecting wires in the downhole tool’s splices.

6.1.2 Injection Molded Coating

Performance of the Coating:

The tests currently show that nearly all splices made with the current coating method
are hermetic at ambient temperatures and pressures. Also, it is possible to produce a suitable
coating, using injection molding techniques, which will remain hermetic up to the desired
300°F of temperature and 20,000 psi of pressure. Tests show that, though the current method
will work, it is not yet reliable and must be further improved. Concerns with splice
performance relate to both elevated temperatures and pressures, with more emphasis on

pressure. More tests are needed to create a larger body of viable data.

Coating Equipment:
The current process requires less technical expertise than previous methods to
produce a typical splice. The existing equipment is a prototype version of injection molding

manufacturing equipment. The current system is useful to refine the process parameters of
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injecting (e.g. experiments with adjustments of the temperature profile are able to be
performed) and as a base to build upon for a next generation prototype leading to a final

manufacturing device.

Testing Methods:

Water Tests, Spark Tests, and Temperature-Pressure Well Tests all have their place in
the development of the splicing method and quality assurance as well as quality control in
manufacturing,

Spark Tests are useful for detecting thin coatings. Of all three tests, Spark Tests are
the only test that can be performed directly on a manufactured splice, once it is integrated
into the downhole tool.

Water Tests are simple and useful, particularly directly before a Temperature-
Pressure Well Test. A Water Test simulates the first part of the Temperature-Pressure Well
Test and can alert the investigator to a problem before proceeding to the more expensive and
involved Temperature-Pressure Well Test. Fluid seepage along the length of the wire (under
the insulative coating and through to the splice), during ambient conditions, may be detected
with this test. Further investigation of this failure mode, along the length of the wire, and the
extent to which a Water Test will detect problems should be pursued.

Temperature-Pressure Well Tests are the best way to test a splice for performance in
the hostile environment of an oil well. This is the most expensive, time intensive, and
involved process of the three types of testing. Temperature-Pressure Well Tests will be
extremely useful for further investigation of why some splices made with the current method
do not perform suitably in downhole conditions. This testing method can also assist in the
further refinement of the coating process and to confirm if and when suitable splices are

being reliably produced.
6.2 Recommendations
6.2.1 Welding

Though the welder is ready for manufacturing splices, a future investigation should

examine why the alarm triggers so often on the “Splice 1” setting (see Appendix B.3). This
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setting has very tight tolerances, so investigating the alarm rate may lead to requiring less
stringent tolerance settings. The cart is also ready for manufacturing use, but may be changed

once manufacturing commences.

6.2.2 Coating

The Coating Method:

More extensive testing and further refinement of the process parameters will lead to
better, more consistent splices. At that point, improvements to the injection molding system
should focus on minimizing the time required for the process. Improvements to individual
components of the injection system could include: the modification of the mold (so plastic is
injected from above rather than from the side), the addition of an automatic pellet feed, the
development of a more sophisticated method for removing the splice from the mold,
automation of the control for the pressure and heating profiles (including feedback), and the
employment of a force meter in the tension system. The use of Teflon in a powder form, as
opposed to the pellet form used in this thesis, could also be investigated.

Additionally, an automated shrink-tube method should be compared to a plastic

injection method before the final decision for the manufacturing method is made.

Testing Methods:

Spark Tests:
Small, portable spark-testers are available (see Appendix C.4). Also, the most
appropriate voltage to apply to the 26 AWG wire should be investigated.

Water Tests:
Splices should continue to undergo a Water Test prior to the Temperature-Pressure
Well Tests. This may detect problems early, so resources are not wasted on unnecessary

Temperature-Pressure Well Tests.
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Temperature—Pressure Well Tests:

Pressure and temperature testing must be performed to further investigate the
integrity of splices and the possible failure modes, so splices can be properly produced and
evaluated. Inconsistencies in the Temperature-Pressure Well Tests must be better understood.
Additional tests may include coloring the water in the pressure well to investigate the
bonding between the wires’ insulation and the cavity coating.

If bonding problems are expected or found from such tests, the next step would be to
proceed with modifying the coating process. This may begin with making small increases
(such as in 5°F increments) to the maximum set-temperature of the injection molding heating

profile.

Refer to Appendices B.S, B.6, C.2, and C.3 for further explanations and

recommendations.
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Appendices

Appendix A: Materials

A.1 Wires

Initially, the larger wire (20 AWG) was designated for this project. The smaller wire
(26 AWG), consisting of 19 strands, was later chosen. Having 19 smaller strands, rather than
7 larger ones, is optimal in the welding process and electrically superior (for its use in the

downbhole tool).

20 AWG Wire: 26 AWG Wire:
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A.2 Wire and Cable Specification
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WIRECRAFT® PRODUCTS .
Wire and Cable Specification
COMMERCIAL SPEC: _HCT-S51385
GENERAL DESCRIPTION: 2 CONDUCTOR ELECTRONIC CABLE
INNER CONDUCTORS: 20 19/32 SILVER PLATED COPFER
40 MICRO INCHES SILVER PLATING MINIMUM
onoluckoR OD

O.D. TOLERANCE:_ _.037 - .040

PRIMARY DIELECTRIC INSULATION: EXTRUDED FEP TEFLON

COLORS: WHITE, GREEN

0.D. TOLERANCE: .054 - .0862

SECONDARY DIELECTRIC INSULATION: _NOT REQUIRED

0.D. TOLERANCE: _N/A

CABLING: TWIST 2 CONDUCTORS 1w LAY

JACKET DESCRIPTION: _ 010 WALL NOMINAL EXTRUDED FEP TEFLON
COLOR ORANGE

SHIELD DESCRIPTION: 36 AWG TYPE 304 STAINLESS STEEL, BRAIDED

85% - S0% COVERAGE

FINAL DIAMETER: . 164 MAXIMUM

ADDITIONAL NOTES, IF ANY:
SPARK TEST INNERS - 4600 VAC, DIELECTRIC TEST 3000 VAC

CAPACITANCE 15.30 PF/FT .062, IMPEDANCE 96.22 OHNMS

17.99 PF/ET @ .054, IMPEDANCE B81.33 OHMS
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A.3 Teflon Pellets

The plastic pellets melt and mingle with the wires’ insulation. Both the pellets and
wire insulation are FEP fluoropolymer resins, but specifically the pellets are Teflon FEP 100-
J (the J stands for the manufacturing location) and the insulation is FEP NP-101. They are
similar, but not identical and are made by different manufactures. The Teflon FEPs were
assumed to be similar enough to ensure compatibility between the two in bonding, but this

can be further investigated.
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A.4 Teflon FEP 100: Technical Information

TEFLON FEP 100

Fluorocarbon Resin

Description

TEFLON? FEP 100 fluorccarbon resin is a melt-
processible fluorocarbon resin suitable for extrusion
as a primary coating onto maost gauge wires (AWG
#12 and smaller) for twisted-pair constructions and
for limited jacketing applications.

As shown in Table 1, this resin provides the electri-
cal and mechanical properties needed for low-
voltage applications. TEFLON FEP 100 has a melt
flow rate that is between TEFLON 3100 and
TEFLON FEP 140. This pemits a good combination
of extrusion speed and stress crack resistance,
making TEFLON FEP 100 the insulation of choice
for most primary insulation that is more than 7 mils
thick.

TEFLON FEP 100 possesses a balance of pro-
cessing and performance properties which make it
the preferred resin for many applications. Like all
TEFLON fluorocarbon resins, TEFLON FEP 100
offers an excellent combination of properties:
chemical inertness, exceptional dielectric properties,
heat resistance, toughness, flexibility, low coeffi-
cient of friction, nonstick characteristics, negligible
moisture absorption, low flammability, performance
at temperature extremes, and weather resistance.

Applications

TEFLON FEP 100 is used in many applications.
One of the largest uses is in telecommunications’
data cables where TEFL.ON FEP 100 not only
provides excellent fire performance and physical
properties but also superior electrical performance.
In this role, it is ideal as an insulation for construc-
tions meeting Arnticle 725 and Article 800 of the

DuPont Materials for Wire & Cable

Technical Information

National Electric Code (NEC) where TEFLON FEP
100 provides superior dielectric properties for rapid.
clear signal transmission. Cables insulated with
TEFLON FEP 100 have met the requirements of
Underwriter's Laboratory UL 910 Steiner Tunnel
Test for installation in plenums without metal
conduits.

TEFLON FEP 100 is not normally recommended as
a jacket material, but it can be used as jacketing for
small plenum cables that do not have a braided wire
shielding.

Safe Handling

Use of an adequate ventilation system allows safe
processing of TEFLON FEP in extruders at high
temperatures. For further information, refer to the
DuPont bulletin “TEFLON? Fluorocarbon Resin:
Safety in Handling and Use.” which can be obtained
from your DuPont representative.

Packaging

TEFLON FEP 100 is supplied as pellets and is
available in 55-1b (24.9-kg) multilayer kraft bags
with an integral polvethylene liner.

U.S. Freight Classification

Far rail shipments, TEFLON FEP 100 isclassified
as “Plastic, Synthetic, OTL, NOIBN;™ for truck
shipments as “Plastic Materials, Granules:” and for
express shipments as “Plastics, Synthetic.”
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TABLE 1
Typical Properties of TEFLON® FEP 100 Fluorocarbon Resin

Property ASTM Method Units Value
Electrical
Dielectric Constant D-1531
100 kHz (10® Hz) - 206
1 MHz (10° Hz) - 206
Dissipation Factor D-1531
100 kHz (10® Hz) - 0.0003
1 MHz (10° Hz) - 0.0006
Dislectric Strength D-149
10 mil film Vi mil 2000
1/8 in Sheet Vi mil 510
Mechanical
Melt Flow Number D-2116 g/M10 min 6.6
Specific Gravity D-762 - 215
Tensile Strength D-1708 psi 4000
MPa 27
Elongation D-1708 % 240
Thermal
Meilting Point DTA-E168 C 264
°F 507

Processing Guidelines for Wire and
Cable Use Extrusion Equipment

TEFLON® FEP 100 is fabricated using the same
melt processing techniques as other thermoplastics.
A brief description of the extrusion equipment used
with TEFLON FEP 100 is given here; for more
detailed processing information, consult the DuPont
“Extrusion Guide for Melt Processible Fluoro-
polvmers,” which can be obtained from your DuPont
representative.

Molten TEFLON resins are corrosive to many
metals; therefore, special cormosion-resistant materi-
als must be used for all parts of extrusion equipnient
that come into contact with the melt. Nickel-based
alloys such as HASTELLOY®, INCONEL®,
MONEL®, and XALOY? are the materials of choice.
Hardened electroless nickel plate can be used, but
even small holes, chips, or cracks in the plating can
compromise its performance. Chrome-plated materi-
als are not recommended. Additional information on
materials of construction can be obtainad from your
DuPont representative. Corrosion is likely to occur if
dead spots exist in the equipment, processing
temperatures are too high or hold-up time is too
long. In addition. resin degradation will accelerate
corTosion.

A |.5-t0 2.5-inch (38- to 64-mm) extruder with a
barrel length-to-diameter ratio of 20:1-30:1 is
recommended for extruding TEFLON FEP 100,
Extruder barrels should have three to five independ-
ently controlled heater zones with temperature
controllers capable of accurate operation (£0.6°C/
+17F) in the temperature range of 316°C to 425°C
(600°F to 800°F). Heaters should be made of cast
bronze or aluminum. Controllers with proportional-
integral-derivative (PID) action are recommended.

A 3] compression ratio screw consisting of a
relatively long feed zone. a |- to 3-turn transition
and a metering section that comprises approximately
1/4 of the length of the screw is recommended. The
addition of a mixing saction at the end of the screw
can improve processibility. Contact your DuPont
representative for more information.

A melt themocouple and melt pressure probe should
be installed in the adapter section of the extruder. To
obtain an accurate measurement, the thermocouple
should extend to the center line of the flow channel.

Degradation of the resin during processing greatly
reduces the performance of TEFLON® FEP 100 in
stringent applications. Degradation is caused by

excessivelv high melt temperatures, long residence
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time in the extruder, and:or excessive shear from the
screw. In general, increases in the melt flow number
(MFN) greater than 10% during extrusion should be
avoided. This 10% rise in MFN will occur after only
five minutes at 393°C (740°F) or approximately 45
minutes at 382°C (720°F), but it increases to only
50 after 60 minutes at 360°C (680°F). This indi-
cates the importance of maintaining resin flow
through the extruder while at operating temperature
and shows why temperatures should be decreased if
the extruder is down for even a short period of time.

Other processing conditions that can reduce the
resin’s performance include melt fracture, very low
or uneven melt temperatures. and the presence of
hydrocarbon or silicone oils which act as stress crack
promoters.

Wire-Coating Techniques

TEFLON FEP 100 is typically applied as a wire
insulation using tubing techniques. Draw-down
ratios (DDR) generally ranging from 50:1 to 200:1
are commaon, with higher DDRs usually allowing
greater line speed. A draw-ratio balance (DRB)
ranging from 0.9 to 1.1 is recommended. A complete
discussion of DDR and DRB can be found in the
DuPont “Extrusion Guide for Melt Processible
Fluoropolymers,” which can be obtained from your
DuPont representative.

A controlled vacuum is required at the rear of the
crosshead to adjust the melt cone to the desired
length. A melt cone that is too long results in exces-
sive caliper variations while a melt cone that is too
short results in excessive spark failures and cone
breaks. Laboratory experience has shown that a cone
length of 2.5 into 3.0 in (64 mm to 76 mm) yields
satisfactory results with a DDR of 156:1 and a DRB
of 1.00. Control can be achieved at a shorter cone
length if a higher DRB is usad.

An electronic wire preheater located as close to the
crosshead as possible is recommended for preheating
the wire. Although the amount of preheat will
depend upon the application. the preheater should

be capable of heating the wire to 149°C to 204°C
(300°F to 400°F) while operating at a typical line
speed of S00 ft'min (152 m‘min).

Stationary pulleys should be located on both sides of
the crosshead to reduce wire flutter. The wire should
pass through the crosshead, without touching the
crosshead or the extrusion tip. Sponges should not
be used to reduce flutter downstream of the cross-
head because they can produce insulation faults.

The coated wire should pass through a |- to

5-ft (0.3-to 1.5-m) air gap followed by a warm-
water quench at 38°C to 66°C (100°F to 150°F) to
allow uniform cooling and prevent the formation of
shrinkage voids in the insulation. The cooling is
highly dependent on the thickness of the insulation.

Processing conditions depend on the equipment size
and line speed. Tables 2 and 3 list the actual pro-
cessing conditions for a | 0-mil wall of TEFLON
FEP 100 on a 24 AWG copper wire. Adjustments
may be necessary for other equipment.

Color Concentrates

TEFLON FEP based color concentrates are commer-
cially available from several manufacturers. Only
inorganic pigments should be used due to the high
temperatures used to process TEFLON FEP. Con-
centrate loading information is available from the
manufacturer, and it will normally depend an the
compositions of concentrate, wire size, insulation
thickness, and intensity of color desired. Your
DuPont representative can provide additional
information on suppliers.

Band Marking

Band marking inks for TEFLON FEP are commer-
cially available from several manufacturers. In-line
band marking of TEFLON FEP can be accomplished
by positicning the band marking unit as close to the
crosshead as possible and by using inks with high-
boiling solvents. Your DuPont representative can
provide additional infarmation on suppliers.
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TABLE 2 TABLE 3

Typical Temperature Profile for Extruding Typical Operating Conditions for Extruding
TEFLON® FEP 100 on AWG #24 TEFLON® FEP 100 on AWG #24
Solid Copper Wire! Solid Copper Wire!
Zone °C °F Extruder Speed pm 8
Rear Zone? 366 &0 Line Speed fiimin 500
Rear Center’ 382 720 i el
Wire Preheat °c 152
C T
anter 388 30 £ 240
Front Centar 393 740 Presiine MPa 46
Front 306 745 psig 670
Clamp 306 745 Die in 0.500
mm 12.70
Adapter 306 745
Tip in 0.250
Crosshead 306 745 mm 6.35
Die Holder 416 780 DDR - 156:1
Melt 393 740 DRB - 1.00

'Based on a 80-mm axtruder with a 30:1 LU/D; adjustments may be 'Based on 8 6041 extruces with a 30:1 L/D; adjusiments may be
nacassary for other equipmeant. nacassary for other aquipmeant.

iFor a smaller machine, It will bs necessary o ralss the Empera-

ture 1 ensura that tha resin ls completaly mslled befors sntry

Ino the extruder's transition 2ona. A surging output at the dis

could be caused by Incompiete melting.

The Intbrmation pronvided hereln Is fumished free of chorge and ks bassd on technlcal dala thal DuPon| believes to be rellable. It Is Inlendad for wee by persore having lechnical
il al thair own discretion and risk. The tendling precaution Information contalned herein b ghen with the understanding that thoss using It will sal Iy themee hves Lol thelr
particular condions of use present io henlth or safety ezands. Since candlifons of (eoduct useare culside o control, we make no wirninies, expressed or Implied, md esume
no labil ky I connection with any we of this Information. As with amymaterlal. evakiat kon of any compound underend-use conditions prior o gpecifical bon Is essential Nathing
hersin s Lo be mken as a llcense to operale under. o 1 recommendation to Nftinge upon, any pakenis.

m-\mb:m1m Prinkd n U.8A.
3 H-26580
v Mo, R-JESLM ™
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A.5 Teflon FEP 100-J: Product Information

aupn @

Product Information

TEFLON® FEP 100-J

Fluoropolymer resin

Extrusion and Molding Resin

Brand

Teflon® s a registered trademark of DuPont for its branc of
fioropoiymer resing, wnich can cny oe licensed by
DuPont for use in approved applications  Customers
wno wish o use the Teflon® trademark in connecton with
CuPont FEP products under |icense from DuPent sheuld
contact your loca' DuPent office.  Without a license.
custcmers may not identify their product as containing
Teflon®, but may refer to the resn as FEP 100-J.

Description
Teflon® FEP 100-J is a general-purpese resin ava'ag'e n
translucent. 2.5mm pe'ets Compared witn Teflon® FEF
140-J and FEP 120, it nas higher flow rate anc provides
tre best baance between end-product performance and
ease of processing

Teflon® FEP 100-J and other Teflon® FEP (fluorinated
ethylene propylene) copolymer resns comrbine tre
processing ease of conventional thermoplastes wath
properties similar ¢ trose of poyterafluoorcethylene
(PTFE). They hawe ngn melt strength and stac 1y at
recommended processng temrperatures.

Teflon*FEP 100-J 5 preferrec for procucts that are not
exposed to severe envronmenta stress in service, Itis
often selected for products mage by injection mocng
because it offers the higher ava abe flow rate

Properly processes procucts made from neat Tefon® FEP
100-J resin provide the superior propertes typical of the
fruorcpclymer resins: retention of properties after service
at 200°C. usefu propertes at —240°C. ang cremical
inertness to nearly all industrial chemricals ang seivents.
Dweactric propertes are excellent.  Molded products
have moderate stffness ana ngn utimate elongaten.

In a flame. procucts made of Teflen® FEP 100-J resist
ignition and do not tremselves promcte fame seread

Wnen ignited by flame from other sources. their
contributon of heat is very small and is acced at a slew
rate wath very |1t e smoke

Typical End Products

Teficn® FEP 100-0 = ideal for many end products,
inzluding: extruded tubing, heat shrinkabie sleeving, and
other orofiles for electrcal insulation or fuid nandling; film
ana preducts made from fim; labware. anc injection-and
bow-melded  articles  requrng  superior  chemcal
inerness, electrical properties. ans gunty

Processing

~eflcn® FEP 100-J can be processed by conventional me
extrusion and by injection, compression, anc transfer and

blow melding processes. Hign met sirength permits the
use of relativery 'arge die cpenings and high temperature
draw-down technicues that increase preduction rates

Recgrocatng screw necton molding machnes are
preferred  Comosion-resistant metals should be used in
contact wath melten resin - Extruder barrels sheuld be

long relatve tc diameter, to provde residence time for
heating te resin to approximately 400°C.

Safety Precautions

Waming!

VAPOURS CAN BE LIBERATED THAT MAY
BE HAZARDOUS IF INHALED

Bafore using Teflen®, read the Materal Safety Data Sheet
ana the detailed informaton n the "Guide to the Safe
Handling of Fluorogolymer Resins, Latest Editon”
putlishes oy the Flucropclymers Division of The Scciety
of tre Plastics Industry — availatie from DuPont

Ogen anc use containers only n well-ventilated areas
using «ocal exhaust ventilation {LEV). Vapors and fumes
liberated during hot processing, o from smoking totacco
or gigarettes contam nated with resin cust may cause flu-
like symptoms (chills, fever, scre threat) that may not
occur until several hours after exposure and typically pass
wit~n 36 10 42 hr. Vagers and fumes ‘berated duning hot
processing show'c be exhausted completely from the work
area; contamination of tobacco with po'ymers should be
avoided. Maxtures with some finely divcec metals, such
as magneswm o aluminum, can be fammable or
explesive under some conditions.
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Storage and Handling Packaging

Tre properties of Teflon® FEP resin are not affected by Tefion® FEP 100-J is supplied as pellets and is available in
storage time. Ambent storage condticns should te 25kg multilayer kraft bags witn an integral polyethylene
desgned to avoid airbcme contaminaticn anc the Iner.

formation of water condensaton on the resn when 1 s

remcved from containers,

Table 1 Typical Property Data for Teflon® FEP 100-J

ASTM

Property Test Method Unit Nominal Value
Thermal
Nominal Melting Pont D3418 *C 255265
Upper Service Temperature UL 746 *c 200
Flow Rate o2ne g/ 10min 7
Mechanical
Tensile Strengtn, 23°C 02118 MPa 27
Specic Grawty o782 - 213=-277
Ultimate Elengaton, 23°C 02118 % 380
Flexural Moduius, 23°C D790 MPa 588
mpact Strengtn, 23°C D258 Jim No Break
Hardness Durometer 02240 ShoreD 56
Compresswe Strength Daas MFa 21
Linear Coefficient of Expansicn. 0- 100°C £831 mmimmeC 135x10%
Electrical
Dielectric Strengtn, 0.25mm D149 K\V/mm 80
Dieectric Censtant 1MHz, 23°C D1531 - 202
Dissspation Factor, IMHz. 23°C D153 - 0.0007
Velume Resistivity D257 T ohm-cm >10"
Arc Resistance D405 sec Ne Track
General
\Water Absorption, 24nr D570 % 0.004
\Weather and Chemica Resstance & - Outstanding
Limiting Oxygen Ingex 02283 % 25

Nofe Typical properties are not suilatle %or specificaton purposes. Stasements. or dala, regarding
behasior In a Name situation are rol Intandec ¢ reflect Nazands presented by tis or any olher materal wnen
unger actuad fre condriong. Properly processed products (sintered at nigh temperatures commen o the
nousiry) mage from Tefon® FE® resins can qualify for use In cONLact witn 100d In compilance ‘with FOA
reguiation 21 CFR 177.185C

Tehor® FEF 100~. & ASTM D211€. Type I

For more information :
CuPont - Masu: Flucrochemicals Ce , Ltd.
Cryoda Honsha Building

1-5-18 Sarugaku-cho

Crwyoda-ku. Tokyo 101-0024 Japan

Tel. 81-3-5281-5872

The nformation set forth kereln is Aurished free of crarge anc s based or tecrnica ama that DuFont - Mitsy' Ruorochemica's believes 10
be refabe. kI3 Iniended for use Dy perscns having technica sl af ther oar dscreton and risk. The randing precaution on
I"forration comained Rerelr i3 glven ath ihe understandng that those using 1t wil sydsfy themieies INY: Ter partcuar conddons of use
preser re health or safety nararcs Because condtons of product use are outside Our CONTDl, we mate NO wamanties express or
Impied. anc assume nc llabily In connecicn wim ary use of tis imformation. As aln any materdsl, evaluation of &ry Comoound uncer
end-use condiions prior to soecTizaton I essertia. Nothing heren 13 %0 Be taken as a lkense 10 operate under or a recommendadon ©
Irviinge any patents.

CAUTION: Do not use in meckal adpicadors Ivwaiving permanert impiarration in the human body. For other medcal apolicaions, see
“CuPont Mecical Caution Stmtemen *  H-801C2

12162 WOF
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Appendix B: Equipment

B.1 Welder Quote and Specifications

STAPLA Ultrasonics Quotation No.:

STAPLA Ultrasonics Corporation

A2211-104

Price and Specifications

-SI

STAPLA Ulrascnics Corperation

375 Ballardvale Strest
Wikmingtan, MA 01887

Telephone: (G78) 858 9400
Telefox  (S7B)BEB G650

infogiistaplavea com

ware staplauly asonics com

Date: January 20, 2004

Based on our attached sales and delivery tarms we are pleased to submit our quotation on the ALFA
Servo for your special welding application. This price will include the modifications of the tooling and the
fixture for positioning the wires.

Part No. Qty. | Description Unit Price Total
c402-560-011 1 CONTROLLER USC1 $ 26,500.00 | $26.500.00
¢257-900-571 1 ALFA SERVO Weld Head with:

257-900-514 1 Height Sensor
832-570013 1 Booster
112-560-743 1 HF Cable
256-001-764 1 Foot Switch w/E-stop
1 Special Tooling (12mm Wave)
802-310-823 1 Converter
100-000-113 1 | ToolKit
050-A01-012 1 Air Service Unit
1 Fixture for wire replacemant
Special Rolling Cart (optional) $1,850.00
1 Barcode wi/Scftware
Total for the ALFA Servo System including specified Tooling:
This equipment will meet the requirements included in the $26,500.00
Schlumberger's guideline attached.

C_ppés-71_trom pre-81 Thosls 6.02 ska 2c-Welder Quote-modified. doc

(Gorne) crows
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STAPLA Ultrasonics Corporation 5'

———————

Terms and Conditions

Equipment 1/3 down with written purchase order.
Balance net 30 days.

Tooling-only Orders  50% down with written purchase order.
Balance net 30 days.

Spare Part Orders Net 30 days.

Delivery: 4 — 6 weeks after receipt of written purchase order. a sufficient amount of good
production parts and down payment, as well as dlarification of all technical details.
STAPLA Ultrasonics reserves the right to adjust delivery time depending on
production scheduling at the time of purchase.

Documentation/ Quoted prices include documentation and equipment made to STAPLA
Specifications: Ultrasonics' standards.

Acceptance/Training
and Service: Acceptance of equipment in operation and training of operators can be provided
at STAPLA Ultrasonics, Wilmington, MA, at no charge.

The quoted prices do also include up to one (1) to two (2) 8-hour days of on-site
installation support and operator training, excluding travel expenses.

Prices: Our technicians are available for non-warranty service on STAPLA Ultrasonics
equipment at your company for a rate of $1,250.00 per day based on an 8- hour
working time plus all travel related expenses from Wilmington, MA. After the initial
8 hour daily rate for working time, additional hours will be charged at $140.00 per
hour. Weekend rates will be $155.00 per hour for Saturday and $175.00 per hour
for Sunday, F.0.B. Wilmington, MA, excluding any sales tax, packing. shipping
and insurance charges. Our quotes are without obligation and subject to our
written order confirmation. Massachusetts' law requires that we have a copy of
your tax-exempt certificate on file. Failure to provide this docurnent will result in
the assessment of 5% Massachusetts Sales Tax. The prices and deliveries of this
quotation are based on information, parts, and drawings provided to STAPLA
Ultrasonics at the time of quoting. Any final tooling changes or additions due to
deviations in customer's parts from original samples and drawings provided are
the responsibility of the customer.

Warranty: When used in accordance with the instructions and under normal operating
conditions, STAPLA equipment is warranted to be free from defects in material
and workmanship for a period of one (1) year from the date of original delivery by
STAPLA. Any component, which proves to be defective during the stated period,
will be repaired or replaced free of charge at the sole discretion of STAPLA, F.O.B.
Wilmington, Massachusetts. In case an on-site repair is required, STAPLA will
charge for travel expenses and any applicable In-Plant Service Fees (see saction
“Acceptanca/Training and Servica").

Custorners must obtain a RMA (Return Merchandise Authorization) number from
STAPLA for any item being retumed to STAPLA for warranty purposes. We
request that you ship the part to STAPLA in the original condition and packaging,

schanx |} Group
C_pps6-T1_fom pT6-81 Theets &.02 aka 20 W elder Cucte-medied doc  Pags 206 6
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STAPLA Ultrasonics Corporation JI

prepaid and insured. RMA numbers are valid only for a period of 30 days from
date of issue.

All parts or equipment sent to STAPLA, for any reason, will be accepted only if
they are shipped F.O.B. STAPLA, Wilmington, MA. STAPLA is not responsible for
any equipment damage incurred during shipment, including damage due to
improperly packed goods.

If STAPLA determines that failure of the part or system was not a result of a defect
in STAPLA's products or assembly, STAPLA reserves the right to charge the
customer for repairs and inspection.

This warranty does not apply to any equipment, which has been repaired or
altered in any way, by anyone outside the STAPLA organization.

Exclusive Remedy:  STAPLA's liability, whether based on warranty, negligence of any kind. strict
liability, tort, or other cause arising out of and/or incidental through the sale, use or
operation of the equipment, or any part thereof, shall not, in any case, excead the
cost of repair or replacement of the defective equipment or at STAPLA's
discretion, of refunding the purchase price of such equipment. Such repair,
replacerent, or refund shall be the exclusive remedy of the purchaser. In no case
shall STAPLA be responsible for any andfor consequential, incidental, direct, or
special damages, including damages arising out of commercial lossas.

Validity: This quotation is valid for 90 days from date of quotation.
Sample Part STAPLA Ultrasonics shipping policy for retuming sample parts is UPS
Returns: Ground.

Samples/Equipment  If the customer requires samples/equipment to be returned more quickly.
customer must provide STAPLA Ultrasonics with either a shipping account
number or purchase order for the applicable shipping charges.

Sincerely,
STAPLA Ultrasonics Corporation

Saead Mogadam
President

SM:idi

Cc: Javier Tenreiro

schuw j) Group
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STAPLA Ultrasonics Corporation 5'

Detailed System Description

STAPLA SPLICER MODEL ALFA Servo Ultrasonic Splice Welder
Wolds Cu-wires of cross-sectional areas of up to 24 mm

1. Welding unit

The ALFA Servo is designed offer user-fiendly characters and simple set-up. Modular
components and a few moving parts add to the simplicity and highly reliable performance of this splice
welder. Compact size and low weight allows ALFA Servo to be used at a table or hamess assembly
board. This welder and its advanced Controller will provide an easy method of set-up and operation
with full quality control capability.

Maintenance of the welder is simple due to its design nature. The Transducer Assembly (Hom,
Booster, and Converter) is modular and can be removed and set-up in less than five (5) minutes.
Displacement-sensored safety guards accomplish the ALFA series.

STAPLA Tooling

The SPLICER ALFA Servo tooling is designed for efficient welding and long life. An exclusive
STAPLA designed "Nodal Support” Transducer Assembly, which is modular and includes a special
Booster, will allow welding capability of splices up to a total cross sectional area of 24 mm? at a high
production rate.

The following are some of the other features of the systern:

+ The tooling is universal and operated pneumatically. The gathering block allows wide-open space for
ease of handling wires and prevents any locse strands.

+ A direct and perpendicular actuation of the anvil holder shaft assures consistent welding force and
thus, reliable quality weld.

+ Exclusive designed "Nodal Support® Transducer Assembly allows generating larger splices and makes
the welder more robust. Therefore, the system is capable of supporing a tougher production
anvironment, and longer tool life.

+ The Transducer Assembly is completely modular, and self supported with minimum hom deflection
and easier set-up and changeover. A self-aligned design feature allows the hom set up square

automatically.
» The Converter has a cooling fan for efficient performance and longer life.

+ The tool size. adjustment in increments of 0.1mm, is done automatically by the DC-Servo motor
controlled by the multifunction button.

« Vertical Anvil retracts pneumatically and allows large space for lcading wires and yet
small for safety.

+ All pneumatic and electrical wiring is packed underneath the welder, away from the tooling and
welding components.

schuw ) Group
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STAPLA Ultrasonics Corporation 5'

2 STAPLA Controller and Power Supply

The STAPLA Controller, USC1, with 3 kW high performance power supply is utilized for the Model 20-
ALFA Servo. The USC1is designed to be user-friendly and simple to operate. The following are
some of the standard features in the USC1:
(a) Housing
Standard 19" / 3 height units box
b) Controls

- High intensity & large area fluorescence display for optimum readability even under adverse
lighting conditions.

- Multi-function buttons.
Functions shown on display for the 8 buttons located on the panel.

- Selectable user's language within the same software (English, French, German, and Spanish).
Other languages are available on request

- Lock key switch for different functions and to prevent tampering with the unit.
The keys are for following functions:

System set-up by maintenance during the machine installation. Functions included are for
calibration, methods of welding, test, and other features. ,

Teaching mode. This will allow the controller to display the settings. QC personnel may
usa this key.

Normal operation. Used for operator to display the counter, splice number. and the splice
cross sectional area. The QC variables may be displayed in this mode by simply pressing
the "Monitor" button.

(c) Interfaces

¢ RS232 and RS485 ports for local PC and remote communications.
*  Multi-pin signal connector to control additional systems / machinery.
*  Printer Port

*  Sarvice port for calibraions and internal adjustments.

The controller USC1is designed to provide the ultimate capabilities in ultrasonic metal welding. The
following are some of the features utilized for the wire splicing process:

{a) Calibration procedures supported by menu.

schunx || Group
C_pps6-T1_fom pT6-81 Thests & 02 aka 2o Wekder Cucle-modied doe  Paga ol €

70



STAPLA Ultrasonics Corporation j

The calibrations are for pressure, amplitude, energy, weld height tool width for ALFA Automatic
and other functions and mechanical motions. The pressure and weld height is done during set-up.
Amplitude and energy calibration is done for yearly maintenance.

(b) Weld methods are selectable by pushing a button in the menu screen

*  Weld to Energy
¢ Weld to Time
*  Weld to compaction

(c) Triple quality controls / selectable

Controller checks for thres of the following different QC variables:

*  Cormrect Weld Time for variation of the wires.

*  Comrect Weld Energy for variation of the wires.

*  Height before is measured to assure cormrect insertion of the wires.
*  Final height is measured for indication of the weld strength.

The nominal QC variables are automatically determined by averaging the results of three (3)
samples made by the operator. All variables have control limits established automatically or
adjusted by the user. If the measured value is outside the control limit, an alarm will sound and
the welder will not work until it is reset.

d) Automatic weld settings recommendation
All data can be stored in the system for up to 1000 different wire combinations / splices.

Recall of stored data is done by finding the splice number and pressing the recall button. Different
parameters are pre-programmed for different splice sizes. Set-up for a new splice is easy. The
controller will have reference settings for all cross-sectional sizes of different splices. By locating
the correct cross-section size, you press recall and test the new splice with the given settings. If
the results are acceptable, you can save these settings under a new number by pressing the save
button (optional).

e) Software:
STAPLA offers full service in providing specially designed software for specific applications as well
as "SPC" programs for QC analytical reports.

f) Sequential Welding:

Automatic tool size adjustment makes sequential welding fully automatic and possible. Special
software will allow up to 250 different sequence programs.

Installation:
Voltage: 220 Volt or any other desired voltage
Fuse: 16 Ampere

Air pressure:  Approximately 6 bar, the machine is equipped with a pneumatic service unit

schunx ) Group
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B.2 Ultrasonic Welding Machine System Guidelines

(1) Main application of the ultrasonic welding system consists of welding 20 gage to 26 gage
stranded and silver-plated copper conductors. The selected system should lend itself to the
welding of any combination of wires in the 20-26 gage range for future needs.

(2) Welding system should be portable such that it can be moved to the components being
welded on the manufacturing floor. Space and wire length restrictions for our first
application are shown in Figure 2. Welding system to be setup on a movable cart with
adjustable height feature. Due to space issues on the production floor, operator may be
standing at the back of the welding head (and reaching over the device) to do the operation.

(3) Welding system and parameters (Amplitude, welding time, etc.,) for welding 20 to 26
gage wires to be optimized by STAPLA.

(4) Welding system to be sensitive enough to identify a loss of 2 strand or more on the 20
gage (19 strands of 32 gage) and 3 strands or more of the 26 gage (19 strands of 38 gage)
wires prior to the weld cycle.

(5) Fine diamond knurl to be used on the horn surface.

(6) Weld section to meet geometry per figure 1. Wire placement for welding to be
independent of operator skills. Wires to be located and welded with proper fixturing so that
consistent weld quality and geometry can be achieved during manufacturing.

(7) Weld shape to be square (aspect ratio of 1.0) in cross-section.

(8) Welded section to be straight within 3 degrees (kinks exceeding 3 degree from being
straight are not allowed at the weld point)

(9) No broken strands are allowed at the weld transition. Welding forces may be reduced in
the transition area with proper profiling of the horn.

(10) 20 to 26 gage weld to meet pull strength of above 7 Ibs. STAPLA to help optimize this
value.

(11) Weld section to with -stand 4 full cycles of +90 to —90 degree bending (1 cycle consists
of bending the welded section from the straight 0 degree initial position to + 90 degree to —90

degree and back to 0 degree) without breaking any strands at the weld transition.

(12) No loose strand-ends are allowed at the weld transition as it can position itself radially
and cause subsequent process problems.

(13) STAPLA to setup new equipment and train key personnel during the installation phase.
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(14) STAPLA to recommend techniques/guidelines to evaluate the quality of welds during
manufacturing runs.

0.020” — 0.030” (variable) length
between weld section and
insulation at both ends (0.5 mm to
0.75 mm)

Weld length = 0.25 inches
(6.5 mm to 7.0 mm)

Figure 1: Weld section geometry between a 20 gage wire (with 19 strands of 32 gage
conductors) and a 26 gage wire (with 19 strands of 38 gage conductors). The outer diameter
of 20 gage wire is 0.054-0.062" and that of 26 gage wire is 0.035”-0.043”. The 0.020” to
0.0.030” space shown between the weld and the insulation may be changed to obtain
optimum weld section characteristics.
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~ 9 inches

Figure 2: Shows space restriction for welding 20 to 26 gage wires. The wires exit the
components in a twisted pair configuration. The light component may be located on top of
the weld head during the welding process.
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B.3 Method to Recalibrate the Ultrasonic Welder

1. Turn Key 3 to “setup”

2. Select “calibrate” then “height”

3. The machine will prompt the operator to insert the 2mm pin (this is the smallest of
the three pins provided). Insert the pin and press the foot pedal. At the next
prompt follow the instructions by inserting the 4mm pin (the largest pin) and

pressing the pedal.

4. The calibration is now complete, press the “CL” button to clear the menu, or
simply turn the key to the “operate” mode and begin welding wires.

Note: Recalibration should not be needed often, but may be useful to approximately monthly.
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B.4 Project’s Parts List and Drawings

Final Parts:

Drawing Number:

Monel Mold (top)

# 100094283D

Monel Mold (bottom)

# 100094285D

Monel Tube

# 100096503D

Monel Plunger

# 100100619D

Cylinder Platform

# 100099526

Block Supports # 100099519
Insulator Support # 100099518 (Insulator's part #: S-298553)
Controlier P.O. # 1HG01394

Cable Heater

P.O. #: 1HG006006

Cartridge Heaters (4 on 1 plug)

P.O. #: 1HG06009

Thermocouples ("rod tipped")

P.O. #: 1HG06001 (TS0108)

Thermocouples ("wire tipped”)

P.O. #: 1HG06001 (AD6506)

Double-Acting Pneumatic Cylinder

P.O. # not available*

Experimental Parts:

Drawing Number:

Mold Insert #1 # 100113062
Mold Insert #2 # 100068348
Mold Insert #3 # 100068349
Mold Insert #4 # 100068364

1st Rectangular Mold

# 100075749D and 100075746D

2nd Rectangular Mold

# 100082443D and 100082444D

3rd Rectangular Mold

# 100090387D and 100090388D

Original Stainless Steel Injecting Tube

# 100078568D

Later Stainless Steel Injecting Tube

# 100078568D

Original Brass Plunger

# 100078554D

*Note: P.O. # not available for this part; Information available: purchased through Doug
McCorquodale (281) 242-1596, received 3/4/04, Manufacturing information: “Speedaire,

Mod: 6W102, Mft. For: Daton Electric Mfg. Co., Niles, IL 60714”
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B.5 The Mold

Shape:

Plastic is injected into the rear, bottom-half of the mold (see part drawing GeMS#
100094285D). The melt then splits as it turns upward (at a 90-degree angle), turns another
90-degrees inward, and finally enters the cavity from either side of the wire-connection. It is
an important characteristic of the mold that the plastic enters from two sides (through the two
gates). This is designed to help center the connection. The gates are structured so the coated
splice can be easily cut out of the mold and removed, followed by excess plastic being cut
out when there is no longer a risk of damaging the splice.

Though the direction of initial injection (from the side and into the bottom half of the
mold) has several positive aspects, a change should be considered. The current design
provides the simplicity of cutting the coated splice from the more accessible bottom-mold, as
well as having no other moving part other than the unencumbered top-mold. Additionally,
the current design of injection from the side (rather than above) was pursued for ease of
prototyping and because of concerns with melted plastic leaking from above onto the top of
the mold. However, these two issues are no longer concerns so the next generation design
should consider injecting from above. Reasons for injecting straight into the mold, without
the initial 90-degree turn, include the simplified cleaning of the flow path (which is
particularly important if cleaning becomes an issue over time).

The mold’s cavity shape has been optimized using the “SCD Machine” (a wire-
insulation-repairing machine). Two dimensions of primary consideration are the length and
diameter of the cavity. Cavities that are too long or that have diameters that are too large are
likely to have the melt push the wire off-center. Cavities that are too short or have diameters
that are too small, risk the protrusion of the bent wire-connection to the edge of the cavity.
Insufficient insulation coverage can then occur. Another important dimension is the height of
the gates (the two paths of rectangular cross section that Teflon flows through in order to
enter the cavity from two sides). When the gates are too high, insufficiently heated plastic is
allowed to enter the cavity and air is likely to become trapped before it can escape the melt.
Concerning the important dimensions of the mold, machine shops may have particular

difficulty cutting the curved cavity correctly.
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Other characteristics of the mold include the mold pieces being clamped together by
tightening two screws going through the mold. In the future, it is recommended to supply
clamping force with a hydraulic clamp, in order to supply a high clamping force as well as a

quick release.

Material:
The mold, like the plunger and injection tube, is made of Monel K-500. This material

was chosen because of its corrosion-resistant properties. It is more difficult to procure, more
expensive, and harder to machine than other materials investigated, but it has significant
advantages because of the reduced cleaning required. Monel has been working well, but if an
even more corrosion-resistant alloy is desired, Hastelloy should be considered (such as
Hastelloy C-276 or MP 35). Note however, that since Hastelloy has a lower thermal
conductivity, is more expensive, and less readily available than Monel it is not recommended

unless an unacceptable corrosion problem develops.

Figure 31. Material selection is important because using a material that
corrodes easily will lead to contamination problems in the coating. In this
example, the Teflon coating (usually clear) has turned yellow from
contact with a copper mold. Changing to a mold made of Monel, during
the design-phase, addressed this issue.

Thermal Characteristics:

To assist in heating the mold, holes for heaters and thermocouples exist. Also, the
volume of the mold’s material should continue to be minimized for faster heating and
cooling. In the future, an active cooling system could be added. The procedure on the
following pages can be used in designing additional molds and approximating their cooling

characteristics.
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B.6 Design of Heated Molds’® (including energy calculations)

Introduction:

This application guide, devoted to the application of electric
heating elements in various enviroruments, is organized accord-
ing 10 a step-by-step method that is modified to handle specific
application problems.

First, the method is defined, then each step in the method is
described. Later in this section there are solved example prob-
lems to demonstrate solution techniques.

The approach uses a static heat transfer analysis in an effort to
clearly state the application solution. First level approximations
have been used throughout, and then supplemented with safety
factors. We encourage the use of more detailed thermal anatysts
if the system warrants a more exact solution.

The physical properties of most commonly used materials are
included in the General Engineering Data Section of this Appli-
cation Guide.

Steady State Approach

Because of the complex nature of transient heat flow calcula-
tions, we are utilizing a steady state approach. Transient cases
wil be handled with a simplified technique that defines the
glarting and finishing points, but doesn't allow for analysis of
points in between.

Energy And Power

Throughout this section heater ratings are established in units of §
Power (watts). However, the Energy (watt hr) needs are first Y
established and then converted o Power (watts). Energy is a
basic physical unit usually expressed in British Thermal Units
(BTU) or watt hr. Power defines the Rate at which energy is
being used (BTU/hr or watts). Power and energy are related by:

Energy (watt . hbr or BTU)

Power (watts or BTU/hr) = Time (Howrs)

i

This concept is extremely important. A heater has a Power
rating of 1000 watts regardiess of time; however, the Energy
rating of this same 1000 watt heater is:
1,000 watt - hr (1 KWH) for 1 hour usage
10,000 watt - hr (10 KWH) for 10 hour usage

Method—Determining

Most electrical heating problems can be readily solved by
determining the heat required to do the job. The heat.require-
ment must be converted to electrical power and the most
practical heater ther selected for the job. Whéther the problem
B heating gases, liquids or solids, the approach to determining
the power réquirement is the same. All heating problems involve
the foliowing steps to their solution:

1. Definition of the problem. A brief statement and sketch of the
known requirements and parameters conceming the prob-
lem.

2. Calkculation of heat energy required (KWH or BTU).

» A Losses—System Losses Under Operating Conditions

1. Conduction

2. Convection

3. Radiation
B. Heat Required for Process Start-Up.
C. Heat Required to Maintain Process.
D. Convert to Power.

3. Review appiication factors to evaluate the operating envi-
ronment, life requirements, mechanical considerations, and
operating costs.

4, Selaction of the type, size, and number of heaters, while

| considering factors such as efficiency and total system cost.

S, Consideration of the temperature control mathod.

Al of the examples mentioned in this section use this approach
‘o their solution. The soived problems at the end of the section
dustrate this method.

Requirements

Define Problem
Sketch—Statement

1
Calculate Energy (BTU or KWH)

Losses Start Up Operating
e
Convert to Power
(BTU/Hr or KW)
]

Review Application Factors

. Temperature
Efficiency
. Safe Watt Density
Mechanical Considerations
Environment
Life Requirements
Lead Considerations
R

I Select Heater Type, Quantity, Size |
1

NN QP

[Conslder Control Methods ]

* Watlow. “Watlow Electric Heating Technology” electric heaters catalog. pp. 332-336, 379-380. (As
distributed by Thermal Solutions, Controls & Indicators; 24310 Tomball, TX 77375, (281) 351-4328.)
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Defining the Problem

The heating problem must be clearly stated, specifically defining

the operating parameters:

—Minimum Start and Maximum Finish Temperatures Expected

—Maximum Flow Rate of Heated Maternial(s).

—~Required Start Heat-Up Time, and Process Cycle Times. .

—Weights and Dimensions of Both Heated Media and Contain-
ing Vessels.

—Efiects of Insulation and Its Thermal Properties.

—Electrical Requirements Such as Voltage, Control Methods
and Electrical Limitations.

—Other Requirements:
1. Safety Considerations
2. Heater Life Requirements
3. Efficiency and Cost Factors

With these items in mind, an assessment must be made as to
whether enough information is available for problem solution.

" Supporting information from the available body of reference

material will be required. As a minimum, the thermal properties of
both the process materials and the containing vessel will be
required.

Energy Calculations

Calculation of Heat Energy Required

The total heat energy (KWH or BTU) required to satisly the
system needs will be either of the two values shown below
depending on which calculated result is larger.

a. Heat Required for Start-Up.

b. Heat Required to Maintain the Desired Temperature.

The power required (KW) will be the heat energy value (KWH)
divided by the required start-up or working cycle time. The KW
rating of the heater will be the greater of these values plus a
safety factor.

The calculation of start-up and operating requirements consist of
several distinct parts that are best handied separately. However,
a short method can also be used for a quick estimate of heat
energy required. Both methods are defined below and then
evaluated using the following formulas and methods:

Short Method

Start-up watts = A + C + %L + Safety Factor

Operating watts = B 4+ D + L + Safety Factor

Safety Factor is normally 10% to 35% based on application.

A = Watts required to raise the temperature of material and
equipment to the operating point, within the time
desired.

B = Watts required to raise temperature of the material during
the working cycle.

Equation for A and B (Absorbed watts—raising temperature)

Specific heat :
Lbs. of material (Ibs) X of material X Temperature rise ('F)
(BTU/b . 'F)

Start-up or cycle time (hrs) X 3.412

C = Watts required to melt or vaporize material during start-up
period.

D = Watts required to melt or vaporize material during working
cycle.

Equation for C and D (Absorbed watts—melting or vapo-
rizing)

Lbs. of material (Ibs) X heat of fusion or vaporization (BTU/Ib)
Start-up or cycle time (hrs) x 3.412

L = Watts lost from surfaces by:
1. Radiation—use heat loss curves.
2. Convection—use heat loss curves.
3. Conduction—use equation below.

Equation for L (Lost conducted watts)
Thermal conductivity of

material or insulation X
(BTU . in/ft2 . °F . hw)

Thickness of material or insulation (Ins) x 3.412

Temp. differential

Surface area X to ambient

Detailed Method

Equation 1—Absorbed Energy, Heat Required to Raise
the Temperature of a Material

Because substances all heat differently, different amounts of
heat are required in making a temperature change. The specific
heat capacity of a substance is the quantity of heat needed to
raise the temperature of a unit quantity of the substance by 1
degree. Calling the amount of heat added Q, which will causea
changog in temperature AT to a weight of substance W, thenQ =
w AT,

Exampie: How much heat energy in BTU's is needed to change
the temperature of 50 Ibs. of copper from 10°F to 70°F?
Q=W.Cp.ATor

= (50 Ibs.) - (.10 BTU’s per Ib./’F) - (60°F) = 300 BTU's

Since all calculations are in watts, an additional conversion of
3.412 BTU = 1 Watt Hr is introduced yielding:

Equation +—Absorbed Energy, Heat Required to
Raise the Temperature of a Material

Q,(BTU) =W . Cp - AT
W.Cp- AT
O WH) = 3.412

Q, =Heat Required to Raise Temperature
W =Pounds of Material
C, =Specific Heat of Material (BTU/Ib. - °F)
AT =Temperature Rise of Material

(Trinas = Tirieat) °F

This equation should be applied to alt materials absorbing heat
in the application. Heated media, work being processed, con
tainers, racks, beits, and ventilation air should be included.

Equation 2—Heat Required to Melt or Vaporize a Material
In considering adding heat to a substance, it is also necessary to
anticipate changes in state that might occur during this heating
such as metting and freezing. The heat needed to melt a unit
quantity of material is known as the latent heat of fusion and
represented by H, in the relationship Q = W (weight) X H.
Another state change is involved in vaporization and condensa-
tion. The latent heat of vaporization H, of the substance is the
energy required to change a unit quantity of the substance from
a liquid to a vapor. This same amount of energy is released as
the vapor condenses back to a liquid. The energy. required is
given by the relationship Q = W (weight) X H,. It is important to
keep in mind that in both vaporizing and melting, the heat of the
system must be increased to make the change.

Example: How much energy is required to melt 50 Ibs. of lead?
Qz =W. H( or
Q, = (50 Ibs.) . (11.3.BTU/Ib.) = 565 BTU’s
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Equation 2—Heat Required to Melt or Vaporize a
Material
Q,(BTU) =W . HoW.H,
_W.H W.H,
Q WH) = 3375 * 3412
Q, =Heat Required to Melt/Vaporize
W =Pounds of Material
H, =Latent Heat of Fusion (BTU/Ib.)
OR

H, =Latent Heat of Vaporization (BTU/lb.)

This is a constant temperature process than can change the
specific heat value of the material. Separate heat absorbed
calculations are then required using Equation 1 for the material
below and above the phase change temperature which is used
as the reference point.

Equation 3—Losses

Losses occur in systems in three ways: conduction, convection,
and radiation. These values will be individually calculated and
then summed for total losses.

Conduction

Heat transfer by conduction is the contact exchange of heat
from one body at a higher temperature to another body at a
lower temperature, or between portions of the same body at
different temperatures. The transfer of energy takes place from
the higher temperature body to the lower temperature body.

As a rule, heat transfer by conduction i faster in solids because
of the more tightly packed molecules, and by the same reason-
ing somewhat slower in liquids, and slower still in gases on
account of their relative densities.

Problems involving the addition or subtraction of heat from a
system wherein conduction is the heat transfer mechanism can
be solved by using a derivation of Fourier's Law for steady slate
conduction:

Equation 3A—Conduction Losses
K-A.AT.t,
L
K.A.AT.t,
3.412.L

QU (BTU) =
Qu WH) =

Conduction Heat Losses

Thermal Conductivity

BTU.in./Ft2.°F -Hour

Heat Transfer Surface Area (Sq. Ft.)
Thickness of Material (Inches)
Temperature Difference Across Material
(T-T) °F

= Exposure Time (Hours)

fs)
Iy

& —dAr>» X
Bu

This expression can be used to calculate losses through in-
sulated walls of containers or other plane surfaces where the
temperature of both surfaces can be determined or estimated. It
is also useful in determining losses in situations where a surface
loss factor Fs_in Equation 38 is not known. Tabulated values of
thermal conductivity are included in this section.

Convection

Convection is a special case of conduction. Convection is
defined as the transfer of heat from a high temperature region in
a gas or liquid as a result of movement of the masses of the fluid.
Caleulation of this factor is a difficult fluid dynamics problem that
is approximated by using empirically derived graphical data.
Care must be taken to recognize whether natural or forced
convection is occurring, and the appropriate curves utilized.

Equation 3B—Convection Losses

Q,; (BTU) = 3412.A.Fg .Cet,
Qe WH) = A-Fa-Ge-ty !

Surface Heat Losses

Surface Area (In?)

Vertical Surface Convection Loss Factor
(Watts/In? Evaluated at Surface
Temperature (See Fig. 1)
Surface Orientation Factor
Horizontal Top

Vertical

Horizontal Bottom

t, = Exposure Time (Hours)

>
o

Fs

Ce
1.29
1.00
0.63

Radiation

For the purposes of this section, graphs are utilized to estimate
radiation losses and watts/in.?2 vs. temperature. Charts give
emissivity values. The radiation loss graph shows losses from a
perfect blackbody and are not dependent on orientation of the
surface. Emissivity is used to convert the blackbody curve
values for various materials. Emissivity (€) has a range of O to
1.0.

Example:

At 500°F, blackbody losses are 2.5 watts/ir2. Polished aluminum
(e=.08) losses are 2.5 watts/in?Xe= .22 watts/in®.

Equation 3C—Radiation Losses

Qu, (BTU) = 3.412.A.Fg.e-t,
Qu WH) = A-Fg-e-t,

Qus = Radiation Heat Losses
A = Surface Area (In?
Fs. = Blackbody Radiation Loss Factor (Watts/In?)
Evaluated at Surface Temperature
e = Emissivity Comrection Factor of
Actual Material

t. = Exposure Time (Hours)
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Combined Convection and Radiation

Most curves combine both radiation and convection losses. I
only the convection component is required, then the radiation
component must be determined separately and subtracted from
the combined curve.

Equation 3D--Combined Convection and Radia-
tion Surface Losses:

Qu (BTU) = 3412.A.Fg t,
Qu(WH) = A-.Fg.-t,

Q. = Surface Heat Losses Combined Convection and
Radiation
A = Surface Area (In?
Fs. = Surface Loss Factor {Watts/In% Evaluated
Combined at Surface Temperature
t, = Exposure Time (Hours)

This equation assumes a constant surface temperature and the
loss factor is to be evaluated at that point. Graphs of heat losses
from various surfaces are included in this section. Their use is
ilustrated by the example problems. Both convective and radi-
ant losses are normally taken into account by this method.

Total Surface Losses

The total conduction, convection and radiation losses are
summed together to allow for all losses in the power equations.
Depending on the application, some of these components may
be very small and assumed negligible. In the case of surfaces
where combined curves are used, the Q, total is calculated in the
second equation as shown below:

Equation 3E—Total Losses ]

Q=0,+Q.+Qy, I convection and radiation losses
are calculated separately. (Sur-

faces are not uniformly insulated

OR and losses must be calculated
separately.)
Q=Qu+Qu If combined radiation and con-

vection losses are used. (Pipes,
ducts, uniformly insulated bod-
ies.)

During start-up of a system the losses are zero, and rise to 100%
at process temperature. A good approximation of actual losses
will be obtained by applying Equation 3E at the process temper-
atures, and then multiplying the result by %.

Equations 4 and 5—Start-Up and Operating Power Re-
quired

Both of these equations estimate required energy and convert it
o power. Since power (watts) specifies an energy rate, we can
use power to select electric heater requirements. Both the start
up power and the operating power must be analyzed before
heater selection can take place.

Equation 4—Start Up Power (Watts)

Ps =[QA+_Q£_ +2 (QJ.)} .(1+SF)

t, 3ttt

where:

Q. = Heat Absorbed by Materials During Heat-Up
Q¢ = Latent Heat Absorbed During Heat-Up

Q, = Conduction, Convection, Radiation Losses
S.F. = Safety Factor

t, = Start-Up Time Required (Hours)

t. = Exposure Time (Hours)

Equation 5—Operating Power (Watts)

Po = [Qﬂign + % ] -(14+5F)

te
where:
Qs = Heat Absorbed by Processed Materials in
Working Cycle (WH)
Q, = Latent Heat Absorbed by Materials Heated in
Working Cycle (WH)
Q. = Conduction, Convection, Radiation Losses
S.F. = Safety Factor
t. = Cycle Time Required (Hours)
te« = Exposure Time (Hours)

Safety Factor

A safety factor of varying size is always added to allow for
unknown or unexpected conditions. The size of the safety factor
is dependent on the accuracy of the wattage calculation. Heat-
ors should always be sized for a higher value than the calculated
figure, A factor of 10% is adequate for small systems that are
closety calculated; 20% additional wattage is more common.
Values of 20% to 35% should be considered for large systems
with doors opening or large radiant applications.
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Verification of Radiation Heat
Transfer Problems

Where the primary mode of heat transfer is radiation, the
problem solution must be verified using the Stefan-Boltzman
equation.

This equation is used to calculate the net radiant heat transfer
between two bodies.

Thermal radiation is electromagnetic radiation emitted by a body
proportional to its temperature. Radiation heat transfer occurs
when electromagnetic waves carry energy from hot objects to
cool ones. The following derivation of Stefan-Bolzman Law
expresses these relationships:

1
QBTU) =S .A.(TH-TH '(L_,_l

.1)’F
€ ©

For our purposes this expression is typically utilized as watts/in.?
where the process is assumed to be continuous and time equals
one hour.

Equation 6 — Radiation Heat Transfer Between Infi- l
nite Size Parallel Surfaces
)'F l

1

Pr (watts) = i .

A(@nY) (144 in/H%) . (3.412 BTU/watt - hr) !

where: l
Pa = Watts Absorbed by the Load

A = Area of Heater (in?)
S = Stephan Boltzman Constant
= ,1714 X 10® (BTU/Hr. Sq. Ft. *R%)

T:(R) = Emitter Temperatura (F + 460)
TAR) = Load Temperature ('F + 460)

e, = Emissivity of Emitter (O to 1.0)

e, = Emissivity of Load (0 to 1.0)

F = Shape Factor (0 to 1.0)

Both emissivity and shape factor are measures of efficiency that
must be utilized in radiant heating applications. They are used to
compensate for different material emissivity characteristics and
for side and end losses due 1o radiation scattering. The shape
factors most used are for parallel planes facing each other
separated by a working distance. See graphs in this section for
values of F.

Power Evaluation

After calculating the start-up and operating power requirements,
a comparison must be made and various options evaluated.

Shown below are the start-up and operating watts displayed in a
graphic format to allow visualization of the various component
parts.

with this graphic aid in mind, the following evaluations are
possible:

1. Compare start-up watts to operating watts.

2. Evaluate effects of lengthening start up time such that start
up watts equals operating watts (use timer to start system
before shift).

3. Recognize that more production capacity exists than is being
utilized. (A short start-up time requirement needs more watt-

1”:‘"" Wsits age than the processing wattage.)
10% Satety Factor 4. ldentify where most energy is going and redesign or add
9 insulation to reduce wattage requirements.
s ;SO:” ggge:::.'g’"‘ ‘ 10% Safety Factor S.F Having considered the entire systom,
7] Radiation a re-evaluation of start-up time, pro-
duction capacity, and insulating meth-
7 @) ods should be made. The selection of
¢ Operating Lossas heaters will then be made utilizing the
Conduction Q) most efficient system.
Initial Heat to Convection
§ — Meltor Vaporize(Q ) Radiation
C
4 —
3 —
Process Heat—Maeiting or Vaporizing {Qp)
2 — initial Heat to
Raise Equipmen}) Operating Process Heat to
ial
1 — and Materiais  (Qa) Raise Productfrom T, to T, (Qg)

4—7—r T b

| Start-Up | Pr
Time (Hours)

|
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General Engineering Data

Heat Loss Graphs
Heat Losses at 70°'F Ambient

How to use the graph
for more accurate
calculations

Table 1-

Convection curve correction
faclors;

For losses from Muttply

lop surtaces or convection curve
from horizontal value by 1.29

ppes
For side surfaces  Use convection
and vertical curve directly
pipes

For bottom Mulbply

surfaces corvection curve

value by 63

Radiation curve correction
factors:

The radiation curve shows losses from
a periect blackbody and are not de-
pandent upon position. Commonly
used block matenals lose less heat by
rachation than a blackbody, so cofrec-
uon factors are apphed. These corec-
tons are the emissivity (e) values hisl-
ed below:

Total Heat Losses =

Radiation losses (curve value times e)
- Convection losses (top) + Convec-
tion losses (sides) + Convechon loss-
es (botiom) -+ Conduction losses
(where apphcable)

Some Material Emissivities

[ Specific Emissivity

| Material Heat Polished Med.

! BTU/Ib. 'F Surface Oxide

IrBlackbody

| Aluminum 24 09 1
Brass 10 04 35
Copper 10 04 03
incoloy 800 12 20 60
Inconel 600 BB .20 60
Iron, cast 12 - .BO
Lead, sold 03 — 28
Magnesium 23 — —_

| Nickel 200 RR - -

| Nichrome, B0-20 11 = =

| Solder. 50-50 04 = s

| Steel

| mild 12 10 75

stanless 304 B A 17 57

! staniess 430 1 17 57
| Tin 056 — —

| Zinc 10 — 25

Heat Losses Fi'om
rigure 1- Uninsulated Surfaces

Convecton — vertical surface
Combinad radiation and convection —oxidized alumi

Radiation —black BOdy - — — — — — o ———
Combined radiation and convection —oxidized steel . o e ma——
B HINB | T
- .
| {1
e
I'
ool L ” i BEESEE
b HH
1 !
- : ‘ "L'"r"'-'
= i i |
[ " 1; T ( T 1
3 e fi /
| i
3 =TT /% /
v HERYARY 41l
.l I
'E OO 4 b r-»qr }1
| | / /
i § T 711 ! i
1 ’ 1
- p7adilinill
e ‘f / |
ReiT g0 !
==zzaitill L
| ilkHImE
11 | gl |
1 H 3 4 S58T7am 1 3 4 5 6780w t ] 30 40080 W00

Table 2

Heavy
Oxide |
{

100 |
22
60
65
92
92
85

BE
85
L

Losses ( Watts per Square inch)

To estimate losses (watts) from uninsulated surfaces:
67 watts x surface area (#t°) x temperature nse (F) over
ambeent (70°F) - losses (watls)

To estimate losses (watts) from insulated surfaces:
16 walls x surface area (#) x temperature nse (F) over
ambient (70°F) losses (watts)

Specific —]

| Material Heat Emissivity i
| ~ BTU/Ib.F _ -
| Asbestos 25 '
| Asphist 40 |
Backwork 22 i

! ((;aar:son % Most nc;r;metais !
Paper 45 ‘ '

| Prastic 2-5 |
Rubber 40 |
Siicon Cartade 20- 23 {
Textiles — !
Wood, oak 57 |

Additional information on emissnities 15 available from Waliow
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Heat Losses From Vertical

Insulated Surfaces Figure 2-
1. Based upon combined natural convection and 3. For molded ceramicfiber products and packed
radiation losses into 70° F environment. or tightly packed insulation, losses will be
. o lower than values shown.
2 Insulat;(ozn Zl;aéa;‘tg:s;ncs For 2" or 3” Insulation muitiply by .84
k=83 @ 1000° F For 4” or 5" Insulation multiply by .81
' : For 6” Insulation multiply by .79
& 2600 Py by
/‘
3 2400
.g 2200
[
a 2000 < ——
'g 1800
3
- 1200 —
L 3
5 1000 etion
@
5 800
® 600
[}
o 400 V »
£ 7 0" Insulation
£ 200
F 0

0.1.2 3 4 5 .6 .78 .910111213 14151617 1.8

Losses (Watts Per Square Inch)

Losses From Horizontal

Metal Surfaces Figure 3-
1400 /
00
oﬁ: 12 / ¢‘°'°/ L1
3 1200 S “\/" e
0 g N° -
& 1100 o
5 &
'03 1000 Y, — T
© 900 g
2 T
- N
8 800 /ooéo
2 700 ‘ y’
£ ‘ / Yy (o
o 600 '/ >
F [V
500 III/
. —
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20

4 Losses (Watts Per Square Inch)
* For losses of moiten metal surfaces, use the curve e = .40.
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C.2 Coating the Connection

Heating and Applying Pressure:
Resources for developing Heating and Pressure Profiles:

Heating and pressure profiles were developed via theory and experimentation. Useful
resources include: DuPont’s “Injection Molding Guide for Teflon FEP, Teflon PFA and
Tefzel” (included on the following pages), books on injection molding, and DuPont’s

technical support (http://teflonindustrial.custhelp.com). Input from previous users of the

“SCD Machine” (the wire-insulation-repair machine), in addition to experimenting with the
SCD Machine and the current injection molding machine, were helpful in gaining
information and understanding as well as troubleshooting during profile development. The
new injection system, designed for this project, is ideal for further experimentation, including
fine-tuning of the profiles preparatory to the design of the final manufacturing equipment and

Processes.

Equipment:

Heating is accomplished with one cable heater (120V/240W, 0.062” diameter,
unwound length of 24”, wound length of 2” around a 3/8” tube), 8 cartridge heaters (each
120V/150W, 0.25” diameter, length of 1.25”; 4 heaters per plug), and thermocouples (K-
type, sheath length of 0.75”). The operator currently uses the control consol (3 zones,
ramping controller, capable of 4 recipes with 8 steps each) to manually regulate the
temperature.

Pressure is applied using standard shop air.

Optimization:

Further optimization of the heating process would focus on automating it and
minimizing the time required to complete the process. The controller can be programmed to
automatically run heating profiles. For the current injecting machine, designing a longer
heating coil and tube would reduce the preparation time between each heating cycle by
making pellet-feeding less frequently required. Automating the procedure with a more

sophisticated pellet-feeding system, such as one involving cold-feeding Teflon pellets or
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powder with a screw mechanism, would be desirable in the manufacturing version of the
injection machine. Adding fans, fins, or heat sinks would also improve the process by
reducing cooling time.

Further optimization of the injecting components should consider a way to sense
pressure drops (particularly during cooling) and regulate them. Valves for adjusting the
pressure of the system should be automated in response to measured temperatures and

include feedback.

Applying Tension:

In future optimizations, the use of a force meter in conjunction with wheels (Figure
32) should be investigated for applying tension to the wire. Quick release clamps should also
be investigated. (A suggested supplier for such force gauges is Stroud Systems, a Chatillon

distributor: www.chatillon.com/tx.htmi.)

Figure 32. Applying tension using a
force meter and wheels

109



C.3 Injection Molding Guide for Teflon FEP, Teflon PFA, and Tefzel

INJECTION
MOLDING GUIDE

FOR
TEFLON PFA
TEFZEL

FUCHCTROATIVER B

FLUOROPOLYMERS
INDUSTRIAL
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A Family of Resins With
Unique Properties

Du Pont produces a fomily of fiuo-
ropolymer resins to meet o wide
range of demanding end-use
requirements. They have gained
widespreod recognition for their
unique properties ond design
versatility which are helping to
solve some of industry’'s foughest
matenials problems Common 1o
all Du Pont fluoropotymers are

¢ Outstonding chemical resistonce
* MHigh-temperature resistance
& Antl-stick choracteristics
* Excellent dielectrc properties
® Qutstanding resistance 1o
weather and aging
A summary of the physical
properties of TEFLON® fluoro-
carbon resin and TEFZEL" fluoro-
polyrmer resin is shown n Table 1
on page 4.
The Meilt Processible Resins
The meit processible fluoropolymer
rewns axtend the product line by
providing the desirable properties
of TEFLON® PTFE fluorocorbon resins
in products that can be processed
by conventional thermoplostic
fechniques, such as injection
moiding and exirusion.

Apphcations encompaass those
where designers ond end users
require a thermoplastic with excel-
lent chemical stability, dslectric
propecies. anti-stick charactenstics
and mechanical strength for use
In extrame high- and Iow-
temperature environments.

This versatile farmily of melt proc-
essible fluoropolyrmer resins is
availabie from Du Pont to meet
specific end-use requirements
and processing needs:

& TEFLON® FEP fluorocarbon resin—
TEFLON" FEP s rated for service to
A00"F/204°C and retains the
chemecal resistance ond delec-
tic strength of TEFLON® PTFE
fuorocoroon resn

Melt Processible
Fluoropolymers

® TEFLON® PFA flucrocaron resin —
TEFLON® PFA is  premium per-
formance resin with good melt
processing choractanshics and
unique thermal stability. It offers
high-temperature strangth and
stiffness: excelient stress-crock
resistance: high fex life ana
axcelien! eectical propertes
115 high temperature senvice
rating is S00°F/260°C and it resists
virtually all chermecais
® TEFZEL" fluoropotyrmer —TEFZEL
15 0 strong. tough material with
chemical resistance, elecincal
properties and aging resistance
approoching those of TEFLON®
flucrocarbon resins, Rated for
use to 302°F/150°C., TEFZEL" has
excellent processing properhas
using conventional themopiastic
techniques
Hucropolymer resins are different
from most othar thermoplastics
since they have higher melting
points and higher medt visCositios.
Accordingly, TEFLON® ond TEFZEL"
require relatively high processing
termperatures and slow injection
rates. Special consiceration for
mold design is needed bocouse
of the molding charocteristics of
thase resins. also, process equip-
ment neads 1o be constructed of
cofoson-rasstant matediols

Thermal Stability

The fiow rate. defined as the
number of grams of molten poly-
mer that flows through the orfice
of a rheometer in fen minutes,

is invarsaly proportional to thae
viscosity of the moiten polymer
Use of a heated nsuiated, and
marmostotically controlled labor-
atory melt indexer (compnsing o
cylinder and a weighted piston

copabile of fToIcing moiten resin
through an orfice at the bottom
of the cylinder) permits accurate
measurement of Now rates for
TEALON" and TEFZEL" resins:

(Se0 Toble 2 and Figuee 1)

Since thermal cegrodation
of polymanc matenals s a hme-
tempecature dependent phenom-
enon. careful measuremant of
the increqse in the flow rate oA o
polymer dunng processing pro-
wdas an excedlent tachnique or
monitoring thermal degracation
of injection moloed ports cuning
the manufocturing process

The effec! of temperciure ond
hoid-up lime upen the flow rate
of TEFLON- ond TEFZEL" resins is
shown in Figures 2.3 ond 4 on
poge ¢ With TERLON" FeP. data
thow little sgnificant change in
propertias if the change in flow
rato, due 1o tharmal degradation
% legs than 10%. With TEHLON" PFA
a change of up to 20% may ba
tolerated without a sgnificont
effect on end-use properhes For
TEFZEL" flucropoiymers. the flow
rate may nclease by os much as
S50% wathout significont Change in
tensile or elongahon properties of
the reen Such changes con ba
measured before any wenous
losses in inmportant end-product
propectes occur This provices
sufficient time for comective
action 10 be taken by g tachni-
can so that the proper process
variobes may be altered to
prevent senous damoge o
procduction

Although discoloration of smat
bubble formation normatly indi-
cates resin degrodation. dork
color can occur in the rasin melt
from equIpMent COMosIon pro-
ducts or from troce amounts of
ess thermally stoble resins.
Continued operation at condi-
tons cousing thermat degroda-
tion of the resin can result In black
specks or streaks of contaming-
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Toble 1 Propertes of Flucropolymers lor Injection Moksng

TEFZEL
ASTM TERLON FEP  TEFLON PFA
Property Standonas Units 100 80 240 200 80 HI-2004
Specific Geovity oM 215 215 170 1.70 170 18
Mexting Paint Dla-E164 “+ 500 582 512 512 512 -
"C 260 & 27 267 267
Jensle Shength,
3¢ D638 e 3400 1000 5800 6,500 & 700 12.000
C L% 2] 2] % &0 45 'Y 827
Elongaton, 73°F/23°C D638 % 325 300 00 3 200 8
Fem Modulus. 73°F D0 (] 20,000 90,000 170000 170D00 170000 90000
2¥C o 586 S 1.200 1200 1,200 6350
randness Curomater D740 (152, ey D6? a3 or2
Dsaiacine Constant, 0150 202 21 26 206 28 38
YNHZ
Dwrloctne Shangth, 0149
shor tme, 10 mil Wil 2000 =2 D00 1 800 1 ADD 1800 425
024 reen W e a0 a0 0 0 mn 187
Drstipation Facton D150 o007 00001 00054 Cc.0031 apar2 0 Q035
IMH2
Volume Resistaty D257 ohim-Crm o 10°* o) 1 0
Woter Absomton, 24 e D70 4 a004 <003 ooo? 0007 ooar 0028
Weathar Rasstance Hanoo Veors 20 10 - 5 -
Exposume  Unaoffec e
Lrruting Onygen Incex 02862 % @3 L 1] 30 0
Fome Rating” uL?4 VO VO VO VO vO VO
Impoct Stength, 7Y°F D256 ro/in o biecs No Creak N0 break Mo Drecs Ne Deak 1o beaak
2¥'C Am
&4°F ®-o/in 29 LI S 2% 35 20
-54°C m 1548 o 135 18648 1068 -

Chesmicol Resistorce””

Esceslant o Cresmical Semce

“Ths PUMENIC T FOma-S0mea 1IGR0g 18 Nl rilencied fo sstect Fo oo presented Dy s of Oy ofher matenal unoer octual fae cono®ons
"TRnter o "Chamrecal Uke Yermn st Geaoes - 671 Suomogoayrer and “THHONT Muoicornon lessin Chamscnl Serice

YA QAT (-198°C)

ton Since e Inection moiding
temperatures requirad for TEFLON"
and TEFZEL" will Secompose mony
other thermoplastics, it s abso-
lutely necessary mat the moiding
equipment be thoro

cleaned of such materials before
mokding TEFLON® fluorocarbon
and TEFZEL" fiuoropolymer resins.
Should contamination occur. it is
imperative that molding cecse
until the couse for the contamino-
ton s discovered The equipment
should then either be thoroughly
pugea o dsassembled ond
scrupulousty cleaned before
restarting the molding process

Resin FAow Properties

Melt fracture In molten poymer
occurs when the velocity of the
flowing resin exceeds the crtical
velocity (the point where the inter-
nol low stresses in the molten

lable 2. Typicol Row Rates (FR) for Ruoropolymerns

Averoge
FR. grams
per 10
Resin Grode minutes

TEFLON"® FEP 100 7
Meaasured af 702°F(372°C 140 3
ASTM Methoad D2114 160 1.2
TEHLON® PFA 340 14
Measured at 702°F/372°C 350 2
ASTM Mamod D307
TEFZEL" 210 23
Measured ol 567F/297°C X0 7
ASTM Mathod D3159 280 4
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Fgure 1
Flow Rates of TEFLON™ FEP and PFA and TEFZEL vs. lemperalure of
Constont Shear Stress— Typical Volues

Temperature, °F
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Standard Flow Rotes
of TERLON’ FEP and PFA
measured of 702°F/372°C
TEFZEL" measured at 567°F/297°C —1
I
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resin exceed the melt strangth of
e resin). Although meilt frocture
can occur with any Mermopiashic
matenal, the critical velocity at
which it occurs with TEFLON® and
TEFZEL® I3 much lower than most
thermopiastic materials. A parnt
molded under melt frocture con-
ditions may have a cloudy of
trosty surface. or. in the cose of
TEFLON* FEP and PFA. it may

De Intemally fractured or delarm-
nated with o normally appearing
sooth and shiny surface.

There are thiee possibile tech-
nigues for eliminating melt
frocture:

1. Reauce the resin veloCity by
enkarging the runners. gates,
or cavithes, and/or using @
siower rom speed

2. Incr@ase the criticai flow 1ate
by increasing the melt
termparature o he moid
termperature

3. Reduce hear losses by shorten-
ing the distance through which
the resn must fiow 1o fill the
cavity (e.g multipie gates),
The three preventive possibilities

are limitea as remodies, however,

snce o0 $iow an injection rate
mMay couse the resin 1o solicity
before the mold cavity is filled.

Also, thare ore mits as 10 how

much the mold arec may be

enlarged without adversely affect-

ng the desgn. Maximum moikd
temperature is limited since
directty offects product parame
ters like sjectability, surface finish,
worpage, shrinkoge. ond crock-
ing, while maximum meit
temperature is limitea by resin
aegrodation

Fgure 2
Percent Increase in Fow Rate of TEFLON' FEP 100 with
Thermal Exposure
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Agure 3
Percent Incre0se m Aow Rote of TEFLON™ PFA 340 with
Thermal Exposure
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FAgure 4
Percent Increase in Row Rate of TEFZEL" 200 with
Themal Exposure
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Although it s possibie to injection
moild TEFLON® and TEFZEL” in am
type equipmen!, 1he reciprocat-
NG sCrew MAachine is recom-
mended because the screw pro-
duces a tharoughly plasticated,
uniformm melt and provides o
much more efficsent ronsmission
of pressura to the moiten resin
fliowing info e moid

Additional inherent acvantages
for the reciprocating screw
machine over the ram type
unit are:

1 Fewer s!@es for possible rasin

stagnation

2 Better dispersion of filkers or
pigments in the mett

3 Less resin hold-up time

4. Higher possible melt tempero-
tures, with less tharmal
degrodation.

Materials of Construction

Since molten TEFLON® fluaro-

carbon and TEFZEL" flucropolymer

Equipment for
Injection Molding

resins are comosive to mos! metals.
it is most important that corosion-
ressstant matals be used for oll
parts in continuous contac! with
the molten resin. The only excep-
Hor 1o this ruse is for short, proto-
type runs. Traces of comosion
products thot accumulate on
the meatal surfaces caon break
away, contaminating the finishead
product. and possibly odversely
offecting physical propedties. It
Is suggested that “Hastelloy” C'.
"Mastelloy” C-276". "Durcnickel™,
or “Monel” be used for e sCrew
odopter. ana nozzie. For the
cyfinder ining the use of “Xaloy”
3097, "Brux", "Relloy™ or "Bermex’
Is sugQested

Since high operating tempera-
tures are the rule. it is recom-
mended that a high temperature
resistant thread lubricant such as
"Never 5007 De used fo fociktate
ease of machine part cisassembly

Becouse the moid is main-
tained at temperatures below the
melting point of the resin, the cor-
roson rate of the mold surfoces

will be less than for other parts of
e maoachine. Except for long pro-
auction runs. unpiated molds of
haordenaed 100l steal, hardened
stainless steel, or high quality
chrome o nicked plated materat
may be satstactory. For kong runs.
More COMoson-rasistant materals
of construction might be desrabie

Screw Design

Figure 5 Is o schematic diagram
ageplicting a recommended sCraw
design for molding TEFLON® and
TEFZEL® resins. it is o meternng type
screw with a metenng section
which occupies 25% of the total
length The screnw should hove o
constant pitch and a flight depth
ratio from the feed sechion 1o the
metering section of 31. For TEFZEL"

Toite Diwsion Cabot Comporaton W00 W Pom
Avenue Kokomo N 48901

frreingtiona Noeel Compory PO Bos 1954
untingeon, WY 75 10

Mooy nc ] lerming Food New Srunseick
U ORRC)

Svooues | Oty ) (0 ¥ Odbury Warey
Worcestershie. B9 200 Engioma

Weioy Metal GrmoH | Sotertduser ) Geemary
42 Tnomoyow! Bese Ko, Pog) Bos 148

Serna A (e, CH-4400 Oter,

5

Figure
Schemanc of Screw Design 1o Injection Mokding TEFLON * ana TEFZEL™

|-————— FEED SECTION

Ls L

b

e | A —

)
SuQgQestea amensions of screw

Depih of e Depth of metesing widih of
Diarmeter (D) Prich (P) section (hy) sechon (hy) ond (W)
in. {mm) in (mm) n (mm) n {mm) in {mm)
1" (3a1) 1% (381) 0.255 {65) 0085 (2159) 0150 (3810)
1% (44 5) T (245) 02N {(T4) 0087  (2404) 0175 (4445)
2 (508) 2 (508) 033 (B4) QMo (2794) 0200 (5080)
2% (63 5) 2% (635) 0420 (107) 0140 (3S56) 0250 (0.350)
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it is recommended that a 3-turn
transition zone be used. while for
TEFLON® 0 '4-tum transition saction
is recommended. Although other
screw designs have been used
successiully, the hwo designs
agescribed are recommended.

Nozzie

Figure & shows a conventicnal
type, reverse tapered nozlle
recommended for TEFLON® fucio-
carbon and TEFZEL® fluoropotymer
rasins The bore should be as large
o possible ond tapered 10 ple-
vent dead spots of rapid changes
in rasin velocity. The sprue should
extend into the nozzie : 1o 1in./
13 to 25 mm 10 prevent forma-
ton of a cold slug. An Included
angle of 4° s suggested 1o permit
the material in the topered por-
fion of the nozzle to be withadrawn
with the shot To decrease the
possibility of peening the nozzie
pore, which in tum could prevent
remaoval of chilled material from
the nozzie, it is recommenced
that the radius of the nozzle orifice
exit be 10 mils/0.25 mm as indi-
cated in Figure & To provide o
smooth, uninterupted fiow path.
the nozzie bore must maich the
odapter and be equipped with

its own separate heater and
temperature control.
Non-Retum Vaolve

The non-return or check ring vahe.
shown in Figure 7. prevents the
maoiten resn from bock-
ward along the screw Mlights during
tha injection process Tha fiow poth
must be streamlined ond the joint
petween the vaive and the sCrew
must be smooth and hight In arder
1o avoid areas of stagnant resin
fiow or holaup. The tip of the screw
shoulkd be pointed to provide o
strearmiined flow path for the resin
and to reduce the free volume in
front of the screw offer injaction

A leaking vaive will couse poor
control of por pocking ana
toleronces.

Figure &
Corvenlionol Reverse Tapered Nozrle

RADRSS
10 sull
i LL
-
[ /
s VG T
V28 mem “evasmm
NN APER LENGTH
Figure 7

Design of Asapler and Non-retum Valve

ADAPTER HEATING CYLINDER

e AR
\

CHECK RING
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Smear Head
A smeor head. Figue 8, which
con be used in ploce of a non-
retum vaive, is a device tal uses
a small gilametral clearonce with
the cylinder over on extended
lond length, thus restricting
backward meit fiow during the
Injection stroke of the sCrew, When
the screw is rotating during retrac-
tion. the meit is forced forwarg
through a narow annulus. this
sheqaring of smearnng achon
increases melt temperature,
improves mixing, and recuces
effective pocking pressure. The
smeaar head may be prefered
over the non-retum valve for
the foliowing reasons:
® Less fendency for resin stagnation
® Lowear possibility of overpack-
ing the molid (with attendant
detamination for TEFLON®)
® | ess tendency to form streaks in
e moided part
¢ | ess Drasion on relatively soft
corosion-resstant alloys

It is suggested that a check ring
non-etum voive be usea when
injection molding TEFZEL" 210. due
1o the resin's lower viscosity When
moiding TEFLON® PFA and FEP or
TEFZEL" 200 and 280.a smear
heod would normally be used in
ploce of the non-retum voive

Check rings may be con-
structed of Hastelloy C or Monel!
400 Since no indestructible mate-
ial of construction for cheack nngs
is known. wearing of the check
nng should be monitored

Temperature Control

It is recommended Ihaot three inde-
pendentty controlled heater zones
be used for the cylinder ond one
for the odapter. A separate con-
frofer should be used on the nozzle.
The heater controllers must be
caopable of accurcte temperature

control up to 200°F/371°C for TEFZEL"

and up to 800°F/427°C tor
TEFLON* FEP and PFA. This lavel of
control requires a heater watt
density of 30 to 40W/in‘/4.6 to
6.2 W/emy.

Figure 8
Smeor Heoa
SCREW MEAR
/ RiGHS / WEAD
]
S
t
X/
T™ T
H>h H =
Hydraulic System may exst in the non-retum vaive

Whan injection moiding TEFLON®
flucrocarbon and TEFZEL" fluoro-
POYMEr resing. it s ohen necessary
1o use on axtreamaly slow Njection
ate in oroor 1o avoid either surface
or internal melt frocture The
hyaraulic system, therefore, should
be capable of pIoauCIng O very
uniform and controlled ram speed
as slow as 60 seconds per shot A
higher ingaction rate s permissible
with TEFZEL® 210 since it does not
melt fracture as readily as other
fluoropolymers. Thus, the hydraulic
system mus! be copable of pro-
ducing high rates of ram speed as
wedl as very low 1ates
Streamiining

It is most important for the entre
flow path of the resn through the
machine 10 be streamlined ond
that thete be no areas of stogna-
tion. Localized hotdup, such as

of a reciprocating screw machine.
can lead to thermal degradation
of the resin and unacceptable
production.

Sizing Injection Machines

In conjunction with the weight of
the part and the runner. thase
mel! densities should be consid-
ered for odequate injection
maChing size at NorMmal processing
conditions:

—tor TEFLON® FEP and PFA
~0054 Ibs/In? (~1492 Kg/m?")

—tor TEFZEL® ~0047 ibs /in?
(~1298 Kg/m")

Clamp tonnage should be appro-
pocte to cavity mold pressure and
the area of the mold cavity which
will oppose the clamp tonnoage.
One expects that a ciamp pressure
of § tons/in? of projected area
should be odequate for molding
parts from Du Pont flucropoiymers
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Mold Design

Materials of Construction

Moid cavities con be constructed
from conosion-rassiant matenals
wich as Hostelloy C, Monel, o
Duranickel. but these matenals
provice a degree of comasion
resisiance 1o greater than is
usudlly necessary. Showusd unpro-
tected 100l steol of hargened
stainless stesl be used. the mold
shouid be tharoughly cleaned
before storoge with a moderately
aikaline material (e.g. ammonic
water). dried, ond coated with a
rust preventatve to avoid rusting
and ptting This procedure is par-
hcularty important whese high
humidity conditions prevall Rust-
ing and pitting moy be avoded
by plating the maoid with aithear
nickei or chrome (chrome should
not be usad with TEFLON® PFA) 1o
o thickness of % to 1 mil/0013 10
0025 mmy to aveoid stripping the
pRating from the moid, use a high
quality plate devoid of pinhalas.

Sprue Bushing

The diometer of the sprue bushing
should be at least . in /1.6 mm
greater in dikometer than the main
runner and just sightly greater
than the nozzie orfice. Generally.
a stangard taper of 3 or % in /f/4
of & mm/m is used

10

Runners
N O 10 minimize both heat ang
prassure osses, large diameter, full
round runnears of the shortest pos-
sible length should be used A
second preferance would be
hapezoddol runners which are
usuolly easel to machine thon
round runners, Runnar walls should
be free of ony restrictions and
should biend smoothly inte the
gotes

Genarally. the thickes the molded
part, the larger and shorter the
runner shoukd be Parts of overoge
mickness. upd to opproximately
05in/12.7 mm. require G runner
aameter of 025 in /b4 mm or
larger. Thicker ports require the
runnet diometer 10 be i 1o 1x the
thickness of the part The nunner
length or lgyout dictates the

amount of sCrap procuced and
the pressure drop  Both “bakonced”
and “lateral” runner systems are
shown In Figure 9. A runner system
& “bolanced” when the resn flow
distances between covities and
sprue are equal When the number
of cavities resuits in a compilex or
sengthy resin flow the “balonced”
runnes system is not recommenced.
A "lateral” runnex system con be
used with both short and long
rasin flow distances in most
nstonces

Gates

Gates should exther be as large as
possible or eliminated aitogether.
The land. or length, of the gale
should be kept very short. Rec-
fanguilar tab or fan type gates,
genarcusty flared Info the maid
cavity, are prefened over round
gates. since they provide o more

Figure 9

Runner Systems Useda in Inection Molaing

LATERAL RUNNER
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eftective means of reducing stress
In the resin. Rounad gates generally
ore easer to remowve from a part
but do not permit the same dogree
of independent control of cawty
filt and gate freaze-time as rec-
tangular gates do The thickrass
(chameter) of the gate shoukd be
42 10 1x the thickness of the part
Transitions from the runner to the
gate to the part should be smooth,
with no abrupt changes in the
dwection of resin flow.

Diaphragm or ring gates can
be used for molding cylindncat
parts wheta concenincity is criicod
of wheare weid lines cannol be
tolerated. Pinpoint gates should
be avoided except when moiding
small parts which are injected
very ropidly as with TEFZEL" fluo-
ropolymer resin, Tunnel gating. as
shown in Figure 10. con also be
used for TEFZEL®

Gate iocahons should be ot the
following points:
® Where the part will not be highty

stressed by benaing motion or by

mpact while in use.

® 50 that weld lines occur In Non-
critical areas.

® Wherever finishing the gate

site would be unnecessary or

nex i
® At or near the theckest saction in

orgdet 1o minimize sink marks ond

1o avoid pushing resin through o

thin saction to fill a thicker one.
® At locations consistent with vent-

ng requirements (vents ore

normally required at weld ines

of at tha bottom of blind cavitas )
® in the center of a circular part.

Fgure 10
Tunnei Gate

Other Considerations

When the necessary functional
and appoarance requirements of
the port have been established,
the final part design should be
made with the following consid-
erations in mind

® Ganerous filleting.

® Strecmiined angles and inter-
sechons,

® Unliform wall thickness ( if different
wall thicknesses ore required,
blend as gradually as possibie)

® Simpiicity (the overal! design
shouid ba kept os simple as
pOossIDe),
in addition. the foliowing are

Qood practices for consideration

® Post-moiding operations such as
arilling holes in the port are
usucily prefered to the incorpo-
ration of ping

® Tha number of covities shousd
decreqse as the complaxity of
the part increases.

‘it Mormede Cormpory Ken-Caomy Bonct Darwes CO 80040

® Jatting. the rapsd flow of a thin
resin stream ocross @ mokd cavity,
shoudd be avolded.
Mold Heating
Although a mold can normatly be
haated by use of a high tempero-
ture crculating cd haater, when
an injection molding process
requires a mold temperature in
excass of 375°F/191°C, electrical
nedaring should be used. Both
nalvas of the mold should be
insulated from the platens to
recduce heat losses Sheats of
“Tronsite” board” 0.25 in /6.4 mm
hick are satisfaciory for this
PO

11
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Dimensional

Considerations

Tolerances

The achievement of Close toler-

ance molding 1s contingant wpon

precise control of operating
parameters, such s resn feed
1ate 10 the Cylncer, Cylinder and
melt temperature, ram or screw
wpoed, pressure, ond the overall
cycle, all of which must be kept

constant. Mold design is also o

critical factor in meeting specified

lolerances.

In any manufoctuling process.
as tolerance requirements tighten,
e pPIoCess Decormas Mmora Com-
plex and expensive. Generally,
plastic parts are capobile of func-
fioning with wider tolerances than
metal counterparts becouse of the
higher inherent resdiency of plastic
Fgure 11 shows some suggested
tolarances for plasthic parts

A few general comments and
COUtions relating 10 10leeanNCces e
® Toleroncas should never be

spocitd closar tan Necessary

o Cost increases when ciose
tolerances are specified on
several dimensicns of g part

® Do not specify ciose toerances
for parts with major vanations In
wall thickness.

o It is not good practice 10 specify
fine toleronces across a parting
line or for dimensions controlied
by movabie cores of sikhing coms

Table 3. Estmated Mold Shvinkage

Thickness of
Malded Aficle Srwinkoge

n, (mm)}  milsn, (mm/m) *
18 (32) 35-40 3540

1/4
1/2
3/4

12

40-4%5
45-50
50-60

4045
4550
5060

(b4)
(127}
(191}

Shrinkage

Listed below are tha basc foctors

aftecting the shrinkage of pons

inyaction mcided from Muoro-

polymenrs:

® Increasng elthar part thickness
or moid temperature iNcreases
the part shenkage. since changes
of this nature result In g slower
cooling rate for the part, which
in tum produces a higher level
of crystallinity {order) along with
some relaxation in intermnal
stresses

® Most piashc parts exnibit dwec-
tional shrinkage differences:
port shrinkage is lowest in the
direction of resin flow due 1o
the relatively high degree of
molecular orlentation in that
direction. Generally, the straight-
ar Ihe path. the lower the
shiinkoge, which leads to the
conclusion that it is oovisable to
design the part and locate the
gates so as 1o create the
straightest fiow path in that
direction having the greatest
rastriction upon aimensional
toleronce.

® An increase In iInjection pressure
causes O decrease in shrinkoge.

* Generalty. parts moided at
higher stock temperatures will
exhibit higher mold shrinkoge.

* The addition of filler matenal
reduces part shrinkoge.

® Tabée 3 shows estimated mold
shiinkage versus thickness for
TEFLON® FEP and PFA

® Fgure 12 shows estimated mold
shiinkage versus thickness for
TEFZEL®.

® Figure 13 shows estimated moild
shrinkage versus mold ternpera-
ture for TEFZEL®
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Shrinkage Allowance

It accurate part dimensions are
required, shrinkoge alliowance
should be determined by test
moiding the part in question Listed

Agure 12

beiow are the steps recommended

for construction of a mold

1 Mochine a single covity in the
production mold base using the
specified dimensions for the

Mold Shrinkoge vs Thickness for TEFZEL® 200

70

3 8 8 8 8

-
o
T

Moid Shrinkoge. mils,iInch (mm/m)

i

Mell lemperature -

5
Thickness, inches

10

ZW‘F,"OJ'C

Injection Pressure -mm(:pu /70 MPa

cavity and owversized gimensions
for molkd parts which form the
insicde dimensans

Machine the sprue bushing and
all the runners up to the points
where future production cavities
will De inserted.

Pertorm severol trial moldings
with the single cawvity mold and
determine the best molding
cenditions for production of
satistactory ports.

Check the dimensions of the
moided article affer it has been
maintained at its expected
operational termperature for

24 hours.

Use the shrinkage data obtoined
from step 4 to dasign the proper
aimeansions for the production
cavities

Machine the production cavitias
to the comect dimensions and
insert them into the production
moid base used for the singile
cawvity test moid

Without aftering the runners or
gates, mold a part under the
previousty estoblished conditions.
Any compensation required for
sight differences in dimensions
can be occomplished by sight
variations in the molding
conditions.
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Heat Treating
Heat frectment Or annealing, is a
process which minimizes the
shnnkoge experienced by a port
aunng Its operationol life. Anneal-
Ing consists of exposing o moiced
parn 10 a temparature sghtly
higher (opproximatety 10-15%F/
5-8°C) than its intended operating
temperature for approximately 15
minutes per 0.125 in./3.175 mm of
port thickness and then cooling
very siowty: the time s measured
from the point ot which the part
reaches the desired temperature.
The slow cooling aiows relaxation
of internal stress, thus minimizing
any dimensional change during
the service life of the par

The actual amount of additional
shrinkage iInduced by annealing
s @ function of moid termperature.
1@ the hotter the mold, e less
shinkaQe s seen upon annealing
the part. This suggests that If the
moid temperature were 10 be sot
at o peint higher than the service
termperature of the part. no
additional annegling would
be required.
EXAMPLE: Figure 14 shows the
redationship between shrinkoge
incduced by haat treatment and
moid temperature: in this exampie.
the plogue shown in Figure 13
had been heat aged for 72 hours
at 300°F/149°C. The dara show
by heat treatment approaches
the order of 0. 10% as the mold
temperature approaches 275/
135°C.

14

Rgure 13
Moid Shrinkoge v Mold Temperatuse for TEFZEL * 200

=—50iIn —| ‘

30,
Moid Temperature, “C
100 125 160
70 T T T
w»-
w...
Tronsverse Direction

(

i

Modd Shrnkage. mils/inch (mmy/m)
g

-
o
1

Moid lempesalure, °F

PdThicm(l‘!ZSnJ?mm
625-450°F/330-345°C
lri.cﬂon Pressure 7.000-10.000 psi/50-70 MPa

Fgure 14
Shrinkoge ofer Heat Treatment vs. Moid Tempetature

ior Plogque of Figure 13 (TEFZEL * 200)
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Shutdown and Startup
Procedure
If molding equipment is tumed off
without following proper shutGown
procedures. resin degraaation
May OCCUr ONG SOveIe COMOON
of the equipment could also result
It the equipment i constructed of
non-corosion resistant materiols
When ovemight snutdown without
cleanup is desired. the folkomw-
ing shutdown procedure is
recommeanded:
1 Reduce all tempergture con-
trollers to the following levels:
Q) $00°F/316°C for TEFLON® PFA
o FEP flucrocarbon resins
b) 550°F/284°C tor TEFZEL"
flucropolyrmer resin
2 When all temperatures have
been dropped o the levels

ndicated in Step 1. purge e

machine 1o a dry condition

wave the inechion sCrew in the
torward position. and finalty
shut off the power supply.

The restar procedure s as follows:

1 Starting with the temperature
controllars for the nozzie, than
for the adapter. than the rear-
porel. followad by the front
bomel and finally the middie
barel. saquenhally rase ol the
lempearature controilens at each
1one 10 the following evels

Q) 600°F/316°C tor TERLON® PFA

or FEP

b) 550°F/284°C for TEFZEL"

A heat soak of 1 hour may be
necessary to melt all resin and
heat all metal components to
hese set temperatures
2 Stort the mochine siowly after

all temperatures have stabilized.

setting the temperature con-
frollers to operating levals.

3 Commence production when
operating termperaturas have
been reached

Molding Operation

Cleanout Procedure

The following steps outline o sug-

gested cleanout procedure:

1 While maintalnng operating
temperatures. start rofating the
sCréw and confinue 10 rotate
it until the resin ceases to flow
from the nazzie

2 Reduce cylinder temperatures to
the following levels
a) 600°F/316°C for TERON® PFA

or FEP
b) S50°F/284°C for TEFZEL*

3. Shut off the screw and remove
both he nozzie ond the adapter
Be sure 1o clean the nozzle.
while it is hot, with a soft metal
scrape and copper mesh. Oven
bumout is not required and
$houid be avoided

NOTE: At this point o purge com-

pound of ground cast acrylic or

polyethylane moy be used when
molding either TEFLON" FEP or

TEFZEL" resins.

4. Slowty remaove e hot screw from
the cylincer. cleaning It with o
wire brush

5 Clean the insice of e cylinder
with copper mesh
around a toller Tube brush for
a tight fit: then wipe the cylinder
clean with g lint-free cloth
When operaling in equipment

constructed of comosion-resistant

matal, it is permussble 1o leave a

purge (either ground, cast ocnylic

o polyethylena shaeling) in the

equipmen! ovarnight without

danger of damage to the metal.

Basic Operating Conditions
Typical basic operating conditions
are listed in Table 4. Some addi-
tional basic guideknes are listed
beakaw

Melt Temperature

(resin waving the nozzie)

® Docrease e meit lemperaiure
as holdup time i increased

® Runner, gate, and orifice size
ore odditional foctors 10 be
considered

Temperature Profiles

® When operating with high meit
temperature and a long holdup
time (10 to 15 mins. ). the rear
zone should be set ot Q lower
temperature than the front
zone in order to minimize resin

degrodation.

* When operating with shoet holdg-
up himes, the temperature of the
front and reqar ronas shoulkd be
set ot the same point.

* The location of the heater thermo-
couples, the mochine size. the
spaed ond the type of the injec-
tion screw. shot size, ond cycle
time are additional factors for
consideration.

® Occaslonally, high melt temper-
atures resul! from mechanicol
working of the resin malt.

® if the temperature of the rear
zone is too high. bridging may
occur, resulting in eratic feed.

* i1 the temperature of the rear
zone is too low. high torque loads
created by the partially melted
resin could cause the screw
to stall. thereby reducing the
plasticating capacity of the
equipment.

Injection Speed

® Allowable rom speed is dictated
by the smallest channel through
which the moiten resn must pass

* A rough o rippled surface indi-
cates an inappropriate injection
speed was uled. If surface
apPaearance is rough or frosty,
injection speed wos oo fost;
ond conversaly. f a rppled sur-
face resuits, the injection speed
was 100 slow.

® Shot size, meit temperature, ond
mold temparature are additiona
factors for consideration.

%
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Injection Pressure

& Ingaction pressure shoukd NnormQily
De 0s low as possible

® LOow INYOCHion pressure recuces
frozen-in stresses and iMproves
adimensional stability.

¢ 1o reauce sink marks o Improve
weld lnes, inection pressure
should be increased

® Equipment and part design must
aiso be consdered

Screw Rotation

® Generally, screw rotation should
be as siow as possible.

® High screw speeds. combined
with the appropnate bock pres-
sure, are used occasionally to
produce high melt termperatures
necassary for the moiding of
ong, thin parts.

Moid Tempesature

® Extremaly hot moids should not
normally be used for thick-walled
sections

® When the resin fiow path is long
relative 1o the part thickness.
nigher than namnal moid tem-
peratures are required.

® increasing mold temperature
reduces the probabllity of
delarmination (of TEFLON®).

® When adjusting moid tempera-
ture consderation should be

cycle time, stresses, ejectability
of the part, and shvinkage

Bock Pressure

® Bock pressure should normally
be kept as low as possible.

® Increasing back pressure, how-
evar, can somatimes be an
effective technique 10 increase
the stock temperature

16

Owverall Cycle
Owverall cycle time is influenced by
a number of inferalated Manu-
facturing variables, such as process
tempetatures ond pressures. part
geometry, lolerances, warping.
and ejectabsdity, Cycle time s
usually estimated on the basis of
30 fo 40 seconds per 0.126 in/3.2
rmm of thicknass. Except for thin
sections. the longest portion of
the cycle |s often devoted to the
ram-in-motion

“Packing” the resin, which
involves leaving the ram in the
torward postion while under pres-

e, should be kept to g min-
imum Normally, packing Is used
only when moiding thick sections
to reduce sink marks o eliminate
voids. Excessive packing usually
results in delomination of the part
for TEFLON® FEP and PFA, but gen-
elly not for TEFZEL®. Use of

a smedr heod reduces the possi-
bility of overpacking.

Record Keeping

Typlcol formnats suggested for
recording moiding data and for
mold ingpection and repalr infor-
mation are located in the "Miscel-
iany” section of this guikdebook

lable 4 Suggested Molding Condifions for Du Pond Fluoropolymers

TEFZEL"
Exampie Temperatuse  TEFLON * FEP TEALON * PFA flucropolymer
& Profie uorocoron miin  fuorocarbon resin eun
Rear Cytndes. °F 600-625 600-630 525-575
b 35320 316332 273-32
Center Cylinger, °F 625-650 625-650 575-625
e 320.343 320.043 302-330
Front Cyhnder. °F 700 700 575-62%
“C N an 302-330
Nczzle. “F 700 700 650
G m an 343
Mold Temperature =% =200 300-500 R1-37%
"G 93 149260 R1-150
Stock Temperature. °F 650-720 650-750 575-625
*C 343.382 343-399 302-329
Injection Speed Sow Sow Moderatedy Fast
Inyection Fresuute, ps 3,000-8,000 3.000-8.000 3.000-15.000
MPo 21-55 21-55 29-103
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Reuse of Resin

TERLON* FEP fiucrocarbon and
TEFZEL" Pucropolymer resing can
be reworked without significontly
sacrificing the properties inherant
to the viegin matenal, TERLON® PFA
has been reworked up to six times
without loss of tensile proporties or
sugnificont increase in melt flow

Resin for rework must be kept
clean since contamination may
change its processing characteris-
fics or impair its properties It is
NeCossary 10 Use COMOSION-resist-
ant equipment and to follow the
proper equipment Cleonup pro-
cedures. previously outlined in this
gusdae, 10 aid in avoiding rasin
contamination

Reworked resin should be cut to
a size and shape opproximately
equal to that of virgin resin, A
comventional. unchilled. rotary
knife cutter equipped with o
screen is sultable for obtaining a
cut with a minimum of shredding,
If the cut obtained upon rework-
Ing is too flufty, it will not feed well
enough when blended with virgin
resin to permit uniform delivery
Fluffy-cut resin should be extruded
Qs beading and cut into molding
pellats.

Pigmentation

Both TEFLON® and TEFZEL® resins
may be pigmented with com-
mercially avallable pigments that
are thermally stable at the moid-
Ing temperatures of the resins
inorganic pigments are the best
choice. The simplest method for
cokoring resin is to blend the

Auxiliary Operations

unpigmented resin with color
concentrates (available from

Du Pont) aithough pigments may
ofs0 be dry biended by the follow-
Ing procedure:

1 Dry the desired pigment over-
night ot J00°F/149°C m a
VOCUUIM Oven of a non-circulat-
inQ air oven 1o remove absorbed
pases and moisture.

2 Weigh the pigment and If greater
opocity is desired. add ond
blend the appropriate amounts
of titanium dioxide pigment 1o
the color pigrment.

3 Ploce the resin pellets in a clean
container. such as the original
shipping carfon. and then screen
the pigment through a 100-mesh
screen directly onto the pellets.

4 Dry blend the color and the pel-
ets by rolling or tumbling the
mixtuse for at least 15 minutes.

5 Use the pigmented resin pellets
within 30 minutes or store them
n an airtight containe to pre-
vent the absomption of mosture

Thin-Section Molding

Generally it is difficult to injection

moild very thin sections with most

thermopiastic resins, particularty
where a relatively large surface
areqa is invelved.

With TEFLON®, orwthing below
0.1 in,/25 mm may be considerad
a thin section When processing
thin sections. a faster ram speed
must be used since a full shot is of
primary importance. Thera s,

however, o problem in obtaining
both a tull shot and a port free of
delomination. The latter procuct
property can genedally be obtoined
only with 0 siow ram speed, an
cperating condition that usually
produces a resin freeze in the gate
o covity for a thin-walled section
before a full shot con be obtained
Tharefora, a high mold remperature
in the range of 400°F/204°C is
nacessory to minimize the ten-
dency toward delomination
Packing should not be used. ie.,
the ram should be refrocted as
s00n as the maoid is full

Larminations in parts of TERLON®
FEF and PFA may become appar-
ent in a saction which appears
and feels smooth when it is sub-
jected to either heat aging or
repeated flexing. f a part is o
maintain a good. smooth sutace
cfter being fexed. it must be thick
anough to permit a siow rom
spead

Delamination s not a charac-
teristic of TEFZEL* ond the precou-
tions needed 10 avold it with
TEALON® are not needed when
molding TEFZEL*

Glass-Reinforced TEFZEL'
Auoropolymer

Glass-reinforced TEFZEL® has the
potential to be produced on a
taster cycle thon unreinforced
resin, since short gloss fibers remain
well dispersed without straining-out
in pinpoint goted meids used in
the production of very small ports.
Injection maolding with reinforced

17
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rasin differs from the molding pro-
cass without reinforcemeant in
miee ways
1. Injection Rate
The injection rate should be os
high as possible to produce the
smoothest possibse surfoce. since
a part moided ot 100 ow an
injection rate will have a surface
with rough. glass-nch arecs Larger
gates may be required 1o ochiave
e Necassary rapid Inpechion rates.
and g higher leve! of mold venting
may be needed since o fast fill
rate has a tendency to trap air it
the mold does not have adequote
venting, frapped alr is rapdly
compressed to extremely high
pressure, producing localized
high enough to
scorch portions of the surface area

2 Injection Pressure and
Packout

Gilass fiber reinforced TEFZEL™ resn
should be injection molded at
relathvaly high pressure in the
range of 15.000-20.000 psi/105 to
140 MPa and packed out at high
pressure until the mold gate is
compiatety frozen. (Thase condi-
hons are uniike urveintorced
TEFZEL" which Is injection molded
at the lowest proctical injection
pressure with litie or no packout)
in the fabricaticn of heavy-walled
parts, 1o low O pressure of INode-
quate packout may result n Q
molded part with either g vold or
a pulpy core.

18

3. Shrinkage

For glass-reinforced TEFZEL in the
thickness range of 0 12510 0.25 in/3
to & mm, mold shvinkQge s

110 3 mils/in. or mmy/m in the flow
direction and appraximately 25-
35 mits/in. of mmy'm in the direction
transvene 1o the flow Transverse
shrinkage. which s strongly influ-
enced by Mokd Cavily pressure,
can in some Instances, be reduced
40-60% to 15 mils/in. or mm/m by
use of Krge gotes, nozzies sprue
bushings. and shoft runners 1o
reduce the injechon pressre dop
fromn the cylinder to the mold cov-
ity Since the highty direchonal
nature of shrinkage in reinforced
materials can produce warpage.
close attention shouid be pala

to proper part design and gate
location to minimize the shrink-
age effect
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Since their discovery, millions of
pounds of TEFLON® fluorocarbon
resing have been processed at
temperatures in excess of
H62°F/3S0°C. and subsequentty
ploced in end-use apphcahons,
many of which have been at or
above rated use temperatures. In
this pefiod, spanning more than
forty years, there have been no
reported cases of serlous injury.
prolonged iliness, or death result-
ing from the handling of thase
resins. This record includes the
experience of Du Pont personnel,
hundreds of processors. and thou-
sonds of end-usars who handie
these rasins every day.

However, when heated fo pro-
cessing lemperatures, TEALON",
as wall o3 other plastics and
organic mateials, gives off fumes
that are objectionable from the
stondpoint of heaith and sofety

Also, when grossty overheated.
plastics and orgonic materials,
including TEFLON", undergo some
decomposition and achual
breakdown In chemical structure

Fumes from the pyrolysis of
many resins ond elastomers, os
wedl as those from naturally occur-
ting polymers like rubber. coal. silk.
and wood, may bé toxic

Ower the years. much effort has
been spent at the Du Pont Haskelt
Laboratory for Toxicology and
Incustrial Medicine in coreful
Irverstigation of flucropolymer
fesin. In addition, Du Pont
research laboratones have stug-
led intensively the thermal
behavior of fuoropolymer resins.

A numbex of other laboratories.
inCluding those in the United
States Department of Health and
Human Senvices, have conducted
similar studies related 1o the safety
of these resing

The knowsedge galned through
these studies ts summarzed in
thase publications. which shoula
be carefully read prior fo the
handling or processing of any
Du Pont lucropolymer. “TEFLON®
Ruocrocarbon Resins— Safety n
Handling and Use (E-15824-1)
and "TEFZEL* Aucropolyrmer Resins —
Safety in Handling and Use”
(E-64073).

The mm sofety consdaration

Is the installation of exhoust hoods
fo remove off-gases released from
hot potymers info work areqs
Exhaust hoods over the de and at
he hopper heoter are recom:-
mended Extruding into woter—
either o quench tank or o partialty
fited container—tor purging s alse
recommended

The safety in handling and use
bullatins mentioned above con-
tain data for the cesign of hoods
to copture the gases generated
by inpaction molding of flucro-
pOtymes resins.

Proper procedures and controls
must also be mantained to assure
that the moiding operation will
never exceed specified cperating
temperctures or equipment cesign
pressures. "Blow bocks,” gos
redeqses from autocatalytic poly-
mer degradation mitiated by high
temperatures, are possibie,
ofthough the TEFLON" resins are
among the maost stable of crganic
polymers and theralore more
resistant to this hazard TEFZEL" Is
much more susceptibie 10 auto-
catalytic degradation than the
TEFLON® polymers. suggesting
extra care and attention 10 good
operating proctices.

Safety
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Miscellany

Troubleshooting Guide
There are many vanablas in the
injection MoIcNg process which
aftect product quality. The follow-
ing toble is g troubleshooting guice
whiCh can be used 10 hedp define
causas of specific problems

it shousd be noted, howeves that
mary ingechon molding problems
are compounded by the interoc-
tion of more than one variabie
The symptoms of more senous
problems tend to mask Minor ones
Thus. successful froubleshooting
may require careful observation,
and the tackhng of several prod-
lerms in sequence.

Techncol assistance on extrusion
problems is availabile through your
Du Pont representative
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Troubleshooting Guide
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DU PONT POLYMER PRODUCTS DEPARTMENT

MOLDING DAIA
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DU PONT POLYMER PRODUCTS DEPARTMENT
MOLD INSPECTION AND REPAIR RECORD

MOLD NAME MOLD NUMBER
PART NUMBER(S) MOLD SIZE
CUSTOMER'S
PART NUMBER(S) X
nnge W
FITS FOLLOMWING MACHINES
DWTE RECEVED
SPECIAL SET-UP EQUIPNVENT REQUIRED
Mark () # tern s O K for nesd run Mark (R) It iterm mus? Be repaired balore next run. Give bngl expiananon
/‘ - "‘e'°‘° SONDINON . DESCRIBE DESCRIBE
: s/ ., /2 MAINTENANCE DATE MAINTENANCE
f§ uﬁy ¢ {'g’ Tc‘fﬁc‘? 2 j;‘ P/ /€ (;‘. £/& REQUESTED COMPLETED
s -

——
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For more Information on Teffor® coatings:

DuPont

Terfon™ Industrial Coatings
Chestnut Run Plaza

P.O. Box 80702

wiimington, DE 19680-0702

Europe
DuPonl de Nemours (Beigium)
-]

Belgium
Tol: 33-15-441188
Fax: 33-15-44 1160

Pacific

DuPont Australia, Lid.
264 Canterbury Road
Bayswalks, Victorka 3153
Australa

Tel: 81-3-9721-6617
Fax 61-3-9721-5620

Japan

DuPont K. K. ( Teron® Finishes)

4ih RAoor, Chiyoda Honsha Bulkding
5-18 Sarugaku-cho, 1-chome
Chiyoda-ku, Tokyo, 101 Japan

Tel.: 81-3-5281-5868

Fax: 81-3-5281-5629

New Workl Omos Bulldng
(East Wing)

Sallsbury Road

Kowioon, Hong Kong

Tol.: BE2-2734-5459

Fax: 852-2368-3512

DuPont Korea

Tel.: 82-2-222-5385
Fax 82-2-222-6478

The nformation set forth hersin is furnished free of charge
and is based on technical data that DuPont balieves to be
mllﬂa.hiohﬂmdadfauu.zmhw' technical
skil, &t their cen discration

stion inforrmation contained hersin is gven with the

ida our control, we maks no weranies, Sxpress o
implisd, and as suma no liablity in connaction with any use
of this information. A s with any matenial, evaluation of any
compound under end-use conditions priorto ification
is essential Nothing herein is to be taken as a license to
opsrate under or a recommendation to nfrings any
paants.

CALITION: Do not ues in medical applications invobing

permaneal implantaticn in the human . For other
medical applications, see “DuPont M. Cauticn

Staterment,” H-50102

= SeoR) ria?

(800) 441-7515
Fax: (302) 166-8602
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C.4 Testing Splices

Tension Tests:

Prediction for Pull Tests (assuming room temperature)

Strength rating of wire:
Strand diameter:

Area:

Number or strands:
Max. weight per strand:

33,000 Ib/in®

0.004 in

7(0.004/2)* in?

19

[rating of wire] * [area of strand]
~0.415 Ibs
Max. weight per wire: [Pounds per strand] * [19 strands]

~7.88 lbs

Therefore, the expected breaking weight for 26 AWG wire is 7.88 Ibs.

Individual Pull Tests (at room temperature)
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Test # Break | Test# | Break | Test# Break | Test# | Break
point point point point
(Ibs) (Ibs) (Ibs) (Ibs)
1 8.5 14 9.3 27 9 40 8.1
2 8.1 15 9.1 28 8.9 41 8.4
3 8.5 16 8.6 29 9.1 42 8.7
4 8.7 17 8.5 30 8.8 43 9.1
5 9.2 18 9.1 31 9 44 9
6 9.4 19 9.1 32 8.7 45 8.9
7 8.7 20 9.2 33 8.6 46 8.8
8 8.5 21 9 34 8.9 47 9.1
9 9.2 22 9.5 35 8.9 48 9.2
10 9.2 23 8.8 36 9.3 49 9.5
11 9.7 24 8.9 37 8.7 50 9.3
12 9.1 25 9.5 38 8.8 - -
13 9 26 10 39 9.9 - -
Average: 9.0 Ibs.
Standard dev.: 0.38 Ibs.




Tension Tests with Heat

set max actual weight
test ID: (F) max (F) (Ib) insulation note:
weight applied 10
2/18 #1 575 700+ 5 bubbled | min before test
destroyed getting
3/24 #1 620 750 2 bubbled splice out of mold

Observation: Wires break at high temperature even when tension is low.

Individual Bend Tests:
standard
trial 1 | trial 2 | trial 3 | aver. | dev
0 Flexes 7.9 8.3 7.7 8.0 0.2
1 Flex 8.9 7.3 7.7 8.0 0.7
2 Flexes 9.2 9.2 8.3 8.9 0.4
3 Flexes 11.1 7.2 11.9] 101 2.1
4 Flexes 8.7 8.2 9.3 8.7 0.4
Spark Tests:

Small, portable spark testers are available, such as from Clinton Instrument

(www.clintoninstrument.com, e.g. model HV-35). It should be noted that portable units have

lower maximum voltages than traditional spark testers. Experts should be consulted for the

appropriate testing voltage and time, based on the smallest gauge wire involved.
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