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Abstract

Under ideal conditions load bearing structures would be designed without joints, thus
eliminating a source of added weight, complexity and weakness. In reality the need for
accessibility, repair, and inspectability, added to the size limitations imposed by the
manufacturing process and transportation/assembly requirements mean that some minimum
number of joints will be required in most structures. The designer generally has two
methods for joining fiber composite materials, adhesive bonding and mechanical fastening.
As the use of thermoplastic materials increases, a third joining technique - w tiding - will
become more common. It is the purpose of this document to provide a review of the
available sources pertinent to the design of joints in fiber composites. The primary
emphasis is given to adhesive bonding and mechanical fastening v_ith information coming
from documentary sources as old as 1961 and as recent as 1989, A third, shorter section
on composite welding is included in order to provide a relatively comprehensive treatment
of the subject.
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I. INTRODUCTION

The necessity for structurally sound, functionally reliable joints is an engineering design
issue that considerably predates the evolution of modern fiber composite materials. The
use of such materials in complex structures almost invariably produces a simpler design

, that requires fewer separate parts than an equivalent metal structure. As a result, a
significant savings in weight is usually realized as well as a reduction in the number of
joining operations and requisite assembly procedures, thereby enhancing reliability and
lowering cost. Although the number of joints is frequently reduced, the requirement for
joints is never eliminated.

The joining of metal structures is an established technology tha_ involves riveting, bolting,
welding, glueing, brazing, soldering and other methods. By contrast, most polymer
composxtes are amenable to either adhesive bonding or mechanical joining. More recently,
effort and attention has been given to localized welding of thermoplastic composites.
Adhesive bonding is generally preferred ove r mechanical fastening in light of the
continuous connection that can be achieved. When drillfi:g holes for bolts or rivets, fibers
or ottier reinforcements are cut, and large stress concentrations occur at each discrete
fastener hole. The necessity for removable parts in some assemblies and the need for
interior access in others can only be addressed with mechanical fasteners. Thus adhesive
bonding and mechanical fastening selwe unique and essential functions in the joining of
fiber composite materials.

Finally, the conflicts that inevitably arise in areas of rapidly evolving technology can be
seen in the following comparison of composite joint design methodologies. Hart-Smith [1]
states that the number of joints should be minimized, then specific design attention should
be given to those joints that are most heavily loaded, subsequently filling in the gaps
between joir._s by extending some of the layers at the splice. V inson [2] recommends that
structural components be designed in response to the loads and environments affecting
those components without initial attention being given to joint requirements. Once issues
such as fiber and matrix selection, stacking sequence, nuL_ber' of plies, etc. have been
established, the design of the joints should be considered in detaii. While each of these
approaches claims to have substantial empirical support, it is apparent that agreement does
not always exist, even at the most basic levels of design philosophy.
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II. ADHESIVE BONDING OF FIBER COMPOSITE MATERIALS

The development of modern adhesives for the bonding of prima_ load bearing structures
began several decades ago. The de Havilland Mosquito bomber of World War II was
probably the lh'st notable aviation application for adhesive bonding of composite materials -
i.e. plywood laminates and casein glue. Typical of the environmental issues of that time
was the suitability of casein glue for the European theater but not for the temperature and
humidity of the Far East. Later models used formaldehyde glues instead. In the United
States, the Meltbond adhesives were developed by Narmco in the early 1940's for the
Consolidated Vultec B-36 bomber.

The desirability of bonded joints in contrast to other techniques have been given by Kuno
[1] as:

1. Often thinner gage materials can be used with attendant weight and cost savings.

2. The number of production parts can be reduced, and the design simplified.

3. The need for milling, machining and forming of details is reduced.

4. Large area bonds can be made by a minimum work force without special• ,

trmnmg.

5. Adhesive bonding provides a high strength to weight ratio with three times the
shearing strength of riveted joints.

6. Improved aerodymic smoothness and visual appearance.

7. Use as a seal, and/or corrosion preventer when joining incompatible adherends.

8. Excellent electrical and thermal insulation.

9. Superior fatigue resistance. Adhesive bonded assemblies have shown a fatigue
life twenty times better than riveted structures of identical parts.

10. Damping characteristics and noise reduction are superior to riveted assemblies.

11. Often, the adhesive is sufficiently flexible to allow for the variations in
coefficients of thermal expansion when joining dissimilar materials.

While the advantages to using adhesive bonding are apparent, it is essential that there be
methods to analyze, design and optimize adhesive bonded joints for many co, lfigurations
subjected to numerous load conditions.

Kuno also points out that the use of adhesive bonding is increasing. For example, Cagle
[2] indicates tt:at approximately 14,000 square feet of adhesive are used in a Boeing 747.

1

Adhesive Bonded Joint TecP, nology

Single Lap Joint

The single lap joint, shown in Figure la, has been studied more extensively than any otht,r
bonded configuration. Those evaluation.,, include both experimental procedures as well _sl



analytical, finite difference and finite element methods. For reference it is noted that the
pancl_, ;_:,o,,vnin Figur,.. la are the adherends joined together by '.anadhe,'ivc.

Kutscha and Hofet t3] determined that single lap joints with adherends of unequal
' thickness have a maximum shear stress occuring at "the point where the load enters the

, joint from the thinner adherend." In a joint with identical adherends the stresses are
';ymmetric about the bond mid-length.

, Kutscha and Hofer's parametric studies provide a number of significant generalizations. 1)
Adhesive stresses decrease with increasing specimen width, up to about 10 crn. width,
beyond which the stresses remain constant. Thus wider joints designed with strength data
from 2.5 cm wide specimens would be conservative. 2) They found that maximum
adhesive stresses do not decrease significantly with increased bonded area. 3) As the
adhesive film thickness increases, more adhesive material is available to absorb the
differential strains and hence the stresses decrease. As the adhesive shear modulus
increases, 4) the maximum adhesive

A. Single Lap Joint

B. Double Lap Joint

1

C. Scarf Joint

Figure 1. Bonded Joint Configurations

stresses increase almost linearly with the shear modulus (for values between 50,()()() a_d
, 250,000 psi, which is the conventional range for structural adhesives). 5) They also found

that as the stiffness of the adherends increases, the resistance of the joint to bending
increases and the maximum adhesive snesses decrease. Finally, 6) maximum stresses in
the adhesive are relatively insensitive to the value of the adherend Poisson's ratio, lt is
noted by the reviewer that these early conclusions and generalizations remain valid toda.v.



Kutscha and Hofer also defined a "joint efficiency" that continue_ to be app!icabLe. It i,
defined for any bonded joint as the axial load divided by the nominalbonded area, divided
by tile strength of the weaker adherend without the joint, times 100.

By way of conclusion, Kutscha and Hofer state that the best adhesive bonded joint design
technique is an empirical approach starting with the development _,f shear strength joint data
which is used as a guide for adhesive selection and proper overlap length, to a final step of
building a full scale joint and testing it.

r

Lehman and Hawley [4] analyzed and compared several methods of adhesive bonding,
including single lap (Fig. la), double lap (Fig lb), scarf (Fig. lc), stepped lap and various
other adhesive joint configurations. They found that 1) the maximum joint strength occurs
when the extensional stiffness of both adherends is the same; 2) fatigue runout (i.e. no
failure before 10 million cycles) occurs when the maximum adhesive shear stress is below
the proportional limit shear stress of the adhesive° 3) Adhesive shear stresses above the
proportional limit cause fatigue cracks that propagate through the joint causing failure.
They concluded 4) that the residual strength of the fatigue specimens that survive runout
usually exceed the static strength values. Also, in bonded joints of epoxy resin composites
where the bond length to thickness ratio exceeds 25, 5) interlaminar shear strength of the
adherends is the limiting strength of the joint. It was their considered opinion that semi-
empirical methods were the best approach to adhesive joint design.

Wang [5] concluded that bonded joints employing low modulus adhesives display better
fatigue resistance than joints employing a higher modulus adhesive.

Hart-Smith [6,7] studied single lap joints involving a continuum model in which tile
adherends are elastic and the adhesive is elastic, perfectly plastic in shear while behaving
elastically in transverse tension-compression. Among his conclusions were 1) that any
adherend imbalance in properties causes a significant strength reduction in the joint, and 2)
for thicker adherends the dominant failure mode is tensile peel stresses in the adhesive and
the associated interlaminar stresses in the composite adherends. He emphasizes 3) the low
structural efficiency of single lap joints, and suggests that they should not be employed
without some support to react out the eccentricity. Finally, he states that 4) tough ductile
adhesives produce much stronger joints than those adhesives which, although stronger, aFe
more brittle.

Double Lap Joints

Lehman and Hawley were the first to show that double lap joints (Figure lb.) were more
than twice as strong as single lap joints of the same lap length due to the configuration
symmetry, which reduces bending in the adherends and transverse (peel) stresses ir_the
adhesive.

Scarf Joints

The scarf joint is shown in Fig. lc. The advantage of the scarf joint is aerodynatnic
smoothness; its disadvantage is the requirement for precise machining at a low angle in
order to maintain a uniform bond thickness. Oplinger [8] states that the scarf joint provides
efficient use of the overlap length by allowing the peak adhesive stresses to diminish as the
overlap length increases. Hart-Smith [9] found that adhesive stresses wi!i be uniform
along the joint if both adherends have equal stiffnesses. For unmatched stiffnesses, the
adhesive stresses will change monotonically over the length of the overlap.



Summary

A significant consideration in analyzing and designing adhesive bonded joints is the
adhesive material property characterization. Recently, Roy and Reddy (10) in a two
dimensional finite element study, show the importance of modeling an adhesive in a

• bonded joint as a viscoelastic material. At high strain levels, nonlinear viscoelastic effects
can produce creep strain significantly larger than the linear viscoelastic predictions. They
also note significant changes in Poisson's ratio with time in some adhesives.

Ra o and Gibson [11] have developed a torsional technique to measure the dynamic shear
viscoelastic properties of thin film adhesives. It was found that for adhesive films greater
than 0.04 in. thickness the adhesive behaved as the bulk polymer, but the properties do
change for thinner films, based upon tests of one adhesive.

A few observations and comments that can be used as a preliminary guide to adhesive joint
design.

1. Maximum shear stresses and normal stresses in the adhesive can be reduced by
making the flexural stiffness and the extensional stiffness of the adherends as
hu'ge as possible,

2. Regardless of the adherend materials, the flexural and extensional stiffnesses
should be matched or the overall strength of' the joint will be compromised.

3. There is a maximum bond length beyond which no additional load carrying
capability is possible, because the pe',_ shear and peel stresses do not dinfinish
with additional length.

4. As the adhesive bond length increases, failure or yielding of the adherend
becomes more probable.

Finally, it is noted that a comprehensive source of detailed and specific information
regarding the design, evaluation and testing of adhesively bonded joints is contained in
[121.
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yfIII. MECH.kNICAL o,)INING OF FIBER COMPOSITE MA'I'ERIALb

The use of mechanical fasteners to join structural components is an area of engineering
interest that has been developing since long before the advent of modern polymer
composites. The immediate issue in the design of a mechanical fastener is to preclude a

• failure, which can occur in several ways as shown in Figure 2. Net tension and shear out
failure are total structural failures in which the joined components are separated.

i,

i

A. Net Tension

B. Shear Out

C. Bearing

Figure 2. Bolted Joint Failure Modes

Bearing failures however must be defined, such as relative structural displacement as a
' percentage of hole diameter, or some other measure. Such bearing failures may be

influenced by whether the joint will be subjected to static loads or a vibratory spectrum of
loads.

Kutscha and Hofer [1] presented one of the initial treatments of mechanical fasteners in
composite structures. Th::{r st'_dy included empirically determined load distributions and



joint strengths of fiberglass bolted joints and a comparison of that information with
analytical solutions. They conclude that the failure modes are so different and complex that
a semi-empirical method is the best approach to designing a bolted joint.

In a later study by Lehman and Hawley [2], single and double lap bolted joints were
evaluated. They found that the single lap joints were ,,lot penalized greatly due to joint
asymmetry. In the double lap joint, the use of bushings reduced the joint weight
efficiency, which is generally considered unacceptable. However, the insertion of metal
shims between laminae, and thickened panel end designs resulted in weight effective joints.
Although more difficu!t to fabricate, the shimmed joint produces a very compact, high
strength joint.

Shearout failures were prevalent in all Lehman-Hawley bolted joints except for the shim-
reinforced and the bolted-bonded joints, even when the joint proportions were selected to
produce bearing failures. Also, the use of whiskers as a resin matrix additive did not
increase the joint strength.

Their testing indicated that an edge distance of 4.5 times the fastener diameter is required to
achieve a balance between shear out and bearing failure. In these tests, net tension failures
through fastener holes were precluded by a side distance of twice the fastener diameter. A
laminate thickness to fastener diameter ratio of 0.8 resulted in maximum bearing strengths.

Maximum shear strengths were developed in a laminate containing 0 and +/-45 ° layers in
which 2/3 of the laminate were +/-45 ° to the load axis.

Lehman and Hawley conclude that semi-empirical methods are the only effective approach
to rational mechanical design in composite materials.

Cruse, Waszczak and Konish [3] focused on the effects of sharp cracks and loaded holes
on the strength of composite material structures. They evaluated the strength of bolted
joints in boron and graphite epoxy plates and then made predictions reqarding fracture in
advanced composite materials. Among their conclusions was the determination that linear
elastic fracture mechanics could be employed if factors such as a lower bound on critical
crack length and the material property dependence on finite plate dimensions can be
determined.

In May 1974, Oplinger and Gandhi [4] conducted an analytical investigation of the elastic
response and failure of mechanically fastened orthotropic panels with either single or
multiple fasteners. An interactive approach was used to accurately determine the arc of
contact, a non-linear aspect of the problem. They studied joints involving a single pin, a
periodic array of fasteners in finite rectangular plates, and an isolated pin in an infinite
plate. They found that an optimum value of s/d = 2 corresponds to a minimum of tj,, atio
of peak net tension stress to average applied stress, where 2s is the distance between pin
center lines.

Also in 1974, Van Siclen [5] documented the design procedures for bolted joints in
graphite epoxy laminates. His approach was to obtain and evaluate actual joint test data,
and from the data he established semi-empirical procedures for predicting joint strength as a
function of all the pertinent variables.

He discussed each of the geometric parameters affecting joint behavior which are: edge
distance (e), side distance (s), hole diameter (d), and laminate thickness. A discussion of
the pertinent laminate properties including fiber orientation, stacking sequence and types ot"
material systems.



Van Siclen also evaluated various reinforcing concepts including matallic interleaves,
externally bonded-on metallic doubles, laminate crossply buildups, and fiberglass
"softening strips."

. He also pointed out the significance of specific fastener configuration. For example, the
use of a countersunk fastener in place of a protruding head design will severely
compromise the bearing strength of a joint.

Van Siclen states that the net tensile load, PNT,that a given joint can carry, is given simply
by

PNl"= FsT(2S-d)t

where F_, the net tension strength is determined experimentally as functions of the side
distance ratio, s/d, and the edge distance ratio, e/d.

For shear out failure load, Pso, the simple equation to use is

Pso = Fso(2s-d)t

where Fso, the shear out strength is determined experimentally as a linear function of the
edge distance ratio, e/d, only.

For the allowable bearing load, PBR,the equation to use is

PBR= FBRudt

where FBRU is the ultimate bearing strength of the laminate determined experimentally, and
is strictly a function of the stacking sequence of the laminate.

Failures in net tension and shear out are obvious. For bearing failure a definition for that
failure must be made, for example, a limit to hole growth as some fraction of hole diameter.

As opposed to Lehman and Hawley, Van Siclen found that the allowable shear out strength
for a (0,+/-45,90) graphite epoxy laminate is significantly reduced as the e/d ratio is
increased. He found that for e/d > 4, bearing becomes the mode of failure, a conclusion
that differed from the Air Force Design Guide.

Van Siclen determined, as did Lehman and Hawley, that the minimum weight reinforcing

approach is to use +/-45 ° plies in the joint area. For minimum panel thickness, the use of
internally bonded titanium interleaves was the best approach.

At an AMMRC Symposium in 1974, Oplinger and Gandhi [6] presented results from their
continuing analyses. They concluded that the optimum fastener spacing is s/d = 1, and that
full joint strength is developed when e/d > 2. The latter differs from Lehman and Hawley.
One of their more significant results indicates that the differences between single and
multiple pin configuraions is minimal for commonly encounte_ed laminates such as (02,+/-
45) configurations. In unidirectional laminates, however, fastener interactions are
important.

Also in 1974, Whitney and Nuismer [17]developed an important model for failure criterion
in laminates involving bolted joints. Their models assumed that failure occurs in a notched



laminate when a critical stress state is reached at or within a characteristic distance away
from the notch. This distance is assumed to be a material parameter independent of the
laminate stacking sequence and the stress distribution. Once this distance is calculated from
empirical data, it is v;flid for other notches and stacking sequences. Subsequent to the
initial publication, Pipes, GiUespie and Wetherhold [8] have found that this characteristic
distance is dependent on hole size and a variety of other variables. In 1985 Awerbuch and
Madhukar [9] recommend, after an extensive review of the literature, that the characteristic
distance parameter be determined experimentally for each material and stacking sequence.
Using a characteristic distance is empirical, but many feel it has the inherent ability to reflect
the failure characteristics of a material. All that is required to make predictions for bolted
joint failures is a linear stress analysis and the characteristic failure distance for that material
and stacking sequence.

In January 1976, Stockdale and Matthews [10] demonstrated that ultimate bearing loads are
increased by 40 to 100 percent in glass reinforced laminates by increasing the clamping
pressure of a bolt. They also measured the contributions of the washers transferring load
through surface friction.

Quinn and Matthews [11] studied the effects of stacking sequences on pin bearing strengths
using 0, 90 and +/-45 ° plies in eight different sequences. They found that placing 90°
plies at or next to the outer surfaces increases the bearing strength. Also, the ultimate
failure mode was dependent upon stacking sequence. The [90/45/0]s layup was found to
have the highest strength, and was 30% stronger than the weakest layup, which was
[0/90/45]s.

Allred [12] showed in 1977 that Kevlar reinforc,ed composites would cause problems when
they were subjected to bearing loads in bolted joints. He stated that it is desirable to obtain
not only the ultimate values of bearing load, but also the entire load-deflection curve,
because the material "yield strength" from such a curve provides a better design allowable
than the ultimate bearing strength so often used, particularly when the structure is subjected
to repeated loading. He found that the quasi-isotropic configuration exhibited the highest
yield strength of all those he tested. Finally, Allred recommends local reinforcement when
designing a Kevlar composite component.

In 1979, Hyer and Lightfoot [13] evaluated the effect of hole size on the strength of bolted
joints, and concluded with others that increased hole size reduces the strength of the joint.

Prior to 1982 only one analytical evaluation, published by Matthews, Wong and
Chryssafitis [ 14], had considered the important effects of lateral bolt pressure around the
hole. A finite element analysis using 20-node brick elements and 3D effective laminate
properties was conducted to determine through thickness stresses. Three conditions were
studied: pin, finger tight washer and fully tight washer. Their results showed that pin
loaded holes have tensile, through thickness stresses of 0.065 times the bearing stresses.
When a finger tight constr;,int is applied (a surface displacement is imposed without lateral
pressure), the out of plane tensile forces are negated by compressive forces built up ahead
of the bolt. A very significant result was found for the fully constrained case (surface
displacements specified), high interlaminar shear stresses occur near the surface, ahead of
the washer. This agrees with recent experimental observations that bearing failure can
occur ahead of the w_,,_her.

/,

Considerable differences in bearing strengths of composites using two diff.erent epoxy
matrix materials was reported by Kretsis and Matthews [15] in 1985. This ce."tainly, gwes
emphasis to the empirical considerations necessary for designing and/or analyzing k_olted

,
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joints. Matthews and Kalkanis also investigated the effects of lateral constraint on Kevl_
fabric composite bolted joints,

Jurf [16] in 1986 completed an inclusive study of the behavior of bolted joints in composite
laminates. His first objective was to experimentally determine the relationships between

, joint strength andvarious geometric patterns, and to determine how these relationships are
influenced by the degree of lateral surface constraint. Kevlar epoxy and graphit,; e,poxy
[0/+45/90/-4512_ laminates were employed.

i,

Jurfs second objective was to predict the observed experimental results using only the
material lamina properties and the laminate stacking sequence. This utilized a nonlinear
laminate sequence and incorporated the effective properties into a multilinear elastic plastic
finite element analysis.

Some of the experimental results include:

1) Bearing strength increases with respect to s/d or e/d ratio independent of lateral
constraint, ars,d the joints fail catastrophically in net tension or shear out
respectively.

2) Bearing strength demonstrates a hole size dependence, independent of lateral
constraint, that is analogous to the notched strength of tensile samples with
centrally located holes.

3) Bearing strength increases with laminate thickness until it gradually reaches a
level where it becomes constant, again, independent of the lateral constraint.

4) For a specified torque, bearing strength increases with washer diameter where
failure occurs ahead of the washer, as washer diameter becomes larger, a
greater percentage of failure occurs ahead of the bolt.

5) The effects of lateral constraint pertain largely to bearing failures; net tension
failure and shear out failure show little dependence on lateral constraint.

6) There is an approximately two fold increase in bearing strength from pin joint to
finger tight bolting because the out of plane failure mechanisms are suppressed.

7) The bearing strength increases with applied torque mostly by frictional forces
carried between the bolt washer and the laminate surface.

Summary

The design of bolted joints for fiber composite materials is a complex endeavor that
requires an empirical approach in order to yield a safe and efficient joint. It is the purpose
of this document to provide general insight into the issues that influence joint performance
and to offer some basic guidelines for making design decisions.

The following general approach is prc_vided for information and reference. First the
structural components to be joined should be designed by the loads and environment on

" those components, not by the joint requirements. Stated another way, if two structural
components are to be mechanically joined, the fibers, matrices, fiber volume fractions,
stacking sequence, number of plies, etc. in those structural components should ali be

11



determined by the loads, temperatures and humidity acting on the structure - not by
requirements set by the mechanical joint.

Having determined the above, the joint can then be studied in detail. The variables to be
considered include: bolt diameter; number, configuration and spacing of the bolts, type of
bolt (countersunk, flathead, etc.), washers, applied torque, edge distance constraints., side
distance constraints and any other restraint imposed by the overall structural sys:em.

At this point, whatever test data is available from any seurce should be used to make an
initial design of the joint for the already sPecified composite structures to be joined. Thus a
preliminary design has been established based on the best available information to select
bolt material, diameter, spacing, edge distance, applied torque and size of washers.

For that preliminary design, full scale test programs must be conducted on single (or
multipl_) fa".tener test pieces to obtain the net tension failure strength ac,functions of tile
side distance to bolt diameter ratio (s/d). Other tests must be conducted to obtain the
shearout failure strength as a function of the edge distance to bolt diameter (e/d). Fi.nally,
for the composite components to !_ejoined, tests must be conducted to obtain the bearing
strength. Enough duplicate tests must be conducted to obtain a statistically valid set of
data. The result will be an accumulation of strength data for use in the design equations
listed earlier. Thus, the Van Siclen approach to joint design is recommended. However, if
the Whitney, Nuismer, et al. approach is followed, suitable tests must be conducted to
obtain the necessary material constants.

With all of this, a final design cml be made. Unless there are some geometric restrictions, a
design can be found in which, from the data obtained above, net tension failure, shearout
and bearing failure can occur simultaneously at the same load. If there are some restrictions
on edge or side distances, then such an optimization is not possible, and one failure mode
will predominate.

If other bolts, bolt diameters, washer size:., etc. are to be considered then the above test
procedure needs to be repeated, and a decision for the final design made.
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IV. WELDING OF THERMOPLASTIC MATERIALS

Welding, as it applies to a fiber composite material, involves the sequential melting and
resolidification of mater_,alsat a joint or interface, and is therefore limited to thermoset fiber
composites. Welding methods can be broadly classified with regard to the heat source as
1) thermal bonding, comprising hot gas welding, extrusion welding, hot tool welding, and
infrared heating, 2) friction (mechanical) welding, comprising spin welding, angular
vibration welding, orbital welding, vibration welding and ultrasonic welding, and 3)
electromagnetic bonding, which includes resistance (implant) welding, induction ,velding,
dielectric heating, and microwave heating.

Thermal Bonding

Hot Gas Weldinf,
v

In the hot gas welding method a thermoplastic filler rod and the parts to be joined are heated
by a hot gas stJ earn. In this respect it is similar to gas welding of metals, but in contrast to
metal welding, the filler rod is not melted. Rather, the rod is pushed into the joint and
heated until it softens sufficiently to fuse with the workpicce, lt is possible to automate this
process.

The mai,, advantage of hot-gas welding is its flexibility. Simple, portable equipment can be
used for fabricating large, complex one-of-a-kind parts, or for carrying out repairs of
thermoplastic parts, lt is a slow process that is difficult to control, especially in the
commonly used manual mode, and is not well-suited for mass production.

Hot-Tool Welding

In the hot-tool welding process, the surfaces to be joined are brought to the "melting"
temperature by direct contact with the matching surfaces of a heated metallic tool. The
molten surfaces are then brought together, and the interface is allowed to cool and solidify
under controlled pressure, resulting in a weld. In many applications, such as the joining of
plastic pipes, the surfaces to be joined are flat, so the hot tool is essentially a hot plate.
However, in a number of applications, such as automotive headlamps and rear lights, the
doubly-curved joint interface surface requires complex tools that allow the hot surfaces to
match the contours of the two halves to be joined. The applicability of this process to
complex joint geometries is one of the major advantages of this process.

Friction Welding

Spin Welding

Also called friction welding, this metilod can be used for joining components along plane,
circular mating surfaces. The parts to be joined are rotationally rubbed relative to each
other, under pressure, about an axis normal to the contact plane. The resulting frictional
heating at the plane interface causes the plastic to heat and melt. When the relative motion
is stopped, the molten film solidifies under pressure, resulting in a weld.

Vibration W.elding

In vibration welding, also called linear welding and linear fricl'an welding, frictional work
done by vibrating two parts, under pressure, along their common interface is used to
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generate heat to effect a weld. This process is ideally suited to the welding of thermoplastic
parts along relatively flat seams. It is also possible to vibration weld parts with a small out-
of-plane curvature.

Ultrasonic W_lding

' High-frequency (20 to 50 kHz), low amplitude (0.0005 to .0025 in.) mechanical vibrations
are imposed to create localized heating to effect welds in thermoplastic materials. The parts

, to be joined are held together under pressure and then subjected to ultrasonic vibrations.
Although the precise mechanisms causing localized heating are not well understood, heat
generation is believed to occur by a combination of surface and intermolecular friction.

Electromagnetic Bonding

Resistance (Implant) W_lding

In this process an electrically conductive wire or braid is placed within the joint interface
and resistively heated by the passage of an electrical current. The heat causes the
surrounding plastic to melt, and a weld is effected by subsequent cooling. The metal wire
or braid remains within the joint, and can therefore affect its strength. The use of such
inserts also increases the overall cost. The main advantage of this process is its simplicity
and its applicability to comp!ex joints in large parts. Weld times are short, less than 30
seconds even for the largest parts.

Induction W_lding

Induction welding is an important variant of implant welding in which a ferromagnetic
implant is induction-heated by a high-frequency electromagnetic field. In early versions efr
this process a sacrificial metallic implant was inserted in the joint area. During the welding
process the joint was pressurized and the metallic insert heated by an RF field with a
frequency in the range of 200 to 500 kHz. Melting and subsequent solidification of the
plastic around the insert resulted in the weld. Plastics are not affected by RF
electromagnetic fields in this frequency range.

Summary

In addition to mechanical fastening and adhesive bonding, which can be used for joining ali
materials, an array of welding methods can be used for joining thermoplastic composite
parts. Although these methods have been in use for over 25 years, they are neither well
characterized nor well understood. Very little is known about the effect of process
parameters on the static strengths of welded joints in plastics and plastic joints. This will
have to change if joining is to become an integral part of assembly techniques for"plastic
parts used in structural applications.
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