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Transient Heat Conduction
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This project investigated the manufacturing of large diameter welded PTFE rings. This
welding process is time consuming and can take over ten hours for one complete weld cycle.
Additionally, the welds can have poor quality in the center of the material due to insufficient
heating across the weld face. The goal of this research was to address these two issues by analyzing
the current process to determine the root cause of weld failures while also determining the
feasibility of reducing the weld cycle time. The scope of this thesis was to develop a model to
better understand and simulate the current process which could then be used for design future
improvements.

A MATLAB model of the current process was developed to simulate the transient heating
cycle of the most common weld cycle for PTFE currently used by a manufacturer of PTFE seals.
The data for the material properties was gathered from the manufacturer test data as well as from
Lau et al. (1984). Temperature dependent material properties were used in the program because
the PTFE is heated above its melting point during the weld cycle. Because of the complexity of
this heat transfer problem, the heat flux in the model was tuned so that it accurately reflected the
current process. This is because the goal of this study was not to determine the exact heat flux as
it was unknown, but to develop an accurate model. Thus, the heat flux was assumed and the model
was then verified with process data. Results from the model were compared to validation results
from a FLIR thermal camera. The model predicted the compared temperatures to within 3.1%
error at both 15-minute and 90-minute intervals. Though there are many potential sources of error
in the process and the thermal camera measurement, the model was deemed acceptable as a model
of the current process. A semi-infinite heat analysis was calculated to simulate a hot plate welding
method on the PTFE. This showed that the temperature of the weld face could be raised by
57.275°C. ltis believed that a method similar to hot plate welding applied to PTFE could heat the

material faster and more evenly than the current process, reducing the weld failures and cycle time.
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1. INTRODUCTION

This project was performed in conjuncture a leading manufacturer of thermoplastic sealing
products. For proprietary purposes, the company name will not be mentioned. This company is
an international supplier of highly engineered precision plastic seals. With 9 research &
development centers, 28 manufacturing facilities, and 53 marketing sites internationally, the
company is a leader in the world of thermoplastics. The Fort Wayne location focuses on industrial
and aerospace products for high performance sealing applications. The focus of manufactured
products include elastomer energized thermoplastic seals with the focus being on
Polytetrafluoroethylene, or PTFE products.

PTFE seals are produced in a large array of sizes ranging from less than a quarter of an inch
to over twelve feet in diameter. At this manufacturer, all the proprietary powder is blended and
molded in house for the seals to be manufactured. The powder is either compression or shell
molded; however, due to the cost of large tooling, extremely large rings of material cannot be
molded. When the seal diameter to be manufactured is greater than about 40 inches in diameter,
a welding process is involved to create the large rings. In this welding process, a ring of 40 inches
is molded and then cut. This ring is then joined through the welding process to other cut rings to
create a ring of the desired diameter. The welding cycle that is used is based on the material of
the ring to be welded. For the most commonly welded materials, the welding cycle that is used
takes a total time of over 10 hours to complete with about 5 hours of total heating time. This means
that one weld generally takes over an entire shift to complete. Moreover, a single welded ring can
take up to about 4 or 5 total welds to complete depending on the desired finished diameter of the
welded ring. For example, a welded ring requiring 4 total welds would take over 40 hours of total
cycle time. This means that one welded ring could potentially take over 2 to 6 days to complete
depending on how many shifts are operating the welders at a given time. These rings are then
machined on a large CNC lathe in which they may produce about 10 to 15 parts per ring dependent
on the thickness of the part being machined. Therefore, for orders of many parts, numerous rings
would need to be manufactured. The amount of time that is consumed in cycle times to produce
large diameter parts is extremely high given this current operations method. This study aimed to
analyze the current method of production to determine if there is a more cost-effective solution.

The goal of this project was to gain a better understanding of the current process and to determine
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the feasibility of reducing the weld cycle times. To gain a better understanding of the current
process, the current welding operation was modeled as a 2-D transient heat conduction problem
using the finite difference method. The means by which this problem was modeled was using the
program MATLAB. The majority of this paper explains the building process and validation of the
2-D transient heat conduction MATLAB model. Using this model, potential design changes such
as increased power and a hot plate welding method were analyzed to see if the cycle time of the
welding process could be reduced. One of the methods that was not considered for reducing the
cycle time was changing the cooling time. This was not considered as changing the cooling time
can change the material properties of the PTFE being welded. Although the goal of the problem
was to reduce the overall cycle time, it was pertinent for the material properties of the PTFE to
remain unchanged. Therefore, changing the cooling times was not considered, and the focus of
the project was on the heating phases of the material.

The material properties of PTFE were greatly investigated for this project to see how they
would be affected by parameters in the welding process. Properties of thermoplastics and
thermosets were compared as PTFE has properties of both. Also explored were other welding
techniques of common thermoplastics. The Literature Review discusses current joining processes
of thermoplastics. Also explained are the differences between PTFE and most other thermoplastic

materials.
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2. LITERATURE REVIEW

2.1 Intro to Thermoplastics

In today’s industry, thermoplastics are gaining an increasing role in a wide variety of
applications including automotive, aerospace, industrial, and many more. They are becoming
more and more popular because of their favorable characteristics. To name a few, thermoplastics
generally have a high density, high modulus of elasticity, corrosion resistance, electrical properties,
as well as lower manufacturing costs than metals (Troughton, 2008). Thermoplastics melt when
heated and thus are preferred for most manufacturing methods. Some plastics are melt-processible
and can be melted and re-melted, whereas other plastics cannot be melted but just degrade when
heated. These types of plastics are separated into two groups that will be discussed in detail:
Thermosets and Thermoplastics. Such a wide variety of materials make it possible to select the

best material for a specific application and even to customize materials for a certain application.

2.1.1 Thermoplastics vs Thermosets

Most everyone is familiar with plastics; however, under the term plastics, there are two
classes of plastics that are very different from each other. The major types of plastics are
thermosets and thermoplastics. The biggest distinction between the two groups is the fact that
thermosets cannot be melted. When thermosets are heated to a high enough temperature, they do
not melt but degrade (Ritter et al. 2015). This degradation is due to the irreversible process that
thermosets undergo called vulcanization which will be further discussed.

Thermoplastic materials on the other hand can be melted and formed. Both types of plastics
are polymeric materials, but there are differences between their polymer chains that distinguish
the two from each other. Polymers in general have large molecular structures with repeating units
or blocks of the polymer chain. The repeating units make up the molecular structure of the polymer.
Polymers are also made of organic chemicals such as polyolefins, fluorocarbons, or styrene for
example. These two distinctions are what classifies a material as a polymer: they are made of
organic materials and have large, repeating molecular structures (Ebnesajjad, 2015). The networks
of the polymer chain can be either three dimensional or one dimensional. Thermosets have chains
that are made up of three-dimensional chain matrices (American Chemistry Council, 2018).

Unlike thermoplastics, thermosets must be cured, or vulcanized when they are manufactured.
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They must undergo an irreversible chemical process in order to form the bond to give the material
its characteristics. The vulcanization process requires the material to be cured by heat, catalysts,
or ultraviolet light. During this vulcanization process, the monomer chains are crosslinked to form
the polymer chains. The curing process allows the cross linking between polymer chains to take
place (Dodiuk, 2014). Thermoplastics do not require this curing or vulcanization process and can
be melted, formed, and re-melted. Although the curing process is not required for thermoplastic
materials, they still must undergo a process that gives the material its properties. For many plastics,
this is called crystallization. Thermoplastic materials can be further classified as either amorphous
or semi-crystalline materials. PTFE is a semi-crystalline material that becomes crystalline through
a sintering process. Exact sintering process times and temperatures depend on the specific material,
but generally have lengthy heating and cooling times up to 20 hours. The crystalline structure of
PTFE helps to give it its strength as will be further discussed in the Fluoropolymers section.

2.1.2  Fluoropolymers

Fluoropolymers are polymer materials that consist of fluorine (F) and carbon (C)
(Ebnesajjad, 2015). Within this category there are also distinctions of fully fluorinated polymers
and partially fluorinated polymers. Fully fluorinated polymers are also called per-fluoropolymers.
PTFE is a linear fluoropolymer. As discussed earlier with the polymer molecule chains, PTFE has
a linear, one dimensional molecular structure. The molecular structure of PTFE is built on a chain
of carbon atoms with fluorine atoms attached to the carbon atoms. Figure 1 below shows the

representation of the molecular chain.

FF FFFFTFFTFFTFFFFTF
I T T T T R B
c—C—C—C—C—C—C—C—C—C—C—C—C—C ...
[ T A TR O IO
FF FFFFTFFTFFTFFFTF

TEFLON polymer (segment)

Figure 1: Linear molecular structure of PTFE built with a chain of Carbon atoms protected by
Fluorine atoms (“Wordpress”, 2016)
https://teflon2016.wordpress.com/2016/09/04/chemicool-polytetraflouroethene/
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Because the chain is built from carbon and fluorine atoms, polymers tend to have properties
that are common to these two elements. Fluoropolymers are built from bonds between carbon and
fluorine atoms as well as additional covalent bonds if any. In materials with more covalent bonds,
the material tends to become weaker as the material becomes more perfluorinated (Ebnesajjad,
2015). However, PTFE has a linear chain of atoms. With this linear structure, PTFE tends to have
extremely desirable strength properties. The structure of the molecules of PTFE is built on carbon
— carbon bonds and carbon — fluorine bonds. These bonds are extremely strong and have bond
energies C-C = 607 kJ/mol and C-F = 552 kJ/mol (Ebnesajjad, 2015). This molecular structure
gives PTFE some of its favorable characteristics. With the carbon rod surrounded by the fluorine
atoms, the carbon-carbon bonds are protected by the surrounding fluorine atoms. This structure
provides chemical resistance as well as stability in the molecule. The fluorine atom shield around
the carbon atoms also provides PTFE with a low surface energy as well as a very low coefficient
of friction, 18 dynes/cm dynamic and 0.05-0.08 static respectively (Ebnesajjad, 2015). Due to the
uniform fluorine shield around the carbon atoms, PTFE is not polarized as a material and has
favorable electrical properties. Due to these contributing factors, PTFE is a very versatile and

ultimate fluoroplastic material.

2.1.3 Favorable Properties of Thermoplastics

Thermoplastics are preferred materials for applications when metal is too abrasive or heavy.
Thermoplastics provide high strength as well as ductility in their applications. Because of their
molecular weight, thermoplastics are much lighter in general than metals, but still provide the
necessary strength in most applications. They are also generally easily manufacturable. PTFE
however has the highest molecular weight of all thermoplastics, and thus lends itself difficult to
most thermoplastic processing methods.

2.1.4 Common Uses of Thermoplastics

Thermoplastics are used in such a wide variety of applications that they are too numerous
to mention. Plastics are generally preferred when metal is either too heavy or too abrasive, and
when high thermal and elastic properties are needed in the application. Thermoplastic seals are
used in abundant applications including aerospace, automotive, and industrial to name the biggest

three. Commonly manufactured thermoplastic sealing materials include PTFE, polyurethanes,
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nylon, PEEK, and UHMW-PE. However, the material that is by far used the most is PTFE.
Variations of PTFE compounds exist by customizing the amounts of additives and fillers in order
to obtain a certain set of characteristics. The combinations of these additives and fillers will not
be shared as that is confidential information; however, some of the common filler types are carbon
fibers, glass, and bronze. The types of filler materials used affect the properties of the material.

This also affects the welding cycle that would be used.

2.1.5 Properties of PTFE

As mentioned previously, PTFE is a very durable material which makes it useful for a
variety of applications. In particular, PTFE has a very high tensile strength of 29-39 MPa. This
is due to the large molecular chains previously mentioned that give the material its strength. PTFE
also has the lowest coefficient of friction of almost any material. Therefore, it is desirable for
sealing applications and guide bearings to reduce the friction and heat buildup in a sealing system.
In addition to its favorable mechanical properties, PTFE has extremely durable chemical and
thermal properties as well. It is corrosion resistant to many materials. It also has a very high
melting point which allows it to be placed in high heat applications where other thermoplastics
could not be used. Also important for withstanding high heat applications is the fact that PTFE
has very poor thermal conductivity. This in particular makes the material one of the hardest to
process. PTFE does not melt and flow like other thermoplastics due to its molecular weight, but
rather it reaches a gel state when it is heated above its melting point. If held at a high temperature
above its melting point, generally above 340°C, the material begins to degrade. With
thermoplastics, the higher the molecular weight of the material, the harder it is to be melt
processible. Though PTFE is a thermoplastic, it is manufactured differently compared to common
thermoplastics.

2.2 Manufacturing Methods

Typical manufacturing processes of plastics were investigated to validate that the most
effective and efficient process was being used. There are three main categories of joining plastics:
mechanical assembly, bonding, or welding. These categories can further be broken down into
specific methods as shown in Figure 2. These joining methods will be further discussed in the

following sections.
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Screw Assembly
| M}:cha_]:ucal Snap Fit
oining
Press Fit
Cross Linking
Plastics Joining —
- LAd]:lesive Bonding Solvent
Hot Melt
External Heating
. Welding
Internal Heating

Figure 2: Overview of plastics joining methods

All methods of plastics joining were briefly studied to determine if there is a better suited

method for joining PTFE for the specific application. The next sections discuss these methods.

2.2.1 Joining Methods
2.2.1.1 Mechanical Assembly

As shown in the figure, there are various methods of mechanical joining and adhesive
bonding with screw assembly, snap fit, and press fit to name a few. For the application discussed
in this paper, the goal is to join large pieces of PTFE which will then be machined on a CNC lathe.
This requires that the joining must be permanent enough to withstand machining. Also, the
application of the end product is to be installed in a high precision sealing application. Thus, it is
very critical that the method of joining produces a seamless and mechanically sound joint equal to
the strength of the material being joined. As discussed in Fluoroplastics on page 456, the method
of mechanical assembly is applicable for low loads, but does not produce a joint that is equal to
the strength of the material (Ebnesajjad, 2015). Thus, for sealing applications, a stronger joint than

a mechanically assembled joint is necessary.
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2.2.1.2 Bonding

Another method of joining plastics is adhesive bonding. In this method, the surfaces of the
materials are chemically joined to one another through the use of solvents or etching processes.
PTFE is adherently difficult to bond due to its very low coefficient of friction. Although an etching
process is currently used to bond another product type, this process is not applicable in this
situation as it would not be a strong enough joint for machining. Etching is generally used to join
PTFE to another material surface through the use of a special glue or bonding agent. However,
this is not applicable to bond PTFE to itself for the case in discussion. Using this type of bonding
method would not create a strong enough joint for a machining process. Thus, in order to produce

a strong, homogenous joint in the PTFE bar to be machined, it must be joined by a welding process.

2.2.2 Welding

As shown in Figure 2, welding methods can be categorized as either external heating or
internal heating. Welding methods can further be broken down into more specific methods as

shown below in Figure 3.

Heated Tool (Hot
Plate)
Hot Gas
External Heating
Extrusion
Induction Ultrasonic
Plastic Welding
Processes
Mechanical Vibration
Spin
Internal Heating
RF (Radio
Frequency)
Electromagnetic Infrared & Laser
Microwave

Figure 3: Thermoplastic welding methods
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Figure 3 shows an overview of the commonly used welding methods of thermoplastics
used in industry. Welding methods can be categorized as either internal or external heating. From
there, internal heating can be broken down even further into electromechanical or mechanical
heating methods. Although there are a large variety of welding methods for thermoplastics, they
all have similar phases when it comes to the necessary steps to make a weld. The phases of welding

and their description are represented in Figure 4.

*Surfaces to be welded
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Figure 4: Five general phases of thermoplastic welding processes

All welding methods consist of the phases: surface preparation, heating, pressure, diffusion,
and cooling. Although their phases are similar, the heating methods vary significantly depending
on the material to be joined. Some materials can be welded with almost any welding method,
while other materials are very limited on which methods can be used. The characteristics of the
material such as the melting point and the molecular properties of a material determine which
welding methods are applicable. PTFE is more difficult to weld than most thermoplastics due its
characteristics as discussed in the properties section earlier in this paper. The following table from
Thermoplastics and Thermoplastic Composites: Thermoplastic Processing displays common

thermoplastic materials and which type of welding is applicable for each material (Biron 1980).
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Table 1: Common thermoplastic materials and their applicability to welding methods (Biron,

1980)

Welding Adhesive

Thermal HF Ultrasound bonding
ABS Good Fair to good Good Good
Cellulosics Good Fair to good Fair Good
PA Good Fair to good Good Good
PC Good Good Good
HDPE Good Unsatisfactory Fair Fair
LDFE Good Unsatisfactory Fair Fair
PET,PET Fair Fair to poor Good Fair
PTFE Fair Unsatisfactory Difficult
PMMA Good Fair Good Good
POM Good Good Fair
PP Good Unsatisfactory Good Fair
PPE Fair Fair Good
PS Good Unsatisfactory Good Good
EPS Good Good
TPU Good Fair Good
Soft PVC Fair Good Fair Fair to good
PVC Fair Good Good Good
PVDC Good Fair to good
PSU Unsatisfactory Good
Foamed PVC Good

As shown in Table 1, PTFE is not very applicable to the most common heating methods.
Represented in the table are three types of welding methods and adhesive bonding. The three types
of welding listed in Table 1 are thermal, HF (High Frequency), and Ultrasound. Thermal
represents the external heating methods. High Frequency, or Radio Frequency (RF), represents
the electromagnetic internal heating methods, and Ultrasound represents the internal mechanical
heating. The only method that is applicable to PTFE is the thermal welding method, and it is only
listed as “fair”. The only common welding method that is applicable to PTFE is hot plate welding.
This method is similar to the current welding method with the exception to the placement of the
heaters. Hot plate welding has the greatest applicability to PTFE and will be explained in detail

below.
2.2.2.1 Hot Plate Welding

2.2.2.1.1 Overview

Hot plate, or hot tool welding is arguably the most common form of thermoplastic welding.

The method uses a hot tool, or platen that heats each face of the plastic parts to be joined. Once
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the faces of the parts are melted, the hot plate is quickly removed, and the faces of the parts are
pressed together and held under pressure while cooling. The Handbook of Plastics Joining

provides the below figure for the way that hot plate welding works (Troughton, 2008).

Heated tool

[ )
=
v

= ||| ———|ll

Pressure

Time

Figure 5: Phases of hot plate welding method (Troughton, 2008)

As shown in Figure 5, the plastic is held under pressure during both the heating and cooling
phases. During heating, the parts are held under pressure to ensure that the plastic begins to flow
and that the surface irregularities are gone. Once the plastic begins to flow after reaching melting
temperature, the heated tool is removed and the parts are joined under pressure. The advantages
of hot plate welding are that it is very economical and versatile. Hot plate welding is suitable for
almost any thermoplastic and can join two different materials of thermoplastics. Hot plate welding

however relies on very quick heating generally to get the surfaces of the plastic to their melting

point. Itistypically best for softer semi-crystalline plastics and is not applicable for high molecular
weight plastics such as nylon or PTFE (Troughton, 2008). This is because hot plate welding relies
on thermal conductivity to get the plastic to the molten state. PTFE has poor thermal conductivity

and a high molecular weight. Due to the molecular weight, it does not flow when heated above



24

the melting point. Also, due to the low thermal conductivity, it does not heat up quickly, but rather
will degrade the plastic if heated too rapidly. The applicability of a fluoropolymer is related to the
material’s rheology (Ebnesajjad, 2015). A high rheology or melt viscosity reduces the number of
methods that are applicable to the material (Ajroldi, 1970). Ajroldi goes on to explain that the

least amount of methods are applicable to PTFE.

2.2.2.1.2 Parameters

The parameters that are important for hot plate welding, and most welding methods in
general are the following: temperature, pressure, and time. The temperature of the plastic at the
butt joint must reach a temperature high enough above the melting point of the plastic. The
Handbook of Plastics Joining explains that the hot plate temperature should be in the range of
30°C - 100°C above the melting point of the material (Troughton, 2008). For low viscosity
materials, sticking to the hot plate can sometimes be an issue which then causes stringing of the
material to the plate. This can then lead to issues with future welds because the heated tool is less
effective. High temperature welding can combat this in some way. High temperature hot plate
welding uses temperatures between 300°C and 400°C (Ebnesajjad, 2015). This however is for
common thermoplastics. These temperatures are hardly above the melting point for PTFE.

The pressure of the weld is also an important parameter to hot plate welding. The pieces
to be welded are generally held under pressure during both the heating and cooling phases of the
weld process. When held under pressure during heating, this is called the matching phase. This
phase ensures the surface irregularities are melted off the faces to be welded, and that the molten
layer becomes smooth. Welded plastic parts are also held under pressure during the cooling phase
of the weld. This ensures proper fusion of the two interfaces to be welded and creates the
“polymeric chain entanglements” that provide the material with its mechanical strength
characteristics. The Handbook of Plastics Joining explains that when cooling under pressure, the
molten material flows outward and creates a flash (Troughton, 2008). The pressure during cooling
allows the material to be properly joined so that it coalesces and gets rid of any voids or air pockets.
Troughton goes on to say that it is imperative to hold the molten material under pressure because
during this phase is when the final molecular structure is formed and when the residual stresses
occur (Troughton, 2008). Holding the material under pressure thus prevents warpage in the

material.
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2.2.2.1.3 Applicability to PTFE

Unfortunately, PTFE is not listed as a material that is easily joined through the method of
hot plate welding. Fluoroplastics lists PTFE as applicable to hot plate welding “under certain
conditions” (Ebnesajjad, 2015). Biron categorizes the weldability of PTFE through hot plate
welding as fair (Biron, 1980). It is more common to see PTFE listed as the material for the non-
stick coating on the heater plates for hot plate welding methods. Numerous sources list PTFE or
Teflon (Dupont’s trade name for PTFE) as the coating used on the hot plate. This prevents the
other thermoplastics being welded from sticking to the plate due to its low friction coefficient.
PTFE is not used however as a non-stick coating for high temperature hot plate welding. This is
because the higher temperatures will degrade the PTFE material.

Hot plate welding also generally has extremely fast cycle times. Grewell and Benatar
explain that typical cycle times range from 30-90 seconds and as long as 30 minutes for larger
parts (Grewell et al. 2007). This however is much faster than the 10-hour cycle times of the current
PTFE welding process. Thus, hot plate welding seemed to be an applicable solution for PTFE, but
the heating rate must be slower due to the low thermal conductivity of PTFE. If too high of a
temperature is used, the material on the face will begin to degrade before the material in the middle
has reached a proper welding temperature. This must be kept in mind when trying to reduce the
cycle time with any method but especially with hot plate welding because it is generally used for
plastics that are easily melted.

Many sources also discuss the use of PFA with PTFE when welding. This material is
introduced as a film layer between the two PTFE layers to be welded. This material has very
similar strength characteristics to PTFE but has a higher weldability. The current welding process
uses this material as a film between the two PTFE bars of material to be joined. Because of the
melting point of PTFE, the weld temperature required would be much higher than that of common
thermoplastics with lower melting temperatures. As discussed in many articles about hot plate
welding, high temperatures in the method of hot plate welding can potentially cause the materials
to stick to the hot plate between the materials, causing poor welds. In Fluoroplastics, it is also
discussed that high heating rates do not accelerate the process when there is a low conductivity
such as with PTFE at typically 0.25 W/m-K (Ebnesajjad, 2015). However, there are limited
sources which show that PTFE can be welded through a hot plate method. Thus, for now it is



26

considered that hot plate welding is an applicable method under certain conditions and with special

design considerations.

2.2.3 Cooling

An important part of thermal welding processes is the cooling phase. The rate of cooling
greatly affects the material properties of the weld. Thermal stresses, or residual stresses are a result
of contractions due to the hot and cold regions of the weld. Additionally, it was shown that for a
hot plate welding method, the residual stresses are lower with a higher plate temperature and a
longer heating time (Sojiphan et al., 2009). Studies have also been done showing that a longer
cooling time increases PTFE’s crystallinity and thus its wear resistance (Hu et al., 1983). Price et
al. showed in their study that the cooling rate of PTFE affects not only the crystallization but also
the thermal conductivity (Price, 2002). With a slow cooling rate of 1 °C/min, the crystallinity and
thermal conductivity were 76% and 0.298 W/m-K at 232°C; while at a fast cooling rate of 40°C,
the crystallinity decreased to 61% and the thermal conductivity to 0.279 W/m-K at 232°C (Price,
2002). Therefore, the cooling rate has a substantial effect on the crystallinity of PTFE. The
crystallinity of PTFE then affects the thermal conductivity and wear resistance among other
properties. The current process has an established cooling rate for the desired material properties,

and therefore the cooling rate of the PTFE was not changed.

2.2.4 Comparison of Welding Methods for PTFE

In general, common thermoplastic welding methods are not meant for materials such as
PTFE. They are designed for quick melting, low viscosity materials that flow when melted. PTFE
is not easily melted and does not flow when melted but rather becomes “rubbery”. Thus, most of
the common methods are not applicable. In fact, in “Microwave/RF Applicators and Probes” by
Mehrdad Mehdizadeh, there is mention of using PTFE as a dielectric buffer layer while welding
other thermoplastics (Mehdizadeh, 2015). PTFE has also been used as the vessel for other molten
thermoplastics to flow through (Soundarrajan, 2014). In some hot plate welding tooling, the hot
plate is coated with PTFE (Bucknall et al., 1980). Thus, it is resilient enough to withstand the
welding of other thermoplastic materials. Friction methods are also difficult with PTFE as it has
the lowest coefficient of friction of most materials. Other manufacturing locations have done work

with welding thermoplastic materials, but none are directly applicable. One location uses a
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welding machine for PEEK material. PEEK is a high temperature plastic such as PTFE, but it
melts and flows better than PTFE, thus, it lends itself to easier welding. Another manufacturing
location uses induction welding for PTFE with carbon fiber additives. However, this requires an
implant material to be placed between the two pieces of material. Also, this material compound
has carbon fiber fillers present that allow it to be applicable to induction welding. Other material
compounds that have different or no fillers such as virgin PTFE, or glass would not be applicable
to this method. The type of welding that is the most applicable to PTFE is by external thermal
means. The book, Thermoplastics and Thermoplastic Composites in chapter 5 lists PTFE as
“Unsatisfactory” for HF or RF welding, NA for ultrasonic welding, and “Fair” for thermal welding
(Biron, 2018). This agrees with other sources that have investigated the topic of welding PTFE.
Some sources describe using a hot plate method for welding PTFE; however, the part to be welded
was a tube with a small wall size. No sources indicated attempting to weld a bar of PTFE as thick
as the rings joined together in the application in question. Thus, there are no clear best practices

for a sound design of a PTFE welding machine.

2.2.5 Current Method for Welding PTFE

Currently, a manufacturer of PTFE seals uses a thermal welding method to join the two
pieces of PTFE. There are six welding machines that join the pieces of PTFE. Figure 6 below

shows the fixture that is used for welding the pieces of PTFE material.
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Figure 6: Picture of welding fixture
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Out of the six total welders at a PTFE seal manufacturer, four are the pictured style. The
two other welders are of different styles, one older and one newer. However, because the pictured
welder is the standard, this style was used as the standard for the purposes of this project. A
diagram of the cross section of the welding process along with process steps are outlined below in

Figure 7.
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Figure 7: Cross section view of welding process

Figure 7 above shows a cross section view of the welding process used to weld large diameter
PTFE rings. As shown, two pieces of PTFE are joined together through the welding process.
Below are abbreviated steps for the welding process:

1. Each end of the PTFE bars to be welded is cut.

The heater dies are cleaned and lined with Aluminum Foil.
PTFE Bar 1 is loaded into the stationary clamp and into the heater.
PTFE Bar 1 is clamped with a pneumatic cylinder to hold it in place

PTFE Bar 1 and 2 faces are cleaned to remove any oils or dirt from the surface

o o~ w N

PTFE Bar 2 is placed into the heater dies with a small gap in between the two pieces of
material (approximately 1/8”).

7. Placed between the gap is P.F.A. Fluorocarbon Virgin Film.

8. The PTFE sides 1 and 2 are then clamped together under low pressure.

9. The weld cycle is then initiated.
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The heater dies are located above and below the PTFE pieces and are made of naval brass
material. They also surround the sides of the material; however, it is not shown in Figure 7 for
clarity. Figure 8 below shows an assembly view of the heater dies without the PTFE material
inserted into each end.

Thermocouple Location

Figure 8: Assembly view of heater dies

In each heater die, there are two cartridge heaters and one thermocouple in between the
heater dies. The thermocouples are used as feedback for the controller. Based on this temperature
feedback, the controller determines how much power to send to the cartridge heaters according to
the selected welding cycle.

There are different welding cycles based on the different material compounds that can be
welded. Most materials use the same cycle while other specific materials have their own cycle.
For this research, the most common welding cycle was used for modeling and simulation as it is
applicable to the most materials and the most frequently used weld cycle. All of the weld cycles
that are used for the welders consist of a ramp up time, a hold time, and then two cool down phases.
The times and temperatures for each phase vary between programs. During the ramp up phase,
the temperature is increased from ambient to the desired maximum temperature. In the hold phase,
the desired maximum temperature is held constant. During the cool down phase, there are two
phases in which the material cools to an intermediate temperature and then to ambient temperature
at different cooling rates. Figure 9 below shows the temperature profile used for the modeling in

this project. The times and temperatures are left out for proprietary purposes.
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Welder Cycle Temperature vs Time of Heaters
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Figure 9: Welding cycle currently used to join PTFE

On the Y axis of this plot is the desired temperature of the heater dies throughout the weld
cycle. This temperature is what the controller is trying to regulate throughout the weld process.
The controller turns the cartridge heaters on and off to keep the dies at the desired temperature
based on feedback from the thermocouples in the dies between the heaters. The heaters do not
have their own regulation on the amount of power that they output; thus, the power is adjusted
through pulse width modulation to control the percentage of power.

In the specified program, the heater dies are heated during the ramp up phase. Then, they
are held at a constant temperature. During both phases, the clamping pressure holding the pieces
of material together is a constant low pressure. Once both phases are complete, the clamping
pressure is increased. Simultaneously, the slow cool down phase begins. There are two cool down
phases at different rates as can be seen in the plot of the heating and cooling phase. Due to the
material properties in which PTFE cools, the cooling phases cannot be changed. Thus, for the
scope of this project, the focus will be on the first two phases of the heating cycle.

The heating phases of the PTFE during the welding process include a ramp phase and a
temperature holding phase. These phases describe how the heater dies are heating up the PTFE

material. The overall goal of this project is to research the potential to reduce the cycle time of the
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overall welding process. Because the cool down phases will not be changed in order to maintain
the desirable crystallinity of the material, the modeling and simulation will aim to model these first
heating phases. This research will determine if it is possible to reduce the cycle time by reducing
the heating time of the material to be welded.

2.2.6 Critical Factors

As previously mentioned, the cooling phases of the welding cycle will not be examined due
to the effect that the cooling rate has on the crystallinity of the material. Ting-Yung Hu and
Norman Eiss discuss how the crystallization of PTFE is directly related to the cooling rate (Hu et
al. 1983). The authors also discuss that the mechanical properties increase with decreasing
crystallinity. Crystallinity and the corresponding material properties are more dependent on the
cooling rate than the heating rate. Thus, reducing the time for the heating phase would not have a
negative effect on the material properties of the welded PTFE. Another critical part of welding
PTFE is to make sure that the material is well above the melting point (Ebnesajjad, 2015).
However, PTFE can begin to degrade if it is held for too long at a temperature high above the
melting point. Thus, this must be kept in mind when trying to increase the rate at which the
material is heated. The time that it takes to reach a suitable welding temperature is dependent on
the size of the part due to PTFE’s low thermal conductivity. Thus, the part size will be a constraint
on how fast the material can be heated. Another important part of welding any thermoplastic is to
hold the pieces together under pressure once the welding temperature is reached throughout the
material. This allows the material to coalesce and remove any voids or air gaps that would prevent
the material from having a solid weld (Ebnesajjad, 2015). This welding process has been used for
years; however, there are still instances where welds fail when tested. The welds generally fail in
the center of the material when they do. This suggests that the material gets hot enough around
the edges, but not hot enough in the center so that the material can coalesce properly. Consequently,
any design changes that are suggested because of this project to reduce the cycle time will also

aim to ensure that a weld is of desirable quality all the way through the material.

2.2.7 Modeling

The modeling of welding processes has been done, but not for PTFE welding processes. A

hot plate welding process for polycarbonate has been analyzed for both a thermal and residual
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stress analysis with temperature dependent properties (Sojiphan et al. 2009). From their results,
the heating time had a more significant effect on the temperature distribution than the heating
temperature. However, these tests were only for short, hot plate welding cycles. Zhu et al.
discussed a welding process simulation for metals but not for thermoplastics (Zhu et al., 2002).
They also discussed that it is difficult to obtain temperature dependent material property data at
elevated temperatures, to which they employed a different method. In their simulation, tests were
done to compare the effects of varying temperature dependent properties vs constant properties.
Their tests showed that constant room temperature values could be used for specific heat, thermal
conductivity, and density (Zhu et al. 2002). This however was for aluminum and there have not
been any studies as to if this same method is applicable to PTFE. It has also been shown for 2-D
transient calculations that reducing the time step improves the accuracy of the calculations more
significantly than increasing the mesh size (Thomas et al., 1984). There has been work done on
the simulation of welding processes, but not for an application like this research. Thus, a
MATLAB model was developed for this process to simulate the 2-D transient heat conduction in
the PTFE.
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3. MODELING AND SIMULATION

To develop a method for improving the design of the welding apparatus, the current method
must be fully understood. Thus, the focus of this project was to develop a model that could
simulate the current process accurately enough to see if the weld cycle time could be reduced by
changing the inputs to the current design. A model was built using MATLAB to calculate and
display the results of a temperature distribution of the current process. The following sections will
discuss the building of the model, the results, the assumptions made, and how this model can be

used to employ design changes.

3.1 Description of Problem

The analyzed welding process is an adapted welding process that is different from most
thermoplastic welding procedures due to the nature of PTFE’s material properties. It resembles a
sintering cycle more so than a welding cycle because of the long cycle times. Depending on the
size of the large diameter PTFE ring desired, a ring may consist of anywhere from one to 4 or more
welds in each ring. With a total cycle time of over 10 hours for each weld, this is a huge amount
of time invested in a welded ring. Due to the manufacturing environment, a much shorter weld
time would save the company time and therefore money on each weld. The goal was to determine
if the cycle times could be reduced with the current process, and if not, what design changes would
reduce the overall time. Another concern is the quality of the weld produced. Currently, each
weld on a welded ring is tested on an Instron tensile test machine to verify that the weld is adequate.
The location of the tested weld is at the edge of the material however. It is not uncommon for
there to be a weld that is acceptable on the edges, but bad in the center. Bad in this case refers to
material in the center of the two pieces that did not properly join. When a weld fails in this way,
it suggests that the material is getting hot enough around the edges, but not hot enough in the center.
Thus, it was of interest to know the temperature distribution at the face of the piece of PTFE to be
welded. The model created for this project calculates the temperature distribution at the face of
the PTFE to be welded after a given input amount of time. For the results of this project, the first

90 minutes, or the ramp time of the welding cycle was analyzed in detail. As mentioned, a
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MATLAB model was constructed to perform a numerical simulation of the current process using

the finite difference method.

3.2 Assumptions Made
3.2.1 Modes of Heat Transfer

The accurate modeling of this welding process is an extremely complex heat transfer model.
Therefore, this model uses assumptions to simplify the calculations based on the goals of this
project. This project was designed to analyze the current process to determine if design changes
could be made. The main goal of this project was to build a model that accurately reflected the
results of the current operation which could then be used for design improvement analysis. Thus,
it was not of interest to determine exactly the modes of heat transfer to the material, but rather to
have a model that predicted accurate results for the current process. In the actual process, heat is
transferred from the heater dies to the material by means of conduction, convection, and radiation.
Therefore, there are losses from each of these modes of heat transfer. Rather than determining
each of these modes of heat transfer individually, the heat flux on the boundaries was assumed to
be an equivalent heat transfer taking these modes and losses into account. Figure 10 below shows

the terms of the heat transferred to and from the material.

Qconﬂuction Qradjaﬁ{m QCDI:WE:EﬁOﬂ
ant

Qloss

Figure 10: Heat loss terms taken into account for Qnet 0n the PTFE material
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Because there is an initial air gap between the top of the PTFE material and the heater die,
there is convection and radiation between the PTFE and the heater dies. There is also heat loss
from the PTFE and the heater dies. This heat loss would change as the temperature of the material
is changing. Thus, the resultant heat transferred to the material was captured as Qnet. Therefore,
in the MATLAB model, there is one heat flux value on the boundaries that takes these various heat
loss terms into account for simplicity. This heat flux was calibrated based on results which will

be discussed in the Verification & Validation section.

3.2.2 2-D Numerical Solution

The welding process performed by the manufacturer of PTFE seals in question is a transient
3-D heat conduction problem. Although the heat conduction happens in 3-D in the material, the
only part of interest in the material is at the joining face of the weld between the two pieces of
PTFE. Hence, the model that was created calculates the temperature distribution at the face of the
pieces of material to be welded. Though heat transfers to the material in the direction
perpendicular to the face of the weld, it was assumed that this amount was insignificant compared
to the other directions and thus could be modeled as a 2-D solution. It was also assumed that the
2-D solution is constant for the section of material in the heater dies. Heat will be diffused
throughout some of the material in the Z direction in Figure 11; however, it is assumed that the
heaters cover a large enough section so that the problem can be treated as 2-D for a small section
of the material. Thus, the MATLAB model uses 2-D numerical heat conduction calculations to
determine the temperature profile in the face of the material at the joining point. Due to symmetry,
the material face can be divided into symmetric halves. The material could likely be divided
symmetrically again along its centerline parallel with the x-axis, however, at the time of building
this model, it was unclear if the top and bottom faces had the same boundary conditions. Therefore,
the MATLAB model was built to model one half of the face of the PTFE bar that is in the welder

heater dies. Figure 11 shows the area of the material used in the simulation.
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Figure 11: Simulation area for the MATLAB model to calculate the 2-D transient temperature

distribution

Because of its simple rectangular shape, the material is symmetric along both the X and Y
axes, but the code was built only using the symmetry along the Y axis. Accordingly, the results
from the MATLAB model show the temperature distribution for the cross hatched area shown

above. The next section will discuss the determination of the boundary conditions.

3.2.3 Stability

The Fourier Number is an important measure of the stability of transient heat transfer.
Based on the boundary equations for a 2-D transient finite difference method, the Fourier Number
should not exceed F, = 1/4 for stability (Mills, 1992). For this model, the goal was to keep the
Fourier Number at F, < 0.1. This was assumed to be well enough below the stability criterion to
ensure that the calculations were stable and accurate. At each new time step when the Fourier
Number is updated, the MATLAB model checks for stability and gives an alarm and stops the
program if it is greater than 0.1. In this model, the Fourier number changes at each time step
because the material properties are temperature dependent. In the code, the Fourier Number
variable contains a matrix of values with a Fourier Number at each node. The stability check of
the Fourier Number checks the maximum value in that matrix and gives an alarm if the maximum

value is above 0.1. For 2-D transient heat conduction, the equation for the Fourier Number is
alt
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The Fourier Number is also dependent on both the time step for the transient response and
the distance between the nodes, Ax. Consequently, if the Fourier Number was well below the

stability criterion, it was assumed that the time step At and distance Ax were also small enough.

3.3 Material Properties

An important factor in the building of this model was the material properties used for the
calculations. Because this process raises the temperature of the PTFE above the melting point,
temperature varying material properties were used for the calculations. The key material
properties used in the 2-D transient heat conduction calculation were density, specific heat, and
the thermal conductivity of PTFE. The values of thermal conductivity and density for virgin PTFE
were gathered from data from the company’s MTL. Initially, the MTL had limited data on
temperature dependent thermal conductivity. A test request was placed to have the thermal
conductivity of virgin PTFE tested at various increasing temperatures. After testing, it was unclear
what the transient behavior of thermal conductivity was. Though more extensive testing and

verification is required, the recommended data to be used is presented in Figure 12.
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Figure 12: Transient response of the thermal conductivity of PTFE from ambient to above the

melting point

The thermal conductivity of PTFE remains fairly constant at increased temperatures, only

gradually linearly increasing above the melting point. At ambient temperature, 23°C, the thermal
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conductivity is 0.23 W/m-K and increases to around 0.27 W/m-K at 350°C which is above the
melting point.

For the temperature varying specific heat, the test lab did not have data other than at
ambient temperature. Instead, data was gathered from The Thermodynamic Properties of
Polytetrafluoroethylene for crystalline PTFE from 0 to 700 K (Lau et al., 1984). PTFE melts at
605 K, so this data provided the specific heat capacity of PTFE above the melting point. Lau et
al. give a summary of recommended material properties for PTFE based on tests of PTFE with
varying crystallinity. PTFE is a crystalline polymer with typically 93-98% crystallinity (Pethrick,
1989). The research conducted for this article investigated various thermal properties of PTFE;
however, the property of interest from this article was the heat capacity for crystalline PTFE. Table
I1in the article gives a recommended range of the heat capacity summarized from previous studies
and the authors additions and is shown in the Appendix in Figure 56 (Lau et al, 1984). The data
is presented in units of JJmol-K in the article and is thus molar heat capacity. To convert the molar
heat capacity values to mass based specific heat, the given value was divided by the molar mass
of PTFE, 0.100015 kg. This was calculated using the chemical formula for PTFE, C2F4 and the
corresponding atomic masses. The table showing the calculated specific heat from the molar
specific heat capacity is also shown in the Appendix in Table 10. The chart below shows the
summarized data plotted with the corresponding fitted equation used for the temperature dependent
specific heat.
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Figure 13: Transient response of specific heat for crystalline PTFE based on data from (Lau et
al., 1984)
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The plot shows that the relationship between the specific heat vs temperature is a mostly
linear relationship. The linear fitted equation has an R? value of 0.99 and thus accounts for 99%
of the variability in the data. This shows that the fitted equation can be confidently used to model
the specific heat data.

The next property that was used in the MATLAB model was the density of PTFE. The
MTL only had data for the density at ambient temperature; however, there was data for the
dimensional change of PTFE at increasing temperature. The figure summarizing this data is
attached in the Appendix in Figure 57. The thermal expansion and dimensional change are given
at increasing temperatures. The temperature dependent density was then derived from this data.
Assuming a linear thermal expansion in all dimensions, the volumetric change was calculated.
The mass and the volume used for the calculations was the amount of material that is in the heater
dies. The dimensions for this amount of material are shown below in Table 2.

Table 2: Constants used the volumetric change calculation

Width of bar [m] 0.0978
Height of bar [m] 0.0229
Depth of bar [m] 0.0579
initial volume [m3] 1.29E-04

Ambient Temperature 73.4

initial density [g/cm?] 3.07 per data at 23°C
initial density [kg/m?] 3070

mass [kg] 0.2796

After calculating the mass and initial volume of the material in the heater dies, the final
volume could be calculated. The volume at each temperature was calculated using thermal
expansion data and assuming linear change in all dimensions. Rearranging the relationship for

volumetric thermal expansion yields

AV
— = 3aAT 2
Vo
V=V,(143a(T-T,) 3)
from which the density was calculated
p=m/V 4)

The temperature dependent density for PTFE based on the thermal expansion data is presented in
Figure 14.
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Density vs Temperature for PTFE
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Figure 14: Transient response of the density of virgin PTFE based on thermal expansion data

from ambient temperature to above the melting point

The temperature dependent density varies more at elevated temperatures around PTFE’s
melting point. For this model, the plot was fitted with a cubic regression line. A regression
analysis was performed in Minitab 18 which found that the R? adjusted value was about 92%. This
means that 92% of the variability was accounted for and while it is acceptable, more information
would need to be acquired to confirm that it is an accurate model. The displayed equation was
used in the model to calculate the density at the corresponding temperature. More investigation
should be done on the accuracy of the density curve and the expansion behavior of PTFE around
the melting point. The density, thermal conductivity, and specific heat were important for this
model because they are used in calculating the Fourier number, an important factor in transient

heat transfer stability.
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3.4 Boundary Conditions
3.4.1 Modeling the Heat Flux

Once the area for the simulation was determined, the boundary conditions on each side were
determined. In order to do this, the tooling for the welding process was further examined. In each
of the top and bottom heater dies, there are thermocouples placed in the center of the block that

can be seen in Figure 15 and Figure 16.

Figure 15: Cross sectional view showing the location of the thermocouples in the heater dies

As shown above, the thermocouples are placed to read the temperature in the center of the
heater dies. The thermocouples are also placed in the center of the dies in between the two
cartridge heaters in each block. Figure 16 below shows the side view of the heater dies showing

the locations of the thermocouples and cartridge heaters.

Cartridge

Thermocouples Heaters

Figure 16: Location of the thermocouples and cartridge heaters within the heater dies
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As can be seen in Figure 16, there are two cartridge heaters in both the top and bottom
heater dies. Also, there is one thermocouple in each die, located between the heaters. In the
controller, the heater dies are labeled as zone 1 and zone 2. The controller uses the temperature
feedback from these thermocouples to govern the amount of power that goes to the cartridge
heaters. The cartridge heaters do not have power control, so when they are on, they are on full
power. The technique that is used to control the amount of heat given from the heaters is controlled
using pulse width modulation (PWM). In pulse width modulation, there are intervals where the
power is turned on and off with a percentage to simulate an average value. Figure 17 shows a

basic plot of voltage versus time using pulse width modulation.

Marr ow Wide
Fulse —=| = - Pulse

High Average
=TI 17" 71—~ Voltage

Low Average
Voltage "~ 7171~ 71"~

e I

Figure 17: Pulse width modulation used by the cartridge heaters: short and long pulse times and

the corresponding average voltage PWM (“Electronics Tutorials™)

https://www.electronics-tutorials.ws/blog/pulse-width-modulation.html

To achieve the desired average power or voltage value, the percentage of power or voltage
is adjusted. When this power percentage is adjusted, the time in which the heaters are on is
adjusted. For example, when the power percentage increases, a wider pulse is used so that the
heaters stay on longer. Contrarily, for less power, the pulse time decreases. On the controller, the
power is given as a percentage for the amount of power going to each of the cartridge heaters as

shown in Figure 18 below.


https://www.electronics-tutorials.ws/blog/pulse-width-modulation.html
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Figure 18: Welder cycle controller displaying the power percentage of each heater die

This shows the power level for each of the heater dies at a short time after the cycle was
started. In the controller, there is a program which specifies a temperature profile for the heaters
to follow. The controller uses feedback from the thermocouples along with the target temperature
in the program to govern the amount of power going into each of the heaters. The amount of power
going into the heaters was modeled as a heat flux boundary condition in MATLAB. As mentioned,
the exact heat flux going into the material was unknown because some of the heat input into the
heaters is lost to the surroundings. The heat flux boundary was tuned based on validation data.

A heat flux boundary was used for the top, bottom, and right edges, and an adiabatic
boundary was used for the left edge due to symmetry. Figure 19 shows the boundary conditions

that were used for the simulation area of the MATLAB model.

Heat Flux Boundary, qi

b

Area for Simulation
Adiabatic Boundary, Heat Flux Boundary. q2
Symmetry Half of PTFE Bar -

Heat Flux Boundary, q1

Figure 19: Boundary conditions for the 2-D simulation area used in the MATLAB model
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Because the simulation area was only half of the face of PTFE, the left face was modeled
as an adiabatic boundary due to symmetry. The top and bottom faces were both modeled as a heat
flux boundary with g = q:. The right face boundary was set to g = 2. The top and bottom faces
were modeled with the same heat flux because they both contain two cartridge heaters. The right
face was modeled with a separate heat flux because the sides do not have heaters in them. Thus,
the sides heat up due to the conduction throughout the heater dies, but they do not contain heater
cartridges directly in the sides.

The values for the heat flux boundaries were based on the maximum heater power and
tuned to reflect the current process. The cartridge heaters have a maximum rated power output of
600 W. Thus, the heat flux on the material at any given time could not be greater than this
maximum power. As mentioned before, the controllers give a power percentage displayed
throughout the welding cycle. The percentage given on the controller was taken to be a percentage
of this maximum rated output of 600W. This power percentage was observed throughout the cycle

and summarized data is presented in Figure 20.
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Figure 20: Observed heater power percentage of the top and bottom heaters over the 90-minute
weld segment
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The heater data is very inconsistent as shown. This is because the controllers turn the
heaters on and off based on the thermocouple feedback. If the heater temperature varies greatly
from the target program, it will drastically affect the percentage of power. Though the data is
somewhat unclear, the power shows a linearly increasing slope from about 5-10% to
approximately 25-40%. For the MATLAB model, the heat flux for the boundaries was a linearly
increasing slope to a maximum value where it then became constant after a specified time. During
the linearly increasing portion, the power percentage increased from 5% to 25%. The heat flux
was calculated from power and area, Q,,,, = 600W and A = 0.160 m?2. The area used for this
calculation was taken to be the area of the assembly of the heater dies. The initial heat flux was
calculated with a constant that could be calibrated. For the calculations, c; = 0.0425. The value
of this constant was calibrated based on validation data. Equation 5 shows the calculation of the
initial heat flux.

Initial q; = c1q (5)

The equation for the transient heat flux on the top and bottom boundaries was modeled as
a simple linearly increasing value. The equation used in MATLAB is shown below in Equation 6.
This equation also had a constant that was calibrated based on validation data. For the predicted
data, c, = 0.21. The heat flux on the right side of the material was taken to be 20% of the heat
flux on the top and bottom as shown in Equation 7.

q1 = q1 + cpdt (6)
q2 = 0.2q; (7)

These equations were used to model a linearly increasing slope for the heat flux for the
first 60 minutes of the 90-minute cycle. After 60 minutes, the heat flux remains constant. The
heat flux values had to be assumed and were later verified as discussed in the Verification &

Validation section.

3.4.2 Nodal Equations

The finite difference method was used to calculate the 2-D temperature distribution. The
top, bottom, and right side used the equation for a heat flux boundary from Heat Transfer (Mills,
1992). The equations for the corner nodes were derived using the energy balance method for the

2-D transient finite difference method. The derivations of the corner nodal equations are shown
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below for the finite difference method. Figure 21 below shows the reference for the corner node

locations.

Top Left Node Top Right Node

qi

Adiabatic Boundary.
Symmetry

Bottom Left Node a Bottom Right Node

Figure 21: Boundaries and corner nodes for MATLAB model area of simulation

Figure 21 shows the boundaries on the PTFE area used in the simulation. The right face
had a heat flux boundary, g.. The top and bottom boundaries had a heat flux, gqi:. The equations
for the corner node boundaries were derived using an energy balance method as outlined by Mills
(Mills, 1992). Figure 22 shows the boundaries for the top left node.
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Figure 22: Finite difference equation derivation for the top left corner node of the weld face

Application of the energy balance method and substitution for the top left corner node yields

1 Ax
Ty =5 Fo | (T + T + | + To1 = Fy) ®
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Where to be valid, Ax = Ay. For stability of this equation, F, < 1. Similarly, the bottom left

corner node had a face with a heat flux and an adiabatic face as shown in Figure 23.
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Figure 23: Finite difference equation derivation: bottom left corner node of the weld face

Because this corner had the same boundaries as the top left node, Equation 8 could be used
also for this nodal equation. Next, the top right corner nodal equation was derived. The boundaries

for the top right corner node are shown in Figure 24.
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Figure 24: Finite difference equation derivation: top right corner node of the weld face

As shown, there were heat fluxes on both the top and right faces, q: and g.. Application of the
energy balance method and substitution for the top right corner node yields

Ax

, 1 Ax
Ty =Fy [E(T3 +Ty) +ﬁ¢l1 + ok

q2| + To(1 — Fp) )
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where Ax = Ay for validity and F, < 1 for stability. This equation is similar to Equation 8 with
the exception that there is an additional heat flux term. The bottom right corner node also had the
heat fluxes, q: and gz on its boundary faces. The diagram for the boundaries is shown in Figure
25.

.E.D

b e

Figure 25: Finite difference equation derivation: bottom right corner node of the weld face

Because the boundaries were the same for the bottom right corner and the top right corner,
the same equation was used for both. The only difference between the two are the location of the
nodes, but the finite difference equation was the same. For the nodes along faces with heat flux
boundaries except for the corners, Equation 10 was used from Heat Transfer (Mills, 1992).

qiAx
k

. 1 . .
T{ = 2F, [T + > (T2 +Ti) + +(1—4F)+ T (10)

For this equation to be valid, Ax = Ay and F, < i for stability. This equation was used for all the
boundary faces except the corner nodes. On the adiabatic face, gt = 0. For the interior nodes,
Equation 11 was used from Heat Transfer (Mills, 1992).

Te = Fo(T{ + TS+ T + Tf) + (1 — 4Fy)T¢ (11)
Again, for validity and stability, Ax = Ay and F, < i There was a total of nine nodal equations

used in the numerical solution: four boundary corners, four boundary faces, and one equation for

the interior nodes.
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3.5 Initial Conditions

The initial condition of the PTFE material being welded was that it was at ambient
temperature throughout at the start of the welding cycle. At time t = 0, the temperature of the
PTFE bar is equal to the ambient temperature. For the MATLAB model, ambient temperature was
taken to be T, = 23°C. This temperature was set at each node throughout the PTFE simulation

area using for loops for nodes in both the M and N directions.

3.6 Numerical Solution: Nodal Mesh Size

The solution for the temperature distribution in the PTFE area simulation was based on the
finite difference method for 2-D transient heat conduction. To ensure accurate calculations, there
were a few important factors that were kept in mind such as: the number of nodes, the Fourier
number, and the material properties. In the MATLAB model, the number of nodes was carefully
chosen. M represented the number of nodes in the x direction, where N represented the number
of nodes in the y direction. Because of the way MATLAB arranges matrix indices as rows, then
columns, the temperature matrices used a format as: T(N, M). Although this seems contradictory
to convention, this ensured that the displayed temperature matrix displayed the values in the

directions as shown in Figure 26.

(N. M) = (0.0) a (N. M) = (0. M+1)

(N.M)=NN+1.0) q1 (N, M) = (N+1, M+1)
Figure 26: Corner nodes of the PTFE area simulation for the MATLAB model

As displayed, the top left corner node had indices of (0, 0) with nodal coordinates

increasing down and to the right in the N and M directions. The total number of nodes in the x
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direction was M+1, and the total number of nodes in the y direction was N+1. The distance
between each node in the x direction was dx and the distance between each node in the y direction
was dy. For the validity of the nodal equations, dx = dy. The nodal equations for the heat flux
boundaries and the interior nodes were taken from Heat Transfer while the equations for the corner
nodes were derived. Based on the dimensions of the PTFE bar, the number of nodes in the N
direction was chosen, then dx and the number of nodes in the M direction were calculated. The
number of nodes was chosen for the N direction rather than the M direction because the height is
a smaller dimension. The number of nodes chosen for the height was N+1 = 38 as this gave the
least amount of error in the length in the M direction. The calculations for this number of nodes
are shown in the Appendix, Table 9. Once the number of nodes in the N direction was chosen, dy

was calculated as below.

dy =H/N (12)
For validity of the finite difference equations
dx = dy (13)
Then, M the number of nodes in the x direction was rounded from the length divided by the mesh
distance
L
M = round (—) (14)
dx

M needed to be an integer so that the code worked properly because it was used as the
number of times a for loop was calculated. To ensure it was an integer, the round function was
used. This means that the length L in the model would be off by an amount of dx. However, with
a small enough dx, the error in this length would be minimal. As shown in Table 9, the error in L
was minimized to 3.55 x107® in and thus can be taken as zero. The number of nodes used for the
calculations was N+1 = 38 and M+1 = 78 to ensure that the error in the length was minimized.
Based on the way the code works, the total number of nodes is one value greater than the values
used in N and M, or N+1, M+1. If this distance was not minimized, it could cause errors in the
calculations, but this small of an error does not affect the calculations.

Also important for the accuracy of the calculations was the chosen time step for the transient
response of the heat conduction. For this model, a time step of At = 0.1s was chosen. A time step
of 1s was first tried; however, the Fourier Number became unstable and thus the time step was

reduced. More time could have been spent determining at what value the simulation becomes
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unstable to reduce the calculation time, but the time step of 0.1s provided stable results which will

be discussed further in the Verification & Validation section.

3.7 Results
3.7.1 Current Design

The following results are outputs from the MATLAB model. These results represent the
characteristics of the current welder design using Segment 1 of Program 1. During segment 1, the
controller prescribes a ramp time from 60°F to 700°F. This program shows what is believed to be
an accurate representation of the current process. The following results are the calculations from
the model under the conditions that have been discussed with the material starting from ambient
temperature. The model calculates and displays information about the temperature distribution,
transient response, material properties, and the power input into the material. The first set of results
is representative of the total cycle time of the first 90-minute segment. Later, the temperature
distribution for the first 15-minutes will be shown. The first output shown below in Figure 27 is
a plot that shows the temperature distribution in the adiabatic face in the center of the material

every 15 minutes.
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Figure 27: Transient temperature response of the adiabatic face of the PTFE at 15-min intervals
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The adiabatic face was of interest because this is generally where the weld fails if the weld
does not go all the way through the material. In the plot, the curves progress up with time. The
bottom flat line is the initial temperature distribution in the material and the top curve is after 90-
minutes. As shown, the adiabatic face was initially at the ambient temperature. Then, with each
progressive temperature curve, the material increases temperature, but the top and bottom faces
increase more. This can be seen at the ends of each curve. The ends of the curve start to bend
upwards more with each progression, indicating that the temperature difference increases
throughout the cycle. The next output from the model was the temperature distribution in the face
of the PTFE bar in Figure 28.

Temperature Distribution at Final Time Step
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Figure 28: Temperature of the PTFE from the MATLAB model after the 90-min weld cycle

The temperature distribution shown was the main focus from the model. As will be later
discussed, this output was compared to a similar distribution that was taken from a thermal camera
of the material. The important characteristics from this plot were the temperatures of the top and
center on the adiabatic edge, and the temperature difference between the two. This will be
discussed further in the Verification & Validation section. The next plot outputs were the transient
heat flux loading on the material in Figure 29 and the transient temperature response of the top left

node in Figure 30.
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Figure 29: Transient heat flux loading on the PTFE for the 90-min weld segment
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Figure 30: Transient temperature response for the top left corner node through the 90-min weld

segment
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The transient heat flux is represented in Figure 29. This is the heat flux loading that is on
the material itself and not the input into the dies. The curve shown is the heat flux input into the
top and bottom faces of the material. The input onto the right face was 20% of the amount on the
top and bottom faces. As shown in the plot, the heat flux linearly increases with time for 1 hour
and then is constant for the remaining half hour of segment 1. Also calculated were the maximum
and minimum power which were about 150W and 25W respectively. The maximum power on the
material was about 25% of the total heater power. This coincides with the observed maximum
power of 25-40% from the heater controller.

In Figure 30, the transient response of the top left node is shown. This curve had a
relationship with the heat flux input on the material. As the heat flux was linearly increasing for
the first hour, the temperature had a parabolically increasing response. When the heat flux was
constant, the temperature correspondingly had a linearly increasing response. The heat flux is
close to a derivative of the temperature response. Of additional interest from this model were the
material properties as a function of time as well as how the properties varied through the material
at the final time step. Plots for each of these were displayed for the thermal conductivity, the
specific heat, and the density of PTFE. To save space, the plots for these material properties will
be displayed on the next three pages and then discussed on the following page. For thermal
conductivity, Figure 31 shows a distribution of how the property varies with temperature in the
face of the PTFE material. Figure 32 shows the transient response of the thermal conductivity
over time for the top left node. For the specific heat of PTFE, Figure 33 shows a distribution of
how the property varies with temperature in the face of the PTFE material at the final time step.
Figure 34 shows how the specific heat varies over time for the top left node. Similarly, Figure 35
shows the distribution of the density of the material at the final time step and Figure 36 shows the
transient response for the top left node.
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Figure 31: Variance of the thermal conductivity in the PTFE after 90-min
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Figure 32: Transient response of thermal conductivity for the top left node over 90-min
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Specific Heat of Weld Face at Final Temperature
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Figure 33: Variance of the specific heat in the face of PTFE after 90-minutes
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Figure 34: Transient response of the specific heat for the top left node after 90-min
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Figure 35: Variance of the density in the face of PTFE after the 90-min weld segment
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Figure 36: Transient response of the density for the top left node after 90-min
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The thermal conductivity of PTFE varies only slightly throughout the material with varying
temperature. From the scale of the graph in Figure 31, it can be seen that the thermal conductivity
ranges only from 0.26 to 0.275 W/m-K throughout the material at the final time step. The hottest
portions of the material reflect the places where the thermal conductivity is the highest. Because
the edges are at the highest temperature, the graph shows a parabolic shape with the edges having
the highest thermal conductivity. The surface plot of the specific heat shows similar contours with
the edges having the highest values. The specific heat however varies more throughout the face
of the material. The transient response for the thermal conductivity and specific heat show similar
parabolic curves with the specific heat varying more. These properties show similar curves as they
both increase linearly with increasing temperature. The density however varies differently than
these two properties. The density decreases with a parabolic curve as a function of temperature.

Other characteristics of interest were the temperature differences of the right and left faces
of the material and the maximum and minimum heater power on the material throughout the

simulation. Below are some of the characteristics calculated from the model:

Delta T of Adiabatic Face [C] =
20.0525
Delta T of Right Face [C]=
19.9804
Maximum Power Input [W]: Qmax =
146.2101
Minimum Power Input [W]: Qmin =
25.5034
The temperature difference of the adiabatic face was used for validation and will be

discussed further in the Verification & Validation section. It was important to verify the model at
more than a single time interval which will also be discussed in the Verification and Validation
section. For validation, the model was calculated at time intervals of 90-minutes and 15 minutes.

Next, the results from the 15-minute time interval will be shown. Figure 37 shows the
temperature vs distance in y along the adiabatic face for every 2.5 min interval. The bottom line
shows that the material starts out at ambient temperature throughout. Then each line up is a
consecutive 2.5-minute interval. The temperature difference along the face increases with each
interval, indicated by the increasing upwards slope of the temperature curves.

The final temperature distribution in the weld face after 15 min is displayed in Figure 38.
As seen, the temperature difference is less than after 90 min as expected. This plot will be further

used for the verification of the model. The next figures will be discussed on page 65.
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50 Temperature of Adiabatic Face Every 2.5 Min
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Figure 37: Transient temperature response of the adiabatic face of the PTFE at 2.5-min intervals
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Figure 38: Temperature of the PTFE from the MATLAB model after 15-min
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Figure 39: Transient heat flux on the top and bottom boundaries: 15 min interval
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Figure 40: Transient temperature response of the top left corner node: 15 min
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Thermal Conductivity of Weld Face at Final Temperature
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Figure 41 Variance in the thermal conductivity of the face of PTFE after 15 min
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Figure 42: Transient thermal conductivity response of the top left node through 15 minutes
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Specific Heat of Weld Face at Final Temperature
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Figure 43: Variance in the specific heat of the face of PTFE after 15 min
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Figure 44: Transient response of the specific heat of PTFE of the top left node: 15 min interval
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Figure 45: Variance in the density of the face of PTFE after 15 min
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Figure 46: Transient density response of PTFE of the top left node for 15 min interval



64

Figure 39 shows the transient heat flux on the top and bottom boundaries during the 15-
minute interval. During this interval, the heat flux is linearly increasing and does not become
constant. As shown the heat flux increases from about 160 W/m? to about 350 W/m?, or about 10%
of the heater power. Figure 40 shows the temperature response of the top left node during the 15-
minute interval. Because the heat flux is a linearly increasing value, the temperature responds in
a gradual parabolic curve. Figure 41 through Figure 46 show the behavior of the material
properties through the transient heating cycle. Figure 41 shows the thermal conductivity in the
PTFE face after 15 minutes. This shows that at the edges of the material, the thermal conductivity
is increased; however, the material is all at approximately 0.23 W/m-K. Figure 42 shows the
transient response of the thermal conductivity for the top left node of the material. Similar to the
temperature response plot, the thermal conductivity increases with increasing temperature. The
plots of the specific heat are shown in Figure 43 and Figure 44. These plots show similar results
to the thermal conductivity plots because the specific heat also linearly increases with increasing
temperature. The specific heat in the material varies from 462 to 474 J/kg-K after 15-minutes.
The specific heat of the top left node varies from 452 to 470 J/kg-K over the 15-minute cycle.
Lastly, the plots for the density are shown in Figure 45 and Figure 46. Unlike the thermal
conductivity and specific heat, the density decreases with increasing temperature. After 15-
minutes, the density throughout the weld face only varied 6 kg/m® and the density of the top left
node decreased only 12 kg/m? over the 15-minute cycle. Other outputs from the model calculation

are displayed below:

Delta T of Adiabatic Face [C]
8.3000

Delta T of Right Face [C]=
8.2677

Maximum Power Input [W]: Qmax =
55.6784

Minimum Power Input [W]: Qmin =
25.5034

The temperature difference of the adiabatic face and the temperature distribution plot were

further analyzed for verification and will be further discussed in the next section. These were the
results that were calculated for the current process. The accuracy of these results will be discussed

in the Verification and Validation section for both time intervals.
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3.7.2 Increased Power

One of the main goals for this project was to see if the process cycle time could be reduced.
One design change considered was to increase the maximum power of the cartridge heaters that
are used in the heater dies. To simulate this, the MATLAB model was calculated for an increased
maximum power of 700W, 800W, and 900W of power for a 90-minute cycle. The temperature
distribution results of these simulations are shown in Figure 47, Figure 48, and Figure 49
respectively.
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Figure 47: Temperature distribution: 90-minutes with increased power: 700w

Temperature Distribution at Final Time Step

0.02

0.015

0.01

0.005

Distance in y Direction, y [m]

0

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045
Distance in x Direction, x [m]

Figure 48: Temperature distribution: 90-minutes with increased power: 800w
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Temperature Distribution at Final Time Step
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Figure 49: Temperature distribution: 90-minutes with increased power: 900w

With increased power, the overall temperature of the material obviously increases.
However, the temperature difference from the boundaries to the center of the material also
increases. This could result in a weld that is unsatisfactory. In addition, it is undesirable to have
the PTFE material reach a temperature that is above 340°C for sustained periods of time. More
investigation would need to be done for validation, but from the preliminary tests, increasing the

power would not provide a significant reduction in time as well as a quality weld.

3.7.3 Heated Between the Faces — Semi Infinite Heat Flux Analysis

Another potential design change that was modeled was the semi-infinite heat flux analysis.
This analysis represents a hot plate welding method added to the current process. In addition to
the current heater die design, this analysis represents the addition of a heater plate in the middle of
the two sections of PTFE material to be welded. Figure 50 represents the potential design with the
center heater in between the PTFE bar ends.
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Center Heater

B ~ }§

Figure 50: Potential design change with center heater between PTFE pieces

As shown, there would be a heater block in between the faces of the material in addition to
the current heater dies for a period of time. The center heater block would then be removed, and
the PTFE pieces would be held together under pressure. It was assumed that the center heater
block would prescribe a constant heat flux into the face of the material to be welded. It was also
assumed that the PTFE was infinitely long in the direction perpendicular to the welded face. These
assumptions allowed a semi-infinite heat flux analysis to be calculated for the temperature of the
PTFE bar. The equation for the semi-infinite analysis was used from Heat Transfer and is shown
in Equation 15 (Mills, 1992).

N[ =

T—Ty,=— (—) e X*/4at _ x erfc (15)

X
(4at)1/?

The amount of power used for the input into the center heater block was 100W for this
analysis. This amount of power was chosen because the current heater dies are thought to input a
range of about 25W to 150W into the material during the welding process. For a constant input of

100W into the weld face, the results are shown below in Figure 51.
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Figure 51: Semi-infinite heat flux analysis on the welded face of PTFE to simulate a hot plate

welding method for a 90-min segment of the welding cycle

The plot in Figure 51 shows the temperature of the weld face versus increasing distance in
the z-direction, or the direction perpendicular to the weld face at increasing time intervals. The
temperature curve was calculated at 15-minute intervals throughout the 90-minute phase used for
the previous calculations. These calculations show that with 100W of power in between the two
pieces of material, the temperature of the weld face could be raised about 57°C at the weld face,
or z=0 at a time of 90-minutes. At a distance of 0.25 in, and at a time of 90-minutes, the
temperature of the material could be raised by 43°C. This is significant because approximately
0.25 in of material is the overlap distance of the two PTFE pieces during the welding process.

The MATLAB model was calculated with the additional temperature predicted from the
semi-infinite analysis. To simulate the temperature gain of 57°C at the face of the material z=0
after 90-minutes, the model was calculated with this amount added at the final time step. Because
the temperature was raised, the total program run time could be reduced. After trials, it was
determined that the time could be reduced to 77.5 minutes with this additional heat in between the
material. This calculation was for reference because a 2-D analysis is no longer valid when heating
the face in the z-direction. Thus, the point of the calculation was to determine that the temperature
of the face would be raised and that the time could be reduced with this method. More
investigation would need to be done on this potential design; however, this shows that the

temperature of the material could be raised and the cycle time reduced using this heating method.
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4. VERIFICATION & VALIDATION

For the verification of the accuracy of this program, the finite equations were verified, the
stability of the Fourier Number was checked, the number of nodes was verified to be sufficient
along with the time step, and the temperature distribution results were compared to temperature

distribution images taken from a thermal camera.

4.1 Finite Difference Equations

While building the model, the MATLAB code was continuously checked and debugged.
The finite difference equations were verified by checking for convergence. To do this, the
boundary conditions were changed to temperature prescribed boundaries at the corners and edges.
All of the boundaries were prescribed with the same value for the temperature. The program time
was then increased to an infinitely long time. After running, the temperature distribution
converged to the boundary temperature throughout the weld face. By converging, this ensured

that the finite difference equations were working properly.

4.2 Fourier Number Stability

Based on the finite difference equations, the Fourier Number needed to be less than ¥ for
stability. It was desired for the program to calculate the finite difference equations with minimal
error. Thus, it was chosen for the Fourier Number to be less than 0.1. In the program, there is a
section of the code built in to check the stability of the model based on the Fourier Number. The

section of code for the stability check was as shown below:

if max(Fo) > 0.1 % Check Stability Criterion for Fourier Number

msg = 'Fourier Number Unstable'; % Error Message
error (msqg) ;
end

To verify that this section of code was working, the program was run with a time step, dt = 1s.
With a 1s time step, the program was stopped and gave an error message indicating that the Fourier

number was unstable. This ensures that the program will stop anytime the Fourier number is
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greater than 0.1. With the model at its typical time step value of dt = 0.1s, the model was stable

and did not give the corresponding alarm.

4.3 Mesh Size

In addition to checking the time step, the number of nodes used for the mesh size was
checked to ensure the chosen number of nodes did not have a significant effect on the results of
the model. The model was calculated with varying mesh sizes and the results compared.

Table 3 below displays the results from the tests varying the mesh size.

Table 3: Effect of the mesh size on the corresponding temperature difference in the adiabatic
face of PTFE
N+1 M+1 DIFFERENCE AT OF
IN L (INCH) ADIA FACE

36 74 1.39E-03 19.9961
37 76 6.76E-04 20.0410
38 78 0.00E+00 20.0525
39 80 -6.41E-04 20.0924
40 82 -1.25E-03 20.1024

In this table, N+1 and M+1 are the numbers of nodes in the Y and X directions, respectively.
N is input into the model and M is calculated based on the value for dx. The total number of nodes
for each direction is N+1 and M+1 because of the way the model calculates the nodes. The table
also displays the difference in L, or the difference in the length in the X direction based on the
difference between the actual length and the calculated length based on the number of nodes. The
goal was to minimize this difference in order to have the most accurate calculations. From the
table, the error was minimized with the total number of nodes in the Y direction equal to 38, or
N=37 input into the model. The number of nodes increased the resolution in the mesh grid for the

simulation.
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4.4 Time Step

Next, the model was calculated with varying values for the time step to verify that the time
step was sufficiently small. The values tested for the time step were bound by the Fourier number
stability and a realistic calculation time. To compare results, the temperature difference of the

adiabatic face was compared for each calculation. The results are shown in Table 4.

Table 4: Effect of the time step on the temperature difference of the adiabatic face of PTFE
Time Step, Temperature, AT of Adiabatic Face [°C]

dt [s]

0.15 Fourier Number Unstable

0.14 NA — creates a total time that is not an integer
0.13 NA — creates a total time that is not an integer
0.12 20.0524

0.11 NA — creates a total time that is not an integer
0.1 20.0525

0.09 20.0525

0.08 20.0526

0.07 NA — creates a total time that is not an integer
0.06 20.0527

0.05 20.0527

0.04 20.0527

0.03 20.0528

0.02 20.0528

0.01 20.0529

As shown, when the time step was equal to 0.15 s, the Fourier Number became unstable.
Thus, any time step greater than 0.15 s would have also been unstable. Some of the numbers listed
in the table were marked as NA. This is because the model calculates the total number of for loop
iterations to run based on the time step. For example, for a total run time of 90 minutes, or 5400
s, the model calculates the total number of time steps using the following equation:
time = 5400/dt (16)

Time equals the number of time steps that the code iterates through its temperature

5400

calculation. Thus, if the time step is equal to 0.14, then time = Vi 38,571.43. The number
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of times that the model iterates in the temperature distribution calculation must be an integer or
MATLAB will give an error. Therefore, any non-integer values were not viable. However, the
values that did give integers had very little variance between them with only 0.0005 difference
between the maximum and minimum temperature distribution values. With such little variance, it
was determined that the time step with any of these values was adequate. A value of dt = 0.1s was
used for the results because it is a round number and gave satisfactory accuracy for the calculations.
Once the time step and mesh size were verified as accurate and not having a significant effect on
the calculations, the temperature distribution was analyzed.

4.5 Process Results vs Predicted Results

To verify that the numerical MATLAB model accurately predicted the temperature
distribution in the material, the predicted values were compared to the actual process to calibrate
the model. A thermal imaging camera was used to gather temperature distribution results from the
actual process. Four tests were completed using the thermal imaging camera. For each test, the
material was heated to a specified time of the cycle, then the process was stopped, the material was
immediately pulled apart, and thermal images were taken of the cross section of the weld face of

the PTFE material. Next are the tests that were done using the thermal camera in Table 5.

Table 5: Test summary of tests done using the thermal camera

Test # 1 2 3 4
Material PTFE PTFE PTFE PTFE
Welder C C D D
Time O min  90min  90min 15 min
PFA Yes Yes No No

Three of the tests involved heating the material through all 90 minutes of the weld cycle,
while the fourth test involved heating the material for only 15 minutes of the weld cycle. For these
tests, the setup of the process was the same as used for manufacturing pieces with the exception to
using PFA between the faces of PTFE. The initial two tests used PFA film between the faces of
material; however, the results were deemed inaccurate as they showed the temperature of the PFA
rather than the temperature of the PTFE as the program calculates. Therefore, the tests used for
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validation of the program did not use PFA film in between the pieces of PTFE. The tests with
PFA could still be useful for future process investigation; however, they were not used for the
validation of this program. Thus, the validation was based on Test 3 and Test 4 at 90 minutes and
15 minutes, respectively.

The tests were performed using a FLIR 62101-0301 T440 high-sensitivity infrared thermal
imaging camera with a temperature range of -4° F to 2192° F. With the maximum needed
temperature of 700°F, this was well within the range of what the camera was capable of. In this
range, the camera has an error of 2% or a 2°C accuracy. Images were taken with this camera and
then uploaded into the FLIR thermal imaging software where spot measurements could be taken
at different points throughout the material. This software was used to place spot measurements at
various points along the centerline of the material in order compare the temperatures to the
adiabatic face in the MATLAB model. To clarify, the adiabatic face in the MATLAB model is
the left face of the simulation area, but not the left face of the PTFE bar. The simulation area is of
only half of the bar and thus when the left face is referred to, it refers to the left face of the
simulation area. Comparisons were made between the thermal images of the process data and the
temperature distribution outputs from the MATLAB model at both the 90-minute and 15-minute
intervals. Below are the comparisons between the MATLAB model and the thermal imaging
camera results for both time intervals. First is the result from the thermal imaging camera for 15

minutes of the weld cycle in Figure 52.
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c FLIR TEST 4: 15 MIN of SEGMENT 1 17042 NO PFA

Measurements 11/8/2001 8:46:22 AM
Bx1 Max 1272 °F
Min 104 4 °F
Average 1134 °F

Sp1 102.8 °F
Sp2 103.5 °F
Sp3 105.9 °F
Sp4 108.1 °F
Sp5 110.9 °F
Sp6 116.3°F
Sp7 1202 °F
Sp8 121.1 °F
Sp9 1323 °F
Lit Max  128.1°F
Min 1039 °F
Average | 112.9°F B
Li2 Max | 1295°F FLIR1379 jpg FLIR T440 (incl Wi- 62108523
Min 1109 °F
Average | 117.7 °F 11/8/2001 8:46:22 AM
Parameters
Emissivity 0.95
Refl. temp. 12°°F

Geolocation
Compass 131° SE

FLIR1379.)pg FLIR T440 (incl Wi- 62108523

Figure 52: Test 4: FLIR thermal image results: 15 min cycle of segment 1

The results from the FLIR software were in units of Fahrenheit and were converted to
Celsius to be compared to the results from the MATLAB model. The results from the MATLAB

model are shown in Figure 53.
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Figure 53: Temperature distribution from MATLAB model after 15 minute interval

The MATLAB prediction results were compared to the data from the thermal camera at two key
points: 1) the center of the material and 2) the top of the material, both at the left face of the
simulation area, or the adiabatic face in the center. This comparison is shown below in

Table 6.

Table 6: 15 min comparison between MATLAB model and thermal camera process data
TEMPERATURE READINGS FROM FLIR CAMERA

T [°F] T[°C] MATLAB % Error
121.1 49.5 Top Left Node 48.0 3.1%
120.2 49.0

116.3 46.8

110.9 43.8

108.1 42.3

105.9 41.1

103.5 39.7

102.8 39.3 Center Left Node 39.7 -0.9%
AT [°C] 10.17 8.3 18.4%

As shown, for the first 15 minutes of the weld cycle, the percent error was 3.1% for the top

left node and 0.1% for the center left node. These two main nodes were chosen because they
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display the temperature difference throughout the material and show that the maximum
temperature is at the boundary. In this case, the thermal camera showed that the temperature
difference was larger than what the MATLAB model predicted, and the temperature of the top left
node was greater than what was predicted. This could mean that the heat flux in the MATLAB
model should be increased. However, there is potential error in the readings from the thermal
camera and there is error in the method of taking a picture using the thermal camera. This will
further be discussed after the results for Test 3. In test 3, the total 90-minute segment of the weld

cycle was setup and run. The result from the thermal camera is shown below in Figure 54.
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c FL.R TEST 3 SEGMENT 1 17042 NO PFA

Measurements 11/8/2001 5:06:18 AM %

Bx1 Max | 607.2°F 699.7
Min 5723 °F ‘
Average 5879 °F

Sp1 5724 °F

Sp2 5740 °F

Sp3 578.8 °F

Sp4 5896 °F

Sp5 602.1 °F

Sp6 601.1°F

Sp7 5724 °F

Parameters

Emissivity 0.95

Refl. temp. 72 °F

Geolocation

Compass 96°E 1496

Right after pulled apart FL... FLIR T440 (incl Wi- 62108523

11/8/2001 5:06:18 AM

~m

Right after pulled apart FL...  FLIR T440 (incl Wi- 62108523

Figure 54: Test 3: FLIR thermal image results: 90 min cycle of segment 1

Similar to Test 4, temperature readings were taken as spot measurements along the
centerline of the material or the adiabatic face in the simulation area. These were then compared
to the results from MATLAB. The temperature distribution from the MATLAB model is shown
in Figure 55.
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Figure 55: Temperature distribution from MATLAB model for 90 min of segment 1

Both the thermal image and the contour map of the predicted temperature distribution from

MATLAB show the same general distribution as the material is colder in the center. The

temperatures on the boundaries are much hotter than the center of the material. The temperatures

were taken and compared to the MATLAB model as shown below in Table 7.

Table 7: 90 min comparison between thermal camera process data and MATLAB model results

TEMPERATURE READINGS FROM FLIR CAMERA

T [°F]
607.2
602.1
589.6
578.8
574.0
572.4
AT [°C]

T[°C]
319.56
316.72
300.78
303.78
301.11
300.22
19.33

MATLAB 9% Error

Top Left Node 3214 -0.6%
Center Left Node 301.3 -0.36%
20.1 -3.72%

The temperature difference predicted by the MATLAB model was higher than the

difference shown from the thermal image. This was opposite of the data in Test 4. The accuracy

of the program however to the thermal camera data was extremely low percent error.
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A summary of Test 3 and Test 4 results are shown in Table 8. The comparisons are shown for the

top left and center left nodes for the MATLAB prediction versus the result from the thermal camera.

Table 8: Summary comparison between MATLAB model & thermal camera results
Top Left Center Left AT [°C]
Node T [°C] Node T [°C]

Test 3 | MATLAB 3214 301.3 20.1
Actual 319.6 300.22 19.33
% Error -0.60% -0.36% -3.72%

Test 4 | MATLAB  48.0 39.7 8.67
Actual 49.5 39.3 10.17
% Error 3.10% -0.90% 18.4%

The validation for the accuracy of the MATLAB model was based on these two tests. The
time intervals were at times of 15 minutes and 90 minutes of segment 1. Based on the percent
error, the program appeared to be an accurate representation of the actual process. For further
validation, the program should be compared to thermal imaging results at more time points.
Additional validation could be attained using thermocouples at different points in the PTFE bar.
It is also important to note that when the thermal images were taken, the PTFE was losing heat.
The images were taken very soon after pulling the PTFE pieces apart, so it was assumed that not
enough heat was lost to affect the temperature readings. More investigation should be done on the

best way to acquire the temperature of the material throughout the process.
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5. SUMMARY & CONCLUSION

In summary, this project analyzed the welding process for large diameter PTFE parts for a

manufacturer of PTFE seals. The overall goal was to determine if the welding cycle time could

be reduced and still ensure a quality weld. To determine the feasibility, the current process was

analyzed using a simulation model in MATLAB. This program was able to predict the transient

temperature distribution at the weld face of the PTFE using the finite difference method. The

material used for the simulation was virgin PTFE.

Material properties — the specific heat, thermal conductivity, and density were important
for this process because the temperature of the PTFE is raised above its melting point
during the weld process. For this reason, it was decided to create a unique model capable
of calculating the transient material properties. There are programs available for 2-D
transient heat transfer; however, these are typically for applications with constant material
properties. Thus, a unique model for the process was created in MATLAB with transient
material properties using the finite difference method. The density of PTFE varies
significantly with temperature and thus justifies the building of a unique model of the
process. The model was used to simulate results for a) the current process b) the current
process with increased power, and c¢) the current process with the addition of a center heater.
Current process — The MATLAB model of the PTFE welding process predicted the
temperature distribution at time intervals of 15-minutes and 90-minutes to within 3.1%
error of the temperatures of the compared nodes. The nodes compared were the top and
center nodes along the adiabatic face of the material. These nodes were chosen because it
was desired to know the temperature at the boundary, the temperature in the center of the
material, and the temperature difference between the two. The model of the current process
showed that the center of the material is cooler than the surrounding boundaries. It also
showed that the current heating process heats the weld face unevenly and takes too long.

Increased power — Results were also simulated for the welding process with increased
heater power. With increased power, the temperature throughout the material was raised;
however, the temperature difference from the top node to the center node was also

increased. With an increased temperature difference, the temperature in the center of the
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material would likely not be hot enough for a sufficient weld. More investigation would
need to be done on the weld cycle times if the heater power was increased. However, from
preliminary results, the boundaries would be heated too quickly, and the center would not
be hot enough. Simply adding more power would not be an ideal solution because the
temperature difference in the material would increase.

Hot plate welding method — a semi-infinite heat flux analysis was performed to simulate
the results for the addition of a heater between the two faces of material much like a hot
plate welding method. The results showed that the temperature of the face of the material
could be raised approximately 57°C by using 100W for the 90-minute segment of the weld
cycle. This means that the 90-minute cycle could be reduced to about 77.5 minutes and
still reach the same temperature. Though this is not a major time reduction, this type of
heating process would ensure that the material would be heated evenly along the entire
weld face. This welding method would have to be investigated further for the use of PFA
between the two pieces of PTFE, but the results show that this method would heat the

material evenly compared to the current process.
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6. FURTHER STUDY & RECOMMENDATIONS

The goal of this study was to develop an accurate model of the current process for future

design improvements. Though this objective was completed, there are many other areas which

need to be further understood and investigated.

Model optimization — the MATLAB model accurately predicts the solution for the current
process; however, it could be optimized to be used as a design change tool. The
computation time of the current model should be reduced to under 5 seconds by reducing
the amount of data that is stored.

Model Capabilities — The current model calculates the solution for one segment of the main
program. The appropriate code should be added so that it is capable of including additional
segments of the program. It would also be useful to have a model that is capable of using
any welding cycle, using the program number as an input to calculate the corresponding
solution. In addition, the model should have the material as an input and use the
corresponding material properties based on the specified material.

PFA welding properties - To be a completely accurate tool for optimization, it would be
desirable to have the model calculate the temperature of the PFA material as well. As
mentioned in Section 2.2.5 about the current welding method, two pieces of PFA film are
inserted in between the pieces of PTFE to be welded. For the MATLAB model and the
Validation using the thermal camera, the PFA was disregarded because the goal was to
examine the behavior of the PTFE. However, because PFA is used in the actual process,
it would be useful to model the melting of the PFA film as well as the temperature of the
PTFE weld face.

Process Validation — The heating process should be further investigated to be fully
understood. The model should be further verified with temperature data throughout the
process. More images should be taken with the thermal camera at various time points, and
data should be collected from thermocouples on both the PTFE and the heaters. More
examination should be done to determine how much heat is lost and what the actual heat
flux on the material is. This could help determine if design changes to insulate the welders

would have a dramatic effect.
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e Material properties — The material properties of PTFE are extremely complex and should
be further investigated for the applicability during this welding process. In conjunction to
the material properties, more examination on the melting point and phase change of PTFE
should be conducted. This model attempted to incorporate the melting by using
temperature dependent material properties, but the melting of PTFE is a complex
phenomenon. When it begins to melt, PTFE greatly expands volumetrically. This could
change the heat that is input into the material by changing the surface area in contact with
the heater dies. This model incorporated a basic temperature dependence; however, much
more could be done to examine the thermal expansion and melting of PTFE.

e Design changes — Finally, further study should be done on the potential design
improvements that could be implemented. This project showed that the cycle time could
be reduced by placing a heater in between the faces of the PTFE. This potential design
would be similar to a hot plate welding method and should be evaluated further to
determine if it is a feasible solution. It should also be analyzed to see if the PFA would
work with this design or if it would stick to the center heater as that is one of the biggest
concerns of this potential design. This type of heating is recommended as it will heat the
PTFE weld face more evenly and ensure that the entire face is at the desired temperature.
It is recommended that once a new design is implemented, an optimization study should
be performed to ensure that the settings give the best possible weld.

This study provided an immense amount of insight into understanding the current process.
Though there are many areas that are recommended to be investigated further, the model presented
in this thesis is thought to be an accurate representation of the current welding process. The results
from this study will be a vital tool to be used for further design investigation. Having a design tool
will save the company time and money that would otherwise be spent on a trial and error process
determining the best solution. This project also provides the company a comprehensive
documentation on the current welding process. The results presented in this thesis will further be
utilized to suggest design changes, implementation, and optimization of the PTFE welding

machines.



APPENDIX

Table 9: Determination of the mesh grid size with the highest resolution
M+1 ErrorinL (m)

N+1
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

dy [m]

8.04E-04
7.78E-04
7.54E-04
7.31E-04
7.10E-04
6.89E-04
6.70E-04
6.52E-04
6.35E-04
6.19E-04
6.03E-04
5.89E-04
5.75E-04
5.61E-04
5.48E-04
5.36E-04
5.25E-04
5.13E-04
5.03E-04
4.92E-04
4.83E-04

dx [m]

8.04E-04
7.78E-04
7.54E-04
7.31E-04
7.10E-04
6.89E-04
6.70E-04
6.52E-04
6.35E-04
6.19E-04
6.03E-04
5.89E-04
5.75E-04
5.61E-04
5.48E-04
5.36E-04
5.25E-04
5.13E-04
5.03E-04
4.92E-04
4.83E-04

62
64
66
68
70
72
74
76
78
80
82
84
86
88
90
92
94
96
98
100
102

1.69E-04
1.43E-04
1.19E-04
9.62E-05
7.47E-05
5.44E-05
3.53E-05
1.72E-05
0.00E+00
-1.63E-05
-3.18E-05
-4.65E-05
-6.05E-05
-7.38E-05
-8.66E-05
-9.88E-05
-1.10E-04
-1.22E-04
-1.32E-04
-1.43E-04
-1.52E-04

Errorin L (m)
6.67E-03
5.65E-03
4.69E-03
3.79E-03
2.94E-03
2.14E-03
1.39E-03
6.76E-04
0.00E+00

-6.41E-04
-1.25E-03
-1.83E-03
-2.38E-03
-2.91E-03
-3.41E-03
-3.89E-03
-4.35E-03
-4.79E-03
-5.21E-03
-5.61E-03
-6.00E-03

84
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392 LAU, SUZUKI, AND WUNDERLICH
TABLE II
Recommended Thermodynamic Data of Crystalline Polytetrafluoroethylene
Co H - H§ S5 ~(G% - HY)

T (K) (d mol~1 K~1) (J mol~1) (J mol—! K-1) {J mol=1)
0.0 0.0 0.0 0.0 0.0
0.3 0.0000649 0.00000974 0.00003246 0.0
0.4 0.0001249 0.00001923 0.00005889 0.0000043
0.5 0.0002226 0.00003660 0.00009676 0.0000118
0.6 0.0003704 0.00006625 0.0001459 0.0000237
0.7 0.0005816 0.0001139 0.0002223 (L0000418
0.8 0.0008707 0.0001865 0.0003183 0.0000681
0.9 0.001252 0.0002926 0.0004422 0.0001054
1.0 0.001740 0.0004422 0.0005988 0.0001566
1.2 0.003094 0.0009256 0.0010306 0.0003111
1.4 0.005041 0.001739 0.001645 0.0005688
1.6 0.007687 0.003012 0.002489 0.0009706
1.8 0.01111 0.004892 0.003587 0.001564
2.0 0.01538 0.007541 0.004373 0.002405
3.0 0.05071 0.04059 0.01727 0.01122
4.0 0.1086 0.1202 0.03930 0.05694
5.0 0.2284 0.2887 0.0757 0.08982

10.0 1.228 3.930 0.4969 1.039

15.0 2.565 13.41 1.231 5.059

20.0 3.915 2961 2.148 13.35

25.0 5.155 52.29 3.153 26.54

30.0 6.301 80.93 4194 44.89

40.0 8.441 154.6 6.299 97.32

50.0 10.31 2484 B.385 170.9

60.0 12.27 361.3 10.44 265.0

70.0 14.17 493.5 12.47 379.6



80.0

50.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
150.0
200.0
210.0
220.0
230.0
240.0
250.0
260.0
270.0
273.15
280.0
290.0
292.0(T.)
292.0
298.15
300.0
303.0 (T,)

16.02
17.75
19.37
21.20
22.90
24.53
26.13
27.65
29.13
30.62
31.98
33.24
34.47
35.67
36.82
37.94
39.03
40.10
41.13
42.15
42.47
43.15
44.13
44.32
4432
44.91
45.08
45.37

644.4

313.3

998.9
1202
1422
1659
1913
2182
2465
2764
3077
3403
3742
4093
4455
4829
5214

6015
6432
6565
6858
7295
7383
8097
8372

- 8455

8591

14.48
16.47
18.43
20.36
22.28
24.18
26.05
27.91
20.74
31.55
33.34
35.10
36.84
38.59
40.24
41.90
41.54
45.15
46.74
48.32
48.81
49.87
51.40
51.70
h4.15
55.08
55.36
55.81

514.5

669.4

844.0
1038
1251
1484
1735
2005
2293
2589
2924
3266
3626
4003
43587
4808
5235
5678
6138
6613
6766
7104
7611
7714
7714
BOSO
8152
5318

86
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THERMODYNAMIC PROPERTIES OF PTFE 393
TABLE II (continued)
303.0 45.37 8727 56.25 8318
310.0 46.02 9047 57.30 B716
320.0 46.95 9511 8.7 93296
330.0 47.86 9985 60.23 9891
340.0 48.76 10,469 61.68 10,501
400.0 45.63 10,960 63.10 11,125
360.0 50.49 11,461 64.51 11,763
370.0 21.35 11,970 65.91 12,415
J80.0 52.17 12 488 67.29 13,081
S90.0 52.99 13,014 68.65 13,761
400.0 53.81 13,548 T0.00 14,454
410.0 24.60 14,090 71.34 15,161
420.0 55.39 14,640 72.67 15,881
430.0 56,15 15,197 73.98 16,614
440.0 56.91 15,763 7528 17,361
450.0 37.65 16,335 76.57 18,120
460.0 HE.39 16,916 77.84 18,892
4700 58.10 17,503 79.11 19,677
480.0 50.82 18,098 80.36 20,474
490.0 60.51 18,699 81.60 21,284
200.0 61.20 19,308 52,83 22,106
51000 61.88 19,923 5405 22,940
520.0 62,55 20,545 85.25 23,787
530.0 64.20 21,174 56.45 24,646
H40,0 6.3.86 21,810 87.64 25,516
Hol0 64.48 22 451 88,52 26,398
560.0 65.12 23,099 £89.99 27,202
570,0 65.75 23,754 91.14 28,198
580.0 66.36 24,414 92,29 29115
590.0 66.96 25,081 93.43 30,044
600.0 67.58 25,753 94.56 30,984
6065.0{T,) 67.88 26,002 95.12 31,458
610.0 b8. 18 26,432 95.68 31,935
620.0 68,77 27,117 96,80 32,898
630.0 69.35 27,808 97.90 33,871
640.0 £9.93 28,504 99.00 34,856
600.0 70,50 20,206 104.1 35,851
660.0 71.06 26,914 101.2 36,857
670.0 71.64 30,627 102.2 37,875
680.0 72,19 31,347 1033 38,902
690.0 72.75 32,073 104.4 39,941
TO00 73.30 32,802 1{(45.4 40,990

Figure 56: Recommended data for specific heat capacity of PTFE: (Lau et al., 1984)



Table 10: Calculation of mass based specific heat from given molar specific heat
T[K] TI[°C] Cp[J/mol-K] Cp [Jkg-K]

290  16.85 44.13 441.23
292  18.85 44.32 443.13
298.15 25 44.91 449.03
300  26.85 45.09 450.83
303  29.85 45.37 453.63
310  36.85 45.09 450.83
320  46.85 46.02 460.13
330 56.85 46.02 460.13
340  66.85 46.95 469.43
350  76.85 47.86 478.53
360  86.85 48.76 487.53
370 96.85 49.63 496.23
380 106.85 50.49 504.82
390 116.85 52.99 529.82
400 126.85 53.81 538.02
410 136.85 54.6 545.92
420 146.85 55.39 553.82
430 156.85 56.15 561.42
440 166.85 56.91 569.01
450 176.85 57.65 576.41
460 186.85 58.39 583.81
470 196.85 59.1 590.91
480 206.85 59.82 598.11
490 216.85 60.51 605.01
500 226.85 61.2 611.91
510 236.85 61.88 618.71
520 246.85 62.55 625.41
530 256.85 63.2 631.91
540 266.85 63.86 638.50
550 276.85 64.48 644.70
560 286.85 65.12 651.10
570  296.85 65.75 657.40
580 306.85 66.36 663.50
590 316.85 66.96 669.50
600 326.85 67.58 675.70
605 331.85 67.88 678.70
610 336.85 68.18 681.70
620 346.85 68.77 687.60

630 356.85 69.35 693.40
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Figure 57: Transient dimensional change data and thermal expansion used to calculate the

transient density response for virgin PTFE
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Table 11: Calculation of density for virgin PTFE from thermal expansion data

T [°C]

24.44

38.33

52.22

66.11

80.00

93.89
107.78
121.67
135.56
149.44
163.33
177.22
191.11
205.00
218.89
232.78
246.67
260.56
274.44
288.33
302.22
316.11
330.00
343.89
357.78

T[K]

297.59
311.48
325.37
339.26
353.15
367.04
380.93
394.82
408.71
422.59
436.48
450.37
464.26
478.15
492.04
505.93
519.82
533.71
547.59
561.48
575.37
589.26
603.15
617.04
630.93

Dim. Change
[pm/m]

-167.8
772.2
2311
3848
5351
6866
8491
10283
12189
14120
16136
18152
20456
22983
25731
28730
32024
35798
40219
45452
51936
61242
78891
98989
113067

Alpha

[pm/m/°F]
14.81
58.31
61.08
61.44
59.33
62.1
68.28
75.04
76.36
79.63
93.34
87.11
96.92
105.2
114.3
126.1
140.1
162.8
191.6
230.8
294.3
579.4
737.4
851.8
396.9

Alpha
[m/m/°F]

1.48E-05
5.83E-05
6.11E-05
6.14E-05
5.93E-05
6.21E-05
6.83E-05
7.50E-05
7.64E-05
7.96E-05
9.33E-05
8.71E-05
9.69E-05
1.05E-04
1.14E-04
1.26E-04
1.40E-04
1.63E-04
1.92E-04
2.31E-04
2.94E-04
5.79E-04
7.37E-04
8.52E-04
3.97E-04

Volume
[m?]
1.29E-04
1.30E-04
1.31E-04
1.31E-04
1.32E-04
1.33E-04
1.34E-04
1.35E-04
1.35E-04
1.36E-04
1.39E-04
1.39E-04
1.41E-04
1.43E-04
1.45E-04
1.48E-04
1.51E-04
1.56E-04
1.63E-04
1.72E-04
1.87E-04
2.48E-04
2.88E-04
3.21E-04
2.22E-04

Density
[kg/m3]

2159.55
2149.42
2139.18
2129.34
2121.06
2109.65
2094.33
2076.77
2064.00
2048.42
2017.12
2013.71
1985.14
1957.42
1926.83
1889.84
1847.22
1786.67
1713.91
1623.07
1495.97
1126.61

971.80

872.29
1257.51



Table | Some key properties of PTFE given
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Properties DIM or ASTM
Standard

Tensile strength @ 23° C

Yield point ASTM [ 4894 Nimm 2
Elengation at break ASTM D 4894 %

Ball hardness IS0 2039-1 Nfmm 2
Shore hardness D ASTM D 2240 Nfmm 2

Coeffickent off riction (dry steel)

ASTM 2116

150 11359-2

Dielectric constant

Surface resistivity DIN 53482 Ohm
Arch resistance ASTM 495 Sec.
Dielectric strength 53481 K¥/mm
Mote: The exact values may vary with grade and producer.

The data is taken from manufacturing data, gathered by Adtech and TSSH.

Figure 58: Data for virgin PTFE at 23°C
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Physical Properties Metric English Comments
Density 8.41 glcc 0.304 Ibfin?
Mechanical Properties Metric English Comments
Hardness, Rockwell B 78 78
Tensile Strength, 476 MPa 69000 psi
Ultimate
Tensile Strength, Yield 317 MPa 46000 psi
@Strain 0.500 % @Strain 0.500 %
Elongation at Break 27 % 27 % In 50 mm
Reduction of Area 50 % 50 %
Modulus of Elasticity 100 GPa 14500 ksi
Poissons Ratio 0.28 0.28 calculated
Fatigue Strength 100 MPa 14500 psi source does not state temper
@# of Cycles 3.00e+8 @# of Cycles 3.00e+8
Machinability 30 % 30 % UNS C36000 (free-cutting brass) = 100%
Forgeability 90 % 90 % UNS C37700 (forging brass) = 100%
Shear Modulus 39.0 GPa 5660 ksi
Shear Strength 296 MPa 42300 psi
Electrical Properties Metric English Comments
Electrical Resistivity 0.00000663 ohm-cm  0.00000663 ohm-cm
@Temperature 20.0 °C @Temperature 68.0 °F
Thermal Properties Metric English Comments
CTE. linear 21.2 pm/m-"C 11.8 pin/in-"F
@Temperature 20.0 - 300 °C @Temperature 68.0 - 572 °F
Specific Heat Capacity 0.380 J/g-°C 0.0908 BTU/Ib-°F
Thermal Conductivity 116 W/im-K 805 BTU-in/hr-ft>-°F
@Temperature 20.0 °C @Temperature 68.0 °F
Melting Point 885-900 °C 1630 - 1650 °F
Solidus 885 °C 1630 °F
Liquidus 900 °C 1650 °F
Processing Properties Metric English Comments
Annealing Temperature 425 - 600 °C 797 - 1110 °F
Hot-Working 650-825°C 1200 - 1520 °F
Temperature
Recrystallization 350 °C 662 °F For 19 mm diameter rod cold drawn 30%
Temperature

Figure 59: Naval brass properties for heater dies (Davis et al. 2001)

www.matweb.com/search/datasheet print.aspx?matquid=c3bea3ce78e34dea82cd2fd16b0e5abf

ASM Specialty Handbook - Copper and Copper Alloys, edited by Joseph R. Davis, Davis &
Associates, ASM International, Metals Park, OH, (2001).


http://www.matweb.com/search/datasheet_print.aspx?matguid=c3bea3ce78e34dea82cd2fd16b0e5abf
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