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Figure 1.38 Stress-strain curve, metal vs. plastic

�� 1.9�Creep

Plastic parts exhibit two important properties that can occur over long-term loading: 
creep and stress relaxation.

1.9.1�Introduction

When a constant load is applied to a plastic part, it induces an internal stress. Over 
time, the plastic will slowly deform to redistribute the internal energy within the 
part. A test that measures this change is performed by applying a constant stress 
over time. This time-related flow is called creep.

1.9.2�Creep Experiments

Figure 1.39 shows a creep experiment in which a specimen bar is held vertically 
from one end. The original length of the bar is L. When a weight is hooked at the free 
end of the bar, the load will immediately increase the length by an amount expressed 
as ∆L at time = 0.
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If the weight is left on the part for some time—for example, 1 year or 5 years—the end 
of this time period is called time = end. During this time the specimen bar will 
 elongate further. This further increase in length, which is brought about by the time 
factor rather than the weight, is called creep.
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Figure 1.39 Creep experiment

1.9.3�Creep Curves

One of the best ways to demonstrate creep properties is through the use of isochro-
nous stress-strain curves (Fig. 1.40). Most of these are generated from several test 
samples, each under a different degree of constant stress. After the appropriate load 
is applied, the elongation of each sample is measured at various time intervals. The 
data points for each time interval are connected to create isochronous stress-strain 
curves. Because material properties are also temperature dependent, the tempera-
ture must be kept constant throughout the experiment.

Creep modulus is the modulus of a material at a given stress level and temperature 
over a specified period of time. Creep modulus is expressed as

 (1.4)

Creep modulus is also called apparent modulus [188, 189]. These curves are usually 
derived from constant-stress isochronous stress-strain curves. The curves are plots 
of the creep (apparent) modulus of the resin as a function of time (Figs. 1.41 and 
1.42).
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Figure 1.40 Isochronous stress-strain curves
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Figure 1.41 Constant stress, strain vs. logarithmic time
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  Figure 1.42� 
Apparent (creep) modulus

1.9.4�Stress-Relaxation

If the plastic part is subjected to a constant strain (or elongation) over time, the 
amount of stress necessary to maintain that constant elongation will decrease. This 
phenomenon is known as stressrelaxation.

Figure 1.43 shows a stress-relaxation experiment. It is very similar to the creep 
 experiment except that the weight of the load varies, decreasing over time as needed 
to maintain L + ∆L at a constant length. The variance of the weight in an idealized 
case should be continuous with instantaneous measurements. Because this is not 
always possible, creep curves can be used if stress-relaxation curves are not avail-
able. In most cases a margin of error of 5–10% is acceptable.
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  Figure 1.43� 
Stress-relaxation experiment

Stress-relaxation can be described as a gradual decrease in stress levels with time, 
under a constant deformation or strain.



2 Understanding 
Safety Factors

�� 2.1�What Is a Safety Factor

The safety factor is a measurement of a product’s ability to perform throughout its 
life expectancy. Ideally, after the life expectancy has been reached, the product 
should fail.

The safety factor of a bridge, for example, might be quantified with the number 10, 
while the safety factor of an aircraft could be 4. A bridge might be expected to per-
form over hundreds or even thousands of years, while an airplane’s life expectancy 
is considerably less. It should be noted that an aircraft with a safety factor of 10 
would never leave the ground. Also, the precision of the product must be taken 
into  account. Aircraft parts are built to very precise tolerances, while a bridge’s 
 tolerances are comparatively high.

The safety factor is a coefficient the wise engineer has to take into consideration 
when designing a part. This coefficient gives assurance that a part will not fail under 
any operating conditions. In addition, it is proof that the material has been chosen 
correctly for those operating conditions. It also covers imperfections from process-
ing of this material until it becomes a finished part. Safety factors can be divided into 
several categories:

 � design factor
 � material property safety factor
 � processing safety factor
 � operating condition safety factor

It is important to note that these categories are interrelated, and that continuing 
feedback to the design stage with regard to these safety factors is necessary.



48  Understanding Safety Factors

�� 2.2�Using the Safety Factors

2.2.1�Design Safety Factors

This is the most important category, largely because the designer requires input 
from all other categories. Material properties, processing, and operating conditions 
must all be considered by the designer.

At the design stage the engineer will start by choosing a material and designing the 
part to withstand external loading. If the finished product is expected to work under 
various adverse operating conditions, the engineer will perform stress-analysis 
 calculus in order to ensure that the finished part will not fail throughout its life 
 cycle. Depending upon the type of loading that will be applied to the finished part, 
design safety factors can be broken down into the following categories:

 � design static safety factor
 � design dynamic safety factor
 � design time-related safety factor

Safety factors from other categories can be added at this stage.

NOTE: In the following design factor formulae, stress was chosen for convenience. 
Related strain or forces can also be used.

2.2.1.1�Design Static Safety Factor 
When external loads are applied statically, a relatively simple calculation is per-
formed and the safety factor is related to material allowable/permissible stress.

2.2.1.2�Design Dynamic Safety Factor 
For cases where external loads are applied intermittently or in cycles, and the mate-
rial is subjected to fatigue, safety factors will be higher than static ones and design 
stresses will be lower.

2.2.1.3�Design Time-Related Safety Factor 
Creep and stress-relaxation are the most common time-related effects on thermo-
plastic polymers and are a major factor in determining the life expectancy of the 
product. In order to forecast the life expectancy, we can apply the theory that initial 
design safety factor decreases with time.

 (2.1)

In Fig. 2.1 the initial design (time = 0) safety factor n is greater than 1. Safety factor 
n reaches 1 when the product fails (time = end).
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Figure 2.1 Creep

Product life expectancies vary between industries. Some products are expected to be 
completely rebuilt or replaced after 10 years; others may be replaced after less than 
one year. The safety factor is therefore determined by the norms (specifications) of 
the industry.

For a new product in a new industry with no established product life expectancies, 
testing the product and measuring the stress level for failure can determine a safety 
factor. These values, measured against original material properties, will provide a 
good starting point for establishing time-related safety factors.

2.2.2�Material Properties Safety Factor

If a safety factor can be estimated from experience, testing, or any other reliable 
means, then the maximum allowable stress is defined as:

 (2.2)

For snap-fitting and press-fitting calculations the material safety factor is based on 
yield stress (or strain) because it is more accurate for the elastic region.

 (2.3)

For living-hinge calculations the material safety factor is based on ultimate stress.

 (2.4)

This is more accurate for visco-elastic properties where large displacements and 
plastic deformation often occur.

The two safety factors mentioned take into account the following characteristics:

 � imperfections of the material
 � inclusions
 � voids
 � RH content
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�� 3.7�Poisson’s Ratio

Provided the material deformation is within the elastic range, the ratio of lateral to 
longitudinal strains is constant, and the coefficient is called Poisson’s ratio (ν, nu).

 (3.11)

In other words, stretching produces an elastic contraction in the two lateral direc-
tions. If an elastic strain produces no change in volume, the two lateral strains will 
be equal to half the tensile strain times minus one (–1).
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  Figure 3.10� 
Dimensional change in only two of three directions

Under a tensile load, a test specimen increases (decreases for a compressive test) in 
length by the amount ΔL and decreases in width (increases for a compressive test) 
by the amount Δb. The related strains are:

 (3.12)
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Poisson’s ratio varies between zero (0), where no lateral contraction is present, to 
half (0.5) for which the contraction in width equals the elongation. In practice there 
are no materials with Poisson’s ratio zero or half.

Table 3.1 Typical Poisson’s Ratio Values for Different Materials

Material Type Poisson’s Ratio at 0.2 in./min (5 mm/min) Strain Rate

ABS 0.4155

Aluminum 0.34

Brass 0.37

Cast iron 0.25

Copper 0.35

High-density polyethylene 0.35

Lead 0.45

Polyamide 0.38

Polycarbonate 0.38

13% glass-reinforced polyamide 0.347

Polypropylene 0.431

Polysulfone 0.37

Steel 0.29

The lateral variation in dimensions during the pull-down test is

 (3.13)

Therefore, the ratio of lateral dimensional change to the longitudinal dimensional 
change is

 (3.14)

Or, by rewriting, the Poisson’s ratio is

 (3.15)
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�� 3.8�Modulus of Elasticity

3.8.1�Young’s Modulus

The Young’s modulus or elastic modulus is typically defined as the slope of the stress/
strain curve at the origin.

The ratio between stress and strain is constant, obeying Hooke’s Law, within the 
elasticity range of any material. This ratio is called Young’s modulus and is  measured 
in MPa or psi.

 (3.16)

Hooke’s Law is generally applicable for most metals, thermoplastics, and thermo-
sets, within the limit of proportionality.
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  Figure 3.11� 
Young’s modulus

3.8.2�Tangent Modulus

The instantaneous tangent over the elasticity range of a stress/strain curve for a 
thermoplastic or thermoset material gives a better approximation of the relation 
between stress and strain. The stress/strain curve of most plastic materials has a 
curved, elastic range (see Fig. 3.12). In these cases, the use of Young’s modulus is 
difficult and less accurate.



Welding Techniques 
for Plastics

There are many different methods for welding two parts together. All variables, such 
as materials, design, and conditions under which the finished product will be used, 
including cost of the process, must be considered when deciding which welding 
technique should be employed.

Polymers can be melted, and therefore welded, using relatively little energy. Heat, 
friction—even ultrasonic vibrations and radio frequencies—can be used to create the 
melting necessary for a polymer weld. Welding methods include ultrasonic  welding, 
ultrasonic heat staking, hot plate welding, spin welding, vibration welding, and laser 
welding. Welding requires no additional materials with one exception: electro-
magnetic welding, which requires bonding agent consumables.

�� 5.1�Ultrasonic Welding

The principle behind ultrasonic welding technology is based on vibration. One of the 
parts being assembled is vibrated against the other, stationary one. Heat generated 
through vibration melts the materials at the joint interface to accomplish the weld.

Thermoplastics are the only polymers suited for this process. Thermoset materials 
do not melt when reheated because of their intermolecular cross-links.

5.1.1�Ultrasonic Equipment

The type of equipment required for an ultrasonic welding process depends upon 
the size of the manufacturing operation. The ultrasonic welding equipment require-
ments of a large-volume production environment will be different from those of a 
small prototype operation. They will, however, be very similar in principle.

A typical ultrasonic welding system consists of a power supply, also referred to as an 
ultrasonic generator; a converter, also known as a transducer; a booster; and a horn 
(see Fig. 5.1). The horn is a metal bar designed to resonate at a certain frequency, 
delivering the actual energy to the parts to be welded. The converter, booster, and 

5
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horn are mounted inside a frame, which can slide along the stand, allowing them to 
travel vertically under the power of a pneumatic cylinder. The pressure applied by 
the air cylinder can be preset for manual systems or fully controlled by a computer 
for automatic systems. The pressure, trigger pressure, stroke speed, and stroke 
travel are all adjustable through the control panel or by the computer. The two palm 
buttons are used by the operator to activate the machine.

  Figure 5.1� 
Ultrasonic welder

To generate the necessary amount of vibration required for a particular assembly, an 
electrical current is passed through a stack of crystalline ceramic material that 
 possesses piezoelectric properties, which allow the material to change its size. The 
electric power supply has a frequency of 50 to 60 Hz. Once an electric current is 
 applied, the material expands and contracts at a very high frequency, converting 
the electrical energy into mechanical energy or vibrations. These vibrations occur 
with frequencies ranging from 15 to 70 kHz. The most common output in ultrasonic 
welding systems provides frequencies of 20 to 40 kHz.

The distance the mechanical vibrations travel back and forth is called the amplitude. 
A typical converter of 20 kHz could have amplitudes of 0.013 to 0.02 mm (0.0006 to 
0.0008 in.) between its maximum expansions and contractions.
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Figure 5.2 Ultrasonic welder HiQ Dialog also includes software to control and operate the 
welding process and machine functions, having the additional capability of welding visualization 
in two graphic modes: EasySelect and Expert mode (Courtesy of Herrmann Ultra sonics)

There are different types of ultrasonic welding systems for different applications. An 
integrated welder (see Fig. 5.1) is a self-contained unit, which has a power supply, 
actuator, and the acoustic components packaged as a stand-alone system. Advan-
tages of this type of system include low investment cost and ease of service.

Modular systems include, in addition to the welder, a rotary indexing table and an 
in-line conveyor. These systems are ideal for assembling large numbers of parts. 
Also, their components are interchangeable and easy to upgrade.
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For the torsional ultrasonic welding process, the cycle times are comparable to regu-
lar axial welding. The system is used for sensitive components such as electronic 
assemblies, in which integrated circuits are enclosed polymer components assem-
bled with a very thin film or membrane, and automotive crankshaft pulse sensors.

Components designed for this new process can use thinner wall thicknesses be-
cause no marks will permeate to the show surface. Typically, the design should 
 incorporate an energy-director joint design even for crystalline polymers. For auto-
motive components such as bumpers, fascias, and even cowl vents, the wall thick-
ness of the actual part can be reduced by as much as 20% when compared to classic 
axial ultrasonic welding, without marking the automotive painted class-A surfaces, 
or even molded-in color class-A surfaces.

Figure 5.24 Detail of torsional ultrasonic sonotrode

The reduced wall stock results in significant reductions in weight—which nowadays 
is a major driver in the automotive marketplace due to electrification efforts and the 
overall injection-molding cycle time necessary to manufacture the part.

  Figure 5.25� 
Painted automotive rocker 
panels having assembly 
locators mounted using 
the Soniqtwist® torsional 
ultrasonic machine
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5.1.4.6�Case History: Welding Dissimilar Polymers
Going to the dentist is an unappealing task for most people, especially those prone 
to cavities. Cavities mean getting fillings, which traditionally entail a large injection 
in the gums and then a scary and noisy drill filing away at the molars. German 
 dental equipment manufacturer DMG has developed the dental applicator (Fig. 5.26) 
called Icon® that should calm many people’s fear of going to the dentist.

  Figure 5.26� 
Dental applicator Icon® made by 
DMG of Hamburg, Germany

DMG’s Icon product applies hydrochloric acid directly onto the weak area of the 
tooth and eats away at the enamel until it reaches the cavity. The therapy uses a 
light-cured resin that fills the enamel cavities and then is activated by blue light and 
seals the tooth surface. The technique works very well for early-stage cavities and 
makes the trip to the dentist a little more appealing.

 
Figure 5.27 Dental applicator (a) detail, (b) detail in use (Courtesy of Herrmann Ultrasonics)

The dental applicator uses three polymers assembled with an axial ultrasonic welder. 
A semicrystalline polyethylene terephthalate (PET) double-layered PET film (called 
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Hostaphan® and manufactured by Mitsubishi Polyester Film), partially perforated 
and with a wall stock of about 0.05 mm, is clamped between two halves of a U-
shaped frame made of amorphous polystyrene (PS), called Polystyrol®, from BASF 
(Fig. 5.27(a)).

Figure 5.28 U-shaped frame having four studs and four energy directors (Courtesy of Herrmann 
Ultrasonics)

Ultrasonic welding produces a controlled melt built up to ensure a tight bond with 
minimal thermal load. The key to properly welding dissimilar crystalline-amorphous 
polymers (PET/PS) into a homogenous assembly is to program the weld force re-
quired to uphold the desired joining velocity. Amorphous resins, like polystyrene in 
general, are hard and rigid. They require low specific heat and small welding ampli-
tudes, between 10 and 25 microns at a 35,000 cycles per second (Hz) frequency.

Figure 5.29 Frame assembly (Courtesy of Herrmann Ultrasonics)

On the other hand, crystalline polymers—like PET film—are softer, tougher, and can 
generally withstand higher temperatures, thus requiring higher specific heat to 
 disrupt the resin structure. This is accomplished by employing larger amplitudes in 
the welding cycle.
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The major components of the vibrator are shown in Fig. 5.61. They are a set of flat 
springs, two electromagnets, a vibrating element (drive platen), and a clamping 
mechanism. The springs have three functions: to act as resonating members, to 
 support the vibrating element against vertical welding pressures, and to return the 
vibrating element to the aligned position when the magnets are de-energized.

The vibrating element engages and holds the plastic part to be vibrated; the sta-
tionary element holds the other part of the assembly. Pressure is applied to the parts 
by a pneumatically operated clamping mechanism that engages the stationary 
 element or tray. This locks onto the vibrator housing and pulls the part against the 
vibrating element during the welding cycle.

The vibrator is mounted on a frame that incorporates a power supply and a tray lift 
mechanism, forming a complete plastic assembly system. The modular construction 
of the vibration welder also allows the individual components to be used in a variety 
of automated systems.

Fixtures for vibration welding are usually simple and inexpensive. They generally 
consist of aluminum plates with cutouts that conform to the geometry of the part or 
countered cavities of cast urethane. Depending on the part size, two or more parts 
can be welded at the same time using a multicavity fixture.

5.8.3�Joint Design

Vibration welding calls for some specific design requirements. Two of the most 
 important are that the parts be free to vibrate relative to one another in the plane of 
the joint and that the joint can be supported during welding.

The basic joint design for vibration welding is the simple butt joint (Fig. 5.62). A 
flange is generally desirable unless the wall is sufficiently rigid or supported to 
 prevent flexure. A flange also makes it easier to grip the parts and apply uniform 
pressure close to the weld.

t
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  Figure 5.62� 

Vibration welding joint design 
detail: (a) before, and (b) after 
assembly
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Figure 5.63 Vibration welding joint designs: (a) bench with flash traps; (b) straight bench; 
(c) tongue-and-groove; (d) double L; (e) ridged double L; (f) grooved bench; (g) double L with 
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�� 6.7�Press Fit Theory

Equations developed by the French mathematician Lamé are used to define the 
 contact pressure at the interface between the assembled parts. These equations 
 apply specifically to thick-wall cylinders.

A. In a room temperature 23°C (73°F) case, the surface contact pressure at the 
 interface is

 (6.4)

The insertion force required to assemble the components is

 (6.5)

Transmitted torque is determined as a function of the insertion force (6.5) as

 (6.6)

It is important to recall that  is normal to the shaft and hub surfaces. Therefore,

 (6.7)

The maximum stress, however, is tangential to the surface:

 (6.8)

where  is the geometric factor described in 6.1.

The condition required to have a proper press fit assembly is that the yield strength 
of the polymer should be greater than the tangential stress present at the common 
surface between the two parts, i.e.:

 (6.9)

In 6.9 when the greater than sign is replaced with the equal sign, the maximum 
 interference is determined:

 (6.10)
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  Figure 6.2� 
Shaft and hub before assembly

B. During operation, the temperature increases due mostly to friction. The inter-
ference will vary with the operating temperature. Above room temperature the total 
interference is

 (6.11)

The shaft radius will change with temperature. So  becomes

 (6.12)

The hub radius will experience similar change:

 (6.13)

The initial interference was

 (6.14)

Using 6.12, 6.13, and 6.14, the total interference required at a given temperature T 
(6.11) becomes:

 (6.15)



 7.8 Example: Case History 257

Elastic strain

 (7.95)

�� 7.8�Example: Case History

This section will examine the actual cases of two plastic components that use living 
hinges. The first is a world-class connector, an automotive under-hood component 
that connects the onboard computer to the engine controls. The second case involves 
a bracket that organizes ignition cables between the spark plugs and the distributor. 
Two materials and designs will be analyzed for each case.

7.8.1�World-Class Connector

The original design consisted of three parts assembled. To reduce assembly labor 
costs, inventory, handling, and shipping costs, a new design was considered using 
living hinges, so that the three former components could be molded as one piece.

The material with the best properties for living hinges is PP. But this material is not 
able to survive the under-the-hood environment where temperatures of 250 to 300°F 
and possible spills of various chemicals such as gasoline and oil are commonplace. 
Therefore, the designer had to consider other plastic materials. The first to be con-
sidered was polyamide, which can withstand the temperatures and chemicals of the 
under-the-hood environment.

  Figure 7.14� 
World-class connector 
(axonometric view)
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Another requirement of the connector was that it withstand packing and transpor-
tation from the molding facility to the final electric component assembly. In transit, 
some connectors suffered breakage. Panels broke from the component when hinges 
cracked as a result of asymmetrical hinge design. The polyamide material was fail-
ing in this application because the panels, by moving through different positions 
during shipping, were causing the material to reach its elongation-at-break point.

A new material had to be considered. Polyester elastomer thermoplastic was chosen.

7.8.1.1�Calculations for the “Right Way” Assembly
To examine the details of the living hinge design and the materials used in this 
analysis, we will begin with what is called the “right way” assembly. The two panels 
in Fig. 7.15 are moved in the direction designated “right way” in Fig. 7.16. The 
 panels rotate 90°, but point A on the hinge only needs to rotate 45°.

The analysis of the hinge in the example that follows begins by using the thermo-
plastic elastomer properties. Next, the polyamide case will be reviewed.

Figure 7.15 Hinge design detail: (a) as molded; (b) as assembled

Material properties for a PET elastomer are

σUltimate = 50 MPa Tensile strength at break

σYield = 40 MPa Tensile strength at yield

 =  Secant modulus for the yield point ( )

εUltimate = 39.7% Ultimate strain (elongation at break)

εYield = 9.1% Yield strain

ν = 0.45 Poisson’s ratio
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  Figure 7.16� 
“Right way” assembly hinge detail

The values for hinge thickness, length, and recess for this design are

X = 0.5 mm Hinge thickness

Y = 2.748 mm Hinge length

Z = 0.0 mm Hinge offset or recess

The aim of the analysis that follows is to determine if the design is robust or not. To 
initiate the analysis, A is calculated, which represents the length of a fully elastic 
hinge. If A < Y, we will have a total elastic hinge. For a 45° bend angle (“right way” 
assembly), the value for A is

 (7.96)

 (7.97)

The 1.16 mm is the length necessary to have a completely elastic hinge.

Once a pure elastic hinge has been established, other hinge properties can be calcu-
lated:

Hinge radius

 (7.98)

Hinge maximum strain takes place in bending:

 (7.99)



Bonding

There are bonding techniques employing two types of consumables: adhesives and 
solvents.

Adhesive bonding is an assembly process by which two parts are held together 
through surface attraction, also known as mechanical interlocking. The adhesive 
 itself is a substance capable of adhering to the surface of the parts being bonded, 
developing strength after it has been applied and, afterwards, remaining stable. It 
can be described as a specific interfacial tension phenomenon. A useful way to 
 classify adhesives is by the way they react chemically after they have been applied 
to the surfaces to be joined.

The principle of solvent bonding, on the other hand, consists of applying a liquid 
solvent that dissolves the surfaces of the joint area. Once the solvent evaporates, the 
parts are assembled by applying a small pressure in the joint area.

There are many adhesives and solvents available. The task of selecting the best 
 adhesive or solvent for any given bonding application is a difficult one.

�� 9.1�Failure Theories

There are two types of failure for bonded joints: adhesive failure and cohesive failure.

Adhesive failure refers to a bonded assembly that fails because the adhesive peels 
away from one or both of the surfaces it was supposed to hold together (Fig. 9.1(b)). 
In most bonded applications it is an unacceptable failure. It can also be defined the 
same way when both the substrate and the bonded joint would fail at the same time.

Cohesive failure represents the breakage of the adhesive used for the bonded joint. 
On both components, the surface of the bonded joint after failure would have ad-
hesive remnants visible. Cohesive failure also refers to the dual failure of the poly-
mer being bonded and the adhesive—both failures occuring at the same time (Fig. 9.1 
(a)). While adhesive failure is considered unacceptable, cohesive failure is the pre-
ferred failure.

9



338 9 Bonding

Adhesive 
Failure Cohesive 

Failure 
Adhesive 

Substrate 2 

Substrate 1 

(a) (b) 

Substrate 2 

  Figure 9.1� 
Failure theories: (a) cohesive, 
(b) adhesive

�� 9.2�Surface Energy

A characteristic called wetting is an important element in both the adhesive and 
solvent bonding processes. Wetting refers to the intimate contact between the liquid 
solvent or adhesive consumables and the surface of the polymer. Good wetting 
 occurs when there is strong attraction between the parts and the liquid.

Table 9.1 Surface Energy of Various Materials (Expressed in dynes/cm or 0.001 N/m)

SOLIDS (dynes/cm) LIQUIDS SURFACE TENSION (dynes/cm)

100+ (metals, glass, ceramics) 100

80 Water  72

Glycerol  63

Formamide  58

47 Phenolic

46 (PA)

43 (PET)

42 (PC, ABS)

39 (PVC)

38 (PMMA)

37 (PVA)

36 (POM)

33 (PS, EVA)
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SOLIDS (dynes/cm) LIQUIDS SURFACE TENSION (dynes/cm)

31 (PE) Cellosolve 30

29 (PP) Toluene 29

N-Butanol 25

Alcohol 22

18 Fluoropolymer

Polymers in general are difficult to bond. As Table 9.1 shows, metals, ceramics, and 
glass are the materials that are easiest to bond succsssfully. Plastics, on the other 
hand, have surface energies required for bonding much lower than metals, glass, 
and ceramics. Thermoplastic nylon, also known as polyamide (PA), exhibits the 
highest surface energy, of 46 dynes/cm. Polypropylene (PP) is the worst thermoplas-
tic polymer to bond–nothing sticks to it. Its surface energy is less than 30 dynes/cm.

  Figure 9.2� 
Contact angle goniometer 
instrument

Reinforcements, fillers, additives, pigments, dyes, and flame retardants all play a 
role in modifying the polymer surface energy. To properly measure the exact surface 
energy of the polymer, an instrument called the “contact angle goniometer” (see 
Fig. 9.2) can be used. The device measures the angle between the tangent to surface 
of the thermoplastic material and the tangent to the curvature of a drop of distillated 
water placed on the polymer surface. If the angle between the two tangents is less 
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than 60°, then the surface energy of the thermoplastic to be bonded is excellent (see 
Fig. 9.3(b)). However, if the same angle is greater than 90°, that means that the sur-
face of the polymer being bonded has extremely low surface energy and additional 
steps to improve it are required, as will be discussed in Section 9.3.

Substrate 

Water 
Drop 

Contact angle > 90°

Substrate 

Water Drop 

Contact angle < 60°

(a)  (b)  

Figure 9.3 Surface energy: (a) poor surface energy (wettability), and (b) good wettability

Another technique for determining precisely the surface energy of the thermo plastic 
polymer, when a contact angle goniometer instrument is unavailable, involves a liquid 
ink set. The test liquids come in sets from as little as six to as many as 24 small 
 bottles, each with a specific dynes per centimeter label designation.

Fluid from the bottle is applied to the surface of the thermoplastic material to be 
bonded, with the small brush mounted inside the cap (Fig. 9.4). If the test liquid 
draws back into droplets in less than 1 second after it has been applied, then the 
surface energy of the polymer substrate is lower than that of the fluid itself. The 
exact surface energy (dyne level) is determined by subsequently applying a range of 
increasing or decreasing values of dyne test inks until the fluid spreads like a film 
over the plastic surface. The label designation on the bottle will indicate the polymer 
surface energy level.

Figure 9.4 Set of dyne test liquids containing 12 fluid bottles ranging from 30 to 72 dynes/cm


