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Introduction

The Handbook of Plastics Joining is a unique ref-
erence publication that provides detailed descriptions
of joining processes and an extensive compilation
of data on the joining of particular plastic materials.
Although the basic characteristics of joining processes
are generally well defined by manufacturers, data on
joining particular plastics is not well compiled or eas-
ily accessed. This volume serves to turn the vast amount
of disparate information from wide ranging sources
(i.e., conference proceedings, materials suppliers, test
laboratories, monographs, and trade and technical jour-
nals) into useful engineering knowledge.

Joining a molded plastic part to another part com-
posed of the same or a different plastic material or to
a metal is often necessary, when the finished assembly
is too large or complex to mold in one piece, when
disassembly and reassembly is necessary, for cost
reduction, or when different materials must be used
within the finished assembly. Thermoplastics are fre-
quently joined by welding processes, in which the part
surfaces are melted, allowing polymer chains to inter-
diffuse. Other methods used in joining plastics are
adhesive bonding, in which a separate material applied
at the bond line is used to bond the two parts, and
mechanical fastening, which uses fasteners such as
screws or molded-in interlocking structures for part
attachment.

The information provided in this book ranges from
a general overview of plastic joining processes to detailed
discussions and test results. For users to whom the
joining of plastics is a relatively new field, the detailed
glossary of terms will prove useful. For those who wish
to delve beyond the data presented, source documenta-
tion is presented in detail.

As in the first edition, an effort has been made to
provide information for as many joining process and
material combinations as possible. Therefore, even if
detailed results are not available (i.e., the only informa-
tion available is that a joining process is incompatible
for a particular material), information is still provided.
The belief is that some limited information serves as a
reference point and is better than no information.

Although this publication contains data and infor-
mation from many disparate sources, in order to make
the book most useful to users, the information has been
arranged to be easily accessible in a consistent format.
Flexibility and ease of use were carefully considered in

designing the layout of this book. Although substantial
effort has been exerted throughout the editorial process
to maintain accuracy and consistency in unit conver-
sion and presentation of information, the possibility of
error exists. Often these errors occur due to insufficient
or inaccurate information in the source document.

How a material performs in its end-use environ-
ment is a critical consideration and the information
in this book gives useful guidelines. However, this
publication or any other information resource should
not serve as a substitute for actual testing in determin-
ing the applicability of a particular part or material in a
given end-use environment.

This second edition of the Handbook of Plastics
Joining has retained all the information from the first
edition, but it has been revised extensively and updated
to include new information generated over the last ten
years.

I am indebted to the following polymer joining
experts at TWI who were involved in the preparation of
this handbook: Chris Brown, Ewen Kellar, Natalie
Jordan, Scott Andrews, Ian Jones, Richard Shepherd,
Amir Bahrami, Ajay Kapadia, Marcus Warwick, Andy
Knight, and Farshad Salamat-Zadeh. Finally, I would
like to thank my wife, Sue, and children, Hayley and
Bradley, for their patience and understanding through-
out the preparation of this book.

How to Use This Book

This book is divided into two major sections. Part 1,
comprising Chapters 1-18, provides a detailed descrip-
tion of all the processes available for joining plastics,
including some that are still at the development stage.
Welding processes that generate heat through friction
(spin, vibration, ultrasonic, and friction stir welding),
by use of an external heat source (heated tool, infrared,
laser, hot gas, extrusion, radio frequency, and flash free
welding, and heat sealing) and by heating an implant
placed at the joint line (induction, resistive implant,
and microwave welding) are described, in addition to
solvent welding, adhesive bonding, and mechanical
fastening methods.

Part 2 of the book, comprising Chapters 19-43,
covers material-specific information. It is an extensive
compilation of data on the joining of particular plastics

XX1
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and is organized by materials; trade names, grades, and
product forms are also included. Each chapter repre-
sents a single generic family (e.g., polyamides) and is
then subdivided into individual resin types (e.g., poly-
amide 6, 66, 11, 12).

The data in Part 2 appear in textual, tabular, image,
and graphical forms. Textual information is useful as it is
often the only information available, or the only way to
provide an expansive discussion of test results. Tables
and graphs provide detailed test results in a clear, concise

INTRODUCTION

manner. Each table, graph, or figure is designed to stand
alone, be easy to interpret, and provide all relevant and
available details of test conditions and results.

The book is organized such that the joining pro-
cesses and the information specific to a material of inter-
est can be found in Part 2; general information about
those joining processes can then be found in Part 1.
Information of interest can be found quickly using
the general index, the detailed table of contents, and
through the subheadings within each chapter.
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1 Heated Tool Welding

1.1 Process Description

Heated tool welding, also known as hot plate, mir-
ror, platen, butt or butt fusion welding, is a widely used
technique for joining injection molded components or
extruded profiles.

The process uses a heated metal plate, known as
the hot tool, hot plate, or heating platen, to heat and
melt the interface surfaces of the thermoplastic parts.
Once the interfaces are sufficiently melted or softened,
the hot plate is removed and the components are
brought together under pressure to form the weld. An
axial load is applied to the components during both the
heating and the joining/cooling phases of the welding
process.

Welding can be performed in either of two ways:
welding by pressure or welding by distance. Both pro-
cesses consist of four phases, shown in the pressure
versus time diagram in Fig. 1.1.

In welding by pressure, the parts are brought into
contact with the hot tool in Phase I, and a relatively
high pressure is used to ensure complete matching of
the part and tool surfaces. Heat is transferred from the
hot tool to the parts by conduction, resulting in a local
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Figure 1.1. Pressure vs.time curve showing the four phases
of heated tool welding (Source: TWI Ltd).

temperature increase over time. When the melting tem-
perature of the plastic is reached, molten material begins
to flow. This melting removes surface imperfections,
warps, and sinks at the joint interface and produces a
smooth edge. Some of the molten material is squeezed
out from the joint surface due to the applied pressure.
In Phase II, the melt pressure is reduced, allowing fur-
ther heat to soak into the material and the molten layer
to thicken; the rate at which the thickness increases is
determined by the heat conduction through the molten
layer. Thickness increases with heating time—the time
that the part is in contact with the hot tool.

‘When a sufficient melt thickness has been achieved,
the part and hot tool are separated. This is Phase III, the
changeover phase, in which the pressure and surface
temperature drop as the tool is removed. The duration
of this phase should be as short as possible (ideally,
less than 3 seconds) to prevent premature cooling of
the molten material. A thin, solid “skin” may form on
the joint interface if the changeover time is too long,
affecting the weld quality.

In Phase 1V, the parts are joined under pressure,
causing the molten material to flow outward laterally
while cooling and solidifying. Intermolecular diffusion
during this phase creates polymeric chain entangle-
ments that determine joint strength. Because the final
molecular structure and any residual stresses are formed
during cooling, it is important to maintain pressure
throughout the cooling phase in order to prevent warp-
ing. Joint microstructure, which affects the chemical
resistance and mechanical properties of the joint, devel-
ops during this phase [1, 2].

Welding by pressure requires equipment in which
the applied pressure can be accurately controlled. A
drawback of this technique is that the final part dimen-
sions cannot be controlled directly; variations in the
melt thickness and sensitivity of the melt viscosities of
thermoplastics to small temperature changes can result
in unacceptable variations in part dimensions.

In welding by distance, also called displacement
controlled welding, the process described earlier is
modified by using rigid mechanical stops to control the
welding process and the part dimensions. Figure 1.2
shows the process steps.

In Step 1, the parts are aligned in holding fixtures;
tooling and melt stops are set at specified distances on the
holding fixture and hot tool (heating platen), respectively.
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Figure 1.2. The heated tool (welding by distance) process
(Source: Forward Technology).

The hot tool is inserted between the parts in Step 2, and
the parts are pressed against it in Step 3. Phase I, as
described for welding by pressure, then takes place.
The material melts and flows out of the joint interface,
decreasing part length until, in this case, the melt stops
meet the tooling stops. Melt thickness then increases
(Phase II) until the hot plate is removed in Step 4, the
changeover phase (Phase III). The parts are then pressed
together in Step 5 (Phase 1V), forming a weld as the
plastic cools; tooling stops inhibit melt flow. The
welded part is then removed in Step 6.

1.2 Advantages and Disadvantages

Heated tool welding is a simple economical tech-
nique in which high strength, hermetic welds can be
achieved with both large and small parts. Joints with
flat, curved, or complex geometries can be welded, and
surface irregularities can be smoothed out during the
heating phases. Dissimilar materials that are compatible
but have different melting temperatures can be welded
using hot tools at different temperatures. The welding
process can be easily automated with full monitoring
of the processing parameters. Since the process does
not introduce any foreign materials into the joint,
defective welded parts can be easily recycled [1, 3].

The major disadvantage of the process is the long
cycle time compared with other common techniques
such as vibration or ultrasonic welding. Welding times
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range from 10-20 seconds for small parts, and up to
30 minutes for large pipes. For the welding of smaller
parts, production efficiency can be improved by the use
of multiple-cavity tools, allowing simultaneous weld-
ing of two or more components.

A second disadvantage is the high temperatures
required for melting. Heat is not as localized as in
vibration welding, and in some cases can cause plastic
degradation or sticking to the hot plate. When the mol-
ten surfaces are pressed against each other, weld flash
is produced. For certain applications, this must be hid-
den or removed for cosmetic reasons. In welding by
pressure, part dimensions cannot always be controlled
reliably due to variations in the molten film thickness
and sensitivity of the melt viscosities of thermoplastics
to small temperature changes [4].

1.3 Applications

Hot tool welding can be used to join parts as small as
afew centimeters to parts as large as 1600 mm (63 inches)
in diameter, such plastics pipes (Section 1.9.2). It can
also be used for the continuous welding of lining mem-
branes (Section 1.9.3).

The heated tool welding method is widely used in
the automotive sector, where one of the most common
applications is the welding of vehicle tail lights and
indicators (Fig. 1.3). The housing, usually made of
acrylonitrile-butadiene-styrene (ABS) is welded to the
colored lens which is made from either polymethyl-
methacrylate (PMMA) or polycarbonate (PC). These
represent one of the few material combinations that are
compatible for heated tool welding. ABS to PMMA

Figure 1.3. Hot plate welded vehicle indicator lamps
(Source: Branson Ultrasonics Corp.).
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1: HEaTED TooL WELDING

lights can be welded using a single hot plate, because
their melting points are similar. Dual hot plates are nec-
essary for ABS to PC. Vacuum fixtures with suction cups
are employed to limit any scuffing to the lens.

Custom-built heated tool welding machines are
used in the manufacture of blow-molded high density
polyethylene (HDPE) fuel tanks. These can require as
many as 34 parts to be welded onto the tank, such as
clips, filler necks, vent lines, and brackets.

Other automotive components welded by heated
tool include battery casings, carburetor floats, coolant
and screen wash reservoirs, and ventilation ducts.

Domestic appliance components welded by heated
tool include dish washer spray-arms, soap powder
boxes (Fig. 1.4), and steam iron reservoirs.

Miscellaneous items welded by the process include
lids on HDPE barrels, sharps boxes for medical needle
disposal, polypropylene (PP) transport pallets, and the
corners of polyvinyl chloride (PVC) window frames.

1.4 Materials

Heated tool welding is suitable for almost any ther-
moplastic, but is most often used for softer, semicrys-
talline thermoplastics such as PP and PE. It is usually
not suitable for nylon or high molecular weight materi-
als. The temperature of the molten film can be con-
trolled by regulating the hot tool temperature so that
plastics that undergo degradation at temperatures only
slightly above the melting temperature can be welded.

The properties of the plastics to be welded affect
the strength of the weld, including melt viscosity and
density. Lower melt index polymers produce higher
melt viscosities and can tolerate higher heating tem-
peratures without melt sticking to the hot tool. As a

Figure 1.4. Hot plate welded soap powder housing
(Source: Branson Ultrasonics Corp.).

result, the size of the heat affected zone (HAZ)—the
area of the part affected by heat—can be larger, result-
ing in a higher strength joint. For a constant melt index,
increasing polymer density results in joints with lower
tensile strength. Higher density polymers have a greater
proportion of crystalline regions, which melt in a nar-
rower temperature range than polymers of lower crys-
tallinity. As a result, a thinner HAZ and more brittle
welds are obtained [5].

In hygroscopic materials such as PC and nylon,
absorbed water may boil during welding, trapping steam
and lowering the weld strength. High weld strengths
can be obtained by pre-drying materials; alternatively,
processing parameters can be adjusted to compensate
for absorbed water [6].

Dissimilar materials having different melting
temperatures can be welded by heated tool welding,
provided they are chemically compatible; instead of a
single plate with two exposed surfaces, two plates are
used, each heated to the melting temperature of the part
to be welded. Different melt and tooling displacements
and different heating times for each part may be neces-
sary, and due to different melt temperatures and vis-
cosities, the displacement of each part will be different.
High strength welds equal to the strength of the weaker
material can be achieved [4].

1.5 Weld Microstructure

Weld quality is determined by the microstructure of
the HAZ of the weld. The HAZ consists of three zones
in addition to the weld flash. The stressless recrystalli-
zation zone consists of crystals with a spherulitic shape,
indicating that crystallization occurred under no signifi-
cant stress. This zone results primarily from reheating
and recrystallization of the skin layer and the molten
layer near the joint interface. The columnar zone con-
sists of elongated crystals oriented in the flow direc-
tion; lower temperatures in this zone lead to an increase
in melt viscosity, and crystals formed during melt flow
aligned with the flow direction. In the slightly deformed
zone, deformed spherulites are present, resulting from
recrystallization under the joining pressure. Higher
heating temperatures result in larger HAZs and greater
bond strength; however, too high a temperature or pres-
sure results in void formation at the joint interface [1].

1.6 Equipment

Depending on the components to be welded, heated
tool welding machines can be standard models or
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specialized, custom units. Standard machines have the
capability of welding different components by means of
interchangeable hot plates and tooling fixtures. These
tend to be more labor-intensive, requiring manual load-
ing and unloading of the components. Custom machines
are usually dedicated to one particular component
and may form part of a high volume, integrated pro-
duction line. These will often feature a high degree of
automation including conveyor feeding and component
removal devices, typically with robotic assistance.

The key components of a heated tool welding
machine are the hot plate assembly with two exposed
surfaces, fixtures for holding the parts to be welded,
and the actuation system for bringing the parts in con-
tact with the hot plate and forming the weld. Dual
platen hot tool welding machines are used for welding
dissimilar materials.

Hot plates are usually made from aluminum alloys,
which are good conductors of heat and are corrosion
resistant. For complex joints, contoured plates are used
that match the profile of the joining surfaces. A number
of electrical heating cartridges are positioned within
the structure of the plate, to ensure even temperature
distribution across both faces. A thermocouple, posi-
tioned close to the plate surface, regulates the tempera-
ture, typically within 10°C (18°F) of the set point. A
coating of polytetrafluoroethylene (PTFE), bonded to
the plate surfaces, prevents sticking of the molten poly-
mer during the changeover phase. Since PTFE starts to
degrade at 270°C (518°F), the temperature of the hot
plate should not exceed this value. For high tempera-
ture welding (Section 1.9.1), an aluminum-bronze hot
plate without PTFE coating is used.

For accurate mating and alignment, holding fixtures
(collets, gripping fingers, mechanical devices, and vac-
uum cups) must support the parts to be joined, to avoid
deformation under welding pressures. Pneumatic or
hydraulically activated mechanical fixtures are pre-
ferred. Complex shapes or those with delicate surfaces
may employ vacuum suction cups. To increase produc-
tivity, two or more tool cavities are used for holding
the parts.

The actuation system is powered by either pneu-
matics or hydraulics to give accurate alignment and
pressure control. The response must be rapid to ensure
that the molten faces break away cleanly from the hot
plate surface at the end of heating, and to ensure that
the changeover phase is as short as possible.

Statistical control of weld cycles can be achieved
through operator control panels that display all machine
parameters and diagnostic functions, and pressure
or displacement can be programmed throughout the

JOINING PROCESSES

Figure 1.5. A typical semiautomatic heated tool welding
machine (Source: Branson Ultrasonics Corp.).

welding cycle. Part conveyors or drawer-load features
are optional equipment. A typical heated tool welding
machine is shown in Fig. 1.5.

1.7 Joint Design

The choice of joint design depends on the applica-
tion for the welded part. The squeeze flow in heated tool
welding always produces weld flash, which for some
applications can be objectionable. Flash traps can be
incorporated into the design to hide the flash (Fig. 1.6).

Load transfer through the weld can be increased by
enlarging the joint surfaces, as shown in Fig. 1.6b. This
is desirable when welding plastics with a high filler

=

@) (b) (©) (d)

Figure 1.6. Joint designs for heated tool welding: (a) simple
butt joint; (b) increased joint area; (c) double flash trap;
(d) skirt joint (Source: TWI Ltd).
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content, as there is less weldable material available at
the joint line. Figure 1.6¢c shows a double flash trap
joint, which entirely conceals the weld flash. It should
be noted that the load carrying capacity is significantly
reduced, as the welded area accounts for less than 50%
of the wall section. Figure 1.6d shows a skirt joint, which
would be used when welding lids onto containers.
Automotive batteries are a typical example.

1.8 Welding Parameters

Important processing parameters for heated tool
welding are the hot plate temperature, the pressure dur-
ing Phase I (matching or heating pressure), heating
time, displacement allowed during heating (heating dis-
placement), melt pressure during Phase II, changeover
(dwell) time, pressure during Phase IV (weld, joining,
or consolidation pressure), duration of Phase IV (con-
solidation time or welding time), and displacement
allowed during Phase IV (welding displacement).

The hot plate temperature is set in accordance with
the melting point of the material to be welded. It is usu-
ally in the range 30°C-100°C (54°F-180°F) above the
melting point of the thermoplastic. An exception is
high temperature welding (Section 1.9.1), which uses a
plate temperature between 300°C (572°F) and 400°C
(752°F).

The Phase I (matching) pressure is typically in
the range 0.2-0.5 MPa (29-72.5 psi) and ensures
that the parts conform to the geometry of the hot plate.
Moldings often display some degree of warpage, so
this pressure ensures that the whole joining interface
contacts the hot plate surface for good heat transfer.
The pressure must not, however, cause the parts them-
selves to deform.

The heating pressure (Phase II) is lower than the
Phase I pressure and maintains the parts in contact with
the hot plate. If this pressure is too large, an excessive
amount of molten material will be squeezed out of the
joint line.

The joining pressure (Phase IV) brings the two
molten faces together and is controlled so that the right
amount of material remains at the joint line. If too
much material is squeezed out, there is the risk of a
“cold weld” forming (i.e., all the hot material is forced
out from the HAZ), leaving only cooler material to
form the weld. On the other hand, if the pressure is too
low, there is the possibility of entrapped air at the joint
line or the surfaces not making intimate contact. This
will limit molecular diffusion across the joint line and
result in a weak weld.

In welding by distance, the parameters should be set
so that the displacement (also called the penetration)—
the decrease in part length caused by the outflow
of molten material—is large enough to control part
dimensions. Initially in the welding process, there is
very little molten flow, and the molten film thickens.
The flow rate increases with heating time, eventually
reaching a steady state at which the rate of outflow
equals the rate at which the material is melting; at
this point in welding by pressure, the penetration
increases linearly with time. When displacement stops
are used, however, the penetration ceases when the
melt displacement stops come into contact with the
hot tool displacement stops. Until the stops come
into contact, the melt will flow out laterally; afterward,

the thickness of the molten material increases with

time.

Molten layer thickness is an important determinant
of weld strength. If the thickness of the molten layer is
less than the melt stop displacement, melt stops cannot
contact holding stops, part dimensions cannot be con-
trolled, and joint quality is poor due to limited inter-
molecular diffusion. In addition to contributing to weld
strength, adequate displacement in Phases I and II com-
pensates for part surface irregularities and ensures that
contaminated surface layers flow out before the joining
phase [7].

Melt thickness increases with heating time. For
optimal molten layer thickness, the heating time should
be long enough to ensure that the melt thickness is as
large as the melt stop displacement. High heating pres-
sures result in larger amounts of squeeze flow; dis-
placement stops may not be reached if too much
material is lost by being squeezed out of the joint, and
the decreased molten layer thickness produces a brittle
weld. If the molten layer thickness is greater than the
melt stop displacement, molten material will be
squeezed out, producing weld flash and an unfavorable

molecular orientation at the interface; this also reduces

the quality of the joint [7-9].

Quality control in production can be implemented
by monitoring parameters during the welding process;
if one parameter is not within a specified tolerance
range, the welding machine either produces a signal or
stops the welding process. More sophisticated tech-
niques include statistical process control (SPC), in
which parameters and melt characteristics are moni-
tored and compared throughout the welding cycle, and
continuous process control (CPC), in which optimum
parameters are continuously calculated, with the weld-
ing machine adjusting conditions as necessary through-
out the welding process [10].
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1.9 Variants of Heated Tool Welding

1.9.1 High Temperature Welding

During heated tool welding of some thermoplastics,
especially those whose melt strength and viscosity are
low, sticking to the hot plate and stringing of the melt
can be a problem. The melt that remains on the hot plate
can then degrade and transfer to subsequent welds,
resulting in welds of poor mechanical and visual qual-
ity. To avoid this, high temperature heated tool welding
can be used, where the hot plate surface temperature
ranges between 300°C (572°F) and 400°C (752°F),
depending on the type of plastic welded. Since the
PTFE nonstick coating starts to degrade at temperatures
above 270°C (518°F), the heated plates are not coated.

The process sequence is identical to conventional
heated tool welding, except that the times for Phases I
and II are extremely short—typically 2—5 seconds. At
such high temperatures, the viscosity of the melt is
much lower and the melt tends to peel off the hot plate
in a cleaner manner when the parts are removed. Any
residual material that remains on the hot plate surface
then evaporates or oxidizes, resulting in a clean hot
plate for the next welding cycle. For this reason, fume
extraction devices should be installed above the weld-
ing machine to remove the vaporized material.

Due to the high temperatures, thermal degradation
of the surfaces to be welded can also be expected.
However, any degraded material will tend to be forced
out into the weld beads during Phase IV and the weld
quality will be affected only slightly, although reduced
weld strengths have to be expected with this process.

High temperature heated tool welding has been
shown to produce good results for PP and PP copoly-
mers (e.g., for welding automotive batteries) and for
ABS and acrylic (e.g., for welding automotive rear
light clusters). For reinforced or filled plastics, residues
on the hot plate do not evaporate or oxidize completely,
so devices are required that automatically clean the hot
plate between welds.

1.9.2 Heated Tool Welding of Plastics Pipes

The joining of plastic pipes is one of the most com-
mon applications of heated tool welding. The processes
of butt fusion, socket fusion, and saddle/sidewall fusion
are described below.

1.9.2.1 Butt Fusion

Hot plate welding is a widely used technique for
welding pipes made from PE, PP, and polyvinylidene
fluoride (PVDF), where it is commonly called butt

JOINING PROCESSES

fusion welding, and the process principles are identical
to conventional heated tool welding.

Butt fusion welding machines can be either manual,
semiautomatic, or automatic in their operation. With a
manual machine, all the welding times and pressures are
set and controlled by the operator. In a semiautomatic
welding machine, the times and pressures are set and
controlled by an electronic user interface, while the
trimmer and heater plate are manually controlled. With
a fully automatic machine all the welding parameters
are set and controlled by a microprocessor, with hydrau-
lic actuation of the trimmer and heater plate. Typical butt
fusion welding machines are shown in Figs. 1.7-1.10.

All types of butt fusion machines consist of the fol-
lowing essential components: heater plate, planing
device, pipe clamp support carriage, various-sized pipe
clamps, and a control unit (manual or microprocessor).

The electrically powered heater plate, typically
made from aluminum, is used to uniformly heat the
pipe ends. It should have a suitable controller to regu-
late the temperature within a given range for the mate-
rial being welded. The surface of the plate is usually
coated with a nonstick PTFE coating to prevent a
buildup of residual material, which could lead to weld
contamination. In some equipment, the PTFE coating
is on a separate faceplate that can be changed if the
surface coating becomes damaged. A clean, thermally
insulated protective holder that shields the plate from
contact with the ground and against dust and draughts
is usually provided for the plate when not in use.

The planing tool, sometimes called the trimmer,
shaving tool, or facing tool, is used to accurately trim
the pipe ends so that they are parallel prior to heating.

Figure 1.7. Manual butt fusion welding equipment (Source:
TWI Ltd).
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Figure 1.8. Semiautomatic butt fusion equipment, showing
(clockwise, from top left): heater plate (within protective
holder), trimmer, hydraulic control unit, data printer, and
welding machine carriage (Source: TWI Ltd).

The clamp support carriage, held within the frame,
is the main part of the equipment for clamping and sup-
porting the pipes during welding. This part of the butt
fusion welding machine is designed around the largest
pipe diameter it is required to weld. Reducing clamps
or “shells” are inserted in order to clamp pipes that are
smaller in diameter. The clamps surround the circum-
ference of each pipe, usually at two positions. The
clamp shells often contain serrations or have a grit blast
finish to improve the grip on the pipe surface. In some
equipment, narrow clamps can be used to hold pipe
stubs, flanges, and bends, which do not have sufficient

el

Figure 1.9. Semiautomatic, all-terrain butt fusion welding
machine (Source: TWI Ltd).

Figure 1.10. Workshop butt fusion
welding machine for large diameter
pipes (Source: Plasflow Ltd).

length to be gripped by standard, thicker clamps. The
clamp support carriage has two guide elements, typi-
cally parallel steel bars, on which the clamps can move
back and forth, powered by the rams.

The control unit is used to power the rams for open-
ing and closing the carriage and for providing adequate
force during welding. In manual machines this is a
simple hand-operated spring mechanism that can be
locked off at the appropriate force, indicated on a linear
scale. Semiautomatic and fully automatic machines
have an electro/hydraulic power pack. A user interface
allows setting of the pressures and times (usually by
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selecting the pipe size and wall thickness), and a pres-
sure gauge is provided to monitor ram pressure values
during the fusion cycle.

On manual machines, a data plate is attached to the
unit detailing weld pressure and times for specified
sizes of pipe. Automatic machines will have the weld
parameters programmed into their microprocessor con-
trol system.

Many microprocessor-based control units have a
data recording facility, which records and stores all
welding parameters. These can be downloaded later
and serve as a useful quality assurance record.

The key parameters for butt fusion welding of pipes
are temperature, heating time, welding pressure, and
cooling time. Hot plate temperatures between 200°C
(392°F) and 250°C (482°F) are used for PE, PP, and
PVDF materials. Heating and cooling times are based
on the wall thickness of the pipe to be welded, increas-
ing with increasing wall thickness. Welding pressures
are in the range 0.1-0.5 MPa (14.5-72.5 psi) depend-
ing on the material and standard used. There are many
national and international standards in existence that
govern the parameters and procedures for butt fusion
welding of pipes. Draft International Standard ISO/DIS
21307 has been prepared in an attempt to harmonize
the many standards for welding of PE pipe materials up
to 70 mm (2.76 inches) in wall thickness [11].

A feature of all butt fusion welds is the weld “flash”
or “bead” created at the joint line as molten material
is squeezed out (Fig. 1.11). Examination of the bead
can give qualitative information about the weld. For
example, if the bead is too small or too large, it can
indicate deficiencies in the welding parameters (i.e.,
pressure, heating time, or temperature being too low or
too high, respectively). Removal of the weld bead is a
standard practice in some sectors and countries as a

Figure 1.11. Completed butt fusion weld (Source: TWI Ltd).

JOINING PROCESSES

quality assurance check. By twisting and bending the
bead, contamination defects can be detected, revealed
by splitting along the center line of the bead.

1.9.2.2 Socket Fusion

The socket fusion technique is mainly used for
welding pipes up to 125 mm (4.92 inches) outside
diameter (OD) made from PE, PP, and PVDF. The pro-
cess involves the use of an injection-molded socket fit-
ting. Male and female heating tools, attached to a hot
plate, are used to simultaneously heat the inner surface
of the socket and the outer surface of the pipe (Fig.
1.12). After a set period of heating time, the heated
pipe and fitting are removed from the tools and the pipe
end is pushed inside the fitting, producing a weld.

Socket fusion welding can be performed using sim-
ple hand tools or with a manual butt fusion machine
with modified hot plate and tools. For socket fusion
welding by hand (Fig. 1.13), a simple electrically pow-
ered hot plate is used, onto which the socket and spigot
tools are attached. Normally a table support, floor sup-
port, or a fixing clamp is provided.

For pipe sizes over 50 mm (1.97 inches) OD, the
socket fusion process can be carried out on a manual
butt fusion welding machine. The normal heater plate
is removed and replaced by one with a central
fixing hole, which allows attachment of the socket
and spigot tools to either side of the plate. It is impor-
tant that the contact faces are clean and flat, to allow
maximum heat transfer. Not all designs of manual
butt fusion welding equipment will be suitable for
socket fusion welding. Due to the shape and size of the
injection-molded fittings, the pipe clamps generally

Hot plate o Heating tool
aaOESSSSS NN
; NZ2777777777

==

Fitting

LILTR7077,

777777777

K

%

Pipe
Heating tool

Figure 1.12. Schematic of socket fusion welding process
(Source: TWI Ltd).
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Figure 1.13. Manual socket fusion welding (Source:
TWI Ltd).

need to be narrow compared with equipment that is
designed solely for butt fusion welding.

The heating socket and spigot tools are typically
made from aluminum and coated with a PTFE nonstick
surface. This prevents the molten plastic from sticking
to the heating surfaces during welding. The dimensions
of the socket and spigot are critical for achieving effec-
tive heating.

The key parameters of socket fusion welding are
temperature, heating time, and cooling time. Pressure
is governed by the interference fit between the pipe
and socket fitting, so it is vital that these are within
tolerance limits along with the heating tools. Typically,
welding temperatures between 250°C (482°F) and
270°C (518°F) are specified. A completed socket fusion
weld will have two circumferential beads where the
pipe enters the fitting (Fig. 1.14). Any problems with
equipment set-up or welding parameters will be
revealed by the visual appearance of the weld bead.

1.9.2.3 Saddle/Sidewall Fusion

This technique is used to join saddle type fittings
onto main pipes to create branch connections. Using con-
vex and concave heating tools, the outer surface of the
pipe and the matching surface of the saddle are simul-
taneously heated for a set time (Fig. 1.15). After this
heating period, the heating tools are removed and the two
surfaces are brought together with controlled force [12].

A typical saddle fusion machine consists of a hold-
ing device to grip the fitting, an applicator assembly
with a force gauge, a heating tool with convex and con-
cave heads, and a support system to clamp the whole
device to the main pipe, on either side of the intended
fusion area (Fig. 1.16). The design allows fusion force
to be applied through the centerline of the pipe.

11

Figure 1.14. Completed socket fusion weld (Source:
TWI Ltd).

Figure 1.15. Simultaneous heating of pipe surface and
saddle base (Source: McElroy Manufacturing Inc.).

Figure 1.16. Completed saddle weld (Source: McElroy
Manufacturing Inc.).
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1.9.3 Heated Wedge Welding

Heated wedge welding is a specialized type of heated
tool welding, which is also known as hot wedge or hot
shoe welding. It is used for joining thin sheet materials or
membranes together in an overlap joint configuration.

The heated wedge method consists of an electri-
cally heated resistance element in the shape of a wedge
that travels between the two sheets to be seamed. The
sheets are forced into intimate contact with the hot
surface of the heated wedge by means of the wedge
rollers, which apply pressure. As it melts the surfaces
of the sheets being seamed, a shear flow occurs across
the upper and lower surfaces of the wedge. Roller
pressure is applied as the two sheets converge at the
tip of the wedge to form the final seam (Fig. 1.17).
Heated wedge units are automated for temperature,
amount of pressure applied, and speed of travel. An
example of a heated wedge welding machine is shown
in Fig. 1.18.

Two types of joint can be produced using heated
wedge welding: single seam (single track) and dual seam
(double track). The dual seam (Fig. 1.19) has the advan-
tage that it generates an unwelded channel that can be
pressurized with air after the completion of the weld in
order to nondestructively test the integrity of the joint.

The geometry of the wedge used to produce a dual
seam is shown in Fig. 1.20.

The three important parameters in heated wedge
welding are temperature, pressure, and speed. With the
welding of geomembranes and other linings outdoors,
the setting of the parameters will depend greatly on the
ambient temperature on any given day. If the ambient

Lower wedge roller(s)
Lower wedge roller
pivot/Contour rollers

Fusion weld
| area |

‘ Fusion weld &
| area |

/‘/' Air channel

Liners Squeeze-out
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Upper wedge roller

pivot/Contour rollers

Upper wedge roller(s)

Hot wedge (with heating cartridge)

Figure 1.17. Side elevation of a
heated wedge welder in a seam
(Source: British Geomembrane
Association).

Figure 1.18. Heated wedge welder in action (Source:
TWI Ltd).

temperature is low, the liner/membrane is more rigid,
which means that the welding speed has to be low to
ensure that the proper relationship between tempera-
ture, pressure, and speed of the welding machine is
maintained. As the ambient temperature rises, it will
have the effect of softening the material, requiring the
speed to be increased in order to avoid overheating of
the welded seam. Welding in windy conditions can also
be problematic, due to the cooling effect this has on the
wedge, in addition to possible air-borne contamination
entering the weld.

The typical temperature range for wedge welding
of HDPE membranes is 220°C—400°C( 428°F-752°F).
Wedge welders are self-propelled and the speed is

Figure 1.19. Double track fusion weld
(Source: British Geomembrane
Association).
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typ. 37 mm
(1.5 inches)

4

typ. 75 mm (3 inches) i

Figure 1.20. Dual (split) heated wedge (Source: British
Geomembrane Association).

typically in the range 0.7-4 meters per minute (2.3-13.1
feet per minute), depending on the membrane thickness
and ambient conditions; the thicker the sheet, the
slower the welding speed.

The pressure necessary to produce a good weld is
provided by adjusting the drive rollers. The setting will
vary depending on the thickness of the material to be
welded. The drive rollers feature embossed/knurled
surfaces to assist with gripping. A visual inspection of
the impression created by the rollers on the liner sur-
face can assist in adjusting the pressure. Heavy or deep
markings indicate too much pressure.
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2 Ultrasonic Welding

2.1 Process Description

Ultrasonic welding, one of the most widely used
welding methods for joining thermoplastics, uses ultra-
sonic energy at high frequencies (2040 kHz) to pro-
duce low amplitude (1-25 pm) mechanical vibrations.
The vibrations generate heat at the joint interface of the
parts being welded, resulting in melting of the thermo-
plastic materials and weld formation after cooling.
Ultrasonic welding is the fastest known welding tech-
nique, with weld times typically between 0.1 and
1.0 seconds.

In addition to welding, ultrasonic energy is com-
monly used for processes such as inserting metal parts
into plastic or reforming thermoplastic parts to mechani-
cally fasten components made from dissimilar materials.

When a thermoplastic material is subjected to ultra-
sonic vibrations, sinusoidal standing waves are gener-
ated in the material. Part of this energy is dissipated
through intermolecular friction, resulting in a build-up
of heat in the bulk material, and part is transmitted to
the joint interface where boundary friction causes local
heating. Optimal transmission of ultrasonic energy to
the joint and subsequent melting behavior is therefore
dependent on the geometry of the part, and also on the
ultrasonic absorption characteristics of the material.

The closer the source of the vibrations is to the
joint, lesser the energy that is lost through absorption.
When the distance from the source to the joint is less
than 6.4 mm (0.25 inches) the process is referred to as
near-field welding. This is used for crystalline and low
stiffness materials, which have high energy absorption
characteristics. When the distance from the source to
the joint is greater than 6.4 mm (0.25 inches), the pro-
cess is referred to as far-field welding. This is used for
amorphous and high stiffness materials, which have a
low absorption of the ultrasonic energy.

Heat generated is normally highest at the joint surface
due to surface asperities, which are subjected to greater
strain and frictional force than the bulk material [1-3].

For many ultrasonic welding applications, a trian-
gular-shaped protrusion, known as an energy director,
is molded into the upper part. This is used to concen-
trate ultrasonic energy at the joint interface (Fig. 2.1).

During welding, vibration is perpendicular to the
joint surface, and the point of the energy director is
forced into contact with one of the parts being welded.

Force

Horn

Energy director

Upper part  ——— 77—~

v

Lower part  =——

/ /;——— Fixture

Figure 2.1. Ultrasonic welding using an energy director
(Source: TWI Ltd).

Heat generation is greatest at this point, and the energy
director melts and flows into the joint during Phase 1 of
the welding process (Fig. 2.2). The displacement—the
decrease in distance between the parts that occurs as a
result of melt flow—increases rapidly, then slows down
as the molten energy director spreads out and contacts
the lower part surface, and the melting rate then drops.
In Phase 2, the part surfaces meet, and the melting rate
increases. Steady-state melting occurs in Phase 3; a
constant melt layer thickness forms in the weld, accom-
panied by a constant temperature distribution. After a
specific time has elapsed, or after a particular energy,
power level, or distance has been reached, the power is
turned off, and ultrasonic vibrations cease at the start of
Phase 4. Pressure is maintained, causing some additional
melt to be squeezed out of the joint interface; a molec-
ular bond is created and the weld then cools [2—4].

2.2 Advantages and Disadvantages

Ultrasonic welding is one of the most popular weld-
ing techniques used in industry. It is fast, economical,
easily automated, and well-suited for mass production,
with production rates up to 60 parts per minute being
possible. It produces consistent, high-strength joints

15
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Beginning
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Phase 1 Phase 2 Phase 3 Phase 4

Time

Figure 2.2. Stages of ultrasonic welding (Source: TWI Ltd).

with compact equipment. Welding times are shorter
than in any other welding method, and there is no need
for elaborate ventilation systems to remove fumes or
heat. The process is energy efficient and results in higher
productivity with lower costs than many other assembly
methods. Tooling can be quickly changed, in contrast
to many other welding methods, resulting in increased
flexibility and versatility. It is commonly used in the
healthcare industry because it does not introduce con-
taminants or sources of degradation to the weld that
may affect the biocompatibility of the medical device.

A limitation of ultrasonic welding is that with cur-
rent technology, large joints (i.e., greater than around
250 x 300 mm; 10 x 12 inches) cannot be welded in a
single operation. In addition, specifically designed joint
details are required. Ultrasonic vibrations can also dam-
age electrical components, although the use of higher
frequency equipment can reduce this damage. Also,
depending on the parts to be welded, tooling costs for
fixtures can be high [5-7].

2.3 Applications

Ultrasonic welding is used in almost all major
industries in which thermoplastic parts are assembled
in high volumes. Some examples are as follows:

* Automotive: headlamp parts, dashboards, buttons
and switches, fuel filters, fluid vessels, seat-belt
locks, electronic key fobs, lamp assemblies, air
ducts.

e Electronic and appliances: switches, sensors,
data storage keys.

e Medical: filters, catheters, medical garments,
masks [8].

» Packaging: blister packs, pouches, tubes, storage
containers, carton spouts [9].

Some examples of ultrasonically welded items, toge-
ther with the joint designs used are shown in Fig. 2.3.

2.4 Materials

2.4.1 Polymer Structure

Amorphous plastics have a random molecular struc-
ture and soften gradually over a broad temperature range
(Fig. 2.4). They reach a glass transition state, then a
liquid, molten state; solidification is also gradual, so that
premature solidification is avoided. Amorphous poly-
mers transmit ultrasonic vibrations efficiently and can
be welded with a broad range of processing conditions.
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L]

Description:

Coffee pot

Material: Polystyrene
Joint: Tongue and
Groove joint with
Energy director

A
S S—

Description:
Electrical switch
Application: Stacking
Material: ABS

L[]

Description:
Reflector

Material: ABS to
polycarbonate

Joint: Step joint with
energy director

Description:
Electrical lens
assembly

Material:

ABS to acrylic
Joint: Butt joint with
energy director

|

Description:
Electrical connector
Application:
Swaging

Material:

| ABS to metal

Figure 2.3. Examples of ultrasonically welded items.
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Description:
Medical bottle
Material: Lexan
Joint: Butt joint with
energy director

-

Description:
Diaphram assembly
Application: Spot
welding

Material: Noryl-30%
glass filled

Description:

Fuel filter

Material: Nylon 6-6
Joint: Shear joint

Description:

Electrical junction box
Application:

Inserting

Material: Polystyrene with
brass inserts

Description: Rotor
Material: Polystyrene
Joint: Butt joint with
energy director
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Semi-crystalline

Figure 2.4. Specific heat of amorphous
and semicrystalline polymers at the

Tg Tm

Hermetic seals are also easier to achieve with amor-
phous materials [10].

Semicrystalline plastics are characterized by regions
of ordered molecular structure. High heat is required to
disrupt this ordered arrangement. The melting point
(T in Fig. 2.4) is sharp, and resolidification occurs
rapidly as soon as the temperature drops slightly. The
melt that flows out of the heated region of the joint
therefore solidifies rapidly. When in the solid state,
semicrystalline molecules are spring-like and absorb a
large part of the ultrasonic vibrations, instead of trans-
mitting them to the joint interface, so high amplitude is
necessary to generate sufficient heat for welding [10].

2.4.2 Fillers and Reinforcements

Fillers (glass, talc, minerals) present in a thermo-
plastic can enhance or inhibit ultrasonic welding. Mate-
rials such as calcium carbonate, kaolin, talc, alumina
trihydrate, organic filler, silica, glass spheres, calcium
metasilicate (wollastonite), and mica increase stiffness
of the resin and result in a better transmission of ultra-
sonic energy throughout the material at levels up to 20%,
particularly for semicrystalline materials. At levels
approaching 35%, insufficient thermoplastic resin may
be present at the joint interface for reliable hermetic
seals. At 40% filler content, fibers accumulate at the
joint interface, and insufficient thermoplastic material
is present to form a strong bond. Long glass fibers can
cluster together during molding, so that the energy
director can contain a higher percentage of glass than
the bulk material. This problem can be eliminated by
using short-fiber glass filler [7, 10, 11].

Abrasive particles present in many fillers cause
horn wear when filler content exceeds 10%. The use of

glass transition (T ) and melting (T )

Temperature temperatures (Source: TWI Ltd).

hardened steel or carbide coated titanium horns is rec-
ommended. Higher powered ultrasonic equipment may
also be required to create sufficient heat at the joint [10].

2.4.3 Additives

Additives often increase the difficulty in achieving
a good welded joint, even though they may improve the
overall performance or the forming characteristics of
the base material. Typical additives are lubricants, plas-
ticizers, impact modifiers, flame retardants, colorants,
foaming agents, and reground polymers.

Internal lubricants (waxes, zinc sStearate, stearic
acid, fatty acid esters) reduce the coefficient of friction
between polymer molecules, resulting in a reduction of
heat generation. However, this effect is usually mini-
mal since the concentrations are low and they are dis-
persed within the plastic instead of being concentrated
at the joint surface [10, 12].

Plasticizers, high-temperature organic liquids, or
low-temperature melting solids impart flexibility and
softness, and reduce the stiffness of the material. They
reduce the intermolecular attractive forces within the
polymer and interfere with the transmission of vibratory
energy. Highly plasticized materials such as vinyl are
very poor transmitters of ultrasonic energy. Plasticizers
are considered internal additives, but they do migrate to
the surface over time, making ultrasonic welding virtually
impossible. Metallic plasticizers have a more detrimen-
tal effect than FDA-approved plasticizers [10].

Impact modifiers, such as rubber can reduce the
material’s ability to transmit ultrasonic vibrations, mak-
ing higher amplitudes necessary to generate melting.
Impact modifiers can also affect the weldability of the
material by reducing the amount of thermoplastic
material at the joint interface [10].
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Flame retardants, inorganic oxides, or halogenated
organic elements such as aluminum, antimony, boron,
chlorine, bromine, sulfur, nitrogen, or phosphorus are
added to resins to inhibit ignition or modify the burn-
ing characteristics of the material. For the most part,
they are nonweldable. Flame retardants may comprise
up to 50% or more of the total material weight, reduc-
ing the amount of weldable material in the part. High-
power equipment, higher than normal amplitudes, and
modification of the joint design to increase the amount
of weldable material at the joint interface are necessary
for welding these materials [10].

Most colorants (pigments or dyestuffs) do not
inhibit ultrasonic energy transmission; however, they
can cause the amount of weldable material available at
the joint interface to be reduced. Titanium dioxide
(TiO,), used in white pigments, is inorganic and chemi-
cally inert. It can act as a lubricant and if used at levels
greater than 5%, can inhibit weldability. Carbon black
can also interfere with ultrasonic energy transmission
through the material. The presence of colorants may
require modification of processing parameters [10, 12].

Foaming agents reduce a resin’s ability to transmit
energy. Depending on the density, voids in the cellular
structure interrupt energy flow, reducing the amount of
energy reaching the joint area [10].

Welding materials with either high or varying
amounts of regrind content should be carefully evalu-
ated. Control of the quality and volume of regrind
material in the parts to be welded is necessary for opti-
mum welding. In some cases, 100% virgin material
may be required.

2.4.4 Mold Release Agents

External mold release or parting agents (zinc stearate,
aluminum stearate, fluorocarbons, silicones) applied to
the surface of the mold cavity (usually by spraying)
provide a release coating that facilitates part removal.
Mold release agents can be transferred to the joint
interface, where they lower the coefficient of friction of
the material being welded, affecting heat generation at
the joint interface, and interfering with the fusion of the
melted surfaces. Furthermore, the chemical contami-
nation of the resin by the release agent can inhibit the
formation of a proper bond. Silicones have the most
detrimental effect. External mold release agents can
sometimes be removed with solvents. If it is necessary
to use an external release agent, paintable/printable
grades do not transfer to the molded part, but do pre-
vent the resin from wetting the surface of the mold, and

19

damaging effects of these grades on ultrasonic welding
are lowest [10, 12].

2.4.5 Material Grades

Different grades of the same material may have dif-
ferent flow rates and different melt temperatures. One
part may melt and flow but not the other, and no bond
will form. For example, the cast grades of acrylic have
higher molecular weights and melt temperatures, and
are more brittle than the injection/extrusion grades; they
are therefore more difficult to weld. Generally, both
materials to be welded should have similar melt-flow
rates (melt-flow rate gives an indication of molecular
weight) and melt temperatures within 22°C (40°F) of
each other. For best results, resins of the same grade
should be welded [10, 12].

2.4.6 Moisture

Moisture content of a material can affect the
strength of the weld. Hygroscopic materials such as
polyester, polycarbonate, polysulfone, and especially
nylon, absorb moisture from the air. When welded, the
absorbed water will boil at 100°C (212°F); the trapped
gas will create porosity and can degrade the plastic at
the joint interface, resulting in a poor cosmetic appear-
ance, a weak bond, and difficulty in obtaining a her-
metic seal. For best results, such materials should be
welded immediately after molding. If this is not possi-
ble, the parts should be kept dry-as-molded by storage
in polyethylene bags. Special ovens can be used to dry
the parts prior to welding; however, care must be taken
to avoid material degradation.

2.4.7 Dissimilar Materials

In welding dissimilar materials, the melt temperature
difference between the two materials should not exceed
22°C (40°F), and both materials should be similar in
molecular structure. For large melt temperature dif-
ferences, the lower-melting material melts and flows,
preventing enough heat generation to melt the higher
melting material. For example, if a high-temperature
acrylic is welded to a low-temperature acrylic, with the
energy director molded on the high-temperature part,
the low-temperature part will melt and flow before the
energy director, and bonds with poor strength may be
produced. Only chemically compatible materials that
contain similar molecular groups should be welded.
Compatibility exists only among some amorphous
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plastics or blends containing amorphous plastics. Typi-
cal examples are ABS to acrylic, PC to acrylic, and
polystyrene to modified PPO. Semicrystalline PP and
PE have many common physical properties, but are not
chemically compatible and cannot be welded ultrasoni-
cally [5, 10, 13].

Table 2.1 shows the material compatibility of some
thermoplastics for ultrasonic welding.

2.5 Equipment

Equipment for ultrasonic welding consists of a
power supply, a converter with booster attachment to

JOINING PROCESSES

increase or decrease the amplitude of vibration, a horn,
fixtures or nests to support and align the parts being
welded, and an actuator that contains the converter,
booster, horn, and pneumatic controls (Fig. 2.5).

2.5.1 Power Supply/Generator

The power supply/generator converts the 50-60 Hz
line voltage into a high voltage signal at the desired
frequency (typically 20 kHz). The power supply/
generator may include a built-in control module for
setting weld programs and other functions.

Power supplies are available with varying levels of
process control, from basic to microprocessor-controlled

Table 2.1. Polymer Compatibility for Ultrasonic Welding (Source: TWI Ltd)
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Figure 2.5. Components of an ultrasonic welder (Source:
TWI Ltd).

units. Power output ranges from 100 to 6000 W. Con-
trollers can operate at a constant frequency or, in newer
models, the amplitude can be changed instantaneously
during welding, in either a stepwise or a profile fash-
ion. The actuator brings the horn into contact with the
parts being welded, applies force, and retracts the horn
when the welding is complete.

2.5.2 Transducer

The transducer, also known as the converter, is the key
component of the ultrasonic welding system. The trans-
ducer converts the electrical energy from the generator to
the mechanical vibrations used for the welding process. A
schematic of the component is shown in Fig. 2.6.

The transducer consists of a number of piezoelectric
ceramic (lead zirconate titanate, PZT) discs sandwiched
between two metal blocks, usually titanium. Between
each of the discs there is a thin metal plate, which forms
the electrode. As the sinusoidal electrical signal is fed
to the transducer via the electrodes, the discs expand
and contract. Frequency of vibration can be in the range
15-70 kHz; however, the most common frequencies
used in ultrasonic welding are 20 or 40 kHz. The ampli-
tude or peak-to-peak amplitude is the distance the con-
verter moves back and forth during mechanical vibrations.
Typical values are 20 um (0.0008 inches) for a 20 kHz
converter and 9 pm (0.00035 inches) for a 40 kHz
converter [12, 14].
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Figure 2.6. Diagram of an ultrasonic transducer (Source:
TWI Ltd).

Since the piezoelectric discs have poor mechanical
properties in tension, a bolt through the center of the
device is used to precompress the discs. This ensures
that the discs remain compressed as they expand and
contract, that is, they have a mechanical offset bias.

2.5.3 Booster

The booster, also known as the booster horn, imped-
ance transformer or amplitude transformer, is a
machined part mounted between the converter and the
horn to couple the ultrasonic vibrations from the con-
verter to the horn. The primary purpose of the booster
is to amplify the mechanical vibrations produced at the
tip of the transducer. The secondary purpose is to pro-
vide a mounting point to attach the welding stack
(transducer/booster/horn) to the actuator.

Boosters that change the amplitude are machined
with different masses on either side of the booster’s
center or ‘nodal’ point (Fig. 2.7). The amplitude is
increased when the lower-mass end is attached to the
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1:2.5 Booster

2N

Clamping ring
at nodal point
4

Figure 2.7. Schematic of a 1:2.5 booster (Source: TWI Ltd).

horn; conversely, the amplitude is decreased when the
lower-mass end is attached to the converter. The mag-
nitude of increase/decrease is proportional to the mass
differences, expressed as a gain ratio. The gain ratios
are usually marked on the booster or indicated by color
coding (Fig. 2.8).

A metal ring around the center (nodal point) acts as
the clamping point to the actuator, where the load can
be transferred from the welding press to the compo-
nents being welded.

Figure 2.8. Examples of ultrasonic boosters (Source: TWI
Ltd).

JOINING PROCESSES

2.5.4 Horns

A welding horn, also known as a sonotrode, is an
acoustical tool that transfers the mechanical vibrations
to the workpiece, and is custom-made to suit the require-
ments of the application. The molecules of a horn expand
and contract longitudinally along its length, so the horn
expands and contracts at the frequency of vibration.
The amplitude of the horn is determined by the move-
ment from the longest value to the shortest value of the
horn face in contact with the part (i.e., peak-to-peak
movement). Horns are designed as long resonant bars
with a half wavelength. By changing the cross sectional
shape of a horn, it is possible to give it a gain factor,
increasing the amplitude of the vibration it receives
from the transducer—booster combination. Three com-
mon horn designs are the step, exponential, and catenoi-
dal, as shown in Fig. 2.9.

Step horns consist of two sections with different
but uniform cross-sectional areas. The transition between
the sections is located near the nodal point. Due to the
abrupt change in cross-section in the nodal plane, step
horns have a very high stress concentration in this area
and can fail if driven at excessive amplitude. Gain factors
up to 9:1 can be attained with step horns.

Exponential horns have a cross-sectional area that
changes exponentially with length. The smooth transi-
tion distributes the stress over a greater length, thus
offering lower stress concentrations than that found in
step horns. They generally have lower gain factors, so
are used for applications requiring low forces and low
amplitudes.

Catenoidal horns are basically step horns with a
more gradual transition radius through the nodal point.
They offer high gains with low stress concentrations.

Larger welding horns (typically greater than 90 mm
(3.5 inches) in width or in diameter) have slots added
to reduce general stress caused by horizontal vibra-
tions. The slots, in effect, break large horns into smaller,
individual horns, to ensure uniform amplitude on the
horn face, and reduce internal stress (Fig. 2.10).

In applications where there are multiple welding
operations taking place at the same time, a composite
horn can be used. A composite horn is comprised of a
large base, round or rectangular (half-wavelength),
with half wave horns (usually stepped or circular)
attached to it. It is important that the horn is acousti-
cally balanced and is symmetrical.

A contoured horn is any standard shape horn with
a specific part contour trace-milled into its contact
surface. The contour is worked into the horn by copy-
milling the part or digitally recording the part followed
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Figure 2.9. Step, exponential, and catenoidal welding horn profiles (Source: TWI Ltd).
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Figure 2.10. Slotted welding horn (Source: TWI Ltd).

by CNC milling. The horn must be thought of as a pre-
cision tuning fork; its shape should be as balanced and
symmetrical as possible.

Horn materials are usually high-strength aluminum
alloy, titanium, or hardened steel. Aluminum is a
low-cost material which can be machined easily, and
which has excellent acoustic properties. For these rea-
sons, it is used for welding large parts and to make pro-
totype horns or horns requiring complex machining.
Aluminum may be inappropriate for long-term produc-
tion applications due to its poor surface hardness

and fatigue properties. However, it can be coated or
plated with chrome or nickel to help alleviate these
problems.

Titanium has good surface hardness and fatigue
strength and excellent acoustic properties. However, it
is very expensive and difficult to machine. Titanium
may also be carbide-coated for high wear applications.

Steel horns can only be used for low amplitude
applications due to its low fatigue strength. For severe
wear applications such as ultrasonic metal inserting
and welding glass filled materials, steel horns can be
satisfactory.

Good horn design is a key to successful welding.
Horns are precision parts that should only be manufac-
tured by specialists who are adept in acoustical design
and testing.

2.5.5 Actuator

The actuator, or welding press, houses the transducer,
booster, and horn assembly (also known as the stack).
Its primary purpose is to lower and raise the stack and
to apply force on the workpiece in a controlled, repeat-
able manner.

2.5.6 Fixtures

Fixtures are required for aligning parts and holding
them stationary during welding. Parts must be held in
alignment with respect to the end of the horn so that
uniform pressure between them is maintained during
welding, and the process is repeatable. The fixture must
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also hold the parts stationary to transmit ultrasonic
energy efficiently. Resilient fixtures and rigid fixtures
are the two most common types.

Rigid fixtures (Fig. 2.11) are generally made of
aluminum or stainless steel. They are normally used
with semicrystalline materials or when welding flexi-
ble materials. Rigid fixtures should also be used for
ultrasonic insertion, staking, spot welding, or swaging.
Resilient fixtures (Fig. 2.12) are usually less costly to
manufacture than rigid fixtures and are commonly
made from poured or cast urethane. They are typically
used for welding rigid amorphous materials. Resilient
fixtures cause less part marking but also absorb more
energy [5, 15].

Flatness or thickness variations in some molded
parts, which might otherwise prevent consistent welding,
may be accommodated by fixtures lined with elasto-
meric material. Rubber strips or cast- and cured sili-
cone rubber allow parts to align in fixtures under normal

Figure 2.11. Rigid ultrasonic support with toggle clamp
arrangement (Source: Branson Ultrasonics Corp.).

Figure 2.12. Resilient fixture (Source: Branson Ultrasonics
Corp.).

JOINING PROCESSES

static loads but act as rigid restraints under high-
frequency vibrations. A rubber lining may also help
absorb random vibrations which often lead to cracking
or melting of parts at places remote from the joint area.
PTFE, epoxy, cork, and leather have also been used as
dampening materials [15].

Ease of loading and ejection are important consid-
erations for fixtures.

2.5.7 Controls

Ultrasonic welding machines equipped with
microprocessor-controlled power supplies can be oper-
ated in a time (or open-loop) mode, in which ultrasonic
energy is applied for a particular time, or an energy or
peak-power mode (closed-loop), in which power is
monitored throughout the welding cycle and ultrasonic
vibrations are terminated when a particular power level
or energy level has been reached. Other welding modes
possible with newer machines include welding to a
predetermined displacement or distance traveled by the
horn, and welding to a fixed finished part height [16].

On-screen monitoring of all process parameters is
possible with microprocessor-controlled systems, in
addition to programming of weld parameters and features
for monitoring quality control (production counters,
rejected parts counters, fault indicators). Welders with
microprocessors perform self-diagnostics, and can be
automated and integrated into external production
lines [7, 12, 13].

2.5.8 Machine Types

A number of different welding machine configura-
tions are available, depending on the intended scope of
operation. An integrated machine (Fig. 2.13) contains
all the equipment in a one-piece unit and usually requires
just a connection to compressed air and power to become
operational. Such machines are most commonly used
for manual load and unload welding application. A
component system is assembled from interchangeable
power supplies, actuators and stands, and is custom-
ized for each specific application. A handheld system
(Fig. 2.14) consists of a power supply and converter
designed to be held by the operator. They are used in
simple applications where consistency and appearance
are not particularly important, such as spot welding of
sheet. The power supply contains all the controls and
monitoring devices, except for the manually operated
trigger switch that is mounted on the converter.
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Figure 2.13. Integrated ultrasonic welding machine
(Source: Branson Ultrasonics Corp.).

The typical cost for either an integrated unit or a
component system that includes a power supply and
actuator (without tooling) is $12,000-$60,000 (US
dollars).

2.6 Joint Design

Selection of the joint design must be considered early
in the part design stage. The product designer should
ask the following questions before choosing the type of
joint design the product will need:

* What is the material to be used?
e What are the final requirements of the assembly?

¢ [s a structural bond necessary, and what load forces
does it need to sustain?

25

Figure 2.14. Handheld ultrasonic welding system (Source:
Branson Ultrasonics Corp.).

* Is a hermetic seal required?

* What are the cosmetic requirements of the
assembly?

* Is outward or inward flash objectionable?

Joint design is crucial for optimal results in ultra-
sonic welding. It depends on the type of thermoplastic,
part geometry, and end-use requirements. Designs for
ultrasonic welding should have a small initial contact
area between the parts to be welded, to concentrate the
ultrasonic energy and decrease the total time needed
for melting. Mating parts should be aligned and in inti-
mate contact, but should be able to vibrate freely in
relation to each other in order to create the required
friction for welding. Mating surfaces should be uni-
form, and the surface in contact with the horn should
be large enough to prevent its sinking into the plastic
during vibration [5, 17].

For optimal welding, the joint interface should be
in a single plane that is parallel to the contacting sur-
face of the horn; ultrasonic energy then travels the same
distance to all points in the weld, and a uniform weld is
produced. In addition, the part surface in contact with
the horn should be in a single plane parallel to the joint
interface. Several unfavorable joint designs are shown
in Fig. 2.15.

Flat, parallel mating surfaces are especially impor-
tant if hermetic seals are desired; hermetic seals are
easier to achieve with amorphous materials [5, 17].

ClearCorrect Exhibit 1043, Page 26 of 563



26

2.6.1 Energy Directors

An energy director is a raised triangular ridge of
material molded on one of the joint surfaces (Fig. 2.16).
The apex of the energy director is under the greatest
stress during welding and is forced into contact with
the other part, generating friction, which causes it to
melt. The molten energy director flows into the joint
interface and forms a bond. Energy directors are well-
suited for amorphous materials, since they flow and

(a) (b)

(© (d)

Figure 2.15. Unfavorable joint designs: (a) joint interface is
in a single plane but not parallel to the horn contact surface;
(b) joint interface is not in a single plane; (c) horn contact
surface is not parallel to the joint interface; (d) horn contact
surface is not in a single plane (Source: TWI Ltd).

\/\/

45° 45°

90°

Amorphous resin

\/\/

Semicrystalline resin
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solidify gradually; the strength of welds in semicrystal-
line materials obtained with energy directors is not as
high. Energy directors ensure that a specific volume of
material is melted to produce good bond strength with-
out excessive flash. They do not provide part alignment
or control flash.

A general recommendation is that for most amor-
phous materials, the apex of the energy director should
be at a 90° angle and have a height 50%—-65% of the
width of the base. Size ranges from 0.127-0.762 mm
(0.005-0.030 inches) high and from 0.254-1.53 mm
(0.010-0.060 inches) wide. For semicrystalline materi-
als it is recommended that the apex should be at a 60°
angle, with a height of 85% of the width of the base.
Base width ranges from 0.254-1.27 mm (0.010-0.050
inches).

The steeper angle and sharper point of energy direc-
tors for semicrystalline materials causes the energy
director to partially embed itself into the mating surface
during the early stages of welding, reducing premature
solidification and degradation due to air exposure. A
higher bond strength is obtained, and the chances of
obtaining a hermetic seal are increased. This design
also provides superior results with polycarbonate and
acrylic [5].

Various joint designs are used with energy direc-
tors. The butt joint (Fig. 2.17) is one of the simplest and
most common designs. Because butt joints do not self-
align, fixtures are necessary for part alignment. Hermetic
seals in amorphous materials can be obtained with butt
joints, as long as the mating surfaces are almost per-
fectly flat with respect to one another. Hermetic seals
with butt joints are difficult to achieve with semicrys-
talline polymers because the melt is exposed to air dur-
ing welding, which can accelerate crystallization and
cause oxidative degradation of the melt, resulting in
brittle welds [5, 14].

60°

60°

Figure 2.16. Energy directors for
amorphous and semicrystalline
materials (Source: TWI Ltd).
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Figure 2.17. Butt joint with energy director (Source: TWI
Ltd).

A modification of the energy director joint design
consists of many small surface projections molded into
the joint surface opposite the energy director (Fig. 2.18).
The textured surface, typically 0.0765-0.152 mm
(0.003-0.006 inches) deep, enhances surface friction
by preventing side-to-side movement of the energy
director, and peaks and valleys formed by texturing
form a barrier that prevents melt from flowing out of
the joint area. Flash is reduced, and a greater surface
area is available for bonding. Weld strengths of up to
three times that of an untextured surface are possible,
and the total energy required for welding is reduced [18].

The step joint with energy director (Fig. 2.19) elimi-
nates flash on the exterior of the joint, and is useful
when cosmetic appearance is important. The generated
flash flows into a clearance gap or groove provided in
the joint, which is slightly deeper and wider than the
tongue. Welds with good shear and tension strength are
produced. Because only part of the wall is involved in
bonding, step joints are sometimes considered to pro-
duce lower strength welds than butt joints with energy
directors. The recommended minimum wall thickness
is 2.03-2.29 mm (0.080-0.090 inches) [5, 14].

The depth of the groove should be 0.13—0.25 mm
(0.005-0.01 inches) greater than the height of the
tongue, leaving a slight gap between the finished parts.
This is done for cosmetic purposes so that it will not be
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Figure 2.18. Energy director with textured surface on
mating part (Source: TWI Ltd).

M

A
1/3W
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—> [« Slip fit

Figure 2.19. A step joint with energy director (Source:
TWI Ltd).
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obvious if the surfaces are not perfectly flat, or the
parts are not perfectly parallel. The width of the groove
is 0.05-0.10 mm (0.002-0.004 inches) larger than
that of the tongue, leaving a slight gap between the
finished parts.

In the tongue and groove joint (Fig. 2.20) the melt
is completely enclosed in a groove in the joint, which
is slightly larger (0.05-0.10 mm; 0.002-0.004 inches)
than the tongue. It is used to prevent flash when cos-
metic appearance is important, and aligns the parts so
that additional fixtures are not necessary. It produces a
low pressure hermetic seal. Close tolerances required
in this joint make parts more difficult to mold, and rela-
tively large wall thicknesses are necessary. Minimum
wall thickness is 3.05-3.12 mm (0.120-0.125 inches).
The energy director is dimensionally identical to the
one used for the butt joint [5, 17].

Other joint designs with energy directors are less
common. In the criss-cross joint (Fig. 2.21), energy
directors are present on both mating surfaces and are
perpendicular to each other. This design provides mini-
mum initial contact at the interface with a potentially
larger volume of material involvement in welding. The
size of the energy director should be about 60% of a
standard energy director design.

A cone design (Fig. 2.22) reduces the overall area
to be welded, and requires less energy and weld time.
It requires minimum heat generation which is impor-
tant in preventing shrinkage, but it results in lower
structural strength.

Interrupted energy directors (Fig. 2.23) are used to
reduce the overall weld area; they require less energy

JOINING PROCESSES

W = Wall thickness

A = Energy director height

B = Energy director base width
H = Tongue height

T = Tongue width

C = Clearance

G = Groove width

D = Groove depth

B = W/4 to W/5

A =B x 0.5 (amorphous)

A =B x 0.866 (semicrystalline)
H=W/3

T=W/3

C=0.05t00.10 mm
G=T+(0.1t00.2mm)

D D =H - (0.13 to 0.25 mm)

Figure 2.20. Tongue and groove joint
with energy director (Source: TWI
Ltd).

= 2dll

Figure 2.21. Criss-cross energy director design (Source:
TWI Ltd).

and result in structural welds. Energy directors can also
be perpendicular to the wall, to gain resistance to peel-
ing forces (Fig. 2.24).

2.6.2 Shear Joints

The shear joint (Fig. 2.25) is used in welding
semicrystalline materials that have a sharp and narrow
melting point. Energy directors are not as useful with
crystalline materials, because material displaced from
the energy director either degrades or recrystallizes
before it can flow across the joint interface and form a
weld. The small, initial contact area of the shear joint is
the first to melt during welding; melting then continues
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Figure 2.25. Shear joint design.
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along the vertical walls as the parts telescope together
in a smearing action that eliminates exposure to air and
premature solidification. Strong hermetic seals can be
obtained. Rigid side-wall support is necessary to pre-
vent deflection during welding. The top part of the joint
should be as shallow as possible, similar to a lid, but of
sufficient structural integrity to withstand internal
deflection. Shear joints provide part alignment and a
uniform contact area [5, 17].

Higher energy is necessary when using shear joints
with semicrystalline materials, due to the greater melt
area and the high energy required for melting crystal-
line materials. This requires either longer weld times (up
to 3—4 times longer than other joints) or greater power
(3000 W instead of 2000 W) and greater amplitudes.
Shear joints are useful for cylindrical parts, but do not
work as well with rectangular parts in which the walls
tend to oscillate perpendicular to the weld axis, or with
flat, round parts that are subject to hoop stress. Her-
metic seals and high weld strengths can be produced

JOINING PROCESSES

with shear joints in parts with square corners or rectan-
gular designs, but substantial amounts of flash will be
visible on the upper surface after welding [17, 19].
Shear joint modifications for large parts or for parts
in which the top part is deep and flexible are shown in
Fig. 2.26. When flash is unacceptable, traps can be
incorporated into the shear joint design (Fig. 2.27).

2.6.3 Part Design Considerations

Since sharp corners localize stress, parts with sharp
corners may fracture or melt when ultrasonic vibrations
are applied. Appendages, tabs, or other protrusions also
localize stress and may fall off during welding. To
avoid this, a generous radius should be allowed on all
the corners and edges, and areas where appendages join
the main part. To further minimize stress on append-
ages, the use of a 40 kHz frequency, the application of
light force, or thicker appendages are recommended.

4= 0.3 mm (0.012in.)

Supporting fixture

0.127-0.203 mm
(0.005-0.008 in.) —v‘

|

=

/\__
Figure 2.26. Shear joint
modifications for large parts
(Source: TWI Ltd).
/\-—

Figure 2.27. Shear joint modifications

incorporating flash traps (Source: TWI Ltd).
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Energy does not travel well around holes, voids, or
bends and little or no welding will occur directly
beneath these areas, depending on the type of material
and size of the feature. Where possible, all sharp angles,
bends, and holes should be eliminated.

Thin sectioned, flat, circular parts may flex or “dia-
phragm” during welding. The horn may bend up and down
(“oil canning” effect) when it contacts the part, and intense
heat from the flexing may cause the horn to melt or burn
a hole through the material. Diaphragmming often occurs
in the center of the part or in the gate area; making these
sections thicker may therefore prevent it [5].

2.7 Welding Parameters

Important processing parameters in ultrasonic weld-
ing are weld time, (the time vibrations are applied),
weld pressure or force, hold time (the time allowed for
cooling and solidification after vibration has ceased),
hold force, trigger force (the force applied to the part
before ultrasonic vibrations are initiated), power level,
and amplitude of vibration. The horn must be properly
positioned in contact with the top part before ultrasonic
vibrations are initiated; welding cannot be performed
successfully if the horn contacts the part after vibra-
tions have begun.

2.7.1 Frequency

Most ultrasonic welding equipment operated at
20 kHz until the early 1980s; 30 and 40 kHz frequen-
cies are now common, in addition to low frequency
(15 kHz) equipment for semicrystalline materials.
Advantages of higher frequency equipment include less
noise, smaller component size (the tooling of 40 kHz
welders is one-half the size of units operating at 20 kHz),
increased part protection due to reduced cyclic stress-
ing, and indiscriminate heating in regions outside the
joint interface, improved control of mechanical energy,
lower welding forces, and faster processing speeds.
Disadvantages include reduced power capability due to
the small component size and difficulty in performing
far-field welding due to the reduction in amplitude.
Higher frequency ultrasonic machines are generally
used for small, delicate components such as electrical
switches [7, 13, 20, 21].

With 15 kHz welders, most thermoplastics can be
welded faster and, in most cases, with less material
degradation than with 20 kHz. Parts marginally welded
at 20 kHz, especially those fabricated from the high
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performance engineering resins, can be effectively welded
at 15 kHz. At these lower frequencies, horns have a
longer resonant length and can be made larger in all
dimensions. Another important advantage of using 15
kHz is that there is significantly less attenuation through
the thermoplastic material, permitting the welding of
many softer plastics, and at greater far field distances
than possible using higher frequencies [22].

2.7.2 Weld Time

The weld time is the length of time the horn vibrates
per weld cycle, and usually equals the time the horn is
actually contacting the part. The correct time for each
application is determined by trial and error. Increasing
the weld time generally increases weld strength until
an optimal time is reached; further increases result in
either decreased weld strength or only a slight increase
in strength, whilst at the same time, increasing weld
flash and the possibility of marking the part.

2.7.3 Weld Pressure/Force

Weld pressure provides the static force necessary
to ‘couple’ the welding horn to the parts so that vibra-
tions may be introduced into them. This same static
load ensures that parts are held together as the molten
material in the weld solidifies during the ‘hold’ portion
of the welding cycle. Determination of optimum pres-
sure is essential for good welding.

Weld pressures that are too low generally result in
poor energy transmission or incomplete melt flow,
leading to long weld cycles. Increasing either the weld
force or pressure decreases the weld time necessary to
achieve the same displacement. If pressure is too high,
the greater melt volume results in molecular alignment
in the flow direction and decreased weld strength, as
well as the possibility of part marking. In extreme
cases, if the pressure is high in relation to the horn tip
amplitude, it can overload and stall the horn.

Most ultrasonic welding is performed at a constant
pressure or force. On some systems, the force can be
altered during the cycle. In force profiling, weld force
is decreased during the time that ultrasonic energy is
applied to the parts. Decreased weld pressure or force
later in the weld cycle reduces the amount of material
squeezed out of the joint, allows more time for inter-
molecular diffusion, reduces molecular orientation,
and increases weld strength. For materials like poly-
amide, which have a low melt viscosity, this can sig-
nificantly improve weld strength.
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2.7.4 Amplitude

In ultrasonic welding using energy directors, the
average heating rate (Qavg) is dependent on the complex
loss modulus of the material (E”), the frequency (),
and the applied strain (g ):

Q,,=we E"2

The complex loss modulus of the thermoplastic is
strongly temperature-dependent, so that as the melt or
glass transition temperature is approached, the loss
modulus increases, and more mechanical energy is
converted to thermal energy. Temperature at the weld
interface rises rapidly (over 1000°C/sec or 1800°F/sec)
after heating is initiated [23].

The applied strain is proportional to the vibrational
amplitude of the horn, so that heating of the weld interface
can be controlled by varying the amplitude of vibra-
tion. Amplitude is an important parameter in control-
ling the squeeze flow rate of the thermoplastic. At high
amplitudes, the weld interface is heated at a higher rate;
temperature increases, and the molten material flows at
a higher rate, leading to increased molecular alignment,
significant flash generation, and lower weld strength.
High amplitudes are necessary to initiate melting.
Amplitudes that are too low produce nonuniform melt
initiation and premature melt solidification [23].

As amplitude is increased, greater amounts of
vibrational energy are dissipated in the thermoplastic
material, and the parts being welded experience greater
stress. In using constant amplitude throughout the weld-
ing cycle, the highest amplitude that does not cause
excessive damage to the parts being welded is gener-
ally used. For semicrystalline polymers such as PE and
PP, the effect of amplitude of vibration is much greater
than for the amorphous polymers such as ABS and poly-
styrene. This is probably due to the greater energy
required for melting and welding of the semicrystalline
polymers.

The amplitude can be adjusted mechanically by
changing the booster or horn, or electrically by varying
the voltage supplied to the converter. In practice, large
amplitude adjustments are made mechanically, while
fine adjustments are made electrically. High-melt-
temperature materials, far-field welds and semicrystal-
line materials generally require higher amplitudes than
do amorphous materials and near-field welds.

Typical peak-to-peak amplitude ranges are 30—-100 pm
(1.2-3.9 mil) for amorphous plastics, and 60-125 pum
(2.4-4.9 mil) for crystalline plastics.

Amplitude profiling, in which the amplitude is
decreased during the welding cycle has been used to
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achieve good melt flow and consistent, high weld
strengths.

With combined amplitude and force profiling, high
amplitudes and forces are used to initiate melting,
which are then decreased to reduce molecular align-
ment with the weld line.

2.7.5 Process Control

Most ultrasonic welding machines nowadays fea-
ture fully programmable, microprocessor control to
program and monitor all welding parameters. Some
machines monitor and adjust the entire process every
millisecond. The controller takes 1000 actual reference
weld measurements per second, providing true quality
control. The welding modes of time, energy, or dis-
tance can be selected from the controller.

Welding by time is the most basic mode of opera-
tion. The components are preassembled in the fixture
and the horn brought into contact with the upper part,
whilst the ultrasound is activated for the designated
time. The power drawn from one cycle to the next can
be monitored to give some indication of weld quality,
and if it falls outside a range, alarms signals can warn
of a potentially defective weld.

Welding by energy is based upon closed feedback
control, that is, the machine monitors the power drawn
as the weld cycle progresses and terminates the weld
once the set energy is delivered.

In welding by distance, a linear encoder mounted
to the actuator accurately measures either the weld col-
lapse or total distance traveled by the welding horn,
allowing components to be joined by a specific weld
depth. This mode operates independent of time or energy
and compensates for any tolerance variation in the
molded parts, giving the best guarantee that the same
amount of material in the joint is melted each time.

2.8 Variants of Ultrasonic Welding

2.8.1 Ultrasonic Spot Welding

Ultrasonic spot welding joins two thermoplastic
parts at localized points without a preformed hole or
energy director. It produces a strong structural weld,
and is especially suitable for large parts or parts with
complicated geometry or hard-to-reach joining sur-
faces. Spot welding lends itself to sheets of extruded or
cast thermoplastic and is often used on vacuum-formed
parts, such as blister (clamshell) packaging.
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In spot welding, the horn has a pilot tip, which
melts through the top part and into the bottom part to a
predetermined depth, when ultrasonic vibrations are
applied. When vibrations cease, the melt from both parts
flow together, forming a weld with the top side having
a raised ring produced by the welding tip (Fig. 2.28).
The bottom layer of a spot welding joint has a smooth
appearance. Spot welding can be performed with hand-
held guns, single- or double-headed bench welders, or
with ‘gang welding’ systems composed of many spot
welding heads that perform several welding operations
simultaneously [5, 7, 12, 24].

Guidelines for spot welding include a rigid support
directly under the spot weld area to prevent marking;
medium to high amplitude to ensure adequate material
penetration; and low pressure to ensure adequate melt
at the joint interface.

2.8.2 Ultrasonic Welding of Fabrics and Films

Fabrics and films used across a range of industries
such as the medical, packaging, and textile industries
can be welded using ultrasonic energy. Continuous ultra-
sonic bonding and plunge mode processing are described
here.

In continuous ultrasonic bonding (Fig. 2.29), two
or more material layers are assembled by passing them
through a gap between a vibrating horn and a rotary
drum or anvil. The rotary drum is usually made out of
hardened steel and has a pattern of raised areas machined
into it. Ultrasonic vibrations and compression between
the horn and the drum create frictional heat at the point
where the horn contacts the materials. Bonding occurs
only at these points, creating softness, breathability, and
absorption in the bonded materials. These properties are
important for hospital gowns, sterile garments, diapers,

Hormn ——p»

Pilot tip ————p»

Figure 2.28. Ultrasonic spot welding.
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Figure 2.29. Ultrasonic bonding.

and other applications used in clean room environments
and the medical industry. Ultrasonic bonding uses
much less energy than thermal bonding, which uses
heated rotary drums to bond materials together [5].

In the plunge-mode process, the material remains
in a fixed location and is periodically contacted by the
ultrasonic horn (Fig. 2.30). Either the horn face or the
anvil will incorporate a pattern to focus the ultrasonic
energy and produce a melt. The horn may also be adapted
to perform a cut-seal operation. Typical plunge appli-
cations include filters, strapping, buckles, belt loops,
bra straps, and vertical blinds.

The fabrics and films best suited to ultrasonic welding
contain thermoplastic materials with similar melting
points and compatible molecular structure. Favorable
characteristics include a uniform thickness, high coef-
ficient of friction, and a minimum 65% thermoplastic
content. The actual structure of the material also has
a significant effect on the weldability. Major catego-
ries of thermoplastic textiles and films are wovens,
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Figure 2.30. Plunge-mode welding of fabrics (Source:
Branson Ultrasonics Corp.).

nonwovens, knits, films, coated materials, and lami-
nates. Factors such as yarn density, tightness of weave,
elasticity, and style of knit can all have an influence on
the success of ultrasonic welding.

Thermoplastic fabric and films made of polyester,

nylon, PP, and PE are all suitable for ultrasonic
processing.
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3 Vibration Welding

3.1 Process Description

Vibration welding uses heat generated by friction
at the interface of two materials to produce melting in
the interfacial area. The molten materials flow together
under pressure, forming a weld upon cooling. Vibration
welding can be accomplished in a short time (1-10
seconds cycle time) and is applicable to a variety of ther-
moplastic parts with planar or slightly curved surfaces.

The two main types of vibration welding are: lin-
ear, in which friction is generated by a linear, recipro-
cating motion (Fig. 3.1), and orbital, in which the upper
part to be joined is vibrated in a circular motion. Linear
vibration welding is most commonly used, but orbital
vibration welding makes the welding of irregularly
shaped plastic parts possible.

Process parameters are the amplitude and frequency
of vibration, weld pressure, and weld time, all of which
affect the strength of the resulting weld.

The welding process consists of four phases (Fig. 3.2).
In Phase I, the heat generated through friction raises
the temperature of the interfacial area to the glass tran-
sition temperature of amorphous thermoplastics or the
melting point of semicrystalline plastics. Since the
material is still in the solid state, there is no displacement
(penetration)—the distance through which the parts
approach each other during welding due to lateral flow
of molten material—in this phase. In Phase II, material
at the interface begins to melt and flow in a lateral
direction, causing an increase in weld displacement.
In Phase III, the rate of melt generation equals the rate

Figure 3.1. Linear vibration welding (Source: Branson
Ultrasonics Corp.).

Displacement

v
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Figure 3.2. Displacement versus time curve showing the
four phases of vibration welding (Source: TWI Ltd).

of melt displacement, which therefore increases lin-
early with time. At the end of Phase III, the vibratory
motion is stopped, and during Phase 1V, the weld pen-
etration increases slightly as the molten film solidifies
under pressure.

3.2 Advantages and Disadvantages

Advantages of vibration welding include relatively
short cycle times, energy efficiency, capability of weld-
ing large parts, and insensitivity to surface preparation.
Because of the smearing action due to friction, welds
can be obtained on surfaces that have been vacuum
metalized, painted, or contaminated. No additional
materials are introduced as in the implant welding
techniques or adhesive bonding, so the weld interface is
composed of the same material as the welded parts.
Heating is localized to a large extent, in contrast to hot
tool welding, and material degradation resulting from
overheating at the interface is much less likely to occur.
The transmission properties of the materials have no
effect on vibration welding, as they do in ultrasonic
welding [1].

Parts can be welded regardless of how they were
processed (injection molded, extruded, vacuum formed,
etc.). Vibration welds produce high-strength, pressure-
tight hermetic seals. In transparent materials, the weld
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is optically clear. Vibration welding should be used
only on assemblies that do not have tight tolerances;
although the melting points of plastics are predictable,
the location at which the melt solidifies may vary
slightly.

Due to the relatively high pressures used during
vibration welding, the process has lower sensitivity to
warped moldings compared to a process like hot plate
welding. Any warpage at the joint line is flattened out
by the pressure to ensure intimate contact of the weld
faces.

A drawback of vibration welding is the initial high
capital cost of the equipment and tooling compared to
other processes such as hot plate or ultrasonic welding.
However, this must be judged against the ability to weld
larger parts at one go, with a faster processing cycle.

A problem that sometimes arises in vibration weld-
ing involves conversion of all the energy originating
from the vibratory movement into heat energy in the
joining zone. Kinetic energy is converted into heat
energy both by internal friction and interfacial friction.
The solid material friction in Phase I can cause high
bending forces, so proper clamping must be used, and
the thermoplastic must be rigid enough to avoid defor-
mation. This is particularly important in cross-thickness
welding, in which the direction of vibration is at right
angles to the component wall. In practice, this is
encountered in virtually every part, since all parts to be
welded possess walls both in the direction of vibration
and at right angles to it. If wall flexing occurs, then
limited or zero frictional movement takes place between
the parts to be joined, preventing weld formation around
the entire component. This can be overcome by adding
stiffening ribs to thin wall sections. In extreme cases,
where there is excessive deflection in the parts, the
plastic can start to melt directly at the clamping point,
the point of maximum deflection; when this happens, a
weld cannot be made [2].

When welding large parts that are difficult to lock
into supporting fixtures either due to dimensional vari-
ations or due to lack of prominent features, relative
motion can occur between the part and fixture, result-
ing in part slippage and energy loss. A satisfactory
weld cannot always be obtained at high frequencies; in
this case, use of lower frequencies is necessary to attain
a high weld strength.

A feature of the process, which is a drawback for
some end-use applications, is the generation of fine
particulates or fluff at the joint line. The phenomenon
is more pronounced with hard plastics and occurs dur-
ing Phase I of the cycle as surface asperities become
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sheared away. This can be reduced by preheating the
surfaces prior to welding (see Section 3.8.1).

Another disadvantage of vibration welding is sound
generation, which is typically 90-95 dB. Sound enclo-
sures are therefore required to reduce the noise to an
acceptable level.

3.3 Applications

Vibration welding is commonly used on large parts,
although smaller parts can be welded economically in
multiple cavity tooling. Typical part sizes range from
3 x 3 inches (76.2 x 76.2 mm) to 24 x 60 inches (61.0 x
152.4 cm). The technique is used when strong, leak-
proof pressure or vacuum joints are necessary.

Vibration welding is used extensively in the appli-
ance industry for assembling such items as washer and
dishwasher pumps, particulate-filled soap dispensers,
and dishwasher spray arms. One large electrical appli-
ance company converted a production line of glass-
filled PP dishwasher pump housings from hot plate
welding to vibration welding. The operation was faster,
easier, more energy efficient, easier to maintain, and
better control of strength and appearance was achieved
[1,3].

Automotive applications include headlight, tail-
light, and instrument panel assemblies (Fig. 3.3), where
PC is welded to itself and to acrylic; acetal gasoline
reservoirs, 30% glass-filled nylon brake fluid reser-
voirs, PP compartment access doors welded in two
planes, dash-and-trim components, air-conditioning and
heater ducts, vacuum reservoirs, fuel filler doors, and
air flow sensors.

Figure 3.3. Automotive instrument clusters (Source:
Branson Ultrasonics Corp.).
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One of the first uses of vibration welding, in the
late 1970s, was for assembling the first all-plastic auto-
motive bumper that could withstand a five-mile per
hour impact. Thermoplastic bumpers consist of a long
curved U-section, commonly referred to as a front beam
or facia, and a rear reinforcement, referred to as a back
beam. Other techniques were evaluated for joining the
two sections. Hot plate welding caused a time-aggravated
embrittlement problem at the joint interface, while
induction bonding was not cost-effective. Adhesive
bonding was not used due to thermal cycling, low tem-
perature impact limitations, and added weight. Holes
required for mechanical fasteners would also raise
local stress levels. Initial problems with vibration weld-
ing included the large part area (three times as large as
any other previously welded part, with a four times
larger joining area) and the necessity of applying
clamping force in the horizontal rather than the tradi-
tional vertical direction, due to the attachment of the
back beam on the inside of the U-channel legs. A large
part vibration welder using an electromagnetic drive,
with low (120 Hz) frequencies, and new fixturing for
horizontal clamping forces was developed for this spe-
cific application.

Vibration welding is also often used in welding
nylons in under-hood applications, which must with-
stand high temperatures. Lower costs and up to 50%
savings in weight can be achieved. For example, nylon
air intake manifolds were originally manufactured in
one piece using the lost-core molding process, which,
although useful for very complex manifold designs,
was prohibitively expensive for the majority of appli-
cations. Linear vibration welding in this application
revolutionized the manufacture of the intake manifold,
by significantly reducing the overall capital cost. The
manifold is made in two or three injection molded parts
and linear vibration welding is used to assemble the
final manifold (Fig. 3.4) [1].

In the aircraft industry, the method of joining PC
air diffuser ducts was switched from adhesive bonding
to vibration welding. Epoxy bonding required sandblast
preparation, prebonding of parts, expensive fixturing
devices, and a 24-hour cure time. With vibration weld-
ing, the labor cost was cut by 70%.

Other applications of vibration welding include
joining two halves of pressure vessels, reservoirs, valves,
electronic modules, and sealed containers in the medical,
computer, recreation, and toy industries. It has also been
used for welding chain-saw motor housings made of
30% glass-filled nylon, butane gas lighter tanks, batteries,
and pneumatic logic boards. Vibration welding has also
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Figure 3.4. Vibration welded automotive air intake manifold
(Source: TWI Ltd).

been proven for making high quality joints in polyeth-
ylene (PE) gas distribution pipes [1, 3, 4].

3.4 Materials

Almost any thermoplastic can be vibration welded:
crystalline, amorphous, filled, foamed, and reinforced.
The only polymers that can be difficult to weld are
the fluoropolymers, due to their low coefficient of
friction.

Properties of the materials to be welded affect the
strength of the weld. Water absorption during storage
increases the moisture content of some thermoplastics,
which can sometimes lead to bubble formation in the
joining area and decreased weld strength, although
nylon and other hygroscopic resins can be welded
without predrying [5].

In general, materials with high melting points will
require higher energy input, and therefore longer weld-
ing times.

The welding behavior of materials that contain par-
ticulate or glass fillers (10%—-30%) is similar to that of
neat resins, but attainment of threshold penetration
generally requires slightly increased welding cycle
times; the time required is lower for glass than for par-
ticulate fillers. Increasing filler content reduces the weld
strength relative to that of the neat resin by various
amounts, depending on the amount and type of filler.
For plastics reinforced with glass fibers and for liquid
crystal polymers, a pronounced weak point develops in
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the welds compared to the neat material due to fiber
reorientation along the direction of the weld [2, 6].
The thickness of parts to be welded affects welding
behavior. Although the time required to reach the melting
temperature (time elapsed during Phase I) is not depen-
dent on part thickness, the lateral flow of the molten
material during Phases II and III is affected, resulting
in longer times to reach a steady-state flow (Phase I1I);
in addition, the thickness of the weld is greater, result-
ing in increased solidification times. As a result, longer
welding cycle times are required for parts with greater
thickness. Welding times can be decreased by an increase
in pressure. A pressure increase decreases the steady-
state weld thickness and increases weld strength by
decreasing the penetration necessary to attain the steady-
state. At low pressures (0.52 MPa; 75 psi), high weld
strengths of thick parts (12.3 mm; 0.48 inches) cannot
always be achieved due to high required threshold
penetrations. If penetration-based controls are used to
terminate the weld cycle, threshold penetration must be
adjusted to account for pressure and part thickness [7].
When welding dissimilar materials, properties of
the two materials to be welded influence welding behav-
ior and affect weld strength. Vibration welding can
generally be used to join two materials differing in melt
temperatures by up to 38°C (68°F). The extent of inter-
diffusion of the two materials that occurs in the molten
state differs significantly for different materials,
depending on diffusion coefficients, molecular weights,
and cohesive energy densities, and affects the morphol-
ogy of the weld. Shear mixing of the two molten poly-
mers produces mechanical interlocking at the weld
interface. Penetration versus time curves are similar to
those of welding the same material, but different melt-
ing temperatures of the two polymers can result in a
steady increase in weld strength with penetration, even
after the threshold penetration has been reached. This
results from an apparent steady state due to melting
and flow of the lower melting polymer dominating the
penetration in the early stages. As the temperature
increases, the higher melting polymer melts at a faster
rate, later reaching a steady state. Increasing penetra-
tion leads to greater strength; at high penetrations, weld
strength equal to that of the weaker neat material can
be obtained. Due to this behavior, penetration versus
time curves alone cannot be used to determine opti-
mum parameter conditions for welding dissimilar
materials. Thermoplastics that are compatible include
ABS to PC, ABS to acrylic, SAN (styrene acrylonitrile)
to acrylic, SAN to polystyrene (PS), and PC to acrylic.
There are no combinations where an amorphous mate-
rial is compatible with a semicrystalline material [8].
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3.5 Equipment

By necessity, vibration welding machines are large
to ensure that there is sufficient mass to prevent the
equipment from moving during the vibration cycle.
Because of the noise generated by the welding process,
sound insulation panels are built into the machine walls
to protect the operator and those present nearby. These
generally reduce the sound to values less than 85 dB. A
typical linear vibration welding machine is shown in
Fig. 3.5.

Equipment is classified as low frequency (120-135
Hz) or high frequency (180-260 Hz) and can be vari-
able frequency or fixed frequency. Variable-frequency
equipment is electrically driven, and adjustments can
be made to tune the frequency to match the part and
tooling mass. Fixed-frequency equipment is hydrauli-
cally driven, and a specific predetermined part/tooling
mass is needed. Machines operating at high frequencies
need less motion and less clearance between parts.

The three major components of a linear vibration
welder are: a vibrator assembly suspended on springs,
a lifting table, and tooling fixtures. A schematic of the
components is shown in Fig. 3.6.

The vibrator assembly is a moving element with no
bearing surfaces and is driven by either hydraulic pistons
or electromagnets. Most commercial systems use the
electromagnetic vibration system, which consists of two
electromagnets, one at either end of the spring system,
that are energized alternately. The springs resonate at

BRANSON

Figure 3.5. A typical linear vibration welding machine
(Source: Branson Ultrasonics Corp.).
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the frequency of the electromagnetic energy, support
the vibrator assembly against the vertical welding pres-
sure, and provide precise alignment between parts to
be welded by returning the vibrator assembly to its
home position at the end of the welding cycle. One of
the parts to be welded is attached to the vibrator assem-
bly in the upper tooling and the other part is clamped
into the tooling fixed to the lifting table, the stationary
element. For some applications, both parts to be welded
are placed in the lower tooling. In this case, the parts
should incorporate a molded pin or a similar feature, to
aid alignment. The pin simply shears away when the
weld cycle starts.

The lifting table brings the parts to be welded into
contact, by raising the lower tooling and part to meet
those attached to the vibration head. Guide rails ensure
that horizontal positional accuracy is maintained. The
table may be hydraulically, pneumatically, or electrically
driven. The design of the lifting table provides suffi-
cient mass and stability to counterbalance the vibration
head. Recesses may be incorporated into the table to
allow larger parts to be handled. After completion of
the welding cycle, the table is lowered and the loading
door opens to allow removal of the welded part.

Tooling used in vibration welding equipment is rel-
atively simple, consisting of aluminum plates machined
to conform to the contour of the parts at the joint. For
complex part geometry, polyurethane nests can be
used; these have the added benefit of reducing surface
marking on the parts. The tooling must provide good

Figure 3.6. Schematic of the main
parts of a vibration welding machine.

support to ensure that an even pressure is applied to the
weld interfaces during the welding cycle. It is essential
that there is no relative movement between the parts
and tooling fixtures during welding, otherwise the
amplitude between the weld interfaces will be reduced.
Simple clamping hooks and latches are used. Pneu-
matic clamps can be used with the lower tooling, whilst
the upper tooling may incorporate vacuum cups to hold
components in position prior to welding. Both upper
and lower tooling will feature alignment ports into
which dowel pins can be placed to assist with location
accuracy during set up.

Since the vibrating head is a resonance system,
the mass of the upper tooling is critical to achieving the
correct amplitude and operating efficiency, that is, the
frequency at which maximum amplitude occurs is
governed by the tooling mass. Manufacturers provide
guidance in terms of tool mass versus maximum ampli-
tude, so that the tool design can be optimized. Modern
microprocessor-controlled welding machines are able
to “self-tune” to determine the resonance frequency
after tool changes.

Tooling for larger parts may be split, often for man-
ufacturing reasons, which allows easier handling for
tool changes and adds an element of adjustment to
compensate for tolerance variations in the parts to be
welded. Figure 3.7 illustrates a set of upper and lower
tooling.

A broad range of vibration welding equipment is
available, with costs ranging from US $40,000 to
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Figure 3.7. Upper and lower tooling for linear vibration
welding (Source: Branson Ultrasonics Corp.).

$250,000, depending on size and options. Options
available include closed-meltdown distance control,
statistical process control, and robotic loading. Accu-
rate table position monitoring and meltdown control
during welding is accomplished using a linear displace-
ment transducer (LDT), which eliminates the need for
discrete table position limit switches and proximity
sensors. Hydraulic, variable-speed lift and clamp sys-
tems ensure smooth and accurate positioning of the
platen and make the use of multiple weld and hold
pressures possible [3, 9-11].

3.6 Joint Design

In designing parts for vibration welding, there are
two important considerations:

* Sufficient clearance must be provided in the joint
to allow for vibratory motion between the parts.

e Parts must be sufficiently rigid to support the
joint during welding.

In addition to these, strength requirements of the
joint must be considered along with the visual appear-
ance of the finished weld, that is, whether the flash on
the outside is acceptable or not.

The simplest joint design is the butt joint, as illus-
trated in Fig. 3.8. Many applications for vibration
welding tend to be enclosures, typically rectangular, so
the vibrations will be both parallel and transverse to the
wall orientation. To prevent the parts from snagging,
the joint faces must never be completely out of contact,
so the amplitude is normally restricted to 90% of the
wall thickness.

JOINING PROCESSES
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Figure 3.8. Simple butt joint for linear vibration welding:
(a) motion parallel to wall, (b) motion transverse to wall
(Source: TWI Ltd).

It is common practice to increase the wall thickness
at the joint to two or three times the overall component
wall, to provide rigidity that limits flexure, and to
ensure that the weld is stronger than the parent material
(Fig. 3.9). This design also facilitates gripping of the
parts and the application of a uniform pressure close to
the weld.

A U-flange (Fig. 3.10) may be necessary for thin or
long unsupported walls, especially those where the
vibration is transverse to the wall. It is designed to lock
the component wall to the tooling fixture, thus prevent-
ing wall flexure. Walls as thin as 0.8 mm (0.03 inches)
have been successfully welded with U-flanges.

If weld flash is unacceptable for aesthetic reasons,
a flash trap can be designed into the joint. Functional
and cosmetic designs are shown in Fig. 3.11. The trap
should be volumetrically sized to the amount of mate-
rial displaced during welding.

An alternative and more popular design is the
tongue and groove design (Fig. 3.12). This design traps
the flash within the groove inside the wall, rather than
at the outside edge of the component. The tongue is
typically one to three times the wall thickness of the
component, depending on the strength requirements,
and its height when welded, should approximately equal
its width. Clearance for vibrational motion (+0.8 mm
(£0.03 inches) for high frequency; 1.5 mm (0.06 inches)
for low frequency) must allow for flash volume. An
alternative is to use a basic tongue design with a skirted
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qw

Figure 3.9. Increased thickness butt joint (Source: TWI Ltd).

Functional
Before After Before
welding welding welding

cover to hide flash, allowing 1.27 mm (0.05 inches)
clearance for vibrational motion and tolerances.

3.7 Welding Parameters

Most industrial vibration welding machines operate
at weld frequencies of 100-240 Hz, although machines
with higher frequencies are also available. The amplitude
of vibration, produced by exciting a tuned spring-mass
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Figure 3.10. Butt joint with U-flange (Source: TWI Ltd).

Cosmetic

After Figure 3.11. Flash trap designs for
welding vibration welding (Source: TWI Ltd).

system, is usually less than 5 mm (0.2 inches); weld
time ranges from 1 to 10 seconds (typically 1-3 sec-
onds), with solidification times, after vibratory motion
has ceased, of usually 4—10 seconds. Total cycle times
typically range from 6 to 15 seconds resulting in 4—10
cycles per minute.

To melt material at the joint interface, an amount
of energy specific to the material must be introduced.
This is proportional to the frictional speed between the
two parts. In practice, determination of the maximum
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Figure 3.12. Tongue and groove joint (Source: TWI Ltd).

frictional speed between the mating surfaces, V, has
proved useful. It is calculated from the peak-to-peak
amplitude (a), in mm and the frequency (f) in Hz:

V = 2af

In general, V for welding should lie between 500
and 1000 mm/s (20—40 inches/s).

Lower weld amplitudes, (0.7-1.8 mm; 0.03-0.07
inches) are used with higher frequencies (240 Hz), and
higher amplitudes (2—4 mm, 0.08—0.16 inches) are used
with lower frequencies (100 Hz) to produce effective
welds [1].

Generally, high frequencies are used when clear-
ances between parts are restricted to less than 1.5 mm
(0.06 inches) and/or when flash is undesirable, as in
welding brake and steering fluid reservoirs. The greater
amplitudes of low frequency welding are advantageous
in welding parts with long, thin, unsupported side walls
oriented perpendicular to the direction of vibration.
These parts are susceptible to flexing, which inhibits
welding; however, the greater displacement of low fre-
quency welding in many cases negates the effects of
flexing, so that a weld can be obtained.

Weld pressure varies widely (0.5-20 MPa; 72—
2900 psi), although usually pressures at the lower end of

JOINING PROCESSES

this range are used (0.5-2.0 MPa; 72-290 psi). Higher
pressures decrease the welding time; however, increas-
ing the weld pressure can reduce the strength of the
weld by forcing out all the molten plastic, resulting in
a “cold” weld being formed. For example, in nylon, the
weld strength is reduced by up to 40% when increasing
the weld pressure from 1 to 20 MPa (145 to 2900 psi).
Weld strength is generally not very sensitive to the fre-
quency and amplitude of vibration, although some
materials (i.e., polyetherimide) require high frequen-
cies to attain high weld strengths [1].

Dual-stage welding pressure can have a positive
effect on weld quality and can shorten the overall weld
time. When welding with dual stage pressure, a higher
welding pressure is used to start the interface material
melting, and a lower pressure is used to complete the
vibration cycle, resulting in optimum weld strength.
The value of the low pressure in this modified process
depends on the material [2, 12].

The most important determinant of weld strength is
the weld penetration or displacement. Static strengths
equal to that of the parent resin can be achieved when
the penetration exceeds a critical threshold value, equal
to the penetration at the beginning of the steady state
Phase III; weld strengths decrease for penetrations
below this value. Penetrations greater than the critical
threshold do not affect the weld strength of unrein-
forced resins, chopped glass-filled resins, or structural
foams, but can increase the weld strength of dissimilar
materials. The threshold value increases with increasing
thickness of the parts to be welded; a threshold of about
0.25 mm (0.01 inches) results in high-strength welds
with material thicknesses of 6.3 mm (0.25 inches). As
long as this threshold is reached, weld strengths are
not very sensitive to welding frequency, amplitude, and
pressure; however, at a constant threshold value, weld
strengths can decrease with increasing weld pressure.
Increasing the welding pressure or vibration amplitude
increases the penetration rate and decreases the welding
time by decreasing the time required to reach Phase III.

Vibration welding machines tend to have two con-
trol modes for regulating the welding cycle. These are
the “weld-by-time” and the “weld-by-displacement”
methods. When welding by time, the weld time is the
length of time the plastic parts are rubbed together to
create the heat. Ideally, the time should be terminated
when the steady state phase of the weld cycle is reached.
Higher melting point materials tend to require a longer
weld time.

In the weld-by-displacement method, the parts
are vibrated until a fixed material displacement is
achieved, typically 1-2 mm (0.04-0.08 inches). The
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displacement value selected must be sufficient to ensure
that steady-state melting occurs, and should also com-
pensate for any possible deviation from flatness of the
surfaces. If there are surfaces that are designed not to
be welded, the displacement method can ensure that
these surfaces do not make contact by the end of the
weld cycle.

3.8 Process Variants

3.8.1 Linear Vibration Welding with IR
Preheating

A feature associated with vibration welding is the
formation of fine particulates or “fluff”. Studies have
shown that these are generated during Phase I of the
cycle, as surface asperities at the joint line become
sheared away. In some applications, such as media-
conveying parts and vessels for medical use, this soiling
is unacceptable. Research has been carried out on the
use of preheating methods to suppress the solid friction
phase by ensuring that a melt film forms prior to the
vibration welding cycle. Coil heaters and short-wave
and fast medium-wave infrared (IR) emitters have been
demonstrated to give a clear reduction in fine fluff for-
mation (Fig. 3.13). IR emitters have the advantage that
the preheat cycle can be kept relatively short (a few
seconds), so the overall time-based advantage of vibra-
tion welding over hot plate welding is not significantly
compromised [13].

3.8.2 Orbital Friction Welding

In orbital friction welding, one part is rubbed rela-
tive to another in an orbital motion, under axial pressure,
as shown in Fig. 3.14. Unlike linear vibration welding,
the relative motion of the two parts at the interface is the
same at all points around the perimeter, and constantly
changes from transverse motion to longitudinal motion.

Figure 3.15 illustrates the drive mechanism used to
produce the orbital motion. The upper tooling plate is
mounted on three central springs. At 120° spacing around
the center column, three electromagnets are positioned.
During operation, each electromagnet is energized in
turn, pulling the tooling plate away from the center
position. This continues throughout the weld cycle, pro-
ducing an orbital motion. When the weld time is com-
plete, the electrical energy to the magnets is switched
off and the tooling returns to its original central posi-
tion, ensuring good part alignment. An axial load is
applied throughout the welding and cooling cycles.
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Figure 3.13. PC/ABS blend welded to clear polycarbonate:
(a) without IR preheat, (b) with IR preheat (Source:
Branson Ultrasonics Corp.).

Figure 3.14. Depiction of orbital vibration welding (Source:
TWI Ltd).

Because of the gentler motion created, and with
amplitudes in the range 0.5-1.5 mm (0.02-0.06
inches), the process is better suited to components
with relatively thin walls (<2 mm; <0.08 inches) or
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Electromagnets

Parts being welded

Figure 3.15. Schematic of system used to produce orbital
motion (Source: TWI Ltd).

unsupported vertical walls. It is also better for compo-
nents containing sensitive electrical parts. In addition,
cycle times tend to be shorter than for linear vibration
welding [14].

As with linear vibration welding machines, micro-
processor-based orbital welders are available that include
closed loop amplitude control, adjustable frequencies,
touch-screen user interface, and process verification
software for validating weld quality. The cost of a typical
orbital vibration welder is about US $80,000 [10, 11].

3.8.3 Angular Friction Welding

Angular friction welding involves the rubbing
together of components in an angular, reciprocating
motion under axial force. The motion is indicated in
Fig. 3.16. It is, in principle, similar to the linear friction

r__’-"

Figure 3.16. Motion produced by angular friction welding
(Source: TWI Ltd).

JOINING PROCESSES

welding process, except the motion is angular and is
used for circular components. The arc of vibration is
typically 2—-5° with a frequency of 100 Hz. The process
was developed for circular components where the final
joint configuration is critical, but is not widely used in
industrial applications these days, since the advent of
spin welders with positional control.
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4 Spin Welding

4.1 Process Description

Spin welding, also known as rotational or rotary
friction welding, is a process where thermoplastic parts
with rotationally symmetrical joining surfaces are
rubbed together under pressure in a unidirectional cir-
cular motion. Normally, one part is held stationary while
the other is rotated. The heat that is generated during
this process melts the plastic at the interface, forming a
weld upon cooling. The process can be carried out on a
dedicated spin welding machine or on a lathe or drill
press.

The spin welding process can be divided into four
main steps:

Step 1: Loading the Parts. This involves manually
placing the parts into the machine. Often both parts are
placed in a fixture mounted to the base of the welding
machine (Fig. 4.1a). However, for larger parts, the
upper part is often placed in the upper fixture, or drive
head. The typical duration of Step 1 is 2—5 seconds.

Step 2: Press Actuation. This step is initiated
by the operator, usually by the activation of two palm
buttons. The drive head starts rotating and then des-
cends to engage the upper part (Fig. 4.1b). Rotation
speeds can range from 200 to 14,000 rpm, depending
on the size of the parts to be welded, but are typically
around 2000 rpm. The typical duration of Step 2 is
1-2 seconds.

Step 3: Welding. Once the drive head engages the
upper part, it starts spinning and the relative motion
between the parts generates heating and melting of
the material at the interface. The welding process
itself can be divided into four phases, as for vibration
welding (Section 3.1). In Phase I, friction occurs
between the two solid surfaces, generating heat and
increasing the interface temperature to the glass tran-
sition temperature or melting point of the amorphous
or semicrystalline polymer, respectively. In Phase 1I,
the interface material begins to melt. As the melt
thickness increases, part of the molten material is
squeezed out of the joint as flash. In Phase 111, a steady
state is reached, where the rate of generation of mol-
ten material equals the rate at which material is dis-
placed as flash. Once this stage is reached, the drive
head is stopped from spinning, either by friction or
by using a brake, depending on the system. The typical

(a) (b)
e |

0,

—
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Figure 4.1. The spin welding process: (a) parts are loaded
into the lower fixture; (b) drive head starts spinning and
descends to engage with upper part; (c) welding takes
place, rotation is stopped, and the assembly cools under
pressure; (d) drive head lifts and welded part is removed
(Source: TWI Ltd).

duration of Phases I-III is 0.5-2 seconds. In Phase 1V,
the drive head has stopped spinning and the parts are
held together under a preset pressure to ensure inti-
mate contact between the molten surfaces, and the
joint is allowed to cool (Fig. 4.1c). The typical dura-
tion of Phase IV is 1-2 seconds.

Step 4: Part Removal. Once the weld has solidified
sufficiently, the drive head is lifted and the parts are
removed (Fig. 4.1d). The typical duration of Step 4 is
2-5 seconds.
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4.1.1 Spin Welding Modes

There are two main modes of spin welding: inertia
and direct-drive.

In inertia welding, which is the simplest form of
spin welding, the drive head is spun to a constant rota-
tional speed using either pneumatic or electric motors
coupled to a flywheel. This provides a constant kinetic
energy stored in the rotating mass. The amount of kinetic
energy can be varied by either changing the rotational
speed or the mass of the drive head. When the set rota-
tional speed is reached, the drive motor is disengaged
and the press is actuated. The drive head rotates freely
until all the kinetic energy stored is transferred to the
joint. The pressure should be adjusted so that this takes
around a second; if it takes any longer, the melt at the
interface will be sheared as it starts to solidify, reduc-
ing the weld strength. Inertia spin welding can be car-
ried out on simple equipment. However, with this
technique it is not possible to control the final angular
position between the two parts at the end of the cycle.

In direct-drive spin welding, the rotational speed
remains constant throughout the welding stage. This
can be accomplished by using either a lathe or a drill-
ing machine as well as dedicated spin welding equip-
ment. For applications where specific alignment
between the two parts is critical, spin welding machines
are available that use a servo- or step-motor that can be
programmed to stop rotating almost instantaneously at
a preselected angle.

4.2 Advantages and Disadvantages

Spin welding is a simple and highly energy efficient
process; there is little excess heat generated, which
means that cooling times are short. This makes the
process well-suited to automated assembly line appli-
cations. Strong, hermetic joints can be produced, which
are frequently stronger than the parent parts. No foreign
materials are introduced into the weld and no environ-
mental considerations are necessary, as in solvent weld-
ing or adhesive bonding.

Theoretically there is no limit to the maximum size
of the parts that can be spin welded and parts over 1m
diameter have been welded. However, most applica-
tions are 300 mm (12 inches) or less. For joining long,
tall parts, spin welding is better than far-field ultrasonic
welding, especially if the parts are contoured or have
openings, or if the materials are semicrystalline.

Inertia spin welders and their tooling are relatively
inexpensive, although direct-drive models, which can
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achieve orientation tolerances in the range +0.5-2.0°,
can cost between 50% and 300% more.

The main disadvantage of spin welding is that the
technique is limited to circular fitments.

4.3 Applications

The first reported application for spin welding was
in the manufacture of fluid-filled compasses, where
welding was carried out beneath the surface of the liquid.
The process can therefore be used for sealing a liquid
in a container. Other applications include fuel filters,
check valves, truck lights, aerosol cylinders, and floats.
Spin welding is also used for assembling structural com-
ponents, connecting ventilation pipes to blow-molded
fuel tanks, and welding tops and bottoms on contain-
ers. In addition, it has been used for the joining and
repair of PE pipes [1-3].

Examples of spin welded items are shown in Fig. 4.2.

4.4 Materials

Almost all thermoplastics can be joined using spin
welding. Table 4.1 gives the weldability of most com-
mon thermoplastics.

10

Spin welded
assembly

o

Figure 4.2. Bottles, bobbins, and cups joined using spin
welding.

Bottle & valve

Bobbin & cup
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Table 4.1. Spin Welding Characteristics of Various
Thermoplastics [4]

Material Weldability
ABS Good to excellent
ABS/PC alloy Good
Acetal Fair to good
Acrylic Good
ASA Good
Cellulosics Good
Liquid crystal polymers Fair to good
Nylon Good
PAI Fair to good
PBT Good
PC Good to excellent
PC/PBT alloy Good
PE Good
PEEK Fair
PEI Good
PES Good to excellent
PET Fair to good
PFA Poor
Polymethylpentene Good
Polyurethane Poor to fair
PP Good to excellent
PPS Good
PS Good to excellent
PSO Good
PVC (rigid) Good
PVDF Good
SAN Good to excellent
gct));roelszt;:ltadiene Good to excellent

As with any friction welding process, materials with
high melting points will require higher energy input,
and therefore longer welding times.

Additives such as silicones and other lubricants
will reduce the friction coefficient of the material,
which will make them more difficult to weld. Fillers
may also have an effect on weld strength; for example,
with a high percentage (>30%) of filler, the amount of
polymer at the interface available for welding is
reduced, and a reduction in strength can occur. Also,
since fiber reinforcement will not ‘cross’ the joint line,
the maximum weld strength that can be achieved is that

51

of the unreinforced resin. Therefore, this must be com-
pensated for by increasing the weld area.

4.5 Equipment

Spin welding machines can vary significantly in
their design and complexity, ranging from lathes and
modified drills to direct-drive, computer-controlled
models. In most inertia spin welders a pneumatic motor
supplies the spinning motion. A control valve is used to
regulate the air flow to the motor, which drives the fly-
wheel, connected to the drive head. A typical inertia
spin welding machine is shown in Fig. 4.3. In direct-
drive welding machines the pneumatic motor, control
valve and flywheel are replaced by an electric drive
motor.

In both systems, the vertical travel and welding
pressure are normally controlled by an air cylinder, and
there is usually a pressure regulator, which controls the
maximum force applied during welding. Often the
press will incorporate an encoder to measure the weld
displacement.

Figure 4.3. Typical inertia spin welding machine (Source:
Forward Technology).
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4.5.1 Lower Tooling

The design of the tooling is an important aspect of
spin welding. The parts being welded must be ade-
quately supported to prevent them from flexing or mov-
ing during the welding operation. Therefore, the lower
tooling (nest) should support the component walls as
close to the joint line as possible (Fig. 4.4).

The lower tooling can be manufactured from either
aluminum or metalized epoxy molding compound.
When manufacturing the tooling from aluminum, it is
recommended that a matched copy of the component
be made. This can be achieved by CNC machining or
copy milling from a cast female model of the actual
component. This ensures that there is intimate contact
between the part and tool.

4.5.2 Upper Tooling

The upper tooling should be manufactured from
metal, since epoxy resins may not evenly spread through-
out the mold, which would produce an unbalanced tool.

Lower component

‘o

C |

Figure 4.4. Lower component support (Source: TWI Ltd).

Tooling nest

(a) (b)

Fly-out protection
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Where the upper part is fixed into the machine
before welding, the upper tooling should be made so
that the part can be press-fitted into position. This will
avoid the component dropping out during welding.
Drive pins can also be added to the tooling to locate the
component and prevent slippage.

Where both parts are placed into the lower tooling
before welding, the upper tooling has a surface prepa-
ration such as serrations or a grit-blasted finish. These
profiles grip the component as the rotating surface and
stationary component meet. Note that some part mark-
ing can occur when using this process. However, if the
teeth are designed correctly and the actuator moves fast
enough, these markings can be minimized.

To prevent the component flying out of the tooling
when rotating, a raised guard area should be provided
immediately around the weld area. This can be incor-
porated into either the upper or lower tooling (Fig. 4.5).

4.6 Joint Design

Joint design is a critical factor when designing thermo-
plastic components for spin welding. Care should be
taken to ensure that the joint achieves the desired result;
that is, it produces an aesthetically pleasing appearance
and/or gives the desired weld strength.

When designing a component for spin welding, the
simplest joint design is the butt joint. Figure 4.6 shows
a simple butt joint before and after welding. This joint
design would only be used where weld flash is accept-
able in the final component.

In some cases the wall thickness of the component
is thickened in the weld area to give greater joint
strength and part rigidity (Fig. 4.7).

To exclude weld flash from areas that are visible,
flash traps can be added. Figure 4.8 shows two simple
butt joint designs where the location of the flash is con-
trolled. The left-hand-side example shows how the
flash can be controlled so that it is contained inside the

Upper tooling

A

Upper component

Figure 4.5. Component fly-out
guarding: (a) lower tooling, (b) upper
tooling (Source: TWI Ltd).

ClearCorrect Exhibit 1043, Page 51 of 563



4: SPIN WELDING

Before welding After welding

Figure 4.6. Simple butt joint for spin welding (Source: TWI
Ltd).

-

y -

Figure 4.7. Simple butt joints with thicker wall at weld area
(Source: TWI Ltd).

welded component. The inside step on the upper com-
ponent is higher than the outside step on the lower
component. Therefore when melting occurs, the inside
step will melt first and material will be displaced to the
inside of the component. When sufficient material has
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Before welding
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After welding

Figure 4.8. External (left) and internal (right) flash trap
designs for simple butt welded joint (Source: TWI Ltd).

melted, the outside steps of the upper and lower part
will touch, but will not be joined.

It is important to note that in this design, the welded
area is only half the wall thickness of the overall com-
ponent. If the weld strength was 100% of the parent
material strength, then the joint strength would only be
50% of the parent material strength.

In the designs shown in Fig. 4.9, the use of angled
slots and conical faces achieves self-centering of the parts
during welding as well as prewelding part location.
These particular joint designs also increase the surface
area of the weld at the interface, reducing the need for
a thicker wall section in this area. These designs do not
include flash traps.

Figure 4.10 shows several tongue-and-groove joint
designs, which include part alignment, self-centering,
flash traps and extended weld areas. The simplest form
is shown in Fig 4.10a, which does not include a flash
trap but has a small recess at the edge to which the flash
is directed. In this design, the flash remains flush with
the outside surface of the component and is visible after
welding. The gap between the parts before welding (a)
should be approximately 0.1 X the wall thickness of the
component. To prevent self-locking during welding,
the angle (b) should not be less than 30°. Finally, the
cross-sectional length of the weld surface (¢ + d) should
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be at least 2.5 X the component wall thickness to ensure
adequate joint strength is achieved. Stiffening ribs can
be added to the wall of the component for extra rigidity.

The joint design in Fig. 4.10b has a flash trap molded
onto both halves of the component. In this design, the
joint line is visible when the component is welded but
the flash is not. The size of the flash trap must be suf-
ficient to contain the plastic material that flows from
the weld interface. In practice it is best to add slightly
more space than necessary to allow for possible over-
welding.

Figure 4.10c shows a skirt design, where the flash
is contained within a groove and the joint line is also
hidden underneath the skirt.

The most suitable joint design must be selected
based upon the desired end result (Table 4.2).
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Figure 4.9. Simple butt joint designs for spin welding that
include component self-centering (Source: TWI Ltd).
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4.7 Welding Parameters

For all welding processes there are three main
parameters; heat, time, and pressure. The way in which
each parameter is controlled depends upon the welding
process. For example, in both direct drive and inertia
spin welding the heat is generated by friction. How-
ever, direct drive uses time to produce sufficient heat,
and inertia uses stored energy in the rotating flywheel
to produce sufficient heat.

1. Weld Force/Pressure. In spin welding, pressure
is only applied to the joint after the rotating head con-
tacts the components. Typically, the weld pressure for
thermoplastics is between 0.5 MPa (72.5 psi) and
2 MPa (290 psi). The required welding force to be applied
to the parts to give the weld pressure is calculated by:

Weld force (N) = Weld pressure (MPa)
x Weld area (mm?).

2. Cooling Time. The cooling time is the length of
time during which the parts remain under pressure after
the rotation has stopped. This should be sufficient to
allow the weld material to cool and solidify, and is gen-
erally determined by experimentation.

4.7.1 Inertia Spin Welding

1. Rotation Speed and Mass. The energy for weld-
ing is initially stored in the rotating flywheel before the
drive head is brought into contact with the plastic part.

Figure 4.10. Tongue-and-groove joint
designs for spin welding: (a) basic
()

joint, (b) joint with flash trap, (c) joint
with skirt (Source: TWI Ltd).
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Table 4.2. Joint Design Selection Criteria
Appearance
Joint Strength
Not critical « — Critical
Not critical T Simple butt joint without Simple butt joint with internal Simple butt joint with internal
flash trap (Fig. 4.6) or external flash trap (Fig. 4.8) | and external flash traps
Simple butt joint with thicker Simple butt joint with Simple butt joint with thicker
wall in weld area (Fig. 4.7) thicker wall in weld area and wall in weld area and both
internal or external flash trap internal and external flash
traps
Angled or tongue-and- Tongue-and-groove joint with Tongue-and-groove joint
Critical { groove joint (Fig. 4.9 or flash trap molded in both with flash trap hidden below
Fig. 4.10a) components (Fig. 4.10b) joint line (Fig. 4.10c)

The amount of energy is varied by changing the rota-
tion speed or the mass of the drive head. The rotation
speed is typically between 2500 and 4000 rpm and the
head mass is typically 1-4 kg (2.2-8.8 1b).

2. Run-up Time. The run-up time is the time for the
drive head to reach its maximum rotation speed. The
energy input to the joint can therefore be varied with-
out changing the drive head mass by bringing the head
onto the components part way through the run-up time.

4.7.2 Direct-drive Spin Welding

1. Rotation Speed. In direct-drive spin welding, one
component is rotated at a fixed speed against the station-
ary component. The required rotation speed depends on
the material and application. Each material will have
an optimal interfacial linear speed to generate the fric-
tion and heat. For example, if the required linear speed
at the joint is 2 m/s, for a component with a diameter of
40 mm, the rotation speed must be:

60 s X 2 m/s
004mxmw

=955 rpm

For components with larger diameter, the rotation
speed must be reduced in order to maintain the optimal
linear speed at the joint. Typically, the linear speed at
the joint will be between 0.2 and 2 m/s (0.6—6 ft/s). The
optimum value is determined by experimentation.

2. Welding by Time. The weld time is the time that
the rotation between the components is maintained.
The longer the weld time, the greater the heat gener-
ated at the interface. As with vibration welding, there
is a steady state phase, where the rate of material

displacement increases linearly with time. When this
state is achieved, no further benefit is gained from con-
tinuation of the head rotation. The weld time can range
from 2 to 10 seconds depending on the material and
joint diameter. Optimum weld times are determined

experimentally.

3. Welding by Displacement. If a predetermined
displacement of material is required, for example when
two mating surfaces must finish flush, then the welding
process can be controlled by displacement, that is,
when the required displacement is achieved, the rotat-
ing head is stopped. As with welding by time, optimal
quality welds will be achieved as long as the steady
state phase has been reached. This can be determined
by placing a displacement transducer between the base
of the machine and drive head and monitoring the dis-

placement with time.
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5 Radio Frequency Welding

5.1 Process Description

Radio frequency (RF) welding, also called high
frequency welding, HF welding or dielectric welding,
uses high frequency (normally 27.12 MHz) electro-
magnetic energy to generate heat in materials by virtue
of their electrical properties; the material to be welded
must be able to convert the alternating electric field
into heat. Polar molecules in an electric field tend to
orient in the field direction so that the positive (or nega-
tive) end of the dipole aligns to the negative (or posi-
tive) charges in the electric field. This process is called
dipole polarization. Nonpolar molecules in an electric
field displace electron clouds to align with the field
(electronic polarization), so that centers of positive and
negative charges no longer coincide. Electronic polariza-
tion is instantaneous and does not result in heat genera-
tion. Dipolar polarization, however, is not instantaneous
at the high frequencies used in RF welding; as the
dipoles try to align with the rapidly alternating electric
field, orientation becomes out-of-phase. The imperfect
alignment causes internal molecular friction and results
in the generation of heat.

The delay between changes in electric field direc-
tion and changes in dipolar polarization is shown in
Fig. 5.1. An oscillating electric field E generates an
oscillating current I within the polar material. At high
frequencies, the two curves are out of phase by the
phase angle 0; the loss angle is defined as 90 — 6 or &.
The amount of energy absorbed per cycle from the
electric field is represented by the power factor and the
dissipation factor; the power factor is defined as cos 0,
and the dissipation factor or loss tangent is tan J, a ratio

of current dissipated into heat to current transmitted.
The amount of dipole polarization is dependent on fre-
quency and temperature. At low frequencies, the power
lost by the electric field is low due to dipole alignment
with the electric field. At high frequencies, field rever-
sal is so rapid that dipole alignment becomes out of
phase, and power losses increase. Eventually, a maxi-
mum in power loss is reached, so that further frequency
increases result in decreased power loss. Dipole polar-
ization is low at low temperatures but increases with
increasing temperature [1].

Typically, an RF welding machine has two platens—
an upper, moveable one and a lower, fixed one, also
called a bed. The upper platen is connected to the RF
generator, whilst the lower platen is connected to elec-
trical earth. Tooling, known as the electrode or welding
rule, is attached to the upper or lower platen and defines
the shape and dimensions of the weld.

The parts to be welded are placed between the plat-
ens and a press then lowers the upper platen so that a
preset amount of pressure is applied to the joint area.
Once the parts are clamped, the RF energy is applied
for a preset time, called the heating time. Once the
heating time has elapsed, the electrodes continue to
clamp the parts until the weld solidifies. This is called
the hold or cooling time. The press then opens and
releases the welded assembly.

RF welding is normally only used for joining films
and thin sheets. This is because a sufficiently strong
electric field to produce material melting can only be
achieved when the gap between the electrode and the
opposing platen is less than around 1.5 mm (0.06
inches).

Amplitude, V or A

Figure 5.1. Electrical representation
of dipole polarization resulting in heat
generation due to imperfect alignment.
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Table 5.1. Advantages/Disadvantages of RF Welding

JOINING PROCESSES

Advantages

Disadvantages

Fast cycle times

Economical

Ideally suited to flat and thin components
Capable of welding multiple layers simultaneously
Easily automated

Repeatable

Good weld appearance (minimal flash)

Tool runs cold

Limited joint thickness
Material limitations
Limited joint complexity

Component size limitations

5.2 Advantages and Disadvantages

RF welding uses simple, compact equipment and
requires only electricity and compressed air. In addi-
tion, no solvents or adhesives are introduced into the
joint, minimizing sources of contamination and assist-
ing recyclability of the welded parts. Also, cycle times
are fairly short (up to 20 parts per minute).

In addition, RF welders can also be used to produce
more than just welds. Electrodes can be fabricated to pro-
duce what is commonly called a ‘tear/seal’, which allows
the sealed part to be pulled away from the surrounding
material without the need for a secondary cutting opera-
tion. A hinge or folds can also be introduced in a product
without material distortion by producing score marks.

The major disadvantage of RF welding is that it is
only suitable for materials containing polar groups in
the molecular structure. Nonpolar plastics can be welded
but this requires a conductive-composite implant at the
joint interface [2].

A summary of the advantages and disadvantages of
RF welding is shown in Table 5.1.

5.3 Applications

RF welding is commonly used in sealing thin sheets
and films of plasticized PVC for stationery products,
such as loose-leaf binders, checkbook covers, credit-
card holders, and book covers. Another large market is
in inflatable products, such as beach balls, airbeds, life
jackets, and inflatable dinghies.

Other applications include medical items, such as
colostomy and blood bags (Figs. 5.2 and 5.3), disposable
clothing, and inflatables, such as blood pressure cuffs,
inflatable beds, and cushions (Fig. 5.4). Clamshell-style
blister packs and other types of packaging also utilize
RF welding [3, 4].

Figure 5.2. RF welded blood bag (Source: TWI Ltd).

Figure 5.3. RF welded dialysis fluid warmer bags (Source:
Dielectrics Inc.).
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Figure 5.4. RF welded inflatable wheelchair cushion
(Source: Dielectrics Inc.).

5.4 Materials

To ensure weldability with the RF process, the
materials must have the following properties:

* High dielectric loss.
* High dielectric constant.
* High dielectric breakdown.

Such materials include PVC, thermoplastic poly-
urethanes, nylons, PET, cellulose acetate, EVA, PVDC,
and some ABS resins.

Materials generally considered not compatible with
this method of welding include PTFE, PC, acetal, PS,
and rigid materials with high melt temperatures. Stan-
dard grades of PP and PE are also not possible to join
with this method. However, special grades are avail-
able that are RF weldable.

5.5 Equipment

RF welding machines typically consist of six major
components: an RF generator, a control unit, a press
unit, an RF enclosure, a workpiece handling mecha-
nism, and tooling.

5.5.1 RF Power Generator

Generators commonly provide powers ranging
from 1 to 25 kW. Power requirements are determined
by the weld area and the thickness and type of material
being welded. The power supply in the generator
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converts incoming alternating current to high-voltage
direct current using solid state rectifiers; an oscillator
then converts this to high-voltage alternating current.
The power level is displayed on an output power meter.
The operator can therefore check if a satisfactory weld is
made by monitoring the output power during the welding
cycle. Safety and overload protection devices automat-
ically shut down the system if a large amount of energy
becomes concentrated in a small working area [3, 4].

5.5.2 Control Unit

The control system ensures that the machine can be
started, stopped, and operated efficiently. Machine
control systems typically range from simple mechanical
controls to complex electrical systems on large auto-
mated machines, which typically contain software
controlled devices, such as microprocessors and pro-
grammable logical controllers (PLCs). These systems
enable operating parameters to be accurately imple-
mented with excellent repeatability.

To compensate for material thickness variations,
current detectors monitor the current during the weld-
ing cycle; when the optimum current is reached rap-
idly, the current detector ends the cycle, preventing
overwelding or burning. If the optimum current is not
reached, the detector will extend the welding cycle and
prevent an underweld occurring.

5.5.3 Press

The press or actuator provides pressure during the
welding process and usually contains one fixed and one
moveable platen. Pneumatic presses are most common,
although hydraulic presses up to 50 tons are necessary
for larger equipment or welding applications. Presses
have adjustable guide rods with bushings for accurate
movement and are normally constructed of heavy-duty
tubular steel for stabilization and ruggedness.

There are two main types of press: a “C” type and a
bridge press. The “C” type press resembles the letter C in
side view. Since the main body of the press is at the rear of
the machine, the working area is unobstructed (Fig. 5.5).
In the bridge press, the upper platen is supported from
both sides of the working area. This type of press is more
symmetrical but access to the working area is limited.

5.5.4 RF Enclosure

A cage or enclosure is mounted around the fixtures
and electrodes to protect the operator from the high
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Figure 5.5. “C” type RF welding machine (Source: TWI
Ltd).

voltages emitted from the electrodes and to reduce RF
radiation emissions in order to comply with Federal
Communication Commission (FCC) and electromag-
netic compatibility (EMC) regulations.

The enclosure is often fabricated from a metallic
mesh, which allows proper shielding of the RF energy
without obscuring the view of the operator (Fig. 5.6).

5.5.5 Handling Mechanism

The handling mechanism transfers the parts to be
welded to the press, locates them in the correct position
under the electrode, and removes them after welding.
There are four main types of handling mechanism:
manual, rotary, linear, and rail.

In manual machines, such as those operated using
a foot pedal, the parts to be welded are fed into the
machine, positioned for welding and removed after
welding by hand.

In rotary machines (Fig. 5.7), a circular table con-
taining a number of workstations is used. The parts are
manually assembled in the workstations by one or more
operators and the table rotates to bring the parts to the
press. After the welding operation, the table rotates
again and the welded parts are removed manually while
the next parts are welded.

In linear machines, the parts to be welded are fed to
the press using a conveyor belt. The belt stops at the

JOINING PROCESSES

Figure 5.6. RF welding machine with metallic mesh RF
enclosure (Source: Sealectric Corp.).

Figure 5.7. Rotary RF welding machine (Source: Cosmos
Kabar).
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correct position for welding and then moves on to
remove the parts after welding.

Rail systems are used where the parts are too big to
be accommodated in a fixed machine (e.g., swimming
pool liners and tarpaulins). In these systems, the parts
to be welded are held fixed while the welding press is
moved on a rail system to carry out repeated welds.

5.5.6 Tooling

The tooling (or electrode) is the part of the machine
that is pressed onto the parts to produce the weld. It is
made of brass, copper or bronze sheet metal, typically
2—4 mm (0.08-0.16 inches) thick, and is mounted on
an aluminum tool plate, which is normally bolted to the
top platen. The electrode is machined into the particu-
lar shape needed for the application. In applications
where aesthetics is considered an important factor and
the geometry of the part does not allow for a flat lower
fixture, the lower fixture may also be profiled. This
type of welding setup defines the electric field better
and results in a more defined weld area.

5.5.7 Barrier Materials

Materials with high dielectric properties (referred
to as barrier materials or buffers), such as phenolic
laminates, electronic fish paper or polyester film are
often placed between the parts to be welded and the
lower platen. They serve two purposes: firstly, they
provide a thermal barrier, reducing the heat loss to the
lower platen, and secondly they prevent the electrode
touching the bottom platen and causing an arc during
cut/seal operations.

5.6 Joint Design

Various types of joint can be produced by RF weld-
ing depending on the shape of the electrode, or welding
rule, including plain seam welding, tear/seal welding,
and combined plain and tear/seal welding.

In plain seam welding (Fig. 5.8) a flat-ended weld-
ing rule is used. This type of weld is used to produce
folds and can also be used to produce patterned welds,
by machining the face of the rule.

In tear/seal welding (Fig. 5.9) a knife-edged welding
rule is used to produce a very thin welded seam that can
be torn after welding to enable the welded part to be
separated from the surrounding material. For this appli-
cation, a barrier material must be placed underneath
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Lower platen

Figure 5.8. Plain seam welding (Source: TWI Ltd).

Tear/seal welding rule

Welded films
\ // vl

Y4 __—Barrier material

Figure 5.9. Tear/seal welding (Source: TWI Ltd).

Lower platen

the parts to be welded to prevent the welding rule from
touching the lower platen, which would generate an arc
and also blunt the rule.

One of the problems with a tear/seal weld is that the
integrity of the joint is not high due to the narrow weld
width. Therefore, to produce a high strength weld that
can be easily separated without a secondary cutting oper-
ation, electrodes can be designed to produce a tear seal
next to the welded edge, by putting a knife edge a short
distance from a flat ended welding rule (Fig. 5.10).

5.7 Welding Parameters

The main parameters in RF welding are:
* power

* heating time

* cooling time

* weld depth

* pressure

* platen temperature

ClearCorrect Exhibit 1043, Page 59 of 563



62

vz

5.7.1 Power

The power required to produce a weld depends on
a number of factors, including:

e Type of material: the higher the loss factor, the
lower the power requirement.

e Thickness of material: the thicker the material,
the lower the power requirement (due to reduced
heat losses).

e Area of weld: the larger the weld area, the higher
the power requirement.

* Required heating time: the shorter the required
welding time, the higher the power requirement.

» Seam length: the longer the seam length, the higher
the power requirement (a long, narrow seam
requires more power than a short, wide seam of
the same area).

e Barrier material: the use of a barrier material nor-
mally results in a lower power requirement (due
to reduced heat losses).

Typically, a weld area between 10 and 30 cm?
(2-5 in.?) is achieved per kilowatt of RF power.

5.7.2 Heating Time

The heating time is the length of time for which the
RF power is applied. The optimum heating time can be
determined by monitoring the power during the heat-
ing phase; as soon as the power reaches a plateau or
starts to fall, it indicates that the temperature at the
weld is no longer increasing, and the power should
therefore be switched off.

JOINING PROCESSES

Combined plain and

/ tear/seal welding rule

Welded films

Barrier material
4.-'-"’/

Lower platen Figure 5.10. Combined plain and

tear/seal welding (Source: TWI Ltd).

5.7.3 Cooling Time

This is the length of time for which the parts are
held under pressure after the RF power is switched off.
Since the electrodes are normally operating cold, the
cooling time is quite short (typically around 20% of the
welding time). However, this time may need to be
increased during a production run since the tools will
become hot over time.

5.7.4 Weld Depth

The weld depth controls how far the tooling pene-
trates into the parts during welding. This is more impor-
tant when using plain seam welding.

5.7.5 Pressure

The welding pressure should be sufficient to allow
the tooling to penetrate into the parts to the required
weld depth. A higher pressure can result in shorter
welding times; however, too high a pressure should be
avoided, especially for tear/seal welding.

5.7.6 Platen Temperature

As mentioned above, if the temperature of the
platen is not controlled, this may result in having to
increase the cooling time during a production run due
to the gradual increase in the temperature of the tooling.
Having a thermostatically controlled platen tempera-
ture will result in a constant cooling time throughout a
production run. It will also allow a larger area to be
welded for a given power, due to reduced heat losses.
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6 Hot Gas Welding

6.1 Process Description

Hot gas welding, also called hot air welding, is a
manual process where the weld quality is dependent on
the skill and experience of the operator.

During the welding process heated gas, usually air,
is used to locally melt or soften both a consumable weld
(filler) rod and the parts to be welded. Manual pressure
is applied to the weld rod, either via the welding nozzle
or by hand, and the combination of heat and pressure
causes the weld rod and the parent material to fuse
together; it is possible to achieve weld strengths of up
to 90% of the parent material strength. The operator
should maintain a consistent travel speed as the weld is
made to ensure uniform heating. Critically, the weld rod
and the parts to be welded must be made of the same
thermoplastic and, ideally, should be of the same grade.

Before welding, the surface of the parts to be joined
should be cleaned to ensure that any contamination, in
the form of dirt, dust, or grease, is removed. The
cleaned parts and the weld rod should then be scraped
to remove any oxide layer and to ensure that a contam-
inant-free weld is achieved.

The heated gas is produced by a hot gas torch (or
gun). The temperature of the gas stream is normally
adjusted using a rheostat control in the handle of the
welding torch, although some modern hot gas torches
accurately regulate the temperature, ensuring that the
output gas temperature is constant. The welding tem-
perature (i.e., the temperature of the air coming out of
the torch) should be set specifically to the type of material
being welded. The use of welding temperatures outside
the recommended range will result in a joint that is
more likely to fail when exposed to chemicals, thermal
cycling, solvents, or mechanical stresses. It is therefore
recommended that a temperature calibration device
should be used to guarantee that the correct gas tempera-
ture is being used. The volume of gas passing through
the welding torch is typically 60 liters per minute.

All workshop welding should be undertaken on a
wooden surface to prevent excessive heat loss from the
joint; chipboard and medium density fiberboard (MDF)
are ideal. Metal bench tops should be avoided as they
act as a heat sink. All parts to be welded should be
clamped securely to prevent movement while welding
and during cooling. This allows the parts to relieve
stress without distorting.

The hot gas welding process can be carried out by
two methods: hand welding (also called pendulum
welding, fan welding, slow-hand welding or free-hand
welding), as shown in Fig. 6.1; or speed welding, as
shown in Fig. 6.2.

In order to achieve hot gas welds of good strength,
the position and grip of the operator’s hand on the
welding torch is important. For speed welding, the
hand should be placed underneath the grip and pulled
downward as the weld progresses (Fig. 6.3). This will
maintain good control over the position of the welding

Figure 6.1. Hot gas hand welding (Source: TWI Ltd).

Figure 6.2. Hot gas speed welding (Source: TWI Ltd).
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Figure 6.3. Hot gas welding hand position (Source: TWI
Ltd).

torch relative to the joint line. With repeated practice
the balance of speed and pressure between weld rod
and welding gun should ensure that a quality weld is
achieved. For thicker joints, where more than one weld
run is required, it is important to allow each weld run to
cool. This prevents the polymer from overheating and
reduces stresses in the material. The edges of the weld
rod and the heat-affected surface of the weld prepara-
tion should be scraped prior to the application of each
subsequent weld run (Fig. 6.4).

For hand welding, the weld rod is fed into the joint
without the aid of a welding nozzle; the pressure is
applied directly to the welding rod by the welder. This
technique is ideally suited for welding small, complex
components, since it allows for movement around the
joint where a speed welding nozzle would not be able
to fit. The nozzle of the welding torch is moved rapidly
up and down the weld rod and along the joint line, heat-
ing both the joint surface and the weld rod as it pro-
gresses. When welding with this method, it is important
to maintain a constant pressure on the weld rod and a
constant travel speed along the joint. As weld pressure
is applied by hand, the fingers can get uncomfortable
and this could potentially compromise the weld
strength. To overcome this problem, it is recommended
that short relaxation breaks are taken. As in speed weld-
ing, cooling and scraping between each weld run is
necessary.

Figure 6.4. Scraping between weld runs (Source: TWI
Ltd).

In hand welding, the angle of the weld rod relative
to the joint is also important (Fig. 6.5). For welding
PVC, the weld rod should be at 90° to the sheet surface
with a “bow wave” effect visible at the root of the weld
rod. If the rod is bent back too much, stresses can be
imposed on the surface of the weld rod and if subse-
quent runs are placed in the joint, the weld could relieve
stress and split, causing unwanted gaps in the joint. If
the rod is bent forward, the weld pressure will be
difficult to maintain, which can result in a weak weld.
For welding PP, the weld rod needs to be bent back to
ensure a forward-welding motion is achieved. The
“bow wave” effect should also be visible, as this shows
that the weld has sufficiently penetrated into the parent
material.

6.2 Advantages and Disadvantages

Hot gas welding can be used to weld practically
any shape or size of component, and the equipment has
probably the lowest cost of all the plastic welding tech-
niques. Hot gas torches are very light and easy to use in
awkward positions, and are ideally suited for field
repairs where the component is too large to be trans-
ported into a workshop environment. However, welding
speeds are relatively slow compared to other plastic
welding techniques, and the weld quality is dependent
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A
Incorrect
Correct for PVC welding rod is
compressed

on the operator’s skill. It is therefore important that hot
gas welding operators are properly trained and certifi-
cated (e.g., to EN 13067 or AWS B2.4) [1, 2].

6.3 Applications

As hot gas welding is a manual process, it is not
suitable for joining parts in mass production. However,
it is ideal for fabricating various custom-made items,
as it can be tailored for welding parts with any joint
geometry. Examples of these include chemical storage
tanks, ducting, fume extraction systems, and wet
benches for the semiconductor industry. These items
are difficult to fabricate using any other welding tech-
nique. Hot gas welding is used to weld thermoplastic
membranes for roofing, lagoons, and linings for chemi-
cal vessels, and can also be used for repairing automo-
tive parts such as bumpers and fluid reservoirs.

6.4 Materials

The most common thermoplastics joined by hot
gas welding are PP, PE, PVC, and fluoropolymers
(PVDEF, FEP, PFA, and ECTFE). In most cases, the
material used will be selected based on its chemical
resistance, maximum working temperature and pres-
sure, and on the design life of the finished product.
Other materials that are hot gas welded include ABS,
PC, acrylic, and polyamide. Also, hot gas welding is
used for repairing automobile bumpers made from
polycarbonate/polyester, PBT, or EPDM [3].

6.5 Equipment

Hot gas welding equipment consists of a gas source,
hand grip, heater unit, and welding nozzle.

For hot air welding, the air can be compressed or
blown. A blower is commonly used because it can supply

Correct for
polypropylene

Figure 6.5. Hot gas hand welding
rod angle (Source: TWI Ltd).

a high air flow that is usually clean and moisture-free.
If a compressor is used, it is essential that the air is
dried and filtered before it reaches the welding torch, in
order to prevent any potential contamination reaching
the weld.

A blower can be either an integral part of the hot
gas welding torch (Fig. 6.6) or a separate unit on a hose.

In fabrication workshop applications, where more
than one torch is required and the work is primarily
bench work, a single large blower can be used to sup-
ply several welding guns simultaneously. In this case,
it is important to ensure that the blower is capable of
supporting all the torches requiring the supply, without
a drop in airflow.

For welding ECTFE some suppliers recommend
using nitrogen as the gas medium. This is largely for
health and safety reasons, as the fumes produced when
welding in air can cause polymer fume fever. As an addi-
tional precaution, it is advised that local extraction is
used, or that the welder wears a full face mask with a
separate air supply.

The heating element is an electric coil wound
around a ceramic core and is located inside the barrel

Figure 6.6. Hot gas welding torch with integral blower
(Source: TWI Ltd).
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of the welding torch. The gas temperature is usually set
via a dial on the handle of the gun and is controlled by
a diode, although in some equipment the temperature is
set using a digital display on the handle of the gun and
is controlled by using a temperature control micro-
processor.

6.5.1 Welding Nozzles

Welding nozzles are interchangeable and are moun-
ted at the front of the welding gun. There are three
main types of welding nozzles: hand, speed, and tack-
ing (Fig. 6.7).

For most applications, the tacking nozzle is used to
hold the parts together before and during the applica-
tion of the weld rod. As the tacking nozzle is moved
along the joint, a stream of hot gas is expelled from the
heel of the nozzle, heating and softening the parts to be
welded. The toe of the tacking nozzle then forms the
molten material into a localized weld. This tack weld
has a low strength and should not be used as the sole
means of welding parts together.

The hand-welding nozzle is used for welding oper-
ations where a conventional speed welding nozzle
cannot be used. The end of the nozzle is usually 5 mm
(0.2 inches) in diameter; however the length will vary
depending on the application. During welding, the noz-
zle is held between 5 and 10 mm (0.2-0.4 inches) from
the root of the weld and is manipulated in a pendulum
motion up the rod and along the joint line.

The speed welding nozzle has a separate cylinder
attached to the front of the nozzle, through which the

Figure 6.7. Hot gas welding nozzles: tacking (left), hand
(center), and speed (right) (Source: TWI Ltd).
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weld rod is fed. There is also a small toe at the front of
the speed nozzle, which helps to guide the weld rod
into the joint line and applies the necessary pressure to
force the rod into the joint. The hot gas for preheating
the parent material is fed into the joint via a slot under-
neath the main body of the nozzle. The diameter and
profile of the feeder tube is dependent on the shape and
diameter of the weld rod. Speed welding nozzles are
available for 3,4, and 5 mm (0.12, 0.16, and 0.2 inches)
diameter round weld rods, and 5.6 and 7.4 mm (0.22
and 0.29 inches) triangular weld rods.

6.6 Joint Design

Where butt-welded joints are to be made for mate-
rials less than 6 mm (0.24 inches) thickness, the sheet
edges should be prepared in the form of a single V at an
angle of between 60 and 80° (Fig. 6.8a). For fabrica-
tions where the sheet thickness is greater than 6 mm
(0.24 inches), the preparation of the joint should be a
double V (Fig. 6.8b). In both cases, the number of weld
runs should be sufficient to fill the prepared joint; if
required, the weld can be dressed to a smooth finish,
leaving no indents or grooves on the surface of the
component. This is important for food or laboratory
applications, where a contamination-free surface is
required.

Figure 6.9 shows examples of different T-joint
configurations. Sheet thickness and specific customer
requirements usually determine which joint is selected.
Figure 6.10 shows a typical design for a corner joint.

Figure 6.8. Typical hot gas butt joint weld preparations:
(a) single V; (b) double V (Source: TWI Ltd).
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a7
7

Figure 6.9. Examples of T-joints for hot gas welding
(Source: TWI Ltd).

Figure 6.10. Typical corner joint preparation for hot gas
welding (Source: TWI Ltd).

6.7 Welding Parameters

There are four main parameters for hot gas weld-
ing: temperature, pressure, speed, and torch position. It
is essential that the operator has the necessary knowl-
edge to implement and monitor each welding parame-
ter effectively. Failure to do so could result in the
fabrication of a weak weld.

Welding temperature is the most important welding
parameter, although the temperature at the joint surface
depends not only on the temperature of the gas coming
out of the welding torch but also on the welding speed
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and the position of the welding gun in relation to the
joint.

The optimal gas temperature will depend on the
material being welded, and the recommended welding
temperature range should be obtained from the mate-
rial manufacturer. Before welding, the temperature
should be measured using a temperature calibration

tool, 5 mm (0.2 inches) inside the nozzle, in the center

of the air stream (Fig. 6.11).

It is important to allow the temperature of the gas
flow to stabilize after setting the hot gas temperature.
This typically takes around ten minutes, although on
microprocessor controlled equipment, temperature sta-
bilization will be quicker. On completion of the weld-
ing operation, the set temperature should be reduced to
zero with the gas supply left running. This will allow
the heating element to cool naturally, preventing dam-
age to the torch, and helping to prolong the life of the
heating element.

The welding pressure is one parameter of the weld-
ing process that can be difficult to control, since weld-
ing pressure is always applied manually. Repeated
practice of hot gas welding on a pressure sensitive table
is one method of ensuring that a consistent welding
pressure is achieved. For speed welding, fusion takes
place by applying pressure to the weld rod by hand and
simultaneously applying pressure to the toe of the noz-
zle. This is done by pulling down on the handle of the
welding gun. For hand welding, only manual pressure
is applied to the weld rod.

The welding speed is partly governed by the tem-
perature setting of the torch, the type of material being
welded, and the diameter of the weld rod. The speed
should be sufficient for the surface of the prepared joint
and weld rod to soften. If the correct travel speed is

Figure 6.11. Hot gas torch temperature calibration device
(Source: TWI Ltd).
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used, a bead should appear along the edge of the weld
run. In the case of PVC, a glossy, smooth surface tex-
ture should be apparent and, in the case of PP and PE,
a slight flat on the surface of the weld bead and a dis-
tinct smooth texture should be visible. No charring or
discoloration should be apparent along the weld, and
the filler rod should not be stretched during welding.

The angle of the welding gun in relation to the joint
is also a very important welding parameter, since an
even preheat will ensure that the parent material is soft-
ened sufficiently, ensuring a full penetration weld is
made. For multi-pass welding, the gun angle will vary
depending on which weld run is being applied. The
type of joint configuration will also affect the angle of
the welding gun.

6.8 Variants of Hot Gas Welding

6.8.1 Manual Lap Welding

Hot gas welding is also used for joining membrane
materials, such as PE, PP, and PVC, without the use of
a filler rod. The principle of this technique is that hot
air is introduced between the two sheets to be joined by
means of a flat (fish-tail) nozzle, which subsequently
melts the two surfaces. The nozzle is moved between
the sheets at a constant speed and pressure is applied
immediately behind the nozzle by means of a hand-
held roller or some other blunt instrument that will not
damage or puncture the liner (Fig. 6.12). The combina-
tion of hot air and applied pressure results in the two
liners being welded together.

The two surfaces to be joined should be cleaned to
remove any contamination, such as dirt or dust, prior to
welding. The welding temperature and rate of seaming

Pressure and
drive rollers

Hot-gas nozzle

Overlap weld g

Direction of work ———— g

JOINING PROCESSES

will vary according to the membrane type and thick-
ness, and ambient conditions. If the temperature is too
high or the welding speed too low, this will result in
excessive melt generation and/or surface deformation.

6.8.2 Automatic Hot Gas Welding

Automatic hot gas welding machines are also avail-
able for lap welding of membranes (Fig. 6.13). The
pressure and drive rollers, which are usually knurled,
apply pressure to the seam and move the machine along
as welding proceeds. A drive motor, which uses a chain
drive system similar to a wedge welding machine,
powers the rollers. As heated gas is blown between the
membranes through a nozzle, escaping gas preheats the
material to be sealed, and small particles (stones, sand,
dust, etc.) are blown away from the surface. Hot gas

Figure 6.12. Hot gas lap welding of PVC membrane
(Source: Leister Process Technologies).

Blower

Heating unit

Upper/lower
membranes

Figure 6.13. Diagram of an
automatic hot gas welding machine
used for sealing membrane seams.

ClearCorrect Exhibit 1043, Page 67 of 563



6: Hor GAs WELDING

emerges at the tip of the nozzle, causing the thermo-
plastic sheet material to melt and flow. As new material
is fed through the pressure and drive roller, the melted
seam cools, and solidifies.

There are two main types of airflow nozzles; one
for producing a single track and another for producing
a double-track seam. If a double-track seam is required,
the nozzle is subdivided at its exit end into two separate
airflow channels.

Temperature controllers on the machine should be
set according to the type of membrane being welded,
the ambient temperature, and the rate of seaming. A
welding speed of 4 m/minute (13 feet/minute) is typi-
cal. Automatic hot gas welding produces a consistent,
reproducible, high quality weld [4].
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7 Extrusion Welding

7.1 Process Description

Extrusion welding is an established plastics-joining
technique that was developed in the early 1960s for
the fabrication of thermoplastic structures. It is used
commercially to weld PP and HDPE, although special-
ized equipment is available for welding PVC and
PVDF. Extrusion welding is usually performed manu-
ally, although it can be automated for continuous weld-
ing applications. The technique involves continuously
extruding molten thermoplastic (extrudate) of the same
material (and ideally of the same grade) as the parts
being welded, into a prepared joint between the parts,
using an extrusion welding gun (Fig. 7.1).

The joint (weld preparation) is preheated to its soft-
ening temperature by a stream of hot air before the
extrudate is forced into the joint under pressure. This
ensures that the extrudate and the parts fuse together
and produce a weld (Fig. 7.2).

As for hot gas welding, the parts to be joined should
be cleaned, scraped, and machined to produce a
V-groove joint preparation. Using a hot gas gun fitted
with a tacking nozzle, the two parts to be welded are
initially tacked together. In addition, a hot gas weld

Figure 7.1. Extrusion welding of thermoplastic sheet
(Source: TWI Ltd).

should also be applied to the root of the weld prepara-
tion. This will ensure a full root penetration weld and
restricts any movement of the parts during the extru-
sion welding process. Alternatively, a clamping system
can be used to hold the two parts during welding.

Before welding, it is important to check the tem-
perature of the extrudate and preheat air to ensure that
the actual temperatures are the same as those set on the
temperature controller of the extrusion welding machine.
The extruder should also be purged, so that any over-
heated or degraded material left in the barrel from the
previous welding operation is cleared.

At the start of a weld run, the operator preheats the
parts by gently moving the extrusion welding gun back-
ward and forward along the joint. If this is not done, the
extrudate will be deposited onto cold material, resulting
in a poor-quality weld. The extrusion welding gun should
be held at the correct angle both longitudinally and later-
ally to ensure that an even preheat is maintained and a
smooth surface finish is produced. The forward motion
is achieved by manually pushing downward and forward
on the extruder, with the welding speed governed by the
output rate of the extrudate.

7.2 Advantages and Disadvantages

The most significant advantage of using the extrusion
welding process, when compared to hot gas welding, is
that a continuous weld bead is formed in a single pass,
compared to multiple passes for hot gas welding and,
due to the increased volume of material dispensed, the
fabrication times are significantly shorter than for hot
gas welding. In addition, the maximum weld strength
is higher than for hot gas welding, as closer control of
the welding parameters is achievable.

The most significant disadvantage of the extrusion
welding process, compared to hot gas welding, is the
weight and size of the equipment; some extrusion weld-
ing guns can weigh in excess of 12 kg (26 1b). Vertical
welding can therefore become very uncomfortable for
the operator. Also, welding internal corners and weld-
ing in confined spaces is difficult, due to the size of the
equipment. In addition, as with hot gas welding, since
the quality of the weld is dependent on the skill of the
operator, it is important that extrusion welding is car-
ried out by properly trained and certificated operators.
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7.3 Applications

Extrusion welding is used in the manufacture of
large thermoplastic fabrications, such as tanks and pipe
sections, where it is necessary to produce large volume,
homogeneous welds in a single pass (Fig.7.3).

Extrusion welding is also used in environmental
applications, such as the joining of lining material for
the construction of landfill waste sites, lagoons, and
roof coverings (Fig. 7.4). The technique is increasingly
used in agriculture and water engineering applications
such as the fabrication of land drainage systems, sump
tanks, and man ways (Fig. 7.5).

7.4 Materials

Extrusion welding is used primarily for welding PP
and PE, although some extruders have been designed

Figure 7.2. Schematic of extrusion
welding process.

specifically for welding PVC and PVDF. In the case of
PVC, due to its narrow processing temperature range,
the extruder should be purged after each weld run with
PP or PE to ensure that no PVC material is left in the
barrel to overheat and degrade.

7.5 Equipment

The main components of an extrusion welding gun
are shown in Fig. 7.6. The drive motor (1) is an electric
drill with improved gearing, which drives a screw shaft
in a heated barrel. This also feeds the welding rod
(2) into the rod input point via a pair of pinch rollers
(3), and then into the extruder (4). Modern extruders have
a special welding rod feed, which prevents the welding
rod from becoming twisted, and ensures constant rod
input. This improves the uniformity of the welding
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Figure 7.3. Extrusion welding of a large pipe section
(Source: Leister Process Technologies).

Figure 7.4. Extrusion welding a HDPE liner on a landfill
site (Source: TWI Ltd).

seam, since variations in input due to kinks and twists
in the weld rod will lead to variations in output. The
extruder screw grinds the welding rod into granules,
which are then fed into the melting chamber (5) where
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Figure 7.5. An extrusion welded storm water storage
vessel (Source: TWI Ltd).

they gradually melt. The material then continues through
the heated barrel until it leaves the extruder through a
PTFE shoe (6), which forms the shape of the seam
required. The parts to be welded are heated by the heat-
ing nozzle (7) with air supplied (on this particular
design) via an integral air heater unit (8).

Certain machines also have the facility to be fed
with granulate directly, rather than welding rod. These
extruders are mainly used in landfill applications where
very long seams are often required. The hoppers can
be covered to reduce the possibility of moisture and
particulate contamination getting into the feedstock.
Typical extrusion welding speeds of 0.5-1.0 m/minute
(1.6-3.3 ft/minute) are achievable.

There are many variations of welding shoe, each
made for specific weld geometries and applications.
Examples of different welding shoes are shown in
Fig. 7.7.

7.6 Joint Design

As for hot gas welding, the butt joint weld prepara-
tions for extrusion welding can be in the form of a
single V or double V (Fig. 7.8). The joint designs for a
T-joint and an overlap joint are given in Figs. 7.9 and
7.10, respectively.
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Figure 7.7. Examples of extrusion welding shoes: (a) for a
butt weld in thick section sheet; (b) a blank, to enable the
welder to shape a shoe for a specific joint; (c) for butt welds
in sheet up to 15 mm (0.6 inches) thick; (d) for welding
lining material, geomembranes, pond liners, lagoons, etc;
(e) for a fillet weld; and (f) for producing a corner weld
profile (Source: TWI Ltd).

(a)
\ /¢ _____________
0—5 mm <— TO—1 mm
(b)

Figure 7.8. Typical extrusion welding butt joint designs:
(a) single V; (b) double V (Source: TWI Ltd).

JOINING PROCESSES

Figure 7.6. Schematic of extrusion
welding gun (Source: TWI Ltd).

7.7 Welding Parameters

The main parameters in extrusion welding are:

* Extrusion rate.

* Temperature of the extrudate.
* Preheat air flow rate.

* Preheat air temperature.

* Welding speed.

* Position of the welding gun.

The maximum welding speed that can be achieved
is dependent on the extrusion rate, the material thick-
ness, the cross-sectional area of the seam, and the size
and design of the PTFE welding shoe.

Typical extrusion welding temperatures for PP should
be in the region of 230°C (446°F) for the extrudate and
250°C (482°F) for the preheat gas. For HDPE, the extru-
date temperature should be around 240°C (464°F)
and the preheat gas temperature should be around
260°C (500°F). These temperatures will vary, subject
to the ambient conditions and type of extrusion weld-
ing machine used. Prior to commencing the welding
operation, it is recommended that trial welds are made
and tested, in order to optimize welding conditions.
Figure 7.11 shows a fillet weld where the correct weld-
ing parameters have been used; Figure 7.12 shows an
extrusion weld where incorrect welding parameters
have been used.

The weld cooling rate will also have an effect on
the joint strength; where possible, the weld should be
allowed to cool naturally. Forced cooling will result in
a crystalline structure that is more likely to generate
failure when exposed to chemicals or stress.
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1

45-60°
2 mm 45-60°

Figure 7.9. Examples of T-joints for

LIt

Figure 7.10. An overlap joint for extrusion welding lining
membranes (Source: TWI Ltd).

Figure 7.11. Extrusion fillet weld using the correct welding
parameters (Source: TWI Ltd).

7.8 Variants of Extrusion Welding

7.8.1 Discontinuous Extrusion Welding

This method involves the manual transfer of an
extrudate rod to the joint (Fig. 7.13). In this process a
length of extrudate rod is collected from a high-output
extruder in a flexible PTFE tube (Fig. 7.13a) and is
then laid into the joint, which has been preheated using
a hot gas torch (Fig. 7.13b), and is then forced into the
joint using a pressing tool or roller (Fig. 7.13c).

extrusion welding (Source: TWI Ltd).

Figure 7.12. Extrusion fillet weld using incorrect welding
parameters (Source: TWI Ltd).

7.8.2 Stationary Extruder/Movable Welding
Head

In this method (Fig. 7.14), the extrudate is trans-
ferred from the extruder to a welding head via a heated
flexible tube. A hot gas torch, which is also located on
the welding head, provides the preheat.

7.8.3 Sheet Extrusion Welding

This system, which produces a lap weld between
two thermoplastic sheets, consists of a motor-driven
trolley, which carries the extruder and also provides the
welding pressure via a set of rollers. Also attached to
the trolley is a hot gas torch, which is inserted into the
overlap to preheat the sheets in front of the extrusion
die, which extrudes filler material between the sheets
(Fig. 7.15).
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Figure 7.13. Discontinuous extrusion
welding process (Source: TWI Ltd).
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Figure 7.14. Stationary extruder
with movable welding head (Source:
TWI Ltd).

7.8.4 Injection Welding

In injection (Injectiweld) welding, a hand-held gun
is used to inject molten thermoplastic under pressure
into the joint area to form a weld, without the use of hot

air or gas; the parts to be welded are heated by direct
contact with the heated tip of the gun, which is sub-
merged into the surface of the parent material. To
ensure that a good weld strength is achieved, the tip
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Extrusion welder
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Hot gas torch

Figure 7.15. Sheet extrusion

Roll pressure system

welding process (Source: TWI
Ltd).

Figure 7.16. Interchangeable tips for injection welding
(Source: Drader Injectiweld Inc.).

should maintain contact with the parent material at all
times. Various interchangeable welding tips are avail-
able, depending on the application (Fig. 7.16).

The Injectiweld gun has an automatic feed system,
enabling an operator to use the machine with one
hand (Fig. 7.17). Typical applications for injection weld-
ing include: the repair of thermoplastic components,

Figure 7.17. Injection welding (Source: Drader Injectiweld
Inc.)

fabricating plastic parts, and welding lining materials.
One significant advantage of injection welding is that
the welding gun is small enough to reach internal cor-
ners and other areas that are difficult to weld using the
extrusion welding process. Another advantage is that
with this process, the removal of surface oxidation is
normally not necessary.
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8 Laser Welding

8.1 Process Description

8.1.1 Introduction

Laser welding was first demonstrated for thermo-
plastics in the 1970s, and since the late 1990s it has
been used in mass production. The technique, suitable
for joining both sheet, film, molded thermoplastics and
textiles, uses a laser beam to melt the plastic in the joint
region. Lasers are well suited to delivering controlled
amounts of energy to a precise location due to the ease
of controlling the beam size available (10 um—100 mm
width), and the range of methods available for precise
positioning and movement of the beam. Two general
forms of laser welding exist: direct laser welding and
transmission laser welding.

8.1.2 Interaction of Light with Polymers

When radiation strikes a material surface some energy
will be reflected, some absorbed, and some transmit-
ted. For laser materials processing the energy must be
absorbed efficiently in the correct location. The type of
interaction of the beam with the surface will depend on
the following factors:

* Type of material and additive content, including
the effect of surface coatings.

* Laser wavelength.

 Laser intensity (power, spot size or shape, beam
quality).
* Rate of movement of the beam over the surface.

When laser radiation is absorbed into a polymer sur-
face, the interaction can be one of two types depending
on the wavelength:

» Short wavelength radiation (less than 350 nm or
ultraviolet (UV)) gives rise to photolytic processes
in which the photon energy is high enough to
directly break chemical bonds. This is sometimes
described as cold processing and can be used for
ablation, chemical curing, or other chemical changes
such as marking via a color change.

* Long wavelength radiation (longer than 350 nm
and extending into infrared (IR)) gives rise to pyro-
Iytic processes which involve heating. This can
be used for melting and hence for welding, or at
higher intensity for vaporization or thermal deg-
radation, for example, as used in laser cutting.

In addition to energy absorption, polymers also scatter
light. This is particularly relevant for semicrystalline
polymers where the spherulites are often of a suitable
size to scatter UV, visible, or IR radiation.

The long wavelength radiation absorption charac-
teristics of a typical polymer are shown in Fig. 8.1,

Excimer Diode Nd:YAG/Fiber CO,
Polycarbonate 0.5 mm
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for 0.5 mm (0.02 inches) thick
polycarbonate showing the major
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laser types (Source: TWI Ltd).
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where it can be seen that there is a band, from approxi-
mately 400-1600 nm, where there is very little absorp-
tion (i.e., high transmission). Diode, fiber, and Nd: YAG
lasers therefore transmit readily through the polymer
and can be used for transmission laser welding. CO,
lasers, however, are absorbed rapidly into the surface
and can be used for cutting or film welding in a direct
heating process.

Finally, the variation in absorption between different
polymers and the effect of additives should be consid-
ered. Figure 8.2 shows the transmission properties for
different polymers at a range of thicknesses. Semicrys-
talline polymers such as nylon, PE, and PP show rap-
idly diminishing transmission with thickness. A small
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Figure 8.2. Relationship between laser transmission and
thickness for different polymers (Source: TWI Ltd).
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addition of carbon black pigment reduces the transmis-
sion effectively to zero. These effects are important in
welding. Carbon black and other IR absorbers can be
placed in locations where heating or welding is wanted.
This allows transmission laser welding to be carried
out if the absorber is in or on the surface of the lower
material, but not in the top material.

8.1.3 Direct Laser Welding

In direct laser welding (Fig. 8.3) the materials are
heated from the outer surface possibly, to a depth of a
few millimeters. Normally, no specific radiation absorber
is added to the plastics. Laser sources of 2.0-10.6 um
wavelength are typically used. At 10.6 um (CO, laser),
radiation is strongly absorbed by plastic surfaces,
allowing high-speed joints to be made in thin films.
Developments have also been made using a CO, laser
transmissive cover sheet as a clamp and heat-sink to
make welds in thicker plastics without material loss at
the surface. At 2.0 um, where the absorption is less strong,
a fiber or Holmium:YAG laser can be used to make
welds in sheet a few millimeters thick. Direct laser
welding is not widely applied for joining plastics, but it
has a potential for wider use [1-3].

8.1.4 Transmission Laser Welding

Transmission laser welding is now widely used for
joining thermoplastics in industry, using laser sources

(b)

Laser

{ \/ (

(©) Laser

U

T [ |
T 11 I ]

Figure 8.3. Direct laser welding formats: (a) welding into a nip between rollers, (b) butt welding, and (c) overlap film welding

(Source: TWI Ltd).
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with wavelengths from 0.8-1.1 pm, such as diode,
Nd:YAG, and fiber lasers. The radiation at these wave-
lengths is less readily absorbed by natural plastics. Laser
absorbing additives are therefore put into the lower part
or applied as a thin surface coating at the joint. The parts
are positioned together before welding and the laser
beam passes through the upper part to heat the joint at
the absorbing surface of the lower part (Fig. 8.4). The
absorber in or on the lower plastic is typically carbon
or an IR absorber with minimal visible color, such as
Clearweld®, which allows a wide range of part colors
and appearances to be welded. Transmission laser weld-
ing is capable of welding thicker parts than direct welding,
and since the heat affected zone is confined to the joint
region, no marking of the outer surfaces occurs [4].

The maximum thickness of the upper part is deter-
mined by the transmission properties of the material;
transmission laser welding is only possible if over 10%
of the energy is transmitted to the joint interface.

Transmission laser welding can also be used to weld
film and sheet materials. The laser source is scanned
over the two parts just in advance of clamping, using a
roll-processing method.

Examples of transmission laser welded parts are
shown in Fig. 8.5.

Transparent to

infrared laser Clamping pressure

Infrared absorber

Weld zone

'Clamping pressure

Transparent or opaque to infrared laser

Figure 8.4. Diagram of transmission laser welding, showing
the movement of a beam over a workpiece. The lower part
can be arranged to be an infrared absorber or the absorber
can be placed at the joint interface (Source: TWI Ltd).

83

Figure 8.5. Parts welded using transmission laser welding
with carbon black absorber (center) and Clearweld absorber
(Source: TWI Ltd).

8.2 Advantages and Disadvantages

The advantages and disadvantages of transmission
laser welding are summarized in Table 8.1.

8.3 Applications

Laser welding is used in a wide range of applica-
tion areas, including:

* Electronic packages

 Textiles

* Biomedical devices

* Windows and signs

* Food and medical packaging

* Visual displays

* Automotive components

8.3.1 Film and Sheet

Direct laser welding can be used to make small
welds in thin materials at high speeds. Figure 8.6
shows an example using a CO, laser for welding PE
film [1].

8.3.2 Molded Parts

Automotive: The use of laser welding in automotive
applications has risen rapidly because it allows high
speed, automated production, and excellent consistency
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Table 8.1. Advantages/Disadvantages of Transmission Laser Welding

Advantages Disadvantages

Automated process The top part must transmit the laser radiation

Good monitoring and quality control procedures Laser absorbing material must be added to one of the

Joint designs are simple flat to flat surfaces in general plastics or at the joint surface

Hermetic seals possible Equipment can be expensive

Fast (<1 s) weld possible depending on size Joint surfaces must be of good quality.

Part clamping must be designed carefully to ensure

No contact with heated tools . .
contact during welding.

No vibration . .
o vibratio Health and safety issues relating to the use of lasers

No particulat neration . . . .
parficuiate genera Part thickness limitations, especially for highly crystalline

Precise placement of welds (50 um or less) materials, such as PEEK

No surface damage

Low residual stresses

Complex shapes possible

Localized heating—no thermal damage close to weld
Multiple layers can be welded simultaneously

Thin, flexible substrates or elastomers can be welded

Suitable for high melting point polymers and those with
low melt viscosities, such as polyamides

Can join dissimilar materials by using a compatible
IR-absorbing interlayer

Little or no flash

carpet panels to rigid plastics. Laser welding for body
panels in an ‘all-plastic’ car is also being considered [5].

Industrial: Laser welding has been used to join
nylon 12 gas pipes, and has replaced hot gas welding
in the construction of lithographic processing tanks
(Fig. 8.7) [6, 71.

Medical: By using the Clearweld technology, com-
pletely transparent products can be laser-welded, which
is of particular importance in the medical industry. An
example of a laser-welded transparent medical device
is shown in Fig. 8.8 [8].

Micro-welding: Of the various available plastics weld-
ing methods, laser welding is best suited for making welds
with dimensions less than 1 mm (0.04 inches). Manipula-
tion equipment is available to position components (and
the laser source) to an accuracy better than 1 pm, and
Nd:YAG, fiber, and diode lasers can be focused down to
spot sizes less than 100 pm (0.004 inches) wide [9, 10].

Figure 8.6. CO, laser weld in 100 pm (0.004 inches)
polyethylene film at 100 m/min (328 ft/min) with 100 W laser
power. The weld is approximately 0.5 mm (0.02 inches)
wide and was heated from the top (Source: TWI Ltd).

of quality. This combination leads to cost reduction in
many application areas. It has been used in areas such as
license plates, door handles, displays, electronic keys,
water pumps (pressure container), pneumatic valves and
light clusters, and it has been evaluated for attachment of

A spin coating of IR absorber dye has been used to
weld 250 um (0.01 inches) thick polycarbonate foils
using an Nd:YAG laser. Capillary gel electrophoresis
chips made of PMMA and containing 300 channels
with 50 um (0.002 inches) width and depth have been
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Figure 8.7. Laser welding of a polypropylene lithographic
processing tank (Source: TWI Ltd).

Figure 8.8. PMMA medical device, welded using a Clear-
weld coating (Source: TWI Ltd).
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sealed by welding a film over the channels using a 15 mm
(0.6 inches) wide diode laser line source. A microflu-
idic device, with channel widths of 100 pm (0.004
inches) was welded using a laser masking system. Low
power (<1 W) fiber-coupled laser diodes are also avail-
able that provide a focused spot width of 25 pum (0.001
inches), and have been used to produce weld widths of
50 pum (0.002 inches) in clear to carbon black-filled
polycarbonate [11-14].

Microtiter components have been sealed with an
80 um (0.003 inch) wide diode laser source. The seals
provide higher quality than similar samples that had
been adhesively bonded. Low-power diode laser
sources have been reported to give welding seams as
narrow as 10 pm in PETG. A process using a thin carbon
coating (5-20 nm) as an absorber has also been devel-
oped for welding channels in the 100 pm (0.004 inch)
size range. It was also suggested that smaller features
(10-30 um), and potentially multilayer structures could
be welded in the same way [15-17].

An alternative approach, where the microchannels
are filled with sacrificial material during the welding
process, can lead to internal surfaces free of flash, and
can allow interchannel wall widths at least as small as
40 um (0.0016 inches). The sacrificial material is washed
out of the channels after welding [18].

8.3.3 Textiles

Fabrics are most commonly joined by stitching, a
highly labor-intensive process that renders production
cost-prohibitive in many parts of the world. It also
results in holes in the fabric, which impairs the strength
of the resulting seam and limits the performance of
seams that need to be sealed.

The principal advantages of laser welding for join-
ing textiles include high production rates, sealed seams,
no melting of external fabric texture, single-sided
access so welds can be produced beneath other layers
of fabric, seam flexibility, and robotic manipulation for
automated joining.

Applications such as airbag construction, bed assem-
bly, medical furniture, and clothing (Fig. 8.9) have been
studied, with successful demonstration of representa-
tive seams that meet the performance requirements of
the applications [19].

The laser welding procedure used for textiles is
generally based on the Clearweld method of transmis-
sion laser welding, but direct welding using either diode
or CO, laser sources is also feasible.

An example using a diode laser manipulated by a
six-axis robot is shown in Fig. 8.10, where speeds of
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3-10 m/min (10-33 ft/min) were attained, depending
on the laser power and the type of fabric. A satisfactory
weld microstructure is shown in Fig. 8.11.

Laser welding has been investigated for manufac-
turing automotive curtain airbags, which provide head
protection from side impacts and during multiple roll-
overs (Fig. 8.12). Results showed leak versus pressure
performance within the range achieved, using conven-
tionally sealed seams.

Laser welding fabrics can lead to greater automation,
increased productivity, and improved quality, offering
manufacturers a competitive advantage and also reduc-
ing the incentive to relocate production to regions with
low labor costs. Producing finished goods close to
where they are sold also reduces shipping costs. In

addition, the process can reduce noise levels and inju-
Figure 8.9. Woven polyester shirt with laser welded seams ries in the workplace.

(Source: TWI Ltd). Further developments in material handling, clamping,
and fabric selection promise even greater benefits in

Figure 8.11. Microstructure of laser-welded nylon 6,6 fabrics,
showing the horizontal melt line at the center and, above
and below this, cross-sections through the warp, and weft
fibers (Source: TWI Ltd).

Figure 8.10. Robotic manipulation of diode laser welding
upholstery to PVC-coated wooden divan drawer (Source:
TWI Ltd). Figure 8.12. Curtain airbag (Source: Autoliv).
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terms of process speed, automation, and quality improve-
ments. Laser welding is already being used success-
fully in some simple applications, and it is expected
that increasingly complex articles will be manufactured
using this technique.

8.4 Materials

8.4.1 Absorbers Used in Transmission Laser
Welding

The most commonly used absorber in transmission
laser welding is carbon black, where it is normally mixed
as an additive into the polymer resin. Carbon absorbs
relatively evenly over a wide region of the electromag-
netic spectrum. When used as an absorber for welding,
its color and absorption properties are unchanged by
the process.

More recently, a wavelength selective absorber such
as Clearweld has been used. It has very strong absorp-
tion for near IR, and can be matched to specific laser
wavelengths, with much weaker absorption at visible
wavelengths. It therefore has very little visible color. It
is applied as a coating positioned at the joint interface,
using liquid deposition techniques or as an additive in
the polymer resin [4].

8.4.2 Laser Transmission Measurement
of Plastics

It has already been stated that for transmission laser
welding, it is preferable for the part closest to the laser
to be more than 10% transmissive. It is therefore useful
to measure the transmission of radiation through poly-
mers, as a guide to their suitability for welding. The
measurement is carried out using a calorimeter to mea-
sure a laser pulse energy directly and then with the test
material between the sensor and the laser source. The
pulse energy measured in these two cases is compared.

Table 8.2. Laser Types Used for Welding Plastics
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A more detailed measurement includes the reflection
of energy at the surface, which can be significant for
some materials and which will also limit the energy
available to the weld.

The spherulites in semicrystalline plastics and any
particulate or fiber additives lead to the scattering of
the laser beam. This leads to a reduction in beam
intensity at the weld interface. Measurements can be
used to indicate the size of such effects to allow the
beam shape and process parameters to be controlled
accordingly.

8.5 Equipment

8.5.1 Introduction
The main elements of a laser welding system are:

* Power supply, including a chiller for higher power
laser sources

 Laser source

* Beam delivery optics (lens, mirror, or fiber based)

* Beam focusing or shaping optics, including masks,
if required

e Beam manipulation optics, such as galvanometer
controlled mirrors

* Workpiece clamping and support

* Workpiece manipulation

8.5.2 Laser Types

The main types of laser used for transmission laser
welding are diode, Nd: YAG, and fiber lasers in the wave-
length range 0.8 um—1.1 um. At longer IR wavelengths,
CO,, and other lasers with a wavelength in the region
of 2.0 um, may be used for direct welding (Table 8.2).

Nd:YAG: Nd:YAG lasers are widely used in indus-
try for materials processing. High-power systems are

Nd:YAG Diode Fiber Cco, Ho:YAG or Tm:YAG
Wavelength (nm) 1064 780-980 1000-2100 10,600 ~2000
Efficiency? 3 30 20 10 3
Approximate cost for 80 20 60 20 200+
100 W system (US$k)
Beam quality® High Low High High High

aEfficiency is the percentage of the electrical power consumed by the laser that is emitted in the beam.
®PBeam quality is the ability to focus the beam to a small spot size with a high energy density.

ClearCorrect Exhibit 1043, Page 82 of 563



88

bulky, but lower-power systems are relatively compact.
Water cooling is usually required. The beam is trans-
ferred from the laser to the workpiece via an optical
fiber. It is feasible to combine the beam from more than
one laser to produce higher powers if required. The
high beam quality allows relatively small spot sizes to
be produced.

Diode: Diode lasers produce radiation at a wave-
length of 780-980 nm. Water cooling is usually required.
Their relatively low beam quality means that they can-
not be used to produce a spot size as small as Nd:YAG
or fiber lasers. However, this is rarely a problem for
plastics laser welding, where the relatively low pur-
chase and running costs have attracted a great deal of
interest. The beam may be delivered by an optical fiber,
but the diode is sufficiently small and light that it is
often feasible to use a direct system, in which the diode
is included with a lens system in a single unit, typically
around 150 x 150 x 300 mm (6 x 6 x 12 inches). This
unit can readily be mounted on a gantry system or robot
arm to manipulate the beam (Fig. 8.13).

Fiber: Rare-earth doped fiber lasers typically sup-
ply a wavelength in the range 1000-2100 nm. In the field
of materials processing, much interest has been focused
on wavelengths around 1100 nm to provide a direct
replacement for Nd: YAG lasers, with equivalent beam

Figure 8.13. Diode laser mounted on gantry system
(Source: TWI Ltd).

JOINING PROCESSES

quality, but greater efficiency. Systems are relatively
compact and can be air-cooled. In the field of plastics
welding, the use of fiber lasers has been demonstrated
for a range of applications, including precision weld-
ing, films, textiles, and larger molded parts.

CO, Laser: CO, lasers are widely used in industry
for cutting plastics. High-power systems are bulky with
gas flow systems incorporated, but lower power systems
are relatively compact. The beam is transferred from
the laser to the workpiece via mirrors. Focused spot
sizes of less than 200 pum (0.008 inches) are available.

2.0 um Wavelength Lasers: YAG and fiber lasers
that emit at a wavelength in the region of 2.0 pm are
available. They are less commonly used than the other
sources and are more expensive. The beam can be
delivered down a fiber optic, usually has a good beam
quality, and can provide small focused spot sizes.

8.5.3 Beam Delivery

The beam or workpiece manipulation equipment
for laser welding will typically take one of the forms
illustrated in Fig. 8.14, or a combination of one or more
of these.

Moving Workpiece: With the laser fixed, the part
can be manipulated to form a continuous weld. This can
be achieved, for example, with rollers, or a single or
two-axis moving table. This type of system is relatively
simple to set up and program, but would not normally
be used if three-dimensional (3D) welds are required.

Moving Laser: The optical system for a fiber-
delivered laser or the laser head for a direct diode laser
can be mounted on a variety of robotic systems. These
range from simple two-axis gantry systems to multiple-
axis robotic arms. The laser is manipulated around
the part to be welded, potentially allowing complex, 3D
welds to be produced. To facilitate automatic produc-
tion, it is feasible to combine a moving laser with a
moving part, for example by using a rotating table to
present different faces of a component to a laser
mounted on a robot arm.

Curtain Laser: The laser energy is spread into a line
and then passed over the component, either by moving
the laser or by moving the part. A mask is typically used
to ensure that only the relevant areas of the component
are exposed to the radiation. This is particularly suited
for small components with a complex weld geometry.
The process would usually be used only to produce
two-dimensional welds. The welds may be completed
very quickly with a single sweep of a line source.

Simultaneous Welding: If a large number of identi-
cal welds are required, then an array of diode lasers can
be assembled in the shape of the weld to be produced.
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(a) i (b)
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This is then used to irradiate the whole joint simultane-
ously, with a typical cycle time of 1-3 seconds. This
approach is well-suited to automated assembly. The
equipment used is frequently based on ultrasonic weld-
ing equipment, and this process is typically used in
place of ultrasonic welding where a good cosmetic
appearance is required, or for components that are sen-
sitive to vibration. Two- and three-dimensional welds
can be produced. Since the entire joint is welded at the
same time, this allows more collapse of the polymer at
the joint and therefore wider part tolerances.

The methods for simultaneous welding include
development of light guides, fed by fiber optic bundles,
which are shaped to the item being welded. The light
guide therefore provides both heating and clamping to
the whole part at the same time [20].

Scanning Laser: The laser radiation is manipulated by
a pair of orthogonal rotating mirrors over an area that may
range from 50 x 50 mm (2 % 2 inches) up to approxi-
mately 1000 x 1000 mm (40 x 40 inches). In general, a
larger working area implies a longer working distance and
a larger spot size. It is possible to coordinate a number of
scanning systems to give a larger working area. In gen-
eral, only two-dimensional welds can be produced.

Repeatedly scanning the laser at high speed over
the same path can be used to give quasi-simultaneous
welding. As for simultaneous welding, this heats the
entire joint area at the same time, allowing more collapse
of the material in the joint and potentially allowing
wider tolerances.
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Figure 8.14. Laser welding methods:
(a) moving workpiece, (b) moving
laser, (c) curtain laser, (d) simul-
taneous welding, (e) scanning laser
(Source: TWI Ltd).

An alternative approach is to direct a scanning
beam onto a mirror surrounding the weld line. This has
been carried out using a cone shaped mirror surround-
ing a cylindrical part, allowing tube tips or small round
components to be welded simultaneously.

8.5.4 Clamping

A wide variety of clamping systems have been used
for transmission laser welding. They are mostly vari-
ants of the two systems illustrated in Fig. 8.15.

Variants of the fixed clamp include systems using
mechanical fastenings, rather than an actuator, to apply
a load. In the simplest variant, if the part design allows
it, a bolt can be passed through the workpiece to apply
the load. The transparent cover must be rigid enough to
provide the clamping pressure. Thick acrylic or plain
plate glass can be used. Borosilicate glass is less vul-
nerable to thermal shocks during welding, but more
expensive. For welding of high-temperature polymers,
quartz glass may be used. In all cases it is important to
ensure that suitable safety precautions are taken to
avoid the risk of injury if the transparent cover breaks
while it is under load.

The moving clamp can use bearings, rollers, or a
simple sliding shoe to apply a clamping load. Because
the load is applied only at the point where the joint is
irradiated, clamping loads may be much lower when a
moving clamp is used. There is therefore less risk of
distorting the workpiece, and equipment can be less
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bulky. This is particularly advantageous for large com-
ponents, where the application of a suitable clamping
pressure to a large area can require large loads.

Welding in a nip between two rollers (Fig. 8.3a) is
typically used to weld two flexible materials together,
or a flexible film to a rigid base. The laser beam is
directed toward the nip between the rollers and posi-
tioned to heat both internal surfaces of the joint just
before they are pressed together. Very high speed pro-
cessing (over 500 m/min; 1640 ft/min) has been dem-
onstrated using this technique.

Another method of applying force at the point of
heating, a variation of the moving clamp, is to transmit
the laser beam through a ball-shaped transmissive
clamp. The ball rolls in an air-bearing socket. The air
flow also helps to keep it clean and maintain a consis-
tent transmission of energy. Such a clamp has been
used successfully with 3D robotic welding equipment
for complex shaped parts.

8.5.5 Absorber Application Equipment

Carbon black is generally dispersed in the polymer.
The liquid absorber coatings, such as Clearweld, can be
applied using several methods. In essence, any method
that can be used to apply a low-viscosity liquid to a sub-
strate can be used. However, the critical requirements
for applying these solvent-based materials include:

* Consistency—entire weld area contains a uni-
form concentration of absorber.

* Repeatability—every part has the same amount
of absorber.

e Lack of contamination—Ilittle or no additives or
contaminants to the material system.

The method of application is dependent upon the
design of the parts to be coated, and the requirements
of the end user. In general, a method of application
should apply the liquid only to the area where a weld is
desired. Precise application of the material eliminates

Movement of laser

JOINING PROCESSES

Laser
radiation

Roller or

4 bearing
clamp

Support table
Figure 8.15. Clamping systems for
transmission laser welding: (a) fixed
clamp, (b) moving clamp (Source:
(b) TWI Ltd).

the need for a mask, which is often required in tradi-
tional through transmission laser welding. Other factors,
such as speed of operation will also affect the choice of
application method. The main application methods are:

* Liquid dispensing via a needle
e Spraying

* Brushing

* Dipping

* Felt tip

Dry film absorber of a compatible polymer to
those being joined

8.5.6 Monitoring

Laser welding is unique in the precision with which
the location and amount of energy applied can be con-
trolled. To take advantage of this potential, a rapid and
accurate monitoring method is required.

Monitoring may be applied for a number of rea-
sons, both to confirm that various stages of the process
have occurred and to assess the quality of the weld:

* Confirmation that the IR absorber is applied cor-
rectly to the parts before welding.

¢ Indication that the parts are in contact during the
process.

¢ Indication that weld heating is being carried out
and control of temperature.

* Indication that the parts are in contact after
completion.

* Indication that the weld has been achieved after
completion.

* Indication that the weld quality and strength are
satisfactory.

Monitoring methods can give information for most
of these points with varying degrees of confidence;
however it must be noted that complete quality and

ClearCorrect Exhibit 1043, Page 85 of 563



8: LASER WELDING

weld strength assurance can only be achieved with
destructive testing.

Monitoring of other polymer joining methods is
generally carried out by monitoring process parame-
ters, such as energy utilized, displacement, and so on.
These can also be applied with laser welding, but the
process is also well-suited to the use of optical methods
such as IR thermography. This and other optical meth-
ods are summarized in Table 8.3 [21].

8.6 Joint Design

A selection of successful joint designs suitable
for transmission laser welding is shown in Fig. 8.16.
In general, it must be ensured that the energy reaching
the joint interface is sufficient for melting the interface
material without overheating the material on the outer
surface and, as far as possible, is evenly distributed at
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the interface. Extra care may be required to ensure even
distribution of energy for interfaces angled to the beam
direction, or for complex-shaped parts that have different
thicknesses along the joint line. Parts must be well fitting.
A surface roughness less than 50 um (0.002 inches) may
be used as a general rule of thumb. Joints are often
designed to be self-aligning, may incorporate a snap-fit to
hold parts in place for welding, or can be sized to allow
self clamping. As an example, tubes may be arranged to
have an interference fit to allow self-clamping [22].

8.7 Welding Parameters

8.7.1 Main Parameters and Effects

As with all plastics welding processes, the three
critical process parameters are temperature, time, and
pressure. In laser welding these are controlled by laser

Table 8.3. Summary of the Features of the Optical Monitoring Methods

absorption before
and after the weld,
and potentially during
the weld. Verification
of an intimate surface
connection.

concentration of the
coating before welding
and that remaining
after welding.

use at the time of
welding. Not useful
for weld checking of
absorber filled resins
after welding.

Monitoring Method Suitable for Advantages Limitations Availability

Visible light imaging | Viewing the weld Easy to set up and Only suitable for Off-the-shelf
during and after the use. Indicates weld transparent and components.
welding process. For region where the two translucent upper
both absorber resin joint surfaces have materials.
and coating methods | merged.
with IR and carbon
black absorbers.

IR thermography Temperature Provides rapid Difficult to use with Available at
measurement and temperature reading low emissivity relatively low cost.
heating control of use in control of materials and where
during the welding the laser power in upper material
process. For IR and real-time. transmission is poor.
carbon black resin-
based systems. Care
needed in use with IR
absorber coatings.

IR imaging Verifying location Proven laboratory Interference from the Might also be
of absorber coating technique suitable for | laser wavelength if used at the time of
before and after checking coatings on | used at the time of welding with further
welding, showing parts before welding welding. Not useful development.
where heating has and the extent of the for weld checking of
occurred. Also gives weld afterwards. absorber filled resins
image of heated after welding.
zones just after
welding.

Spectrometry Measuring the coating | Checks position and Difficult method to Might also be

used at the time of
welding with further
development.
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power, laser spot size, irradiation time (either fixed or
moving systems), the presence of laser absorber mate-
rials, and clamping load.

The energy density used during welding combines
the process parameters of temperature and time. It is
determined by the laser power, the spot size at the joint,
and the irradiation time (for fixed processes), or weld-
ing speed (for processes in which the part moves with
respect to the laser):

. Power X Time
Energy density = ——
Spotsize
or
P
Energy density = - ower
Spot width x Speed

If the energy density is too low, then insufficient
heating takes place and the material at the joint is not
held at a high enough temperature for a sufficiently
long time to form a strong weld. On the other hand, if
the energy density is too high, then excess heating can
degrade the polymer at the joint, resulting in porosity,
or, in extreme cases, burning or charring of the poly-
mer. Either case results in a weld of lower strength than

I Figure 8.16. Potential families of
joint designs (Source: TWI Ltd).

the optimum. In practice, a relatively wide processing
window can usually be found within which satisfac-
tory welds can be produced. Typically laser welding
applications use an energy density within the range
0.1-2 J/mm?, although this will vary depending on the
depth of melt required to ensure a satisfactory joint.
Although the energy density can be used to character-
ize the welding process, it should be treated with cau-
tion. The conduction of heat away from the joint during
welding means that using the same energy density will
not necessarily result in the same quality of weld. For
example, with a constant spot width, doubling the
power will usually allow the speed to be more than
doubled, whilst retaining the same performance from
the weld.

The other factor affecting the amount of energy made
available to the weld is the density and absorbance of
the absorber present at the joint interface. A higher
density of absorber will allow the weld to be made
faster or with a lower power laser.

The pressure applied is controlled using the clamping
system. If the workpieces are not clamped together
during welding, or if the pressure at the joint is insuf-
ficient, then the joint faces will not be in intimate con-
tact. This will result in poor conduction of heat to the
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Table 8.4. Troubleshooting Guidelines for Laser Welding
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Figure 8.17. Typical temperature
distribution for a laser-welded
specimen resulting from finite
element analysis (Source: TWI Ltd).

which the material changes from being
highly transmissive to highly absorptive

Problem Cause Solution
Surface contamination, surface Clean surfaces at the seam and the surface through
roughness, or contamination within which the laser beam enters the polymer. Remove
the polymer detrimental additives
] Laser-induced breakdown—the result of Reduce laser energy
Burning reaching a threshold energy density at Eliminate air at the seam or at the surface where the

beam enters:

e apply film tape or other transmissive plastic (e.g.,
acrylic) over surface

* blow inert gas across surface or weld interface

Surface melting

Surface contamination

Clean the surface

Laser absorption or scattering at the
surface—more likely to occur with semi-
crystalline materials. At sufficient energy
density, the laser beam scatters or is
absorbed at the surface to cause melting

Reduce laser energy

Bubbling in the
seam

Overheating

Reduce laser energy
Reduce amount of absorber applied or use lower
concentration

Inadequate clamping pressure

Increase clamping pressure
Ensure even pressure (evident if bubbling always
occurs in the same location)

Entrapped Moisture

Ensure polymers are dry prior to welding

Uneven clamping pressure

Ensure even clamping pressure

Uneven absorber layer

Examine application of material system

Uneven weld
Inadequate pressure Increase pressure
Increase laser energy
Poor weld Inadequate laser energy Increase laser energy
strength Decrease weld speed

Increase absorber concentration
Increase pressure

Low level of energy absorption

Increase amount of absorber applied
Increase laser energy
Decrease weld speed

(Continued)
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Table 8.4. Troubleshooting Guidelines for Laser Welding (Continued)

Problem Cause

Solution

Low laser transmission through top
substrate

Change polymer
Increase amount of absorber applied

Excessive level of energy absorption

Reduce amount of absorber applied

Excessive pressure—thinning of textiles
at the seam

Reduce pressure
Reduce laser energy
Increase weld speed

Excessive laser energy

Reduce laser energy

Increase weld speed

Reduce pressure

Reduce amount of absorber applied

Incompatible polymers (dissimilar
materials)

Use different materials

Melting temperature difference too large

Use different materials

Polymer/solvent compatibility—solvent
used in absorber fluid system degrades
polymer surface

Use absorber with different solvents

Carbon black used as absorber

Use low-color IR absorber

Residual color Excessive level of absorber for laser
energy used

Reduce amount of absorber applied and increase
laser energy

upper workpiece and limited interdiffusion of polymer
chains across the joint interface.

Both effects result in a weld of lower strength than
the optimum. Care is needed to ensure that a clamping
load actually provides pressure at the joint. Typically,
clamping pressure in the range of 0. 1-1 N/mm? (14-145
psi) is used. If the workpieces bend under the clamping
load in such a way that the joint is distorted, then a poor
weld can result. For this reason, it is often useful to
have some compliance, for example, an elastomeric
element, in the clamping system.

8.7.2 Modeling

Thermal modeling of polymer welding is applied
most easily when the process is predominantly one of
diffusion at the surfaces and has minimal melt flow.
Transmission laser welding is one such process. Mod-
els may be based on classical heat-flow equations for a
specified joint design or using finite element methods
(Fig. 8.17) [23-25].

8.8 Troubleshooting

The troubleshooting guidelines given in Table 8.4
summarize the appropriate diagnostics of common
problems that might be encountered during laser weld-
ing of plastics.
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9 Infrared Welding

9.1 Process Description

Infrared (IR) radiation can be used as a noncontact
heat source for welding of polymers. The IR radiation
is often supplied by heated metal plates, which radiate
at wavelengths between 1 and 15 um (Fig. 9.1) or IR
lamps, which radiate at wavelengths predominantly
between | and 3 pm. This radiation can cause heating
and melting when incident on a polymer surface.
The IR source is removed after melting has occurred,
and the parts are forged together and allowed to cool
down.
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CH-bond absorption band

Figure 9.1. Absorption of radiation of an idealized black
body as a function of wavelength. Absorption of IR radiation
by C-H bonds occurs at wavelengths of 3.3-3.5 ym
(Source: TWI Ltd).

9.1.1 IR Interaction with Polymers

When radiation is incident on a polymer surface it
can be reflected, transmitted, or absorbed. It is the
absorbed portion that leads to temperature increase and
consequently leads to melting of the polymer. The
amount of radiation absorbed by a pure unfilled ther-
moplastic is determined by the vibrations of its atoms.
For a vibration to be IR-active, it must be associated
with a change in dipole moment which can be activated
by the oscillating electric field of incident IR radiation.
Certain vibrational modes have frequencies within the
IR spectrum and can therefore absorb IR radiation of
specific wavelengths. While there are many different
modes of vibration, two common modes are stretching
and bending. Wavelengths of 3.3-3.5 pum correspond to
vibrational modes of C—H bonds; alcohol, carboxylic
acid, or amide groups absorb IR energy at wavelengths
between 2 um and 3 pym. The absorption spectra of
some polymers are shown in Figs. 9.2-9.4.

100%
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5 7 9
Wavelength um

Figure 9.2. IR absorption of 0.1 mm (0.0039 inches) thick
polyethylene (Source: Heraeus Noblelight).
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Figure 9.3. IR absorption of 0.02 mm (0.0008 inches)
thick PVC (Source: Heraeus Noblelight).
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Figure 9.4. IR properties of 5 mm (0.197 inches) thick
clear Perspex (Source: Heraeus Noblelight).

As can be seen from the above-mentioned figures,
different polymers have maximum absorption at differ-
ent IR wavelengths. Therefore, the choice of IR source
(with specific wavelength distribution) is crucial to
achieve an efficient melt and a satisfactory joint.

9.1.2 Process Types

There are two basic types of IR welding: surface
heating or noncontact hot plate welding, and through-
transmission IR (TTIR) welding.

9.1.2.1 Surface Heating

This can be achieved by using an electrically heated
metal plate or IR lamps. The metal plate, which in
some cases is coated with a ceramic, is heated to a tem-
perature between 310°C (590°F) and 510°C (950°F)
depending on the thermoplastic to be welded and the
size of the welding machine. For IR lamp welding, the
standard heater plate is replaced with two banks of
short-wave IR emitters clamped and spring-loaded on
either side of a movable platen (Fig. 9.5). Powers can
be significantly greater compared with conventional
hot plate welding, and weld times are significantly
shorter. Since short-wave IR radiation (0.78—1.4 pm)
can penetrate deeper into a polymer, this minimizes the
thermal damage to the surface. This technique is also
capable of handling large surface area products, as it is
a simple operation to add more emitters to the heating
bank.

In both cases, the process is similar to heated tool
or hot plate welding and consists of three phases, as
shown schematically in Fig. 9.6. In Phase I, joint sur-
faces of the parts to be welded are held at a specified
distance from the heat source, and are heated to the
melt temperature of the plastic. When a molten layer
of a desired thickness is obtained, the radiant source

JOINING PROCESSES

Figure 9.5. IR lamp welding of plastics pipes (Source:
Heraeus Noblelight).

is removed, and the parts are brought together under
pressure. Phase II is the changeover phase which is the
elapsed time from removal of the heat source to contact
of the parts. This phase should be as short as possible
in order to reduce surface cooling. Pressure is applied
until the joint cools and solidifies during Phase III, to
achieve intimate contact between the parts. Molecular
diffusion across the joint interface during this phase
determines joint strength. In some equipment, forced
cooling is used to reduce the cooling time [1].

For more practical details the three phases can be
divided into six steps as follows:

(1) Loading Parts: The parts are usually loaded to
the fixture; some fixtures have a vacuum to assist
with securing the parts.

(2) Press Actuation: The operator does this usually
by closing two palm buttons and the IR source
is translated between the two parts to be
welded.

(3) IR Application: Once the IR source and the
parts are securely located, the IR radiation is
applied to the parts. This initiates heating and
melting of the faying surfaces.
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Figure 9.6. Schematic of IR welding
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(4) Changeover: After the IR energy is applied to
the parts, the source is translated out of the way
and the parts are brought into intimate contact.

(5) Clamp/Hold: The parts are held together under
a preset pressure to increase intimate contact
and subsequently facilitate molecular diffusion
as well as squeezing out any contamination
from the weld zone. There are usually mechan-
ical stops used to restrict the movement of the
parts and excessive melt displacement. If such
stoppers are not used, it is possible for all of
the melt to be squeezed out of the weld zone
resulting in a poor weld often referred to as
“cold-joint™.

(6) Unloading: Once the molten material is suffi-
ciently solidified, the parts are removed.

Table 9.1 shows typical cycle-times required for
each of the steps mentioned above.

In some cases, particularly when the parts to be
joined have large and complex geometry, heated gas is
forced into the gap between the work pieces, achieving
more uniform heating over the faying surfaces [2].

9.1.2.2 Through-transmission IR Welding

This method is based on the IR energy passing
through one of the components to be welded and being

A\ 4

curve, showing the three phases of
infrared welding (Source: Ref. [7]).

Table 9.1. Typical Surface Heating IR Welding Cycle

Steps Typical time (sec)
Loading parts 3-15
Press actuation 1-2
IR radiation application 1-5
Changeover 1-2
Hold phase 1-3
Unloading 5-10

absorbed by the second component at the interface
where the heat generated melts the transparent poly-
mer, as illustrated in Fig. 9.7.

TTIR welding can be conducted either by joining a
transparent structure to an opaque one, or by using a
thin interlayer absorbing film between the two layers to
be joined. Usually, only low forces are applied to the
layers to keep them in contact and allow heat transfer
and air blowing over the upper layer can both cool and
apply the weld force. Using filter media can help
remove unwanted wavelengths from the IR source [3].

Nearly all polymers are “transparent” to IR energy
in the near-IR part of the spectrum; even polymers that
are opaque to visible light can be welded using this
method.
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Figure 9.7. Schematic of TTIR welding (Source: TWI Ltd).

Some advantages of TTIR welding over the surface
heating method include:

o Itis a preassembled method, and for many appli-
cations, this is critical to allow subcomponents to
be held in place during the welding process with-
out complex fixtures.

* Speed and flexibility, with cycle times of 3-5
seconds.

* Even unsupported internal walls with complex
curvature can be welded, as long as the optical
properties of the material allow illumination of
the faying surfaces. Applications of this type
will be difficult with other processes known for
relatively fast cycle times such as vibration
welding.

* One of the most important advantages is the
weld quality, leading to parts with excellent
aesthetics.

e There are no large heated platens, and only the
weld area is heated.

However, with TTIR welding, one of the compo-
nents has to be transparent. Also, crystalline polymers
such as PP and PE tend to promote internal scattering
of the radiation, which limits the thickness of the clear
part to 3-5 mm (0.12-0.20 inches). The other part also
needs to be absorbent, and this is usually achieved by
the addition of carbon black or another IR-absorbing
dye to the interface.

The welding process consists of five steps:

(1) Loading Parts: This involves manually placing
the parts into the fixture; often there is only one

JOINING PROCESSES

fixture (the lower fixture) that holds both
parts.

(2) Press Actuation: Initiated by the operator
and is achieved by the closing of two palm
buttons.

(3) IR Application: Once the parts and the IR
source are properly located, the IR radiation is
applied to the parts. This promotes melting and
welding of the faying surfaces.

(4) Clamp Phase: The parts are held together under
a preset pressure to ensure intimate contact
between the molten surfaces.

(5) Unloading: Once the molten material is suffi-
ciently solidified, the parts are removed.

Typical cycle times for TTIR welding are presented
in Table 9.2.

9.2 Advantages and Disadvantages

IR welding is a fast and economical method for
joining plastics. IR radiation can heat a polymer and
create a melt zone very quickly. Parts can therefore be
welded at least 30% faster than in heated tool welding.
Also, the fact that heating is achieved without physical
contact eliminates any problems of material sticking to
the hot plate or wear of the hot plate coating as in
heated tool welding, and contamination of the joint
interface is minimized. IR welding is able to weld low-
modulus materials, such as thermoplastic elastomers,
since there is little or no shear of the weld piece during
heating. Also, due to limited displaced material com-
pared to heated tool welding, the weld beads are
smaller, increasing the flow in pipes and reducing the
risk of micro-contamination at the beads [1, 4-9].

However, IR welding is not suitable for clear mate-
rials unless an absorbing material is used at the inter-
face. In addition, parts must be molded very precisely
as there is no contact-based melt stop to flatten/parallel

Table 9.2. Typical TTIR Welding Cycle

Steps Typical time (sec)
Loading parts 3-10
Press actuation 1-2
IR radiation application 1-10
Hold phase 1-3
Part unloading 5-10
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joint surfaces. In addition to the wavelength of the IR
source, the depth of penetration of IR radiation depends
on many factors, including the polymer’s absorption
characteristics, which could vary strongly with minor
changes in polymer formulation. Therefore, consistent
IR welding requires close attention to be paid to batch-
to-batch polymer uniformity.

9.3 Applications

Since the early 1990s, surface heating IR welding
has been used for the joining of plastic pipes. More
recently, TTIR welding has been investigated for this
application. Other applications include welding of
unplasticized PVC (UPVC) window frames, biomedi-
cal products where high production rates of welded
seals are often required in flexible materials, and in the
fabrication of laminates. In addition, IR welding has
been used to manufacture parts from thermoplastic
composites, where the process is able to achieve high
energy densities over large areas [1, 4, 10, 11].

9.4 Materials

Optimum values for processing parameters and
weld strength are dependent on properties of the mate-
rials being welded, especially on the manner in which
the polymer absorbs IR radiation. Colorants or pig-
ments added to a polymer alter the absorption proper-
ties, and optimal parameter values may change. Black
colorant added to plastic dramatically reduces the
amount of radiation transmitted through the material,
so that almost all the radiation not reflected is absorbed
at the surface. As a result, high surface temperatures
are obtained at short heating times, extensive polymer
degradation can occur at short heating times, and weld
strength is lower than in noncolored materials. Black
plastics are subjected to more thermal stress and smaller
heat gradients. Noncolored polymers are more trans-
parent, so that radiation absorbed at and below the sur-
face heats and melts the joint area; thick molten layers
form, and polymer degradation is minimal even at lon-
ger heating times [4, 8, 12].

IR welding is particularly useful for polymers with
higher melting points, since it is a noncontacting pro-
cess and therefore avoids stringing and/or joint con-
tamination which may occur in contact hot plate
welding techniques.

Some of the materials that can be joined using dif-
ferent IR welding methods are listed in Table 9.3.
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Table 9.3. Typical Materials Compatibility with Through-
transmission and Surface Heating IR Welding

Materials Through-transmission ﬁ::t?r(:;
PC Good Good
Acrylic Good Good
PS Good Good
ABS Transparent grade only Good
PVC Transparent grade only Good
PE Thickness <5 mm Good
PP Thickness <5 mm Good
PK Thickness <5 mm Fair
Elastomers Thickness <5 mm Fair
PA Thickness <5 mm Fair
Acetal Thickness <5 mm Fair
PTFE Thickness <5 mm Poor

9.5 Equipment

Radiant heaters or lamps used in IR welding include
quartz-halogen, tungsten, nickel-chromium (Ni-Cr), or
ceramic-coated heating elements. Ceramic-coated
heating elements are used for lower temperatures and
can produce joint surface temperatures of 320-530°C
(608-986°F) at a heating distance of 1.5-2.0 mm
(0.06-0.08 inches). Quartz and halogen radiators are
used for higher temperatures, 1000-3000°C (1832-
5432°F) and maximum emission occurs at wavelengths
of 0.9-1.0 um. Tungsten filaments produce intense
radiation; however, they are only available in linear and
spot shapes and are sensitive to pigmentation and for-
mulation of the materials being welded. Ni—Cr heaters
are available in different shapes, such as tubular, and
can reach a temperature of 850°C (1562°F) in minutes,
radiating at 2-5 um wavelengths. Reflective backings
can be used to focus IR radiation for heating long and
narrow regions in one plane or to disperse radiation for
uniform heating of large areas.

Rigid clamping devices hold parts and heaters in
place, preventing distortion and misalignment during
the welding process, and pneumatic actuators can be
used to move heaters and parts as necessary during
welding. Microprocessor-controlled equipment allows
control of processing parameters and data acquisition
for quality control. Other features include melt and
press-depth controls, noncontact sensors, power-operated
loading doors, precision bearings and slides, and auto-
matic feeding and ejection of parts. Hot tool welding
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equipment is commonly adapted for use in IR welding.
IR welding machines for plastics pipes are shown in
Fig. 9.8 and a machine for IR welding molded parts is
shown in Fig. 9.9.

9.6 Joint Design

Varieties of joint designs are possible when using
IR welding (Fig. 9.10). Material displacement is typi-
cally 0.030 inches (0.76 mm) that results only from
0.015 inches (0.38 mm) material displacement per side
from material fusion during the weld/seal step as there
is no displacement during the IR melt step. This may
vary depending on material and geometry.

9.7 Welding Parameters

The main processing parameters in IR surface heat-
ing welding are:

* heating time

e distance between the parts being welded and the
radiant heat source (heating distance)

* time required for the changeover phase

e welding pressure after removal of the heat
source

Heating temperature depends on the melt tempera-
ture of the plastic and the geometry of the welding
assembly (part dimensions, heating distances). In dif-
fusion radiators without reflectors, radiation intensity
decreases as heating distance increases. Decreased radi-
ation intensity results in slower temperature increases
and smaller temperature gradients in the weld zone and
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butt joint butt joint
—>¢z<—XWALL _T_
Z+.030”
i % Z
V7 *+.030° 4
T
—>‘ 2x r— @ _"ZX"_ é Z+Y
@ X+.030" T N
f \ . \\
4
W

Butt joint
with flash trap

l«— X WALL
t t

JOINING PROCESSES

Figure 9.8. IR welding machines for plastics pipes (Source:
Georg Fischer Piping Systems).

Figure 9.9. IR welding machine for molded parts (Source:
Forward Technology).

Recessed joint
with flash trap

el

Figure 9.10. Some joint geometries for IR welding (Source: Forward Technology).
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reduced thermal stress; however, longer heating times
are necessary to achieve a particular melt thickness.
Thickness and properties of the melt layer are impor-
tant determinants of joint strength. Melt thickness is
dependent on the amount of radiation reaching the
weld interface and is influenced by heating time, heat-
ing temperature, heat source, geometry of the welding
assembly, and characteristics of the polymers being
welded.

Rapid increases in surface temperature can cause
surface decomposition of the polymer. However, as
melt thickness increases, accumulated decomposition
products can be pushed out of the joint, increasing joint
strength.

Increasing the heating distance requires substan-
tial increases in heating time to achieve the same
joint strength. Increased welding pressure generally
increases weld strength due to squeezing out of decom-
posed material, until an optimum is reached. Further
pressure increases result in decreased molten layer
thickness and weld strength. Other factors affecting the
weld quality are:

 dimensional stability of the parts
 polymer uniformity

* polymer color/translucency

* mold release agents

e dissimilar materials

* fillers

* moisture presence

e transition time between melt and weld steps
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10 Resistive Implant Welding

10.1 Process Description

In resistive implant welding, which was originally
developed for high performance thermoplastics rein-
forced with continuous carbon fibers, current is applied
to a conductive heating element, or implant, placed at
the joint interface of the parts being welded. Electrical
resistive (Ohmic) heating raises the temperature of the
implant causing the surrounding plastic to melt and
flow together, forming a weld.

The resistive implant welding process can be
divided into three stages (Fig. 10.1).

10.1.1 Assembly

The heating element (implant) comprises the inner-
most portion of the weld stack and may take the form
of carbon fiber prepegs, woven graphite fabric, stain-
less steel foil or wires, or braids or mesh made from

element Assembly
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Figure 10.1. The resistive implant welding process.

copper or nickel alloys. Stainless steel heating elements
can be used alone in welding thermoplastics. For weld-
ing thermosets or metals, the implants are impregnated
with a thermoplastic, or are sandwiched between two
thermoplastic layers. Carbon fiber prepegs are rein-
forced plastics usually composed of unidirectional car-
bon fibers in a thermoplastic matrix. Stainless steel
heating elements introduce foreign material into the
joint, but they are used to minimize any potential for
galvanic corrosion, and to reduce fiber motion which
has a detrimental effect on joint strength. The choice of
the implant is based on cost, geometry, flexibility, and
electrical resistance per unit length. The design of the
implant is important, particularly the spacing of the
wires, to ensure that molten polymer can flow between
them during welding [1-8].

The heating element is sandwiched between the
parts to be joined, referred to as the adherends. For
thermosets, composites, and metals, the adherend and
the heating element are separated by an interlayer com-
posed partly or entirely of a thermoplastic material.
Thermoplastic materials used include neat thermoplas-
tics or composites such as carbon fibers in a thermo-
plastic matrix. An interlayer thermoplastic material
melts or softens below the melting point of the adher-
end, so that adherend degradation is minimized and
mechanical performance of the joint is maintained.
Insulators on the outermost ends of the weld stack
complete the assembly.

10.1.2 Welding

To begin the welding cycle, pressure is applied to
the weld stack, and electric current is passed through
the implant. Resistive heating of the implant causes a
rise in temperature; the adjoining thermoplastic mate-
rial melts (for semicrystalline thermoplastics) or soft-
ens (for amorphous thermoplastics) and flows under
pressure. Any surface irregularities are smoothed out,
and molten plastic is squeezed out of the weld inter-
face, removing any interlaminar voids.

10.1.3 Cooling

After a set time, the power is turned off, allowing
cooling and solidification of the weld under pressure.

105
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10.2 Advantages and Disadvantages

Resistive implant welding is simple to control and
process cycle-times are short (30 seconds to several
minutes). It is not restricted to flat surfaces, as in vibra-
tion or hot plate welding. Because the heating element
remains in the joint after welding, repair of poor qual-
ity joints is possible, and joints can be disassembled to
aid the recycling of individual parts.

Resistive implant welding can be used to join dis-
similar materials, such as thermosets and metals, which
would otherwise be joined by traditional techniques
using thermosetting adhesives or mechanical fasteners.
Due to the fusion bonding of the thermoplastic mate-
rial, the weld displays a higher mechanical perfor-
mance and provides barriers to moisture and solvents,
leading to long-term durability.

A disadvantage of the technique is the possibility
of current leakage away from the implant, causing
uneven heating and potential for variation in the
mechanical properties of the weld. In addition, since
the implant remains in the joint, it can act as a void,
affecting local mechanical stress distribution [3-9].

10.3 Applications

The use of resistive implant welding is growing in
the aerospace sector for the joining of lightweight ther-
moplastic composites based on polyetheretherketone
(PEEK), polyphenylene sulfide (PPS), and polyether-
imide (PEI). Applications include secondary and ter-
tiary load-bearing components such as ribs and spars.
The technique has also been employed by the marine
sector for dinghy hulls and the automotive sector for
two-part car bumpers.

However, the biggest application area is probably
the electrofusion technique for joining thermoplastic
pipes such as PE (see Section 10.7).

10.4 Materials

Almost any thermoplastic can be joined by resis-
tive implant welding and the technique can also be
used to weld dissimilar materials, including thermo-
plastics, thermoplastic composites, thermosets, and
metals in many combinations using a thermoplastic
interlayer. The joint strengths of thermoplastics and
thermosets are higher using this welding method than
those obtained using adhesive bonding [6].

JOINING PROCESSES

Accurate control of heating and cooling rates is
important when welding some plastics, especially
semicrystalline thermoplastics. Optimal processing
parameters are needed to achieve reproducible bond
uniformity and high joint strength [7, 8].

10.5 Equipment

Besides the implants themselves, equipment for
resistive implant welding consists of a power supply
and press system. Power supplies can either be the
constant current or constant voltage type. Constant cur-
rent supplies are preferred because they have the least
variation in power delivered to the implant. Any varia-
tion in resistance of the connections, leads, or implant
is dealt with by automatically adjusting the voltage to
drive the demanded current. However, these are cost-
lier and the constant voltage type power supplies are
more widespread in industry.

Resistive implant welding machines can be auto-
mated or operated manually; pneumatic cylinders are
used to apply pressure during the welding cycle.

10.6 Welding Parameters

Welding parameters for resistive implant welding
are power or current applied to the heating element,
pressure, temperature, dwell time (time held at the peak
temperature or current), and cool time. Since the melt
flow of the polymer is a function of the molecular
weight and the temperature, the pressure is often deter-
mined experimentally before full-scale production. A
three-stage welding cycle is normally used: a ramp up
stage, a peak current stage, and a ramp down stage.
Weld cycle times are about one minute [5, 7, 8].

The resistive implant welding process can be per-
formed at either constant power or constant tempera-
ture. In constant power processing, a particular voltage
and current is set for the entire weld, and welding
occurs for a specified time. This process is not isother-
mal, and peak temperatures are difficult to predict. In
constant temperature resistive implant welding, ther-
mocouples are used to monitor the welding process to
adjust current and voltage as necessary. The constant
temperature process provides more thermal uniformity,
but is not used commonly [5].

Resistive implant welding of large-scale compo-
nents (greater than coupon-size) requires substantial load
and power levels. One modification of the resistance
welding process for large parts breaks the bond-line
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into segments, which are then heated sequentially.
Heating large components simultaneously can result in
overheating at the part ends due to surface anomalies
and a nonuniform pressure distribution during the
welding process. Process adaptations such as low
power levels and more rigid tooling can reduce over-
heating and produce better bond quality [6].

10.7 Electrofusion Welding

10.7.1 Process Description

The electrofusion technique is mainly used for
welding pipes made from PE for the conveyance of
gas, water, and effluent. It is also used in industrial
applications for joining pipes made of PP and PVDF,
and more recently it has been used for welding nylon
gas pipes [10].

The process involves the use of a molded socket
fitting containing two electrical resistive heating coils
separated by central cold zones (Fig. 10.2).

The prepared pipe ends are inserted into the sock-
ets, clamped, and an electric current is passed through
the coils for a preset time. Heating of the coils and sur-
rounding polymer, and heat transfer to the pipe wall
takes place. Cold zones at the ends of the fitting contain
the melt within the fusion zones, allowing a high melt
pressure to develop and formation of a homogeneous
joint (Fig. 10.3).

Joint formation in electrofusion welding consists
of four stages. In the incubation stage (I), a current is
passed through the coils; the surrounding material in
the coupler heats and expands, filling the gap between
the pipe and coupler. Contact of the coupler with the
pipe then heats the pipe material. In the joint formation

~| Fusion zones |-

\

End cold zone

——— =

p— —
LA A )

=

\

N

Center cold zones

m
Fusion indicator _}

Pipe stop
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stage (II), melt from the coupler combines with that
from the pipe, and a stable melt pool is created. Molten
material is prevented from extruding out of the joint by
cold zones in the coupler, and the low thermal conduc-
tivity of the plastic restricts resin melting to the fusion
zones. The strength of the weld at this stage is low,
producing brittle failures due to limited intermolecular
diffusion across the weld interface. Higher molecular
weight molecules begin to diffuse across the weld
interface in the joint consolidation stage (III), where
the joint strength increases with increasing heating or
fusion time, and the failure mode in strength tests
changes from brittle to ductile. Excessive fusion times,
however can result in polymer degradation. Current is
terminated in the joint cooling stage (IV), and the weld
starts to cool with the pipe still clamped to prevent
movement. As cooling continues, the polymer recrys-
tallizes, beginning from the areas adjacent to the cold
zones, and then proceeds inward toward the centers of
the fusion zones.

Pipe preparation is essential for successful weld-
ing. The pipe ends to be joined must be thoroughly
scraped to remove the invisible surface layer of oxi-
dized material (caused by UV exposure) which would
otherwise inhibit molecular mixing and good fusion.
For small diameter pipes, simple hand scrapers are
used, whilst for larger sizes, a rotary mechanical scraper
can be used (Fig. 10.4), which saves effort and renders
a uniform finish.

Typically a layer in the range 0.2-0.4 mm (0.008—
0.016 inches) must be removed. Contamination such as
dust, grit, grease, or water must also be absent from the
prepared surfaces. Some PE pipe manufacturers now
produce pipe with an outer layer that can be peeled off,
which negates the need for scraping. The layer can be

End cold zone

Fusion indicator

Figure 10.2. Schematic of an electrofusion
coupler (Source: TWI Ltd).
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Figure 10.3. Photograph of a cross-section of an
electrofusion joint (Source: TWI Ltd).

Figure 10.4. Mechanical scraping of pipe end (Source:
TWI Ltd).

removed easily and quickly, revealing a clean surface
layer, undamaged by UV, prior to insertion into the
coupler sockets [11].

Pipe ends must be cut square and inserted into the
coupler so that they reach the center pipe stop. This
placement ensures proper functioning of the coupler
cold zones and also ensures that all the heating wires
are covered. The pipe to be joined must also be securely
clamped throughout all stages of welding and cooling
to prevent pull-out [12].

Electrofusion socket fittings can take the form of
couplers, elbows, tees, and reducer, and are available
across a range of pipe sizes of 16-710 mm (0.63-28
inches) for pressure pipes and up to 1800 mm (71
inches) for nonpressure applications. Connection of

JOINING PROCESSES

smaller diameter service pipes to larger diameter mains
pipes are made using saddle fittings, typically branch-
ing saddles or tapping tees (Fig. 10.5) [13].

10.7.2 Advantages and Disadvantages

Electrofusion welding is a simple process that per-
mits joining of preassembled pipes and fittings to be
carried out quickly and with minimum equipment. It is
easy to use for repairs, such as joining a replaced sec-
tion of damaged pipe, and can be used where space is
limited, such as welding pipes in a trench (Fig. 10.6).
Electrofusion can also be used to join pipes of different
wall thicknesses and different grades of material, for
example, HDPE to MDPE (where permitted under
local codes of practice) [14, 15].

A disadvantage of electrofusion is that it is suscep-
tible to contamination, requiring careful handling of
the pipe ends prior to insertion. This can be difficult to
achieve whilst working in a muddy trench. Also, the
fittings are consumables, so projects involving large
diameter pipe and many joints can be become costly.

A further drawback of electrofusion is the difficulty
in inspecting joints after they have been welded, since
the weld is totally concealed within the fitting.

10.7.3 Equipment

There are three main items of equipment necessary
for undertaking electrofusion welding: the fitting itself,

Figure 10.5. Electrofusion assembly showing tapping tee,
reducer and end-cap fittings (Source: TWI Ltd).

ClearCorrect Exhibit 1043, Page 101 of 563



10: REsISTIVE IMPLANT WELDING

Figure 10.6. Electrofusion welded joints in a trench
(Source: TWI Ltd).

the electrofusion control unit (ECU) and the pipe
restraining clamps (Fig. 10.7).

Couplers and other fittings for electrofusion weld-
ing are normally injection-molded. Larger diameter
couplers are sometimes machined from thick wall pipe
or billets. There are various patented methods of insert-
ing the resistance wire into the fitting, often using
robotic or CNC manufacture.

A feature of electrofusion fittings is pop-out melt
indicators (Fig. 10.8). Expansion of the molten pool in
the fusion zone causes these to activate during the
welding cycle, signaling to the operator that melt pres-
sure has developed.

The ECU supplies the necessary electrical current
to the electrofusion fitting to energize and heat the
coils. It takes power from either a mobile generator
(typically nominal output of 110 V, 3.5 kVA rating), or
from a standard mains supply, and converts it to the
necessary voltage for the fitting.

There are many different types of ECU available
on the market from a range of suppliers. Most of the
latest models feature data storage facilities, where all
the welding parameters of every joint, including date
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Figure 10.7. Electrofusion control unit connected to a
fitting (Source: TWI Ltd).

Figure 10.8. Pop-up melt indicators (Source: TWI Ltd).

and time of day, are recorded on a memory chip for QA
purposes. Other features such as a choice of manual or
automatic operating mode, and a choice of operating
language are usually available. A more recent develop-
ment has been the introduction of a battery-powered
ECU, suitable for making a limited number of joints in

ClearCorrect Exhibit 1043, Page 102 of 563



110

pipe sizes up to 63 mm (2.5 inches). The requirement
for an auxiliary power source is eliminated, giving total
freedom of use when welding on site.

10.7.4 Welding Parameters

The principal welding parameters for electrofusion
are fusion time and cool time. The operating voltage is
also a parameter but is usually fixed for a particular
manufacturer’s range of fittings, that is, they are all
designed to work with the same supply voltage. Each
size of electrofusion product has its own specific weld-
ing parameters. Table 10.1 shows how the fusion and
cooling times increase with pipe diameter.

The same size fittings from different manufacturers
sometimes have different fusion and cooling times.
This is due to different design specifications, for exam-
ple, differences in wire material and diameter, coil
pitch, wire burial depth.

The welding parameters are normally displayed on
the product, either by an adhesive label, or embossed
directly onto the plastic. Many fittings also have the
fusion data provided on a bar code tag which is read by
a light pen connected to the control unit (Fig. 10.9).

Table 10.1. Typical Electrofusion Welding Parameters

Pipe Diameter Fusion Time Cool Time
(mm) (sec) (min)
25 32 4
90 120 9
180 260 18
315 760 30

Figure 10.9. Electrofusion coupler showing embossed
data and bar code (Source: TWI Ltd).

JOINING PROCESSES
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11 Induction Welding

11.1 Process Description

Induction welding, also called electromagnetic or
EMA welding, uses induction heating from radio
frequency (typically 2—10 MHz) alternating current to
magnetically excite an implant placed at the joint inter-
face of the two parts being welded. This implant, or
gasket, is normally a composite of the polymer to be
welded with either metal fibers or ferromagnetic parti-
cles. The heat generated melts and fuses the implant
with the surrounding material. It is a reliable and rapid
technique, ranging from fractions of a second for small
parts to 30-60 seconds for parts with long (400 cm;
157 inches) joint lines, and results in structural, her-
metic, or high-pressure welds [1, 2].

The two most commonly encountered mechanisms
by which heat can be generated by an induction field
are eddy current heating and heating due to hysteresis
losses. In eddy current heating, a copper induction coil
(work coil), which is connected to a high-frequency
power supply, is placed in close proximity to the joint
(Fig. 11.1). As electric current at a high frequency
passes through the work coil, a dynamic magnetic field
is generated whose flux links the implant. Electric cur-
rents are induced in the implant, and when these are
sufficiently high to heat the conducting material, the
surrounding thermoplastic parts soften and melt. If
pressure is applied to the joint, this aids wetting of the
molten thermoplastics, and a weld forms as the joint

cools [3, 4].

Ferromagnetic materials (such as stainless steel
and iron) also heat up in a dynamic magnetic field due

Pressure

Implant (gasket) l

\

Thermoplastic part

Work coil

o O O O
e o o o

T

Figure 11.1. Set up for induction welding (Source: TWI Ltd).

to hysteresis losses. As the magnetic field (B) increases,
the ferromagnetic material becomes magnetized, and
the magnetic intensity (H) increases. As the magnetic
field decreases, so does the magnetic intensity. How-
ever, there is a lag between the two, which results in a
hysteresis loop (Fig. 11.2). This phenomenon results in
dissipation of energy in the form of heat.

The induction welding process can be divided into
four main steps (Fig. 11.3):

Step 1: Placement of the Implant

Implants are available in many forms, such as sheets,
extruded profiles, injection molded parts, tapes and
strands (Fig. 11.4), depending on the size and shape of
the parts to be welded, and on the position of the work
coil. They can be positioned at the joint line, either by
hand or by using an automated system [1, 5].

Step 2: Application of Pressure
Pressure can be applied to the parts by placing them in
fixtures attached to a pneumatic cylinder, or the work

v

Figure 11.2. Graph of the magnetic field (B) in a
ferromagnetic material and the magnetic intensity (H) for
an alternating magnetic field. The magnetization curve is
the full line and the hysteresis curve is the broken line. The
area enclosed by the hysteresis loop is equal to the energy
dissipated in one circuit (Source: TWI Ltd).
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(a) (b) (©)

Figure 11.4. Various forms of induction welding implants
(Source: Emabond Solutions).

coil may be embedded in a PTFE or ceramic block,
which applies the pressure.

Step 3: Induction Heating

Power is applied to the work coil, creating the electro-
magnetic field that heats the implant, which in turn
heats and melts the surrounding thermoplastic by ther-
mal conduction. Electromagnetic fields become expo-
nentially weaker as the distance from the work coil
increases, so that joints placed as close as possible to the
coil maximize the heating of the implant. During heat-
ing, the implant flows to fill the gap between the parts.

Step 4: Cooling and Removal of the Parts

After a preset time, the power is switched off and the
parts are allowed to cool under pressure for a preset
time. The welded assembly is then removed and the
cycle is repeated.

Weld strength is proportional to the surface area of
contact; however, it is important that the molten flow
be contained within the joint area. The amount of mol-
ten material needed to fill the joint cavity can be calcu-
lated using the cross-sectional area of the implant (A)),
the cross-sectional area of the cavity between the parts
being joined (A,), and a constant (k) with values ranging

JOINING PROCESSES

Figure 11.3. The induction welding

process: (a) placement of the
implant, (b) application of pressure,
(c) induction heating, and (d) cooling
(d) under pressure (Source: TWI Ltd).

from 1.02-1.05, depending on the pressure used in
welding and the material being welded: A, = kA,. The
constant (k) allows for overfilling the cavity and ensures
that any surface irregularities are smoothed out during
welding [1, 2, 6].

11.2 Advantages and Disadvantages

Induction welding provides structural, pressure-
tight welds with most thermoplastics. It can be used to
weld large parts, with bond lines up to 6.1 m (20 ft.) at
one time. It can also be used to weld three-dimensional
(3-D) joints with complex geometries, and multiple
joints can be welded simultaneously.

High quality, stress-free welds in highly filled ther-
moplastics can be produced. The implant adds resin in
the joint area to ensure good polymer to polymer link-
age, even in cases of surface irregularities or wide toler-
ances between parts. Certain incompatible materials that
cannot be welded with other methods can be joined by
induction welding, regardless of melt temperatures. No
prior surface treatment is necessary, and no distortion of
the outside surface occurs. Heat is created precisely
where needed, without causing thermal stresses in the
main body of the part, and reject rates are low. Higher
reliability of the weld is often obtained, with less sensi-
tivity to changes in temperature and humidity, and weld-
ing is less dependent on properties of the materials being
welded, such as color or melt temperature.

After welding, the joint can be reopened using the
same equipment, in order to repair defective welds or
open an assembly for internal repair or recycling.

Production cycles in induction welding are fast,
with weld times typically ranging from 1 to 10 seconds,
and the process is economical in its energy require-
ments, resulting in lower running costs.

The main disadvantages of induction welding are
the additional cost of the implant, which can be signifi-
cant, the cost of optimizing the configuration of the
work coil, and the additional assembly operation of
placing the implant at the joint. In addition, the presence
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of the implant can sometimes affect the mechanical
performance of the joint [1, 2, 5-7].

11.3 Applications

Induction welding is frequently used for welding
large or irregularly shaped parts that have been injection-
molded, blow-molded, extruded, rotational-molded or
thermoformed (Fig. 11.5), or for thermoplastics that
are difficult to weld [6].

Probably the largest volume application is in the
sealing of aseptic drink cartons, where an aluminum
foil layer in the box wall is heated by induction to
melt and seal the low density polyethylene (LDPE)
coating.

In the automotive industry, the technique has been
used to produce station wagon structural load floors
and seatbacks composed of 40% glass-mat reinforced
PP composite (Fig. 11.6) [2].

Figure 11.5. Examples of induction welded products
(Source: Emabond Solutions).
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Induction welding has also been used in the manu-
facture of a glass-filled PA 6 injection molded automo-
tive intake resonator, with complex 3-D joints, where
three separate welds were produced in the same weld-
ing cycle [2].

In the appliance industry, induction welding has
been used in the manufacture of steam irons, dish-
washer spray arms, and PP kettles (Fig. 11.7) [7].

In the electronics industry, sixteen 38.1 cm
(15 inches) structural foam polycarbonate computer
consoles were automatically assembled on a conveyor
line. In the packaging industry, PP was welded to PE
for a cosmetic container, using a continuous rotary
sealer to provide a reliable leak proof seal at 150 parts
per minute. Other applications include welding PP
solar panels with a 4 ft. (1.2 m) bond line in 9 seconds,
and PC blood oxygenators and arterial filter compo-
nents for medical devices [6].

Other applications include sealing plastic-coated
metal caps to plastic bottles, jointing of cross-linked PE
(PEX) pipes, welding metal grilles to the front of loud-
speaker units, and welding HDPE lawnmower shroud/
gas tanks (Fig. 11.8) [1, 2, 8].

The feature of induction welds that allows them to
be easily separated was taken advantage of in welding
50 mm (2.0 inches) threaded HDPE fittings directly to
the opening of 95, 114, and 209 liter (25, 30, and 55
gallon) blow-molded drums (Fig. 11.9). For drum recon-
ditioning, the fittings can be easily removed [2, 7].

11.4 Materials

Induction welding is less dependent than other
welding methods on the properties of the materials
being welded. It can be used to weld almost all thermo-
plastics, crystalline, and amorphous, and can weld high
performance and difficult-to-weld resins. Dissimilar
materials or thermoplastics containing glass, talc,

GMT SHELL
LY Z N W W W
iy Qi \\\‘\E Work coil
— & - H EMAWELD®
H Work coil
GMT PANEL i'*»»—-—-—-‘—w-‘

Dual weld

(a)

(b)

Single perimeter weld

Figure 11.6. Induction welded joint designs for panels composed of a 40% glass mat reinforced PP composite used
to produce station wagon structural load floors: (a) dual weld, placed at the interfaces of the flat panel and ribbed shell,
(b) single weld, located at the end of the part (Source: Ref. [7]).
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Figure 11.7. A polypropylene tea
kettle joined using induction welding
(Source: Ref. [7]).

Units: mm

Reflector minerals, wood, or other fillers can be welded, and

thermoplastic materials can be joined to nonthermoplas-
Post tic materials, such as paper. When welding dissimilar
weld thermoplastics, the thermoplastic matrix enclosing the
ferromagnetic filler material consists of a blend of the
two materials being welded. In welding filled materi-
als, the amount of thermoplastic resin in the implant
material can be increased to compensate for the filler
content in the parts. A greater volume of melt will be
produced during welding, resulting in a higher-strength
bond. Reinforced plastics with filler levels up to 65%
have been successfully welded [6, 7].

Work has also been carried out with thermoplas-
tics such as PPS, PA12, and PP reinforced with glass
and carbon fibers. Here substantially higher joint
strengths were achieved with induction welding
when compared with adhesive bonded and riveted
joints [9].

Pre Reflector |7

weld

11.4.1 Implant Materials

The electromagnetic material can be a metallic mesh

Figure 11.8. A polypropylene lawnmower shroud/gas tank or micron-sized ferromagnetic powders of different
welded using induction welding. types (metallic, such as iron or stainless steel; or

Pressure

EMAWELD®
preform

Before
— Work coil

HDPE
threaded fitting

After

Figure 11.9. Polyethylene pipe fittings
induction welded to a blow molded drum
(Source: Ref. [7]).
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nonmetallic, such as ferrite materials), particle sizes,
and concentrations. For bonding thermoplastics, these
electromagnetic materials are enclosed in a thermo-
plastic matrix that is compatible with the plastics being
joined. In bonding thermosets such as sheet molding
compound, an adhesive matrix surrounds the electro-
magnetic material. Heat is generated directly in the
adhesive, providing a rapid cure; gel times as short as 30
seconds can be achieved in the cure of epoxies [1, 2, 6].

For bonding thermoplastic parts made from the
same material, the matrix is generally the same mate-
rial as in the part, and can be matched on melt flow. For
dissimilar materials, a blend of the two thermoplastics
is used. The implant formulation must be carefully
considered for each application, and maximum effi-
ciency may require production of a custom-made
material [1, 5].

11.5 Equipment

A typical induction welding machine is shown in
Fig. 11.10, and consists of five main parts: induction
generator, work or induction coils, heat exchanger,
press, and fixtures or nests.

Induction generator Timer
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Induction Generator

The induction generator converts at 50—60 Hz supply
to a radio frequency (2-10 MHz), with a power typi-
cally between 1 and 5 kW, depending on the applica-
tion. The impedance of the loaded work coil must be
matched with the output impedance of the generator, in
order to ensure a consistent and efficient operation of
the system. This is referred to as tuning the coil.

Heat Exchanger

During the welding cycle, very high electric currents
pass through the work coil. Therefore, to prevent it
overheating, water is circulated through the coil and is
cooled via a heat exchanger, which is often combined
with the generator in a single unit.

Press

The system for applying the pressure during welding is
normally a ram connected to a pneumatic (or some-
times hydraulic) cylinder.

Fixtures

Fixtures, or placement nests hold the parts together
during the welding operation; one nest is generally
fixed, and the other is movable. Nests are constructed
using electrically nonconductive material, such as phe-
nolic or epoxy, since the presence of a metal conductor

Figure 11.10. Typical induction
welding machine. The inset shows

EMAWELD® the joint area with placement of work
material coils and implant (Emaweld material)
(Source: Emabond Solutions).

Heat exchanger
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near the work coil would reduce the intensity of the
magnetic field.

Systems can be designed for in-line or rotary high-
production sealing lines using programmable control-
lers and semiautomatic or automatic operation of the
welding process. With automated equipment, a sealing
rate of up to 150 parts per minute can be achieved.

Equipment costs range from tens to hundreds
of thousands of dollars (US), depending on the size of
equipment needed, automation desired, and the
application [1, 5-7].

11.5.1 Work Coils

The function of the work coil is to provide the mag-
netic field around the joint. It should be compatible
with the power output of the induction generator and
designed to reduce tendencies for arcing or overload-
ing at high frequencies [2].

Work coil design and positioning are important in
achieving high-strength welds and process efficiency.
Work coils should follow the contours of the joint and
can be custom-made for each part. The distance
between the coil and the joint (coupling distance)
should be as small as possible, ideally less than 1.6 mm
(0.063 inches); short coupling distances are essential
because energy from the magnetic field used for heat
generation is inversely proportional to the square of the
distance from the coil. Coils can accommodate 3-D
joints and can weld joints as long as 6.1 m (20 ft.).
Copper reflectors can also be placed in the center of the
coil to concentrate the magnetic field within the joint
area [2, 10].

Coils are constructed from copper tubing, sheet
stock, or machined blocks; all coils are water-cooled.
Coils made from tubing can be round, square, or rect-
angular; common sizes are 3.2 mm (1/8 inch), 4.8 mm
(3/16 inch), 6.4 mm (1/4 inch), and 9.5 mm (3/8 inch).
Since constricted water flow in the 1/8 inch coil can
contribute to overheating, this size is used only for
short heating cycles and small parts, which are not
affected by slight overheating. Square tubing is pre-
ferred over round tubing, in order to obtain optimum
coupling distances. Copper sheet stock (1/16 inches,
1.6 mm thickness) is used for larger parts, up to 5 X 20
inches (127 X 508 mm) or 1 X 80 inches (25.4 mm X
2.03 m), and for sealing large surface areas and irregu-
lar flat shapes [2].

The simplest coil design is the single-turn coil
(Fig. 11.11a), in which the magnetic field is concen-
trated around the inner diameter of the coil. A weak

JOINING PROCESSES

field intensity can develop at the end of the coil leads,
which can be alleviated by use of a reflector. This coil
requires less space than other designs. A multiturn coil
(Fig. 11.11b) eliminates the weak field intensity of a
single-turn coil. It can be cylindrical or helical for
welding round containers, or rectangular, square or
irregularly shaped, depending on the contours of the
joint. Because the greatest magnetic field strength is
within the perimeter of the coil, joints should be placed
in the center of the coil. Reflectors are necessary for
maximum efficiency when parts being joined are six
inches (152 mm) or larger. The number of turns in the
coil is dependent on the total surface area of the weld;
the length of a multiturn coil should not be more than
three to four times the coil diameter. Pancake coils
(Fig. 11.11c) are used for heating large flat areas and
they are made by winding tubing in a horizontal plane
to a predetermined diameter [1, 2].

Hairpin coils (Fig. 11.11d) are single-turn coils
squeezed together so that the coupling distance between
the turns is equal to the part thickness. The magnetic
field becomes more concentrated as the coupling dis-
tance is reduced. Hairpin coils can be formed into
irregular shapes and are used for bonding long flat
sheets or perimeter seals of structural components
made from glass mat composites. For large parts,
such as pipes or conduits, or for parts with limited
access to the joint line, split coils (Fig. 11.11e) can
be used. These coils can be opened for easy part
removal [1, 2].

11.6 Joint Design

The five basic types of joint designs used in induc-
tion welding are shown in Fig. 11.12. The simplest
design is the flat-to-flat joint, used for continuous weld-
ing operations, or for parts with a long weld line; this
joint produces a structural weld and a static flow air-
tight seal. A flat-to-groove joint ensures accurate posi-
tioning of the weld and containment of the implant. It
is used when the implant material needs to be auto-
matically extruded into the joint interface. Highest
strength welds are obtained with tongue-and-groove
joints. The implant is completely contained within the
joint, producing hermetic and pressure-tight seals and
aesthetically pleasing welds. A shear joint is used for
high-pressure container seals; the weld can withstand
pressure from both inside and outside the container. A
step joint, a modification of a shear joint, can accom-
modate wide variations in part shrinkage and produces
a high-pressure, hermetic seal [1, 2].
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After
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(e)

Figure 11.12. Joint designs commonly used in induction
welding: (a) flat to flat, (b) flat to groove, (c) tongue and
groove, (d) shear, and (e) step (Source: TWI Ltd).

Figure 11.11. Common designs of work coil used in
induction welding: (a) single-turn, (b) multiturn, (c) pancake,
(d) hairpin, and (e) split (Source: Emabond Solutions).
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11.7 Welding Parameters

The main welding parameters in induction weld-
ing are: power, weld time, weld pressure, and cooling
time.

Typical induction powers are in the range of 1-5 kW.
Higher power output is necessary for larger parts or
parts with greater joint length. The power output must
also increase as the coupling distance between the joint
and the coil increases.

Weld time is dependent on the type and particle
size of the electromagnetic filler, the cross-sectional
area of the electromagnetic filler enclosed in the ther-
moplastic matrix, power output, frequency, and part
size. These parameters are tailored for each specific
application [2, 5].

The weld pressure ensures an even distribution of
the implant inside the joint. Cooling times vary depending
on the application, but can be less than one second.

Other important factors in induction welding
include the design of the joint and work coil, magnetic
field frequency, and the type of electromagnetic
material.
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12 Heat Sealing

12.1 Process Description

Heat sealing is used for joining thermoplastic films,
typically less than 0.5 mm (0.02 inches) thick. There
are two main types of heat sealing: hot-bar welding and
impulse welding.

12.1.1 Hot-bar Welding

Hot-bar welding is based on the principle that if
two thermoplastic films are pressed against a heated
metal bar, they will soften and a joint can be made
between them. Since the technique relies on the con-
duction of heat through one of the films, this limits the
thickness of material that can be welded. Sometimes
two heated bars are employed, one either side of the
films, which has the effect of reducing the welding
time.

The equipment comprises of one or two metal bars,
which are generally electrically heated. Normally, one
of the bars is hinged to allow the placement and removal
of the thermoplastic films. The weld pressure is applied
mechanically by the operator or via pneumatic cylin-
ders. A coating of PTFE is often applied to the bars to
prevent softened or molten thermoplastic from adher-
ing to them (Fig. 12.1).

The welding parameters important to this process
are bar temperature, weld pressure, and weld time.
Hot-bar welding can be a rapid process with typical

(a) (b)

Continuously heated welding jaws

weld times in the order of 1-3 seconds for 100 um
(0.004 inches) thick films.

With conventional hot-bar welding, the heated bar
is removed while the weld is still molten, therefore the
joint is not under pressure during the cooling phase.
This can sometimes lead to reopening of the weld after
the bars are released, especially if the films are under
tension. In an attempt to solve this problem, a new vari-
ant of hot-bar welding, called heated tool/cooled tool
welding, has been developed where cooling pressure is
applied with the aid of a cooled tool, which replaces
the heated tool after the heating cycle has elapsed [1].

Another variant of hot-bar welding is continuous
heat sealing, where the heated bars are replaced with
heated belts or rollers.

12.1.2 Impulse Welding

Impulse welding is one of the most commonly used
joining methods for sealing packaging materials. Typi-
cally, this welding technique is used for making straight
heat seal lines, although complex joint requirements for
some packaging applications have seen the recent devel-
opment of curved or three-dimensional seal lines.

In impulse welding, the film layers to be sealed are
usually placed between two jaws, at least one of which
contains a nickel-chromium resistance wire strip. The
strip is typically encapsulated with a nonstick coating
such as PTFE to ensure that the molten film does not

¥ N

. PTFE ~
— Ty

[ / | [
] [

~7 ' [T

Figure 12.1. Schematic of hot-bar
welding: (a) two-sided heating,

Insulating backing

(b) single-sided heating (Source:
TWI Ltd).
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stick to it (Fig. 12.2). The width of the wire strip deter-
mines the width of the weld. Once the jaws have
clamped onto the film layers, a pulse of electrical cur-
rent is passed through the wire, causing the tempera-
ture of the wire to rise rapidly and transfer heat to the
film layers. Critically, the films melt at the interface
and co-solidify during the cooling cycle to form a weld.
Pressure is applied to the films to ensure that the mol-
ten surfaces are in intimate contact during the heating
and cooling phase.

In conventional impulse welding, the temperature
and pressure are not controlled during the welding
cycle. This can be problematic because the temperature
of the wire will tend to creep up after each successive
heating cycle. To overcome this problem, controlled

(a) (b)

Electrical insulation

JOINING PROCESSES

impulse welding is now available, where the heated
element engages the films at an accurately preset tem-
perature and pressure. Typically, the pressure is con-
trolled pneumatically to ensure that a constant welding
force is applied to the films. The welding temperature
is controlled with high-response controllers that allow
the material to heat, without the risk of overheating.
This is followed by a controlled cooling cycle under
pressure, until the material has solidified. This welding
cycle can be completed in milliseconds [2].

12.2 Advantages and Disadvantages

The main advantages and disadvantages of heat
sealing are given in Table 12.1.

/ — PTFE—_

Figure 12.2. Schematic of impulse
welding: (a) two-sided heating,

Impulse heating strips

Insulating backing

Table 12.1. Advantages/Disadvantages of Heat Sealing

(b) single-sided heating (Source:
TWI Ltd).

Advantages

Disadvantages

Limited voids or porosity

No consumable needed

Small or no weld bead

No grinding of weld flash necessary for mass production
Simple joint design

Fast welding cycle times

Exceptional seal integrity at low temperatures

No adhesives or consumable that could contaminate the
product

Peelable and pierceable seals
More cost-effective than other sealing methods
Optically clear seals possible

Energy efficient (impulse welding)

Heat is applied to the outside of the film, resulting in
energy losses and reduced efficiency

Can only be used for thin films, up to 0.5 mm (0.02 inches)

Heat transfers to product inside packaging when hot-bar
welding

Limited to relatively simple joint designs
Failures can occur due to creases in the seal area

Misalignment of parts or machine jaws can lead to leakages
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12.3 Applications

Hot-bar welding and impulse welding have found
applications in a number of industrial sectors, but is
most widely used in the packaging industry for sealing
bags, films, and containers made from thermoplastics.
This includes plastic pot and tray sealing for food pack-
aging applications (see Fig. 12.3).

A preformed container, tray, or pot can be sealed
with a plastic film, foil or paper lid. This lid can either
be precut or fed from a reel of the material. The lidding
material is laid over the open face of the container and
is heat sealed to the container. Sealant layers on the
tray and lid cause a bond to form during the heat seal-
ing process. However, it is always worth considering
the risk of contamination (e.g., food or oil) on the
tray or film—this will have an impact on the seal
strength achieved. If contamination is present, it may
be necessary to change the sealing parameters set on
the machine.

Many medical devices are also heat-sealed in pack-
ages of thermoplastic and plastic coated paper. The
heated region can be textured to reduce and control the
joint strength. This offers the opportunity to supply a
sterile component in an easy-to-open package. Outer
packets for intravenous bags, laminated packs for pow-
ders, colostomy bags, and some tablet blister packs are
also heat-sealed (Fig. 12.4).

Heat sealing can also be used for sealing mem-
branes in filter units (Fig. 12.5).

In addition to medical and packaging applications,
some electronic devices are also joined together by
heat sealing, including printed circuit boards, electronic
packages, and liquid crystal displays (Fig. 12.6).

Figure 12.3. Examples of heat-sealed food packages
(Source: Packaging Automation Ltd).

123

Figure 12.5. Heat-sealed medical membrane filter (Source:
Thermal Press International).

Figure 12.6. Heat-sealed liquid crystal display (Source:
Thermal Press International).
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12.4 Materials

Unlike some welding and sealing techniques, such
as radio frequency (RF) welding, heat sealing is not
material dependent, and can be used for joining many
different types of thermoplastic materials. Below is a
list of considerations to be kept in mind when selecting
a material for a packaging application.

e The product contained in the package may mean
one material is more suitable than another.

e The choice may be dictated by the cost of the
material.

* Marketing and consumer perception may influ-
ence the choice because of the aesthetic qualities
of the material.

* Both parts of the packaging must be compatible.

The use of polyethylene, either as LDPE, linear
low density polyethylene (LLDPE) or as a mixture or
blend involving combinations of LDPE, MDPE,
HDPE, EVA, etc, finds a wide usage in heat sealed
bags, sachets, and shrink wraps. PP, PVC, PS, IPS,
PA, aluminum foil, and board materials are all heat
sealable and are also extensively used in the packag-
ing industry. Films used for heat sealing applications
are manufactured in two different ways:

* Mono layers—a single layer of material often
with an adhesive (lower melting point) coating.
Different coatings used include amorphous PET
(used for high temperatures, e.g., cooking), EVA
(used for microwave products) and PE.

e Laminates—multilayer films formed from two or
more different substrate materials. The sealant
layer is dictated by the material, the type of seal
needed (e.g., weld or peel) and cost.

Selecting packaging materials for medical appli-
cations requires careful consideration of the func-
tional requirements of the package and the method of
packaging. The critical nature of sterility maintenance
requires a thorough understanding of the design and
function of the medical device and the machinery
being used to package it. For packaging systems
employing a heat seal, the user is faced with several
material options. Heat sealable materials used in the
medical industry include polyethylene, polyamide,
polyester, polypropylene, polycarbonate, and poly-
styrene.

JOINING PROCESSES

12.5 Equipment

12.5.1 Hot-bar Welding

Hot-bar welding equipment is simple to set-up and
usually comprises of a heated tool coated with a
nonstick material, such as PTFE. The heated tool is
normally heated electrically and the temperature is
constantly regulated. The heated tool is mounted on a
press or ram that can be controlled pneumatically or
hydraulically. The films to be welded are usually
mounted on a heat-insulating material. An example of
a hot-bar welding set-up is shown in Fig. 12.7.

12.5.2 Impulse Welding

Standard impulse sealers weld up to 250 um (0.01
inches) film without difficulty; double-element machines
are available for repetitive sealing of heavier gauge and
gusseted materials. Impulse heat sealers use low voltage,
nickel-chromium resistance wires that heat up rapidly to
the desired temperature. The element then cools, allow-
ing the molten polymer to solidify under pressure.

Typically, impulse sealers are fitted with electronic
timers to accurately control the welding period. Most
heat sealers also include a timer that indicates the

Figure 12.7. Hot-bar welding machine (Source: TWI Ltd).
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cooling period, helping to control the quality and con-
sistency of seals. Other parameters are often prepro-
grammed into the machine, making it easy to use and
consistent in operation. Safety cutters are available
on many models to trim surplus material or to make
bags from lay-flat tubing. Wide seal elements for spe-
cialist applications and cut-and-seal elements are also
available.

Most heat sealing machines are supplied with roll-
ers and trays that allow the material to be easily manipu-
lated through the heat sealer (Fig. 12.8).

12.5.3 Automatic Heat Sealing

Developments in heat sealing for the food packag-
ing industry has led to machine designs that are com-
pact, space saving, fully automatic, and seal packages
at extremely high speeds. Automatic machines com-
bine the simplicity of use and flexibility associated
with manual heat sealing machines, but encompass
advanced control systems and production speeds of up
to 72 pack seals per minute (Fig. 12.9).

Automatic heat sealing machines can also have the
following features:

* Atmospheric, gas flushing and vacuum flushing

» Capable of sealing plain or printed film to any
compatible container

* Very quick and simple tooling changes

 Touch sensitive control screens, allowing prepro-
gramming of sealing parameters and tools for
quick and simple product changes

125

* Data logging of production information

 Diagnostic capabilities, which include the identi-
fication of specific devices that have failed within
a safety circuit.

12.5.4 Continuous Heat Sealing

Continuous heat sealers provide the capacity for
continuous, high-quality package sealing. Most sealers

Figure 12.8. Impulse welding polyethylene bags (Source:
TWI Ltd).

Figure 12.9. Fully automatic heat
sealing equipment for food
packaging (Source: Packaging
Automation Ltd).
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Figure 12.10. Belt-fed continuous heat sealing machine
(Source: Simplesealers).

use moving heated belts to seal packaging material
(Fig. 12.10). Other machines use heated rollers that
simultaneously apply heating, pressure, and cooling.
Typically, unsealed bags, pouches, or sheet material
are fed into the belts by an operator. Some heat sealers
also incorporate an auto-leveling system and a con-
veyor, so that the operator does not need to feed the
material through the sealing operation.

Continuous heat sealers are useful for small- to
medium-sized package sealing. Sealing speed and tem-
perature is adjustable, allowing for high throughput
sealing of a variety of different materials and thick-
nesses. They are more complicated than hot bar or
impulse sealers, as they contain more moving parts.

JOINING PROCESSES

The use of belts and a conveyor requires a motor, gear-
ing, and a more sophisticated electronic control system.
This adds to the cost, and may also mean additional
maintenance.

12.6 Welding Parameters

The two main welding parameters for heat sealing
are time and temperature. However, to ensure that con-
sistently good quality seals are produced, other process
parameters should also be controlled, including:

 Sealing environment

* Jaw/platen geometry

* Preheat

* Element design

* Heating temperature control

* Cooling temperature control

 Sealing pressure
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13 Flash-Free Welding

13.1 Process Description

Flash-free welding, as its name implies, describes
welding techniques that do not produce any weld flash.
It can be applied to pipes, solid extrusions (such as
rods), and sheets.

13.1.1 Welding of Pipes

The principle of flash-free welding is to totally
constrain the melt during the welding process. This is
done by either having a heated metal collar, as in bead-
and-crevice-free (BCF) and weld-in-place (WIP) weld-
ing; or a consumable electrofusion-type fitting, as in
high-performance fusion (HPF) welding, on the out-
side of the pipe and an inflatable elastomeric bladder,
positioned at the joint line, on the inside (Fig. 13.1).

In the BCF system, the pipes to be welded are cut
to the required length and the ends are faced to ensure
that they are flat and square. The surfaces of the pipes,
the heated collar, and the bladder are then cleaned using
ethyl alcohol wipes. The first pipe is inserted into the
welding machine so that the end is positioned exactly
in the middle of the heated collar, and the clamps are
locked to prevent axial movement during welding. The
bladder is then inserted into the pipe and so positioned
that half of its length is protruding from the pipe end.

Clamps

\ Heated collar

P

/ N

Bladder [

Pipe /

Inflation tube

Figure 13.1. Principle of flash-free welding of pipes
(Source: TWI Ltd).

The second pipe is then inserted and positioned so that
there is no gap between the pipe ends, and is then clamped
in place (Fig. 13.2). The bladder is inflated to around
60 psi (0.4 MPa) and the heater is switched on for a preset
time, at the end of which the joint is allowed to cool to a
preset temperature with the bladder still inflated. An
example of the resulting joint is shown in Fig. 13.3 [1].

For solid extrusions, the principle is the same, but
the constraint is only on the outside.

13.1.2 Welding of Sheet

Flash-free welding of sheets is often known as
flow-fusion welding. In this arrangement, the heating
elements and constraints are on the top and bottom of
the joint (Fig. 13.4). An example of a flow-fusion weld
is given in Fig. 13.5.

13.2 Advantages and Disadvantages

The primary advantage of flash-free welding is that
the joints have no beads or flash. This is very important
in applications where high purity and cleanliness are of
priority; the existence of beads on the inside of pipe-
lines creates “dead flow” areas where contamination or
bacterial growth can accumulate. Also, the notch created
by a weld bead is an area of higher stress concentration,
which can reduce the long-term integrity of the joint,
especially if it is also in contact with aggressive fluids.

Figure 13.2. Positioning of the pipes and bladder during
BCF welding (Note: The joint area is cut away to show the
position of the bladder). (Source: Georg Fischer Piping
Systems).
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Figure 13.3. Cross-section of BCF
joint (Source: Georg Fischer Piping
Systems).
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Figure 13.5. Flow-fusion welds in 2.3 mm (0.09 inches)
glass-fabric-backed fluorinated ethylene propylene
copolymer (FEP) sheet (Source: Plastichem Ltd).

The main disadvantage of flash-free welding is the
fact that it relies on the conduction of heat from the
surface of the part through the full thickness. This
results in long welding cycles and restricts the maximum
wall thickness that can be welded by this method to
around 3 mm (0.12 inches).

13.3 Applications

The main applications for flash-free welding of
pipes are in the semiconductor, pharmaceutical, and

Figure 13.4. Principle of flash-free
welding of sheets (Source: TWI Ltd).

food processing industries, which require the transpor-
tation of fluids with no possibility of contamination.
For this reason, the welding operation is often carried
out under clean room conditions [2].

In the plastics fabrication industry, flash-free weld-
ing of sheets is carried out for applications where the
storage of high purity and/or highly aggressive chemi-
cals is required.

13.4 Materials

Flash-free welding is mainly used for welding fluo-
ropolymer, such as PVDF or perfluoroalkoxy resin
(PFA), or PP pipes, of outside diameters between 20 mm
(0.8 inches) and 63 mm (2.5 inches), and fluoropolymer
(PVDE, ethylene chlorotrifluoroethylene copolymer
(ECTFE), FEP, or PFA) sheet, of thicknesses between
0.5 mm (0.02 inches) and 3 mm (0.12 inches).

13.5 Equipment

Three commercial welding systems are available
for the flash-free welding of pipes:

* Bead-and-crevice-free

* High performance fusion

* Weld-in-place
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The BCF system (Fig. 13.6) was developed for
welding PVDF and PP pipes up to 63 mm (2.5 inches)
outside diameter (OD) and comes with a set of inter-
changeable heating collars for different pipe sizes. The
welding parameters are programmed into the machine
and the welding cycle is carried out automatically. The
heating/clamping carriage can be disconnected from
the control unit to allow in situ welding (Fig. 13.7) [1].

The WIP system was developed specifically for
PFA pipes up to 2-inch (50 mm) OD. It is similar to

Figure 13.6. BCF welding machine (Source: Georg
Fischer Piping Systems).

Figure 13.7. In situ BCF welding (Source: Georg Fischer
Piping Systems).
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BCF but uses a hand-held heating collar and does not
have a separate clamping system. Again, the welding
cycle is fully automatic and is performed via a remote
control unit.

The HPF system is used for PVDF pipes up to
63 mm (2.5 inches) OD. It is similar to the electrofu-
sion welding technique (Chapter 10) in that it uses an
injection-molded fitting containing a coil of heating
wire. However, rather than having two heating zones
within the fitting, it has only one, in the middle of the
fitting (Fig. 13.8) [3].

Flow-fusion welding equipment for sheets tends to
be made in-house as bespoke systems.

13.6 Welding Parameters

The main welding parameters for flash-free weld-
ing are weld temperature, heating time, and cooling
time, all of which depend on the wall thickness/pipe
diameter and material type. The welding times for the
HPF system are given in Table 13.1 [3].

Heating wire

HPF fitting

Figure 13.8. Schematic of HPF welding system (bladder
not shown) (Source: TWI Ltd).

Table 13.1. HPF Welding Times

D'?;':e?e“rtxfn‘i) Welding Time (s)?
20 480
25 500
32 785
40 645
50 820
63 810

alncludes 300 s cooling time.
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14 Friction Stir Welding

14.1 Process Description

14.1.1 Rotational Friction Stir Welding

Friction stir welding (FSW), developed by and pro-
prietary to TWI Ltd in the UK, is an advanced tech-
nique for joining materials in a continuous operation.
In conventional FSW, a cylindrical, shouldered tool
with a profiled probe is rotated and slowly plunged into
the joint line between two pieces of sheet or plate mate-
rial, which are butted together (Fig. 14.1). The parts are
clamped to prevent the abutting joint faces from being
forced apart during the welding process. Frictional heat
is generated between the wear resistant welding tool
and the materials to be joined. This heat causes the
latter to soften or melt, and allows traversing of the
tool along the joint line. The plasticized material is
transferred from the leading edge to the trailing edge of
the tool probe and is forged by the intimate contact
of the tool shoulder to produce a weld between the
two pieces. The process can be regarded as a keyhole
welding technique since a hole to accommodate the
probe is generated, then filled during the welding
sequence [1].

Sufficient downward
force to consolidate
the weld

Retreating side
of weld

Leading edge
of the shoulder

Trailing edge
of the shoulder

Probe

Figure 14.1. Principle of rotational friction stir welding
(Source: TWI Ltd).

Although very successful at welding metals, espe-
cially aluminum alloys, conventional rotational FSW
presents the following problems when welding plastics:

* Difficulty in retaining the material at the joint
line, resulting in voids in the welded joint

* Low speed of welding

* Difficulty in creating an even polymer mixing at
the joint line

¢ A nonuniform crown or weld bead

To solve these problems, Brigham Young Univer-
sity developed a hot shoe tool (Fig. 14.2) through which
the rotating probe passes. With this arrangement, heat
is not produced by frictional heating from the shoulder,
but by the hot shoe that also constrains ejection of mol-
ten material from the joint line [2, 3].

14.1.2 Vertical Reciprocating FSW

The principle of vertical reciprocating FSW is
shown in Fig. 14.3. It consists of a blade that recipro-
cates in the vertical direction. Frictional heat is gener-
ated between the blade and the plastic material. The

Mill spindle sleeve

clamp \\

Shoe stop

N

Thrust bearing
~

Resistive heater

Threaded tool

Heated shoe

Figure 14.2. Heated shoe system for rotational FSW of
thermoplastics (Source: Ref. [2]).

131

ClearCorrect Exhibit 1043, Page 123 of 563



132

Figure 14.3. Vertical reciprocating FSW (Source: TWI Ltd).

main problem with this technique is that there is no
mechanism for retaining molten material in the joint,
which results in voids in the weld area and associated
low weld strength.

14.1.3 Viblade Welding

Another variant of FSW is the reciprocating motion
of a blade in the direction of the weld, as shown in
Fig. 14.4. This technique has the benefit that the blade
remains fully within the joint at all times, making it
easier to contain the melt in the weld. In addition, heat
losses are reduced, and the mean temperature should
be higher when compared with vertical reciprocating
motion [4].

A photograph of a Viblade weld is shown in
Fig. 14.5.

Downwards
force

Direction of
travel

P——

Figure 14.4. Schematic illustration of Viblade welding
(Source: TWI Ltd).
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Figure 14.5. Viblade weld in 9 mm (0.35 inches) thick PP
sheet (Source: TWI Ltd).

14.2 Advantages and Disadvantages

The potential advantages of Viblade welding over
existing fabrication welding techniques, such as hot gas
and extrusion welding, include: increased productivity,
especially for thicker sections (>10 mm; >0.39 inches);
continuous welding possible; ability to weld almost all
thermoplastics; simple joint design; practically flash-
free welds; and the fact that it is an automated process,
resulting in improved QA and a reduction in weld
failure.

The limitations of the FSW process at present are
that it has only been proven for producing linear welds,
and it is not currently commercially available for join-
ing plastics.

14.3 Applications

The increased use of plastics in manufacturing and
fabrication has highlighted the need for new joining
techniques to be developed to improve productivity
and achieve more consistent welds with greater integ-
rity. The current techniques used for welding thick sec-
tion thermoplastic sheets for the manufacture of large
constructions, such as chemical storage vessels and
tanks, are extrusion, hot gas, and butt-fusion welding.
Both hot gas and extrusion welding rely on the skill
and consistency of the operator to ensure that a quality
weld is made. Automated FSW could potentially
replace these manual techniques for fabricating large
thermoplastic structures and vessels, whilst ensuring
that a weld of high quality is maintained. The FSW of
thermoplastics has not yet been commercially exploited;
however the FSW process could have a significant
impact for continuous welding of plastic sheet.
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14.4 Materials

FSW can be used for joining many types of materi-
als, if tool materials and designs can be found that allow
the material to melt and flow. Joint strengths of over
95% of parent strength have been obtained in the labo-
ratory for ABS, PP, and HDPE. Other materials suc-
cessfully welded include PVC and PVDF [2].

14.5 Equipment

14.5.1 Rotational FSW

Rotational FSW can be carried out on simple
machinery, such as a modified vertical milling machine.
The machine frame needs to be robust, avoiding any
significant deflection during welding. Ample power is
needed to ensure a steady rotation of the welding tool.
The parts to be welded should be manipulated by a lin-
ear or X-Y table. A hydraulic force system can also be
incorporated into the machine to provide the downward
welding load.

14.5.2 Vertical Reciprocating FSW

The principle of vertical reciprocating FSW is that
a specially profiled metallic tool (or probe) is moved
relative to the joint to generate heat by friction. The
tool can be either cylindrical in shape or an aerofoil-
shaped, blade-type probe. The tool is reciprocated with
predetermined amplitude before being traversed along
the length of abutting sheet materials.

A machine can be used that allows for the creation of
reciprocating stroke movement. This type of movement
is created by means of a Scotch-yoke mechanism.

The Scotch-yoke is a mechanism for converting the
linear motion of a slider into rotational motion or vice
versa. The piston or other reciprocating part is directly
coupled to a sliding yoke with a slot that engages a pin
on the rotating part.

This type of system, combined with a mechanism
for applying horizontal load and manipulating the
polymer parts or blade can be used for vertical recipro-
cating FSW.

14.5.3 Viblade Welding

Currently, a commercial linear vibration machine
is used for Viblade welding. The welding process con-
sists of a blade (made of titanium) and a shoulder (made
of PTFE) that run between the abutted thermoplastic
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sheets, whilst a downward force is applied. The blade
and shoulder vibrate at a frequency of around 200 Hz
and with an amplitude of approximately 1.15-1.3 mm
(0.045-0.05 inches). The reciprocating blade generates
frictional heat, causing the sheet material at the inter-
face to melt and form a weld behind the blade.

14.6 Welding Parameters

There are a number of process and material vari-
ables for all the FSW techniques detailed in this section
which can affect the quality of FSW of thermoplastics.
These include:

* Tool design

* Tool rotation speed

* Tool temperature

* Travel speed

* Vertical load

* Horizontal load

* Plunge depth

* Tilt angle

* Welding gap

* Plate thickness variation

For Viblade welding, since thermoplastics have a
very low thermal conductivity, the heat produced by
the shoulder is not enough to melt the material near the
root of the joint. A blade that produces enough heat
input on the faces of the butt-joint is required. The fric-
tional heat is proportional to the pressure, so the down-
ward force directly acts on the heat input produced by
the shoulder, and indirectly on the heat produced by the
blade. The pressure between the blade and the faces of
the sheets is due to a horizontal load applied to the
sheets, and also the penetration of the blade between
them. The horizontal load can be applied to the abut-
ting sheets either pneumatically or mechanically. The
vertical load of the shoulder also helps to prevent the
gap between the sheets (caused by the advancing blade)
to expand. This results in a high pressure on the blade
faces and a frictional heat input enough to melt the
material through the full thickness.
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15.1 Process Description

Microwave welding is a form of electromagnetic
welding, similar to radio frequency, laser, induction
and IR welding, but using a radiation frequency of typ-
ically 2.45 GHz. Since most thermoplastics do not
experience an immediate temperature rise when irradi-
ated with this frequency of radiation, this technique
normally works by placing a microwave energy absorb-
ing material, in the form of a gasket, at the joint inter-
face. The heat generated in this implant then melts
the surrounding thermoplastic, producing a weld upon
cooling. However, some thermoplastics, that is, those
containing polar groups as part of their molecular
structure, such as ABS, PVC, nylon, and PVDEFE, will
heat in a microwave field and can be welded directly.

Absorption of microwave energy in polar, conduc-
tive materials is dependent on the conductivity (6) of
the material, the dielectric constant (€), the dielectric
constant in a vacuum (€), the frequency of the radia-
tion (), the imaginary part of the dielectric constant
(€”) which accounts for dielectric loss through energy
dissipation, and the real part of the dielectric constant
(€") which represents the ability of the material to store
electrical energy. A measure of the ability of the mate-
rial to absorb microwave energy is given by the loss
tangent, tan o, where [1]

tan & = (c/g gw) = ("/¢)).

The heating of a material in a microwave field is
proportional to tan 8. However, since the loss tangent
is a function of temperature and also the time at tem-
perature, it is difficult to predict the amount of heating
accurately.

The microwave implant welding process consists
of five steps:

(1) Application of Implant: A consumable, micro-
wave susceptible implant is applied at the joint
interface.

(2) Clamping: The parts to be joined are clamped
together to ensure that the surfaces to be welded
are in intimate contact throughout the welding
cycle.

(3) Heat Generation: Heatis generated in the implant
by absorption of the microwave radiation.

(4) Heat Conduction and Melting: The heat is con-
ducted from the gasket to the thermoplastic
parts, resulting in melting in the joint area.
Material starts to flow and a weld is formed due
to intermolecular diffusion and chain entangle-
ment as the parts come into intimate contact.

(5) Cooling: The microwave power is terminated
and the weld interface and bulk material are
allowed to cool and solidify.

Pressure can be applied either throughout the pro-
cess or just in the cooling stage, to obtain maximum
heating and minimize the amount of material squeezed
out of the joint [1, 2].

There are two different modes of microwave
application: multimode and single-mode. Multimode
microwave application is the system that is used in a
conventional domestic microwave oven. The micro-
wave field in the welding chamber (oven) is very com-
plex, and depends on the absorbing material inside.
The advantage of a multimode field is that it can pro-
vide relatively uniform volumetric heating, especially
if it is moderated in time by using stirrers inside the
chamber. However, the heating times can be relatively
long.

In the single-mode system the heating cavity has
specific dimensions in order to produce a well defined
traveling- or standing-wave inside. This makes it pos-
sible to position the implant at the location of maxi-
mum field in order to produce localized heating.

15.2 Advantages and Disadvantages

Microwave welding is a relatively new process
amongst welding techniques. The method offers a num-
ber of potential advantages including: short heating
times due to volumetric heating, which is independent
from thermal conduction; the possibility of complex
and three-dimensional joint geometries; a reduction
in capital cost of equipment, particularly for welding
complex components; very low power consumption,
and ease of disassembly. Additionally, the higher fre-
quency used can result in faster heating than in radio
frequency welding.

The disadvantages of microwave welding include:
a consumable microwave susceptible material is nor-
mally required at the joint interface, which requires an
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additional stage in the welding cycle and has recycling
issues; and materials containing polar molecular groups
can heat up rapidly, causing material degradation if
the heating rate and power level are not adequately
controlled [3, 4].

15.3 Applications

The possibility of creating a two- or three-dimen-
sional weld will potentially allow designers consider-
able freedom to generate thermoplastic components of
increasing complexity. However, to date, the only pub-
lished commercial application for microwave welding
is the joining of PVDF pipes and fittings [5].

15.4 Materials

Any material that contains polar groups in its molec-
ular structure can absorb microwave radiation. Polar
plastics with high degrees of branching are more suit-
able than plastics with linear chains. For nonpolar ther-
moplastics, a microwave absorbing implant is required.

The most widely used implant material for micro-
wave welding of plastics is polyaniline (PANI). Similar
to semiconductors, PANI conducts electricity through
doping with an aqueous acid such as HCI. Doping with
dilute aqueous acid introduces polar groups into the
molecular structure and makes the material electrically
conductive by providing free-moving electrons. The
amount of heat produced during welding is dependent
on the conductivity. If the material is not conductive
enough, the mobility of free charges is low, and very
little heating occurs. If conductivity is too high, micro-
wave energy is reflected, rather than absorbed, so that
no heating occurs.

The electrical conductivity of PANI can be varied
from that of an insulator (10'° S/cm) to that of a con-
ductor (10* S/cm), depending on the doping level and
also how it is made; for example, stretched films have
a higher conductivity than unstretched films and pel-
lets. The conductivity of PANI also changes with tem-
perature, and during storage [1].

Gasket implants are normally made by mixing
acid-doped PANI powder with the thermoplastic mate-
rial and compression molding a sheet. However, heat
introduced during compression molding vaporizes
some of the acid in the PANI powder, resulting in a loss
of dopant. The conductivity of the gasket is therefore
much lower than that of the PANI powder, and micro-
wave absorption by the gasket is reduced.

JOINING PROCESSES

15.5 Equipment

For both multimode and single-mode systems, the
microwave field is generated by a cavity magnetron
(Fig. 15.1), which consists of a hollow cylindrical
chamber, the anode, containing a number of lobes, or
resonance cavities. In the centre of the magnetron is the
cathode, which is a hot filament at high negative poten-
tial. A magnetic field is applied parallel to the axis of
the cathode, which causes the electrons, released from
the heated cathode and attracted towards the anode, to
spiral outward in a circular path. As the electrons sweep
past the openings of the resonating cavities, they induce
a resonant microwave field inside. A portion of this
field is extracted to a waveguide, which directs the
microwave energy to the welding chamber.

An example of a multimode microwave welding
machine is shown in Fig. 15.2. Welding pressure is
applied via arod attached to a pneumatic cylinder, which
passes through the top of the chamber. Since this hole
can result in a leakage of microwave energy out of the
chamber, it is important that it is designed correctly.

A single-mode microwave welding system is shown
in Fig. 15.3. The power generator is connected to a
three-port regulator, which prevents reflected waves
from damaging the power source. A tuning screw
matches the impedance between the source and the
load, and a dual power meter located between the
circulator and tuner monitors forward and reflected
power. Welding is performed in the double-slotted
applicator connected to the tuner. A dummy load con-
nected to the applicator converts transmitted energy
into heat; water is used for cooling. This system
produces a traveling wave pattern in the applicator.

Resonating cavity

Cathode

Anode

Figure 15.1. Cross-sectional diagram of a typical magne-
tron cavity (Source: TWI Ltd).
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Figure 15.2. Multimode microwave welding machine
(Source: TWI Ltd).
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Figure 15.3. Schematic representation of a single-mode
microwave welding machine (Source: Ref. [1]).

For generation of a standing wave pattern, the second
power meter and dummy load are replaced by a solid
plate to reflect generated waves. A standing wave
pattern in a single mode microwave system produces
a much higher field strength than a traveling wave
pattern, as a result of constructive interference of trans-
mitted and reflected waves.

For welding materials containing polar molecular
groups, control of power output can be achieved using
a digital-to-analog data acquisition board for voltage
control. Pressure can be applied during welding using
a solenoid valve, air cylinder, and relay [1-3].

Any fixtures for holding the parts during welding
must be designed either to fully reflect, or transmit the
microwave radiation so that they do not heat during the
welding cycle. Normally these fixtures are made from
nonpolar plastics, such as PTFE or PEEK.
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15.6 Welding Parameters

Important welding/process parameters in micro-
wave welding are typically the heating time, power
level, welding pressure, and percentage of conductive
polymer in the implant. These parameters affect the
amount of heat generated, and the weld strength.

Increasing the concentration of conductive poly-
mer in the implant and also the thickness of the
implant increases the heating rate and joint interface
temperature. Higher power levels also result in higher
temperatures, faster heating rates, and decreased weld-
ing times. Heating time should be carefully controlled
in microwave welding; at high power levels, tempera-
tures at the joint interface can exceed 200°C (392°F)
in less than 5 seconds. In materials containing polar
groups, such as nylon, high power levels or long
heating times may lead to overheating and material
degradation.

In single-mode systems, absorption of microwave
energy is influenced by the orientation of the implant in
the microwave field; implants with the length placed
parallel to the electric field display higher heating rates
than implants placed perpendicular to the field, due to
a greater tangential surface [2, 3].

In addition to effects on joint strength, squeezing
out of implant material affects recycling consider-
ations. Disassembling the weld is easier if more implant
material is present in the weld interface when welding
is completed. Since joint strength increases as more
implant material is squeezed out, an optimal amount of
gasket material remaining in the weld must be deter-
mined if disassembly and recycling considerations
are important. Conductivity of the implant can also
decrease upon reheating [3, 6].
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16 Solvent Welding

16.1 Process Description

Solvent welding and solvent cementing are often
regarded as the same process, and they share many
characteristics. However, they are distinguished in the
following manner. Solvent welding refers to a process
in which a solvent or solvent blend with no dissolved
polymer is used to create a joint between two thermo-
plastic parts. Solvent cementing refers to a process in
which the solvent or solvent blend used to create the
joint contains dissolved polymer.

In both cases, the process exploits the reduction in
glass transition temperature (Tg) of a thermoplastic
polymer caused by the absorption of the solvent. The
solvent softens the parts being welded, allowing
increased freedom of movement of the polymer chains.
Solvent applied to a noncross-linked polymer separates
the polymer chains as if they were in solution. In a
cross-linked polymer, however, the chains do not sepa-
rate; the spacing between the chains increases and
swelling of the polymer occurs. When two solvent-
softened parts are pressed together, molecules from
each part come into contact. As with all thermoplastic
welding processes, the creation of a permanent joint
depends on the application of time, temperature, and
pressure to allow interdiffusion of polymer chains from
one side of the joint to the other. The application of a
suitable solvent reduces the temperature required to
produce a weld, frequently allowing welding to be car-
ried out at room temperature. Over a period of time,
which may be up to several days, the solvent diffuses
away from the joint (desorption), and the T, of the
polymer at the joint increases again, creating a perma-
nent weld, with the continuity of the material across
the joint. Solvent welding does not add any material to
the joint, apart from a small amount of residual solvent.
Solvent cementing adds polymer material to the joint,
making it more suitable for processes where the part
fit-up is poor, or gap filling is required.

A joint prepared using solvent welding or solvent
cementing can only be repositioned for a short time
after assembly, and cannot be dismantled for rework-
ing. It is therefore important to check the part fit prior
to joining, to ensure that the joint can be assembled
easily. Self-locating features in the molding can be
advantageous. The joint surfaces should be cleaned

and dried before assembly, using a reagent that does
not dissolve the polymer.

The solvent should be applied to the joint region of
both substrates. This can be either a manual or an auto-
mated operation, using a brush, wipe, dip, pad, or cap-
illary dispenser. If solvent cement is being used, then it
may be necessary to apply a primer to each surface
before applying the cement. The primer will typically
consist of one or more of the solvents used in the
cement, and is used to wet out the surface and to initi-
ate diffusion of the solvent into the substrate.

The substrates are left for a short time to allow
excess solvent to evaporate, and to allow the solvent to
diffuse into the surface of the polymer. This typically
occurs to a depth of 50-500 um (0.002-0.02 inches),
producing a solvent-affected zone (SAZ) on either side
of the weld. The substrates are pressed together and
held in place for a time between a few seconds and a
few minutes. The applied pressure can then be removed
and the assembled part is left for a longer period,
between several minutes and several days, to allow
desorption of the solvent. Some residual solvent usu-
ally remains in the SAZ, reducing the properties of the
polymer in the region of the joint.

Solvents evaporate at different rates, depending on
their boiling points. Some solvents evaporate so quickly
that the lowering of the surface temperature results in
the formation of condensation at the joint, commonly
called “blushing”. To avoid this, a slower evaporating
solvent, such as methylene chloride, is added.

For joining of PVC pipes using solvent cement, the
following steps have been recommended as a practical
guide [1].

(1) Ensure that the pipe ends are cut square.
(2) Deburr and chamfer the pipe ends.

(3) Assemble the joint in a “dry-fit” operation
and make a depth-of-entry mark.

(4) Preclean the parts using a suitable reagent
that does not dissolve the polymer.

(5) Apply the primer to both surfaces.

(6) While the surfaces are still wet, apply the sol-
vent cement to both surfaces.

(7) Put a second application of cement on the
pipe—enough to form a small bead when the
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pipe is inserted in the fitting. The joint should
be left open for a short time before assembly,
to allow time for diffusion of the solvent
into the substrate and for excess solvent to
evaporate.

(8) Insert the pipe into the fitting with a quarter-
turn rotation to spread the cement evenly, then
hold the joint in place for 30—180 seconds.

(9) Wipe off excess cement.

(10) Leave the joint for at least 24 hours before
pressure testing.

16.2 Advantages and Disadvantages

Solvent welding and solvent cementing are simple
and inexpensive processes that can produce durable,
hermetic joints. Compared with mechanical fastening,
the joint may be lighter in weight, does not need addi-
tional components (yielding cost savings), and can be
quicker to assemble (giving lower labor costs). The
solvent processes also avoid the stress concentrations
usually found at mechanical fastenings. Both processes
can give a joint with low or zero visibility, and unlike
adhesive bonding, there is no additional phase at the
joint. A wide range of joint designs can be used and,
compared with most thermoplastic welding techniques,
these processes can be used to assemble relatively large
components containing irregular joints. Solvent weld-
ing and solvent cementing can produce welds with very
little or no weld flash, giving a better appearance than
the welding techniques that use heat or friction, and,
compared with frictional techniques, there is no risk of
producing particulate debris.

Solvent welding and cementing are, however, not
applicable to thermoset polymers, or to highly crystal-
line thermoplastic polymers. As with all plastics weld-
ing techniques, the processes are limited to joining
compatible polymers. However, some dissimilar com-
binations are possible, for example PVC to acrylics or
polycarbonate [2].

Residual solvent can reduce the strength of the
polymer in an SAZ up to 0.5 mm (0.02 inches) wide on
each side of the weld. Minimizing this reduction can
require a long period of desorption to allow the solvent
to diffuse from the joint. This can require a large inven-
tory of work in progress.

If molded parts contain residual stresses, then there
is arisk of solvent cracking or crazing when the solvent
or cement is applied. Where possible, regions of high
residual stress, such as an injection molding gate should
therefore be positioned away from the joint. Annealing
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the parts before assembly can reduce residual stresses,
but can also lead to part distortion, worsening the part
fit-up. The polymers most vulnerable to stress cracking
are PC, PS, acrylics, ABS, polysulfone (PSO), and
polyphenylene oxide (PPO). The solvents most likely
to cause stress cracking are esters, ketones, and aromatic
hydrocarbons [3, 4].

Solvent welding requires good part fit-up and appli-
cation of clamping pressure, because the thin layer of
solvent is not capable of gap filling. Solvent cements
have a higher viscosity than the solvent blends used for
solvent welding, and can be used for applications where
gap filling is required. However, it should be noted that
significant shrinkage of the cement will occur when
solvent desorption from the joint takes place, which
can introduce internal stresses and voids.

The solvents used generally are organic, volatile,
and sometimes inflammable and toxic. Although efforts
have been made to find alternative solvents that main-
tain the benefits of the processes, these have not been
successful [5].

16.3 Applications

Solvent welding is used for assembly of toys and
for tamper-proof housings, for example, for utility
meters.

Solvent cementing is widely used for assembly of
pipes, for example, PVC pipes in plumbing applica-
tions, or ABS pipes for chemical plant.

Other applications include fabrication of hermetic
seals in medical devices, and assembly of joints in
applications where the final appearance is important,
such as acrylic or polycarbonate display cases and iso-
lation glove-boxes.

16.4 Materials

Solvent welding and solvent cementing can be used
to join a wide range of amorphous and partially crystal-
line thermoplastics. Polymers with low molecular weight
are, in general, more easily dissolved. Polymers dis-
solve most readily in solvents with similar polarity—
polar polymers in polar solvents and nonpolar poly-
mers in nonpolar solvents. The solubility parameter is
commonly used to characterize polarity, with good
compatibility between the polymer and solvent being
most likely if the difference in their solubility parame-
ters is less than 0.5. Some typical combinations of
solvent and polymer are given in Table 16.1. If the sol-
ubility parameters of two polymers both match that of
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Table 16.1. Suitable Solvents for Solvent Welding Various Plastics [6]
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Acrylic

Polyaryl ether

Polyaryl sulfone

Polycarbonate

Polystyrene

Polysulfone

PVC

PPO

Styrene-acrylonitrile

Vinylidene chloride

Polyamide

Formic acid, phenol, resorcinol or cresol in aqueous or alcoholic
solutions, calcium chloride in alcoholic solution

the solvent, then it may be feasible to join these dis-
similar materials. Testing of the process is recom-
mended. Mixtures of solvents may also be used to
increase compatibility.

A wide range of proprietary solvent cements is
available. These consist of a solution of the polymer to
be joined dissolved in a mixture of solvents. If a primer
is required, then this will usually consist of one or more
of the solvents in the cement. The cements are prone
to gelation and have a limited storage life. It may be
possible to restore cement that has started to gel, by

adding a small amount of solvent and mixing. However
this risks producing inconsistent joints, either because
of inadequate mixing or because of an incorrect bal-
ance of solvents.

16.5 Equipment

Little equipment is required for solvent welding or
solvent cementing. Solvents or cements are usually
applied using brushes, wipes, or dispensers. Suitable
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personal protective equipment is required, as specified
by the suppliers’ instructions and safety data sheets.
Adequate ventilation is also essential to ensure extrac-
tion of solvent fumes from the work area. Depending
on production volumes, it may also be necessary to
consider the capturing of volatile organic solvents to
avoid their emission to the atmosphere.

High-volume production using solvent welding or
cementing can use automated equipment for applica-
tion of the solvent and assembly of the part. This could
include an automated dispenser, which might be as
simple as a cam-follower, or as complex as a multiaxis
robot, followed by manual or automated assembly.

16.6 Application Methods

There is a wide range of methods available for
applying solvents or solvent cements, including sprays,
rollers, brushes, and wipes. However, two other meth-
ods are also commonly used: capillary application and
dipping (or soaking).

16.6.1 Capillary Method

This method uses the ability of a low viscosity
solvent to flow through a joint area by capillary action.
It is mainly used for smaller parts and fairly short
bond lengths. The solvent is normally applied using a

Simple lap
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cannula-tipped bottle or hypodermic needle. With this
technique, it is important that the parts fit together
without leaving any visible gaps. The solvent should be
applied evenly along the entire length of the joint.

16.6.2 Dip or Soak Method

In this method, as the name suggests, the parts are
dipped into a tray containing the solvent. It is important
that only the edges to be joined are dipped; exposing
too much area to the solvent will result in a weak, slow
setting joint and will also affect the appearance of the
part. This can be controlled by masking the area around
the joint using tape or masking compounds. The edges
of the parts can be supported on pins or wires to ensure
that the solvent can get underneath. Parts are dipped for
normally between 20 and 30 seconds, depending on the
wall thickness, before being brought together.

The main drawback with this technique is that it
uses open trays of solvent, and therefore requires fume
extraction.

16.7 Joint Design

A wide variety of joint designs, illustrated in
Fig. 16.1, are available for solvent welding or cement-
ing. The load-bearing capacity of a joint can generally
be increased by increasing the joint area. The wall

|
/1

Joggle lap

Beveled lap

|
Double lap butt

T-joint

Corner T-joint

= -

Figure 16.1. Joint designs for solvent
welding and solvent cementing (Source:

Tongue and groove

Landed scarf tongue and groove

TWI Ltd).
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thickness limits the joint area for T-joints, corner joints,
and butt joints, so these joints are not recommended for
these processes.

Solvent welding is not suitable for joints where gap
filling is required, or where it is impossible to apply
clamping pressure. In these cases solvent cementing
may be a better option.

16.8 Welding Parameters

Solvent welding and solvent cementing are both
robust processes. However, if too little or too much sol-
vent is applied, then this can result in a poor weld. If
excess solvent is applied to a joint, then this can be
allowed to evaporate before assembly. Enough time is
needed during solvent application for the solvent to
diffuse into the polymer surface, and for the excess sol-
vent to evaporate. Substrates may be preheated, which
ensures that the surface is dry, and can accelerate diffu-
sion of the solvent into the surface. However, if the sur-
face is too hot then the solvent will simply flash off
before the joint can be assembled.

Good part fit-up and smooth joint faces can help
produce a sound weld. A high clamping pressure and
long welding time can also help to produce a strong
weld, particularly if the fit of the parts is poor, or the
substrates are rough.

Application of heat or vacuum or both after assem-
bly can accelerate desorption of the solvent, helping to
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reduce the level of residual solvent, and therefore mini-
mizing the reduction in strength at the joint. However,
this would add significantly to the cost of manufacture,
so commercial processes use ambient temperature and
pressure.
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17 Adhesive Bonding

17.1 Process Description

17.1.1 Introduction

Adhesive bonding is the most versatile of all joining
techniques and can be used to join plastic parts to each
other or to other materials such as metals, ceramics, or
wood. A range of joint strengths is available, ranging
from low-strength putty and caulking compounds,
which are used only for space- and void-filling, to high-
strength structural adhesives used in the automotive
and aerospace industries.

In simplest terms, an adhesive is applied to the
substrate, or adherend, surfaces; the joint is formed by
holding the components together while the adhesive
cures/hardens to develop structural properties, forming
a bond to both surfaces.

17.1.2 Mechanism of Adhesive Bonding

In adhesive bonding, attractive forces form between
the adhesive and the adherends. The type of attractive
force varies with the type of adhesive and adherends,
but is generally a combination of some or all of the
following forces:

* Adsorptive: These forces result from intimate
interaction between particles at the joint surface.
Attachment of such particles (including atoms
or molecules) can be through weak, dipolar, or
Van der Waals interactions or through chemical,
usually covalent, bonds.

¢ Electrostatic: These forces are due to ionic bonds
between oppositely charged species or molecules.

* Diffusive: These forces result from molecular
chain entanglements between the adherend
and adhesive as they diffuse across the joint
interface.

Itis not always appreciated that attractive interfacial
forces are very strong. Indeed, in many cases these
forces are stronger than the cohesive forces of the
adhesive or plastic adherend, and joint failure generally
occurs in the adhesive or adherend, rather than at the
joint interface.

Additionally, interfacial bond strength is enhanced
through the effect of larger scale micro and macro sur-
face effects (through etching, roughening, abrasion, etc)

resulting in mechanical interlocking and frictional
forces [1, 2].

17.1.3 Interface Processes and the Role
of Surface Preparation in Bonding

For adhesion to take place, it is necessary for wetting
to occur between the adhesive and the adherend.
Wetting, which relates to the spreading out of a liquid
on a solid surface, is achieved when the surface tension
of the liquid adhesive is lower than the surface tension
(or energy) of the adherend. Due to internal, or cohesive,
forces (forces of attraction between molecules within
the material) liquids tend to adopt shapes that minimize
their surface area. When droplets of liquids with high-
surface tensions come into contact with a substrate of a
lower surface energy, they will tend to adopt a more
spherical shape, while droplets of liquids with lower
surface tensions tend to flatten out on the solid surface
where the surface energy is sufficient to bring a larger
area of the liquid into contact with the surface. Organic
solvents have low surface tensions and they wet surfaces
more easily than water which has a high surface ten-
sion. If the surface tension of the adhesive is too high,
it will form a round droplet on the adherend surface,
similar to the beading of water on a waxed car, instead
of spreading out over the surface (Fig. 17.1). Representa-
tive values for various common adhesives and adher-
ends and liquids are given in Table 17.1. Good surface
wettability is achieved when the contact angle between
the substrate and adhesive droplet is less than 60°; poor
surface wettability occurs with contact angles greater
than 90°. Whilst the surface energy of each adherend is
intrinsically linked to its material/chemical composition,
use of appropriate surface preparation techniques can
compensate for poor wetting [2-5].

According to the boundary layer theory of adhesive
joint strength, macromolecules of adsorbed adhesive
form an interfacial boundary layer with molecular
properties different from those of the bulk adhesive.
Strong joints occur when this interfacial layer is strong
enough to withstand external stresses. Weak joints result
from weak boundary layers that contain entrapped air,
impurities, or weak surface chemical layers on the
adherend. The boundary layer contains oriented domains
of adhesive polymer molecular groups called attachment
sites; a greater number of attachment sites results in
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Poor surface wettability
Contact angle >90°

Liquid
droplet

Substrate

Good surface wettability
Contact angle <60°

Liquid droplet

Substrate

Figure 17.1. Surface wettability (Source: TWI Ltd).

greater joint strength. Conversely, environmental dete-
rioration of joint strength results from the destruction
of attachment sites [1, 2].

Since adhesive bonding is mainly a chemical joining
process that occurs on the surface, the success of the
process is primarily dependent on surface preparation
of the adherends and the techniques used for handling,
applying, and curing the adhesive. Appropriate surface
preparation of the joint is necessary for optimum attrac-
tion and joint strength. Adherend surfaces may need to
be roughened to increase surface area and create points
of mechanical interlock and be free of contaminants
that would interfere with the forces of attraction [2].

17.2 Advantages and Disadvantages

17.2.1 Advantages

Adhesive bonding is an efficient, economical, and
durable method for assembling plastics to plastics or to
metals, wood, ceramics, or other materials. It is the
most versatile joining method, capable of joining

JOINING PROCESSES

Table 17.1. Representative Values of Surface Tension/
Surface Energy for Various Materials

Surface tension

Materials (energy)

dyne/cm | mdJ/m?
Fluoroethylene propylene 16 0.016
Polytetrafluoroethylene 18 0.018
Silicone 24 0.024
Ethylene-propylene rubber 28 0.028
Polyethylene 31 0.031
Polystyrene 33 0.033
Styrene-butadiene rubber 33 0.033
Acrylonitrile butadiene styrene 35 0.035
Acrylonitrile-butadiene rubber 37 0.037
Polyphenylene sulfide 38 0.038
Polymethylmethacrylate 39 0.039
Polyvinyl chloride 39 0.039
Polyimide 40 0.040
Polysulfone 41 0.041
Polyethylene terephthalate 43 0.043
Cellulose 45 0.045
Polyamide 46 0.046
Polycarbonate 46 0.046
Acetal 47 0.047
Epoxy 47 0.047
Water 73 0.073
Aluminum ~500 ~0.500
Copper ~1000 ~1.000

almost all types of plastics in contrast to welding and
fastening where particular processes may be limited due
to specific material properties, applications, or geometries.
It can be used for joining films, sheets, fabrics, particles,
and substrates with unusual shapes or physical config-
urations, such as sandwich panels, and honeycomb
cores for aerospace applications, laminated wooden
beams, grinding wheels, sandpaper, laminated films,
cardboard boxes, and flocked wallpaper can be adhe-
sively bonded. It can be used for difficult-to-fasten
materials, such as fastening films and fabrics to solid
substrates. A property called tackiness or grab in some
adhesives before curing helps to hold components in
place until curing is completed. It is a permanent
assembly method and produces a continuous, almost
uniform seal, which is virtually impervious to gases
and liquids. It is an aesthetically pleasing joining
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process, since no fasteners are visible and, because the
adhesive covers the entire joint surface, stress is distrib-
uted over a large area. In addition, adhesively bonded
joints have high levels of fatigue tolerance, often much
higher than any other joining method [1-3, 6].

Adhesives possess a range of physical properties,
allowing the selection of a suitable material for each
particular application. Joint properties, such as expansion
and contraction, can be tailored to application require-
ments. Adhesives are normally electrically insulating
materials and minimize the corrosion of metals by
interrupting the cathodic effect. They are lightweight
(1.1-1.2 g/em? or 0.007 Ib/in® for unfilled adhesives),
and a thin bond line (0.05—-1 mm; 0.002-0.04 inches)
adds little weight to the assembly. Adhesives are easily
applied with automated systems and can be used to
augment mechanical assembly [1, 6, 7].

Adhesive bonding has many advantages over
mechanical fastening. It is lightweight and does not
require any extra components, resulting in cost savings
and reduced labor for processing. In mechanical fas-
tening, holes often must be machined into the part, cre-
ating points of stress in the plastic that can lead to
cracking and distortion; joint failure occurs rapidly
when mechanical fastening is used to join to ceramics
or glass. In mechanical fastening, the applied load is
concentrated at the fastener location. Adhesive bond-
ing spreads stresses out over the entire bond area, and
contour irregularities produced by bolts and rivets are
not present. In addition, part design in mechanical fas-
tening must accommodate bosses and holes, and aes-
thetic appearance of the final assembly is impaired.
Adhesive bonding can provide bonds in irregularly
shaped parts where bosses cannot be used [1, 3, 8].

Advantages over welding include the ability to
bond thermoplastics to thermosets, metals, glass, and
other materials. Dissimilar thermoplastics joined
using welding must be chemically compatible, with
similar melting characteristics; any thermoplastics
can be joined with adhesive bonding. Joints using
ultrasonic welding are restricted in geometry; a large
variety of joint designs, including those with irregular
bond lines, is possible with adhesive bonding. Weld-
ing often requires expensive equipment and tooling,
while only simple equipment is needed for adhesive
bonding [3].

Adhesive bonding has several advantages over
solvent bonding. Solvent bonding cannot be used to
bond thermosets or materials such as metal or glass.
Solvents cannot be used for parts with large gaps, and
they are more likely than adhesives to cause stress
cracking [3].
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17.2.2 Disadvantages

Disadvantages include limited shelf lives and
working lives of some adhesives, rigorous surface prep-
aration, and sometimes lengthy cure times. Adhesive
application can be messy, requiring extensive clean-up,
and hazardous vapors may be given off during curing.
Sufficient bond area is necessary for optimum strength,
and bond integrity cannot be inspected easily. Stress
cracking can occur from a reaction between the poly-
mer and particular adhesives, normally prior to or dur-
ing curing [2].

Adhesives, like polymers, have a limited temperature
range over which they are useful; oxidative degradation
can occur at high temperatures, and some adhesives
become brittle at low temperatures. Where volatile
solvents form part of the adhesive system, flammability
can be a problem, however this is less of an issue these
days due to a continuing move away from solvent-based
systems to either water-based or 100% solid systems.

Adhesives and application tools can appear to be
expensive when considered in isolation, and disassembly
is usually not possible without destruction of the
component parts [1, 2, 8].

17.3 Applications

Adhesive bonding can be used to join different
types of plastics and composites to themselves and to
other materials, such as metals, wood, fabric, film, or
cardboard. With a clean substrate surface, most materials
can be adhesively bonded to a similar or dissimilar
material; for difficult materials (e.g., those with a low
surface energy such as PE, PP, or PTFE), primers, or
special surface preparation techniques can increase
bondability significantly. Substrates can take any form
including blocks, films, sheets, particles, sandwich struc-
tures, or honeycomb cores.

Applications where polymers are joined using
adhesives are incredibly varied and include the
following:

* Cosmetic Containers: Many attractive polymeric
materials can be used to great effect when joined
to form receptacles and similar items, adhesive
bonding is often the most effective, economical
and aesthetic way to achieve this.

 Lighting: Adhesives are often used to manufacture
plastic lighting structures, including low power
systems (e.g., LED, LEP, and electroluminescent
systems).
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* Optical Components: The increasing use of high
refractive index polymers (PMMA, PC, and
nylon) in items such as glasses, cameras, photon-
ics, etc., has necessitated the development of a
range of ultraviolet (UV)-curing adhesives to
enable the joining of such materials so that move-
ment and misalignment are minimized.

e Sporting Goods: Virtually all items used for sport
will contain some level of adhesive bonding,
whether it be to bond the rubber surface of a
table tennis bat to the highly complex laminated
construction required by skis and associated
boards (surf, snow, kite, sail, etc.). Many high
quality bicycles (mountain and road) are con-
structed from a mixture of metal and polymer
composite materials which can be joined only
using adhesive technology.

* Office Equipment: Adhesives are used within
office electronics, for example, to attach and retain
components on circuit boards, and to attach fabric
on furniture.

e Toys: Whether constructed of natural polymeric
materials (e.g., wood and leather) or synthetic
thermoset/thermoplastics, adhesive bonding forms
an intrinsic method of assembly, in particular due
to its ability to join dissimilar materials and avoid
the use of fasteners, which can present a safety
risk should a component become detached.

Structural adhesives are used in the aerospace,
automotive, sport, and appliance industries for joining
structural components. Adhesives are used in assem-
bling medical components, such as orthopedic braces,
hearing aids, transducers, infusion devices and pumps,
medical electronic equipment, catheters, and attaching
stainless steel hypodermic needles to plastic housings.
Adhesive applications also include threadlocking,
thread sealing, retaining, and gasketing [9, 10].

Automotive applications include bonding two-piece
thermoplastic bumpers and rearview mirrors bonded to
glass windshields. In addition, the attachment of trim is
almost entirely done using adhesives ranging from
double-sided structural tape through to polyurethanes
and cyanoacrylates. The benefits of using adhesives
include the avoidance of producing holes, more
rapid assembly, tolerance compensation, and aesthetic
benefits [10-12].

The joining of polymer composite materials (contin-
uous fiber reinforced materials and honeycomb sandwich
structures) has always presented challenges to the
engineer. For though these materials offer significant

JOINING PROCESSES

advantages over conventional materials in terms of weight
saving, performance, and durability, their inherent
structure (anisotropic laminate) makes the joining of
these materials to others difficult. Although mechanical
fastening is used, the anisotropic laminate structure is
sensitive to any form of defect or damage such as holes,
resulting in local stressed areas and a degradation in
the overall performance. The most favorable approach
therefore is to employ adhesive bonding, where the
load can be evenly spread over a large area. There are
many examples where this has been applied with great
success, including bonding of composite pipework, the
joining of ship hulls (steel) to the upper composite
superstructure, and in the joining of sandwich structures
for the automotive and aerospace industry. In all of
these examples, different approaches in terms of joint
design, material/process selection, and assembly mode
have been taken to provide an effective bonding solution
in each case [11].

Since the 1950s, adhesive joints have been used
increasingly in shoe manufacturing as an alternative
to sewing and other fastening techniques, indeed
within the leisure sector (trainers, etc.), joining is
almost exclusively adhesive-based. The primary
materials used include leather, canvas, textiles, nylon,
and PVC for the uppers, and leather, rubber, EVA, PVC
and polyurethanes for the soles. Depending on the
material combination and the area of shoe to be joined,
anumber of adhesive types are used, the majority based
on rubbers, hot-melts, or polyurethanes. More detail is
provided in Table 17.2 [11].

A particularly innovative approach to adhesive
bonding of thermoplastics is for the production of
musical stringed instruments, such as acoustic guitars
(Fig. 17.2) where the wooden structure is replaced by

Table 17.2. Adhesives Used in Shoe Bonding
Adhesive

Cement
(rubber adhesive)

Shoe Joining Area

Mounting

Heel covering Polyurethane

Heel attachment to sole Polyester hot-melt

Box toe bonding Polyamide hot-melt

Waterborne

Shank and cushion bonding
polyurethane

Lift attachment Polyester hot-melt

Sticking of socks lining Polychloroprene

Polyurethane,

Upper to sole bonding polychloroprene
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Figure 17.2. An all-polymer guitar, completely assembled
using adhesives (Source: Cool Acoustics).

plastic. Foamed polycarbonate sheet is used for the
soundboard, bonded directly to a molded polyurethane
body with thermoplastic carbon composite in areas
where stiffening is required, such as the neck area. Due
to the different surface sensitivities associated with the
various polymers used, a room temperature curing
epoxy adhesive was selected for all joining operations.

17.4 Curing of Thermosetting
Adhesives

Cure time and method are important in obtaining
optimum joint strength. Although the classical definition
of curing a resin refers to the chemical cross-linking of
a thermosetting polymer, a broader definition is used
for the curing of adhesives. Adhesive curing generally
refers to the process in which a polymer undergoes a
change from the liquid to the solid (gel, rubber, or hard
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plastic) rheological state, regardless of the physical or
chemical method used to induce the change. The
method used to induce the liquid-to-solid conversion
depends on the class of adhesive. For a thermoplastic
adhesive, curing is the physiochemical process of cool-
ing the molten polymer. Other curing processes involve
chemical reactions; thermosetting adhesives (epoxies,
polyurethanes) are cured through chemical cross-linking,
while other adhesives, such as cyanoacrylates, cure by
polymerization of a liquid monomer [1, 2].

A number of techniques exist to monitor the curing
of thermosetting adhesives including thermomechani-
cal analysis, thermogravimetric analysis, differential
scanning calorimetry and torsional braid analysis. The
phase diagram in Fig. 17.3 describes the rheological
states of a thermoset polymer during the cure process.
For example, a liquid epoxy adhesive can be cured
by an anionic cross-linking mechanism using a basic
polyamine. Allowing the reactive mixture to cool to the
crystallization temperature (TCM) or the glass
transition temperature of the precured adhesive (Tgm)
would result in either very slow curing, or none at all.
At temperatures above Tg, the reactive mixture is
in a liquid state, and cross-linking can occur within
a finite period of time. At a typical isothermal cure tem-
perature (TA) below the glass transition temperature of
the cured adhesive, the liquid would first progress
through a gel phase, followed by a rubber phase, and
end the cure as a polymeric glass. A high degree of
cross-linking is achieved in the glassy state, the opti-
mum final cure state for structural adhesives. If cured
isothermally above the glass transition temperature of
the cured adhesive (TR), only a gel phase would precede
the final rubber phase; a glassy state would not be reached.
If cured above the thermal degradation temperature of
the adhesive (Tu), polymer degradation would result in
poor cross-linking and joint strength. Theoretically,

Degradation
Zone

Tu — Thermal Degradation Temperature Rubber

TR — Typical Isothermal Cure (Above Glass Temp)

Tg — Glass Temperature (Fully Cured Adhesive)

TA — Typical Isothermal Cure (Below Glass Temp)
Liquid

Tgm — Glass Temperature (Pre-Cured Adhesive) [ — -

TCM - Crystallization Temperature

Gelation Line

Glass Temperature (Resin Mixture)_ —_—

Crystallization Temperature (Resin Mixture)

Optimum Cure

(Slow/No Cure) Figure 17.3. A phase diagram

showing the rheological states of a
model thermosetting polymer during

Cure Time

the cure process (Source: TWI Ltd).
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each thermosetting adhesive has a characteristic time/
temperature profile; however, cure profiles of many adhe-
sives are not known [1].

Some adhesives cure by exposure to high tempera-
tures; however, curing agents or initiators are usually
necessary to begin polymerization or cross-linking
reactions. Many adhesives cure by reaction with weak
bases or anionic functional groups (water, amines,
anhydrides, amides). Some require initiators, such as
peroxides, oxygen, ultraviolet light, or electron beams,
in order to generate free radicals for a polymerization
chain reaction. Other adhesives require metal salts,
acids, or sulfur for cure reactions. Cure times can range
from a few seconds to several days [2].

17.5 Classification of Adhesives

Adhesive classification, at first sight, can appear
quite confusing due to the range of ways in which such
materials can be described, the main ones being [2]:

e Chemical type
* Physical form
e Cure mechanism

¢ Function

17.5.1 Chemical Type

Materials used as adhesives can be divided broadly
into three classes: (1) natural polymeric compounds,
(2) inorganic materials, and (3) synthetic polymeric
materials (thermoplastics, thermosets, elastomers).

Within each of these three classes, a range of
chemistries can be defined:

* Natural polymeric—starches, dextrins, proteins,
natural rubber, etc.

 Inorganic—silicones, silicates, etc.

* Synthetic polymeric—epoxies, acrylics, poly-
urethanes, etc.

17.5.2 Physical Form

Forms of adhesives include liquids, pastes, films,
and foams. Within each form there may be a range of
variations and it should also be mentioned that some
forms will be thermally sensitive, especially liquids
and pastes. As a subset within this class, adhesives are
sometimes referred to by the number of components
required for cure, that is, two-part or single-part system.
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One particularly interesting physical form, termed
thixotropic, has properties that allow it to behave like
a low viscosity liquid when subjected to shear forces
(e.g., painting or spreading) but to have gel-like proper-
ties once such forces have been removed. Thixotropic
systems are used in a wide variety of applications
where the adhesive must not flow or move under gravity
once it has been placed in position.

Adhesives can be water-based (in which surfactants
are used to disperse and stabilize polymer chains into
small particles), solvent-based, or 100% solids.

17.5.3 Cure Mechanism

Adhesives can be classified according to cure
mechanism, the main ones being:

* Chemically reactive—sometimes referred to as
two-part systems and normally cure at room tem-
perature, e.g., epoxy, toughened acrylic, etc.

* Moisture cure—usually single part adhesives,
e.g., polyurethanes, silicones, etc.

¢ Anaerobic—which must cure in the absence of
air, e.g., anaerobic acrylics.

* Hot melt—requires heat to melt the adhesive
to become a liquid, e.g., polyamide (PA) based
adhesives.

e Light cure—requires energy in the form of
UV or near UV (blue) light, e.g., UV curing
acrylics.

* Heat cure—requires some level of heat to cure,
e.g., single component epoxy adhesives, which
need temperatures greater than 120°C (248°F) to
cure effectively.

* Pressure sensitive—although not strictly curing,
in that the adhesive does not change form, pressure
is required to “encourage” the adhesive layer to
wet the adherend surface and thus form a higher
strength bond.

17.5.4 Function

Functional classifications include holding adhesives,
such as masking tape, which holds parts together for
limited amounts of time; instant adhesives, which cure
within seconds; structural adhesives, which can sustain
stresses of at least 50% of the original strength of the
part; one-part adhesives, such as rubber cement; and
two-part adhesives, such as epoxies [2, 5].
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17.6 Adhesive Types

Most commercial adhesives are classified according
to polymer composition or chemical type. Major classes
are described in the following sections.

17.6.1 Acrylics

Acrylic adhesives are derivatives of acrylic acid
esters. They usually have short- or long-chain ester
substituents or cyano groups, and may be a mixture
of monomers and prepolymers. Long-chain acrylics,
such as butyl methacrylate, are relatively soft; methyl
methacrylate, with a short carbon chain, has a higher
strength and modulus. Blends of short and long chains
are also possible, allowing a wide range of flexibility in
adhesive properties. Due to the range of chemistries
involved, the acrylic family can be split into a number
of subsets, the main ones being:

e Structural methacrylates

* Second generation or reactive acrylics
* Cyanoacrylates

e Light curing acrylics

* Anaerobic acrylics

» Toughened or static mix acrylics.

Substituted acrylics, such as the cyanoacrylates,
are highly reactive and cure within seconds of applica-
tion. Other acrylic adhesives, such as toughened acrylics,
can dissolve grease and can wet contaminated surfaces.
They are less sensitive to adherend surface preparation
when compared to other adhesives, such as epoxies [13].

Curing occurs through polymerization, by free
radical, or anionic mechanisms. Free radical polymer-
ization, a chain reaction, can be initiated by organic
peroxides or other active oxygen compounds or by UV
light. Polymerization with peroxide initiators requires
elevated temperatures (60—100°C; 140-212°F) in order
to occur at a significant rate; activators and catalysts are
necessary for polymerization at lower temperatures.
Activators, such as reducing agents, induce peroxides
to initiate the reaction, while catalysts or accelerators
(tertiary amines, polyvalent metal salts) increase the
polymerization rate. Acrylic polymerization can result
in a large adhesive shrinkage during curing. To avoid
the large cure stresses this shrinkage would generate,
polymerized acrylic is commonly dissolved in acrylic
monomer, resulting in a viscous solution in which shrink-
age during polymerization is reduced. Inert filler mate-
rial, such as silica, is also sometimes used. Cross-linking
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can occur in addition to polymerization, if a small
amount of polyfunctional acrylic derivatives is present
in the adhesive before curing [13].

Once initiated, polymerization proceeds to comple-
tion, forming a high molecular weight adhesive with a
glass transition temperature that is independent of cure
temperature. Temperature resistance of the polymerized
acrylic is determined by the monomers and polymers
present before curing and not by cure conditions.
Maximum operating temperatures of some systems are
usually around 105°C (221°F), the glass transition
temperature of polymethyl methacrylate. Prolonged
high temperature exposure may cause thermal depo-
lymerization of these systems. However, many acrylics
can be formulated to tolerate much higher temperatures,
up to and exceeding 149°C (300°F); such systems often
incorporate epoxy chemistries [13, 14].

17.6.1.1 Structural Methacrylates

Structural methacrylate adhesives are composed of
elastomers and toughening agents dissolved in methyl
methacrylate and other monomers. Cure is initiated by
the addition of peroxide, which decomposes to form
free radicals. Polymerization occurs at room temperature.
Methacrylates are available in a range of cure speeds
and exhibit superior low temperature impact performance.
High strength bonds can be achieved with a variety of
materials, especially plastics. Self-foaming formulations
provide excellent gap filling but maintain the strength
of unfoamed formulations. Methacrylates can be repro-
cessed with plastic parts for recycling; no separation
is necessary. They blend with the thermoplastic melt
during reprocessing, and the reprocessed plastics
have similar mechanical properties to those without
adhesive [12].

Advantages/disadvantages: Advantages include rapid
cure, high joint strengths to plastics and the ability
to be reprocessed for recycling. However, they have
relatively low temperature performance and can cause
possible stress cracking in some polymers.

17.6.1.2 Second-generation Acrylics

Second-generation acrylics, often termed reactive
or no-mix acrylics, contain dissolved polymers to
reduce shrinkage and increase toughness. They cure
rapidly (<2 minutes at room temperature) by a free
radical mechanism. They are two-part adhesives but
require no prior mixing. Each adherend surface is
coated with either adhesive or accelerator (often
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referred to as an activator), which diffuse together
when the parts are mated. Diffusion mixing is possible
up to a bond line gap of 0.5 mm (0.02 inches); with
greater bond gaps, these adhesives must be mixed prior
to application [13, 14].

Typically, these systems develop handling strength
in about two minutes and full strength in 4-24 hours.
The activator serves only as a catalyst for the polymer-
ization of the resin, so the ratio of activator to resin is
not critical. However, this is not the case for solventless
activators, which are so concentrated that excess acti-
vator can prevent the adhesive from forming an intimate
bond with the substrate. Since polymerization is initiated
at the interface between the activator and resin, the cure
depth is limited. Typically, the maximum cure-through
depth is 0.76 mm (0.03 inches) from this interface [3].

The resin base of no-mix acrylic adhesives can also
be heat-cured. A typical heat cure cycle is ten minutes
at 149°C (300°F). Heat curing normally offers higher
bond strengths and shorter cure times. However, heating
the adhesive lowers the resin’s viscosity and may result
in some adhesive flow out of large gaps [2].

Advantages/disadvantages: Advantages include no
requirements for mixing, rapid cure, good adhesion
to plastics, room temperature cure, and the ability to
accelerate cure with heat. Disadvantages include pos-
sible adverse effect on some solvent-sensitive plastics
(stress cracking, marking, etc), unpleasant smell of
uncured components, and limited cure-through depth.

17.6.1.3 Cyanoacrylates

Cyanoacrylate adhesives are colorless, one-part,
room-temperature-curing adhesives that are available
in viscosities ranging from water-thin liquids to thixo-
tropic gels. When pressed into a thin film between two
surfaces, cyanoacrylates cure rapidly to form rigid
thermoplastics with excellent adhesion to most substrates
(plastics, metals, rubber, wood, skin, etc.) [2, 3].

Highly reactive cyanoacrylic esters, such as methyl
or ethyl cyanoacrylate, cure through anionic polymer-
ization at room temperature, with trace amounts of water
or amines as catalysts. Adherend surfaces generally
contain sufficient amounts of absorbed water to catalyze
polymerization, which is then completed in around
30 seconds for rubber and 1-2 minutes for metals and
plastics. Fixture times for low viscosity adhesives
are lower than for those with higher viscosity. Basic
surfaces cure more rapidly than acidic surfaces, and only
minimal shrinkage occurs during curing. The rapid
curing of cyanoacrylates reduces or eliminates the need

JOINING PROCESSES

for clamps or holding fixtures. Joints made with cyano-
acrylates are frequently stronger than the bulk material,
especially with thin plastic substrates [1, 3, 7, 14].

General purpose cyanoacrylates form brittle joints
with high shear and tensile strengths and can withstand
temperatures from —54°C (-65°F) up to about 82°C
(180°F) at low humidity, and indoors show no
significant changes over a number of years. Minimal
degradation is possible outdoors, depending on the
substrate; however, exposure to severe temperatures,
solvents (water, acetone, alkaline solutions), or weath-
ering will produce bond weakening and eventual col-
lapse. Generally, ethyl cyanoacrylate forms stronger,
more durable joints to rubber and other flexible sub-
strates; methyl cyanoacrylate adhesives produce
slightly higher joint strengths with rigid plastics and
metals [1, 3, 7, 14].

Although catalysts are not necessary for cyano-
acrylate polymerization, they do provide more rapid
curing. Curing is most rapid with thin bond lines;
thicker gaps (0.5 mm; 0.02 inches) generally require
higher viscosity cyanoacrylates and may require catalysts
or activators to increase the cure rate. An amine catalyst
can be applied to a joint surface before bonding. After
the solvent has evaporated (usually 10-60 seconds),
the adhesive is applied to the joint surface; catalyst
activity after solvent evaporation ranges from 1 minute
to 72 hours. Phenylethyl-ethanolamine is a common
catalyst used in cyanoacrylate curing; however, it short-
ens joint life and does not promote the ability to cure
between large gaps (gap curing). Other catalysts can be
sprayed over a drop of free cyanoacrylate for curing, a
method used for tacking wires or small components in
electrical assemblies [1, 3, 7].

Cyanoacrylates can be used for bonding difficult-
to-bond plastics such as fluoropolymers, acetal resins,
and polyolefins, if primers are first applied to the adher-
end’s surface. Primers, or adhesion promoters, are
substances with chemical structures that promote strong
adhesive properties (surface tension effects, dipole
interactions) when applied in very thin films. They
increase adhesion and improve shear, peel, and tensile
strength. After evaporation of the primer solvent, the
adhesive can be applied; depending on the type of plastic,
joint strengths up to twenty times that of the unprimed
joint strength can be obtained. Primers are normally
active from four minutes to one hour after solvent
evaporation [1, 3, 5, 7].

Cyanoacrylate formulations can be modified to
produce joints with particular properties. Addition of
rubber results in joints with high peel strength and
impact resistance. Temperature-resistant cyanoacrylates
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17: ADHESIVE BONDING

retain bond strength even after exposure to 121°C
(250°F) for thousands of hours. “Blooming” or “frost-
ing”, which can occur when general purpose cyano-
acrylates volatize, react with moisture in the air
and settle on the part, can be eliminated by using
special “low-odor/low-bloom” cyanoacrylates with
lower vapor pressures [3, 7].

The shelf life of uncured adhesive is about one year
in polyethylene or metal containers; exposure to humid-
ity and ultraviolet light shortens shelf life, while refrig-
eration extends it.

The life of the bonded article is usually less than
five years. Special precautions should be observed when
handling cyanoacrylates; one needs to consult the man-
ufacturer for details [1].

Advantages/disadvantages: Advantages of cyano-
acrylates include absence of solvents in their formula-
tion, automated dispensing, rapid curing, the availability
of multiple viscosities, and Class VI compliance for
short-term (<29 days) medical device applications. Most
cyanoacrylates are one-part systems that cure rapidly
at room temperature and provide excellent shear and
tensile strength. Disadvantages include joint brittleness,
limited gap curing, poor peel strength, poor solvent and
temperature resistance, and rapid bonding to skin.
Certain polymers may exhibit stress cracking and/or
blooming when bonded with cyanoacrylates [3, 7].

17.6.1.4 Light-curing Acrylics

Light-curing acrylics (including cyanoacrylates),
composed of a blend of acrylic monomers, oligomers,
and polymers, polymerize after exposure to UV light
of a particular wavelength and intensity. They are one-
part, solvent-free adhesives, available in a wide range of
viscosities, from 50 centipoise (cP) to thixotropic gels.
Photoinitiators added to the adhesive before bonding
decompose under UV light to produce free radicals,
which initiate polymerization of the acrylate groups to
produce a thermosetting polymer. Cure times generally
range from 2—-60 seconds; cure depths can be as high as
13 mm (0.5 inches). Cured adhesives range from rigid,
glassy materials to soft, flexible elastomers [7, 15].

When cured in the presence of air, free radicals
can react with oxygen before initiating polymerization,
leading to incomplete curing and a tacky surface.
To minimize oxygen inhibition, light intensity can
be increased, or the wavelength of light used can
be matched to the absorbance of the photoinitiator.
Alternatively, oxygen can be removed by flooding the
adhesive surface with nitrogen during curing [7].
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Advantages/disadvantages: Advantages of light
curing acrylics include the ability to cure on demand,
good environmental resistance, easily automated
dispensing, clear bond lines, Class VI compliance
(only for certain medical grades), and rapid fixtures.
They are suitable for joining dissimilar materials or
for joints with large gaps, and no volatile substances
are formed during the cure. Disadvantages include
oxygen inhibition of curing (tacky surfaces), initial
expense for light source equipment, and the necessity
of venting ozone produced by the light source. At least
one substrate must be transparent so that light is able
to reach the joint interface. Light-curing acrylics
are commonly used to join vinyl and polycarbonate
materials [7].

17.6.1.5 Anaerobic Adhesives

Anaerobic adhesives are one-part adhesives com-
posed of dimethacrylate monomers (esters of alkylene
glycols and acrylic or methacrylic acid) that cure only
in the absence of air. They are less toxic than other
acrylics, have a mild, inoffensive odor, and are not
corrosive to metals. Anaerobic adhesives are stored in
partially filled polyethylene containers, in which the
ratio of air-exposed surface to volume is high. A
range of viscosities are available, from four to several
million centipoise, and the shelf life is greater than one
year, depending on the amount of air in the container.
Anaerobic adhesives can fill bond gaps from 0.025 mm
(0.001 inches) to ~1 mm (0.04 inches) [1, 2, 14].

Anaerobic adhesives are used for structural bonds,
primarily with materials such as metals and glass and
to a lesser extent, wood and plastic (thermosets and
some thermoplastics). An activator is applied to one
or both joint surfaces; adhesive is then applied to one
surface to begin curing. Cure speed is determined by
the choice of activator; cure times range from less than
30 seconds to greater than 30 minutes. Heat can be
used instead of, or in addition to, activators, although
its use is not common [1, 15].

Joints produced using anaerobic adhesives can
withstand exposure to organic solvents and water,
weathering, and temperatures of up to about 200°C
(392°F) [1, 14].

Advantages/disadvantages: Advantages include
cure-on-demand functionality, low odor levels, single-
part room temperature curing and high levels of
durability. Disadv