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ABSTRACT

DARREN BRANTLEY EAST PICKREN
EFFECTS OF WEATHERING CYCLES ON THE MECHANICAL PROPERTIES OF
THERMOPASTIC POLYURETHANE

Under the direction of Alireza Sarvestani, Ph.D.

In the present work, a method for synthesizing pure thermoplastic polyurethane (TPU) and TPU
composite test specimens was developed to show stress-stretch dependency, to observe the
effects of weathering on samples, and to show the potential of TPU as a superior coating agent
over traditional polyurethane in aerospace applications. The TPU specimens were tensile tested
using ASTM standards to extremely high deformations: stretch values of 5 times original length
in tensile testing. During testing, TPU specimens exhibited typical behavior of nonlinear
viscoelastic materials with extensive energy dissipation during stretch-release cycles. A portion
of the tested samples were exposed to 168 hours of UV radiation, moisture, and temperature
fluctuation to simulate accelerated weathering and exposure to harsh environments. When
comparing weathered TPU samples to non-weathered TPU samples, there was no appreciable
difference in the mechanical properties or the amount of energy absorbed during deformation;
the stretch-stress curves were nearly identical before and after weathering. When returned to a
zero-stress state, considerable residual strain remained in all specimens. It is conjectured that
strain-induced crystallization is responsible for the unique shape-memory effect that the TPU
specimens experience. Slower loading rates with the same peak stretch values showed higher
peak stresses in samples from the same batch, showing that the rate of crystallization is

xi

dependent upon the rate at which TPU samples are deformed. The same tests were performed
with TPU composites, filled with molybdenum disulfide. While TPU composites have slightly
different overall mechanical properties from pure TPU, the exposure to weathering also had
minimal effect on mechanical properties of composite specimens. Fracture tests were also
performed on pure TPU and composite TPU samples. The effect of UV weathering on fracture
toughness of pure TPU and TPU composites is more prevalent, as specimens were hardened and
their abilities to absorb energy during crack growth was greatly reduced.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
Polyurethanes are a classification of organic polymers that see widespread application in
various industrial environments, such as the automotive, aerospace, and biomedical industries
[1]. Polyurethanes are most frequently used as coating materials, to protect underlying metal,
ceramic, or polymer surfaces from detrimental external conditions that would otherwise cause
physical or chemical damage. For example, polyurethane-based top coats used on automobiles
and aircraft protect painted and unpainted metal body panels from corrosion over long periods of
time. Composite polyurethane coatings can also be manufactured with certain filler materials to
provide additional benefits, such as providing antistatic effects for aircraft components [2].
Polyurethane is also used in the construction of various medical devices, such as catheters, where
lower weight and increased mechanical stability as compared with silicone-based implants
warrant their use [3]. The mechanical properties of any given polyurethane-based material
depend on the chemistry of the polymer network; generally, polyurethanes can exist as a
thermoplastic or thermoset. Monomers in thermoplastic polyurethane (TPU) do not cross link
with each other and are linearly organized. Traditional polyurethanes, on the other hand, can
form networks with a variety of chemistry-dependent crosslinks. The unique structure of TPU as
opposed to traditional polyurethane lends it distinct and favorable mechanical characteristics.
Chemistry and Crystallization of Thermoplastic Polyurethane
TPU is a linearly-arranged block copolymer [4]. The composition of a block copolymer is
formed by a repeated monomer unit, followed by a repeated, secondary monomer unit, as shown
in the figure below. The two monomer groups alternate for the entire length of polymer strands
in the material.
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Figure 1. Composition of linear block copolymer.

In Figure 1 above, A represents the first monomer subunit, while B represents the
second monomer subunit. In the chemical structure of TPU, shown below in Figure 2, the
polymer strands alternate between sequences of flexible polyols and hard diisocyanate segments
[4]. The polyols are compounds whose molecular structures contain multiple hydroxyl (-OH)
functional groups. These groups contribute softness and rubbery behavior to the polymer. The
harder and more complex diisocyanate segments are composed of two isocyanate groups bonded
together, which function as the physical crosslinks in the polymer network.

Figure 2. Chemical structure of polyurethane.
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The presence of these hard segments in the network keeps the material in the solid phase, while
also contributing to energy absorption and high elasticity. The most critical difference between
TPU and traditional polyurethanes is that, in the latter, soft, flexible monomers are covalently
crosslinked with each other to form a network [4]. In PU, the hard diisocyanate segments form
blocks of repeating monomer subunits, and the covalent bonds provide structure and rigidity to
the network. Due to this fundamental chemical difference, polyurethanes are generally
thermosets. In thermosets, high temperatures provide sufficient energy for bond formation, and
promote additional three-dimensional bonding via crosslinking. The covalent bonds formed by
crosslinking are not easily broken. Macroscopically, thermoset rubbers harden and may oxidize
(burn) or change their appearance when exposed to heat. Thermoplastics like TPU become softer
when heated, to the point of melting. Weaker, secondary, interchain bonds such as Van der
Waal’s bonds and hydrogen bonds are easily broken when sufficient energy is absorbed as heat.
A unique feature of TPU is that its flexible regions are able to form locally ordered structures
(crystals) under considerable strain, a phenomenon called strain-induced crystallization. A
schematic of strain-induced crystallization is given below in Figure 3.
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Figure 3. Schematic of strain-induced crystallization in TPU.

Glass-transition temperature ( ) of strain-induced crystals, or the temperature above which
crystallites in polymers melt and become amorphous, is slightly greater than room temperature in
TPU, thus the crystallites formed during deformation will persist until their temperature is raised
above

; this is responsible for a high degree of residual strain during unloading, and the

hysteresis shown in a stress-strain diagram of a uniaxially loaded and unloaded sample, as shown
in subsequent chapters [5]. The crystallites formed in TPU as a result of mechanical strain will
begin to melt at temperatures slightly higher than the glass-transition temperature, thus even
body heat from holding a specimen is enough to cause the crystallites in the specimen to melt
[5]. This melting of crystalline regions leads to what is known as the shape-memory effect. In
essence, a TPU sample can “remember” what shape it was in before deformation by losing its
residual strain. Figure 4 shows a time lapse of a TPU sample returning to its original dimensions
while being heated. Top to bottom is in chronological order.
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Figure 4. Time lapse of shape-memory effect.

The time scale of the above image is about 3 minutes from 100% residual strain due to tensile
testing, back to original length. A) shows a deformed sample with residual strain, while B) shows
the sample after about 90 seconds of heating. C) Shows the sample after returning to its original
shape.
The shape-memory properties of various polymers in general see a wide range of
application from the textile industry to electronics. The moisture permeability response of fabrics
to body temperature is of great interest to athletic clothing manufacturers [6]. Additionally, heatshrink tubing, which protects exposed electrical connections or solder joints, is most commonly
made from polyethylene (PE), which is composed of a semicrystalline polymer network [6,7].
The shortcoming of using PE is that it is a much less ductile material than TPU and the
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temperature required to shrink the tubing around wiring is on the order of 300 degrees Fahrenheit
[8]. TPU could potentially excel in this application, as it is more compliant and crystallites begin
melting just above room temperature, to eliminate the need for extreme temperatures for shape
reformation. Current studies by Koerner et. al. examine the effect of cyclically-applied, lowmagnitude deformations on TPU-based materials, up to 300% strain [6]. The curves in Figure 5
below show stress plotted against strain for pure Morthane, which is an industrially available
thermoplastic polyurethane, and carbon nanotube-Morthane composite.

Figure 5. Stress-strain curves of Morthane and Morthane nanocomposite showing lowmagnitude, cyclic deformations. Reprinted with permission from Springer Nature [6].

In potential applications like heat shrink tubing, cyclic deformation is impractical due to the
permanent nature of electrical connections [6,9,10]. However, the structure of TPU is responsible
a wide array of favorable mechanical properties.

6

Mechanical Properties of Thermoplastic Polyurethane
TPU is a soft polymer that is highly deformable under loading, with high resilience and
the ability to absorb energy during deformation, however it crystallizes readily if loading causes
strain to occur at temperatures below the glass-transition temperature. This loading will cause
permanent dimensional change in the TPU sample until heated sufficiently, melting the formed
crystallites. However, there are crystalline regions present naturally in the TPU structure. TPU is
made of long, linearly-oriented, block-copolymers that alternate between flexible and rigid,
crystalline regions. For this reason, it is classified as a semicrystalline polymer. Unlike ceramics
and metals, there is no continuous, large-scale, crystalline structure to provide rigidity, strength,
and hardness. However, the flexible regions composed of polyols are highly deformable, thus
they can absorb a great deal of strain energy.
Viscoelasticity of TPU
A pure TPU specimen of any given geometry can undergo a stretch of 3 to between 6 and
7 times its original length if subject to simple, uniaxial tension. The relationship between stress
and stretch in TPU samples when deformed is not linear. Other materials, such as metals and
ceramics, are relatively very brittle and experience very small deformation before fracturing. Up
until the point of permanent plastic deformation (yielding), metals and ceramics are linearly
elastic, which means that the stress-strain relationship is linear. The stress, σ, is related to strain,
∈, in linearly elastic materials according to the equation below,
=

∈

Where E is the Young’s modulus or elastic modulus, and the units are Pa or /

(1)
. TPU has an

extremely small linear elastic region encompassed within minute deformations, where the value
of Young’s modulus is low, however TPU is a rubber, which can absorb a large amount of
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energy during deformation. TPU is able to undergo massive deformation beyond the linear
elastic region, and is considered viscoelastic.
The unique, covalently bonded molecules of a polymer network react differently to
stresses than solids or liquids; instead, they exhibit behaviors of both simultaneously when under
stress. When metals and ceramics, which have a spatially long-term crystalline organization, are
subjected to instantaneously applied stress, the atoms are displaced and rapidly return to their
original positions. This behavior constitutes elasticity. In liquids, atoms or molecules are free to
slide past each other and have a higher degree of freedom than atoms in solids. When
instantaneous stresses are applied, atoms or molecules in liquids permanently displace and do not
return to their original locations. The internal friction between atoms during displacement is the
cause of viscosity. In a material such as pure TPU, polymer chains will see a gradual, but not
instantaneous, return to near-original orientations when stress is removed. This behavior exhibits
both elastic and viscous properties, thus it is deemed viscoelastic. More specifically, TPU is a
nonlinear viscoelastic material, which signals nonlinear elasticity that changes with deformation.
As a consequence of viscoelasticity, TPU specimens can have constant strain applied, and the
initial stress at time zero (when the strain is applied) will be maximum, while gradually
diminishing to a smaller, maintained state of stress. The applied strain causes the chains in the
polymer to slowly unfold and stretch; this phenomenon is called relaxation.
There are two types of tests that can be performed on polymers such as TPU to quantify
the viscoelastic behavior: relaxation tests and creep tests. In a relaxation test, strain is controlled
while stress in the sample is measured. Stress as a function of time in the sample is proportional
to the magnitude of the initial strain and a property called the relaxation modulus, ( ), as
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shown by the relationship in Equation 2. The relaxation modulus denotes stress as a function of
time over strain.
( )= ( )∙∈

(2)

Creep tests apply constant stress, and strain is measured over time. Strain as a function of time is
related to initial stress as shown in Equation 3.
∈( )= ( )∙

(3)

D(t)is known as the creep compliance and is mathematically defined as strain as a function of
time per unit stress. Ultimately, relaxation or gradual returning of polymer strands to their
original orientations as a result of stress is a phenomenon that lies between viscous fluids and
elastic solids, and provides the primary mechanism of viscoelasticity in polymers.
Because viscoelastic materials exhibit properties of both linear elastic solids and viscous
fluids, mathematically modeling and quantifying polymer viscoelasticity can be accomplished by
constructing simple mechanical models composed of various arrangements of springs, which
represent linear elasticity, and dampers, which represent viscosity. The spring, in this
representation, possesses a value of Young’s modulus in place of a traditional spring constant in
kinematics. The damper is assigned a value of dynamic viscosity, accordingly.
Springs and dampers can be organized in sequence, in parallel, and in both ways simultaneously
to accurately show a mathematical relationship between stress and strain in both viscoelastic
liquids and viscoelastic solids, in the form of an ordinary differential equation (ODE). As the
number of elements in a viscoelastic model increases, the model more accurately resembles
experimental results. However, the complexity in analysis, which involves solving higher-order
ODE’s through the Laplace domain, increases as well. These types of models are useful because
stress can be predicted, knowing input strain, or strain can be predicted, knowing input stress.
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For example, the stress in a viscoelastic tensile test specimen can be predicted, as long as the
strain history is known. For simple, uniaxial testing to strain value, ∈ , with one stretch-release
cycle over the course of time,

, and constant loading and unloading rates, the strain history

over time is shown by Figure 6.

Figure 6. Strain history of sample during single uniaxial stretch-release cycle.

To start finding stress as a function of strain, the viscoelastic model for a material must be
specified. The Maxwell model of viscoelasticity is a simple, two-element model composed of a
spring in series with a damper, as shown below in Figure 7.
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Figure 7. Schematic of Maxwell model.

It can be shown that the relaxation modulus of a polymer represented by the Maxwell model is
given as:
( )=

(4)

Where is defined as the relaxation time, or the ratio of dynamic viscosity to Young’s modulus.
The solution is given in Appendix A. Stress as a function of time will be found using the
hereditary integral representation of stress and strain. Such a representation takes into account
the entire history of strain in the material, to predict what stress will be. In Figure 6 above, strain
before time = 0 is found to be equal to zero. Let
and

= 1%,

= 77

!, " = 8000

! ∙ $,

= 100 $. Substituting all necessary values, and combining the equations for stress over

time given in Appendix B, the resulting stress-versus-time plot is given below.
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Figure 8. Stress versus time predicted by Maxwell model.

The Maxwell model predicts that the viscoelastic material with the given Young’s modulus and
dynamic viscosity is in increasing then decreasing tension, before reaching a zero-stress state.
The corresponding stress-strain curve is shown below in Figure 9.
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Figure 9. Hysteresis in linear viscoelastic materials.

The general shape of the stress-strain relationship given by the Maxwell model should be visible
for any linearly viscoelastic rubber. This model predicts a hysteresis between loading and
unloading portions of the stress-strain curve, followed by an immediate return along the x-axis to
a zero-stress state with zero strain. In TPU, which experiences a change in microstructure during
deformation, zero stress is reached with a permanent residual strain from strain-induced
crystallization [5]. The bonds within the material are not covalent bonds as in traditional,
vulcanized rubbers. Rather, hard segments surrounded by flexible regions function as the
crosslinks in the polymer network.
Fracture Properties of TPU
Linear-elastic fracture mechanics (LEFM) is focused on crack formation and growth in
linear-elastic materials, such as metals and ceramics. TPU is not linearly elastic beyond minute
deformations, and is a very ductile material, thus crack formation is not typical unless the
13

material experiences extremely high dimensional change associated with stress. However, if a
crack forms in a rubber, large deformation relative to the rest of the sample will occur in the
immediate area surrounding the crack tip. High stress intensity factors surrounding the crack tip
locally amplify the stresses experienced in this region. During crack propagation, rubbers such as
TPU can absorb a lot of strain energy, thus larger amounts of energy are required to continue
growing the crack. This is unlike metals and ceramics, where a crack typically propagates very
quickly with very little added energy. This method of fracture is called brittle fracture. In most
polymers, like TPU, large deformations are sufficient to propagate the crack. In some polymers,
a much less common phenomenon occurs, where polymer chains congregate and leave
microscopic, elongated voids, creating a fibrous structure. This is called crazing in rubbers.
Unique to TPU, however, is strain-induced crystallization. Localized strain that occurs
around sites of crack propagation may potentially be enough to cause crystallites to form within
these regions, as shown in the figure below.
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Figure 10. Crystallite formation within stress concentration zone in TPU.

Crystallites, being harder and stronger than the rubbery regions of TPU, could have an effect on
fracture mechanics of polymer samples. The effects of strain-induced crystallization on crack
growth and propagation is not well-documented; crystallites could locally harden the region
surrounding a formed crack enough to cause a fast, brittle fracture of a testing sample rather than
a slow, ductile fracture, or the crystallites could have the effect of resisting crack growth,
essentially increasing the fracture toughness of the material. Current research examines the
fracture properties of TPU blended with other polymers, such as polyacetal and poly vinyl
chloride (PVC) [11,12]. However, there is little focus on fracture properties of pure TPU with its
strain-induced crystallization.
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Mechanical Properties of Thermoplastic Polyurethane Composites
Composite materials have two components: the filler and the matrix. The filler is much
stronger and more brittle than the matrix, which serves to bind filler particles or fibers together
and provide ductility. Filler materials can be metals or ceramics, while matrices are generally
polymers. The most common example is a carbon-epoxy composite. Less conventional
composites exist, such as concrete and wood. The effects of both the filler and the matrix on the
mechanical characteristics of a traditional composite can be quantified by the rule of mixtures,
which states that a mechanical property (e.g. Young’s modulus) can be determined by adding the
relative percent composition of filler and matrix, which always adds up to 1, multiplied by the
respective value of the mechanical property, according to the equivalent equations shown below.
%&'(&)*+,
%&'(&)*+,

=

=

-*.,/ 0-*.,/

-*.,/ 0-*.,/

+

+

23+/*4 023+/*4

23+/*4 (1

− 0-*.,/ )

(5)
(6)

Naturally, a stiffer filler particle within a stronger matrix will yield a stronger composite. It is
worth noting that the rule of mixtures is only applicable for linearly-elastic materials. TPU, along
with other polymers, is only linearly-elastic at very small deformations. When a polymer matrix
is stretched beyond minute deformation, the rule of mixtures is invalid. Typically, filler materials
such as fibers are very rigid when subjected to stress in the direction of fiber axis, thus
deformation beyond a limited point causes fracture and failure of the overall composite. Fillers
can be fibers, molecules, or a combination of the two, and they can vary greatly in sizes.
Generally, there are two classifications of composites, depending on the size of the filler
particles: microcomposites and nanocomposites. Microcomposites use filler particles that range
from a few micrometers to just under a millimeter. Nanocomposites use particles of a much
smaller scale, ranging from a few atoms or molecules wide to a few hundred, depending on the
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chemistry of the substance. There is an interesting effect, however, when studying
nanocomposites; when properly dispersed in a matrix, the vastly increased surface area of
nanoparticles bonded to the surrounding matrix per unit filler volume leads to a much higher
overall strength than the rule of mixtures above would predict. Bonding fillers to the surrounding
matrix and ensuring that the fillers are properly dispersed (not agglomerated) is crucial to
development of effective composite materials.
Methods are currently in development to enhance bonding between filler particles and
TPU matrices [13,14]. If using ceramic nanofillers, such as carbon nanotubes (CNTs) or
multiwalled carbon nanotubes (MWCNTs), surface functionalization can be performed to
enhance filler-matrix adhesion [15]. Functionalization is a chemical reaction that alters the
bonding groups on the surfaces of nanoparticles to bind more strongly to a polymer matrix.
Ultimately, filler materials of nearly any type will add strength and stiffness to a polymer, but
reduce its ductility. TPU is a unique polymer, however, that experiences strain-induced
crystallization. This is a mechanically-induced phenomenon that alters the polymer network.
Incorporating nanoparticles or microparticles may have an effect on the potential degree of
crystallization in composite TPU test samples at high deformations. Particles of sufficiently
small size may aid in crystallite formation, or they may lodge themselves in between polymer
strands, inhibiting crystallization.
Effects of Weathering on Rubbers
The primary purpose of polyurethane as a coating material is to protect an underlying
surface from a caustic environment, at the long-term expense of the coating itself. Thankfully,
rubbers such as polyurethane are chemically inert and do not react with either the substrate or the
environment on their own. However, many external factors can affect the lifespan of a polymer
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coating and alter its properties, including exposure to solar radiation, moisture from ambient air,
mechanical degradation from high velocity particles, and oxidation, among others.
Radiative Effects
Polyurethane coatings on painted metal and composite panels protect automobiles from
degradation caused by ultraviolet (UV) radiation at earth’s surface and they protect aircraft
against sunlight and UV exposure found at higher altitudes [16]. At altitudes of 30,000 feet and
greater, or around the height of a typical commercial flight, there is less ozone to absorb UV
radiation, thus increased photo-oxidation reactions can alter the chemical structure of the
polymer [17]. Irradiation can affect polymers by either promoting crosslinking or causing chain
scission, depending on a polymer’s structure. UV radiation can provide enough energy to
crosslink monomers, or form new covalent bonds within a polymer network, making a material
harder and reducing ductility. Chain scission is a process that occurs when radiation breaks
chemical bonds within a polymer network. Chain scission weakens the material, lowering
toughness, increasing ductility, and making the material softer. A schematic of chain scission is
given in Figure 11.
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Figure 11. Schematic of chain scission and crosslinking in polymer networks.

UV exposure to an underlying surface coated by PU is largely mitigated over the typical lifespan
of the aircraft, however the coating itself experiences a high degree of crosslinking. The coating
hardens and degrades with extended UV exposure, combined with thermal radiation from
sunlight, turning the PU a dark yellow or brownish color [17]. At this point, the coating may
begin to flake off and lose its effectiveness, while the surrounding environment now has a direct
effect on the exposed surface, and the effects of temperature and moisture are more prevalent.
The aforementioned effects apply to pure polyurethane coatings. The effects of UV
radiation on TPU and TPU composites are of heightened interest. A different chemical structure
between the two polymers may be affected by UV radiation differently. In specialized
applications where a TPU composite is required, such as in an antistatic coating, the effect of
extreme UV exposure found at high altitude on the effectiveness as a coating must be clarified.
Additionally, the effects of UV exposure on composite TPU samples must be investigated to
19

show that composite TPU coatings are resilient enough for aerospace applications. A highly
specialized method exists to study chemical structures on a local scale, such as at the interface
between filler particles and a surrounding polymer matrix: nuclear magnetic resonance (NMR)
spectroscopy. In principle, NMR uses a powerful magnetic field combined with a varying
electromagnetic field to cause resonance in the nuclei of atoms with a nonzero spin. Resonance
of atoms located at a filler-matrix interface is determined by the frequency of radio waves
emitted by their nuclei. Other potential methods to study chemical bonding include infrared
spectroscopy and Raman spectroscopy.
Moisture Effects
The most critical function of a polyurethane coating on a metal surface is inhibiting
corrosion. Without a protective polymer layer, the surface would be exposed and oxidize freely,
quickly compromising the structural integrity of the component. Environmental factors such as
ambient temperature, humidity, and salinity can affect the rate of corrosion, while surface factors
such as reactivity of the metal, presence of impurities in the metal, and adhesion of the polymer
to the substrate can vary the effectiveness of a coating in preventing corrosion. Research shows
that the corrosion current, the electrochemical mechanism of corrosion, is drastically reduced on
a metal surface when a thin layer of polyurethane is deposited onto it [18,19]. Without any filler
materials, polymers are naturally poor conductors of electricity, thus the flow of electrons
required for the chemical process of corrosion is interrupted by a polyurethane barrier. Saltwater
environments are especially corrosive to metals, as salt molecules dissolve in water into sodium
ions and chloride ions. These ions make the solution a much better conductor of electricity,
enabling higher corrosion currents.

20

Saltwater also negatively affects the surface of TPU. Researchers have found that
saltwater is able to slowly diffuse into a TPU matrix over time, leading to premature specimen
failure when subjected to bending stresses [20]. The effect is worsened when subjecting a TPU
composite specimen to stress, as cracks, voids, and localized delaminations between the fiber and
the matrix provide areas for saltwater to occupy and corrode the specimen [20]. Saltwater
exposure at elevated temperatures over prolonged periods can be corrosive to polymer matrices
[20]. Pure TPU is not well suited to saltwater immersion as found in marine coating applications,
however the ability of TPU and TPU composites to reject moisture in the air, while protecting
from temperature fluctuation and radiation at high altitudes is critical. The formation of a TPU
composite with a non-conductive ceramic filler, if well-dispersed, may lower the overall
conductivity even further, and provide an added degree of corrosion prevention to surfaces
below. Ultimately, it is in the best interest of such an underlying surface to provide a coating
polymer layer to reduce corrosive damage to critical structural or electrical components.
Mechanical Weathering Effects
TPU is a soft polymer with high ductility, which can absorb a lot of energy during
deformation [21]. It is not a brittle material, thus repeated, high-velocity wind exposure and
impacts with small particles (as found in aerospace applications) do not compromise the
structural integrity of a TPU layer; rather, particles tend to embed themselves into the surface of
the coating, providing a high degree of particulate protection [22]. TPU coatings are very
efficient in absorbing and redistributing localized forces, and combined with the rigidity
provided by the crystalline regions in the polymer network, TPU is an optimal coating material
for protection against high-velocity particulate weathering [22].
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TPU is also highly wear and abrasion resistant, due to its soft and rubbery nature [23].
Kaltzakorta et al. observed that the friction experienced by a TPU surface depends highly on the
temperature of the abrading surface [24]. The researchers observed that an increase in
temperature of the abrading surface caused an increase in the amount of mass lost due to erosion
[24]. This correlation holds true for a phenolic resin sphere-filled TPU composite, where mass
loss was found to be even higher due to delamination and improper matrix-filler binding [24].
The physical mechanism of wear in TPU is shown to be caused by the formation of microscopic
ridges, which propagate into cracks [23]. When sufficient cracking occurs, portions of the TPU
surface are able to erode and detach [23]. In these exposed portions, the TPU coating may lose its
protective properties and the environment is able to cause harm to the underlying surface.
Versatility of Thermoplastic Polyurethane as a Coating Material
Traditional polyurethane coatings offer protection from moisture found in ambient
environments and protection from UV radiation both at earth’s surface and at high altitude.
However, the molecular structure of TPU lends it more favorable mechanical properties such as
pliability, resilience, and toughness. In addition, TPU being a thermoplastic does not harden as
its temperature increases, preventing cracking and flaking that would compromise the metal or
ceramic layer underneath the polymer coating. TPU could also prevail in shape-memory
applications such as in heat shrink tubing, where a significantly lower temperature required for
shape reformation makes for easier electrical connections. These properties, combined with
excellent chemical stability and resistance to wear and abrasion, make TPU an ideal coating
material for metal, ceramic, and polymer surfaces [25].
In addition, the applications for a more advanced, composite TPU coating are highly
specialized but very critical. TPU coatings can be manufactured with certain electrically
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conductive filler materials to function as antistatic coatings for aircraft components [2,26]. The
addition of conductive filler materials allows the flow and dissipation of charges that would
typically constitute capacitance on a dielectric medium. Not only would the coating retain its
protective characteristics, but it would also reduce the ability of static charges to develop on
sensitive electronic components. For example, an aircraft wing that contains a multitude of
electronic sensors such as stall and icing sensors could benefit from a specialized composite
coating in two ways: development of electric charge that would cause interference with sensors
is reduced, and the constantly fluctuating bending moments applied to the wing (and thus the
polymer coating) will cause less fatigue-induced wear to a stronger, more durable composite
TPU coating. The formation of microscopic ridges, as previously discussed, over the lifetime of
the aircraft, could be mitigated with the proper filler materials. Furthermore, such a TPU-based
composite material could also be used in electromagnetic shielding applications, due to the high
surface conductivity [27]. Advanced TPU composites can also be used as coatings where simply
added toughness and strength are needed, while still retaining an element of ductility and energy
absorption, such as in journal bearings [28]. Irrespective of the application, TPU offers the
moisture and UV protection of a polymer coating with the enhanced mechanical properties
provided by its unique semicrystalline structure.
Intent of Present Work
Overall, the main goal of this work is to study the mechanical properties and weather
resistance of pure TPU and TPU composites, and to compare these findings with known
properties of traditional polyurethane rubbers. This work will aim to extend previous studies of
TPU by examining the mechanical behavior at higher deformations than previously achieved and
by introducing the effects of high-intensity UV radiation combined with moisture and
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temperature cycling, to more closely replicate harsh conditions found in aerospace applications.
In addition to uniaxial testing, fracture analysis will be conducted to perform an in-depth study of
fracture properties of pure TPU and TPU-ceramic composites, as present literature fails to
explore the effects of localized crystallization on crack propagation. The large-scale effects of
introducing filler particles on strain-induced crystallization in a TPU matrix are unknown and
will be investigated. To serve these purposes, a procedure will be formulated and refined to
consistently develop TPU samples, which are to be tested to show the mechanical behaviors at
large deformations, during fracture, and after weathering. Once all tests have been run and all
data has been obtained, data analysis and resulting mechanical characterizations will demonstrate
the ideal properties of TPU as a coating material for the extreme and highly specific demands of
the aerospace industry.

24

CHAPTER 2
MATERIALS, SYNTHESIS, AND TESTING PROCEDURES
In order to demonstrate the superior mechanical properties of TPU over traditional
polyurethane and acrylic-based coating materials, tests must be performed over a wide variety of
TPU samples, with the intent of holding all but one variable constant in each experiment. Results
from each experiment are compared with results from a baseline control experiment, where no
variables have been changed, to show the effect of each altered variable on the behavior of the
specimens. Before testing can commence, specimens that meet the unique requirements of each
experiment must be fabricated consistently and repeatably. This chapter will focus on detailing
the materials gathered, procedure created, and the equipment used to study the mechanical and
physical properties of the tested TPU samples.
Materials for Sample Preparation
Firstly, TPU was acquired from BASF as Elastollan® L 1185 A12. This is a pure
thermoplastic polyether polyurethane elastomer in granular form. The L product range of
thermoplastic polyurethanes distinguishes itself due to its transparency and mechanical stability
when subjected to long-term UV exposure. The mechanical properties of this thermoplastic
polyurethane are tabulated below in Table 1.
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Table 1: Properties of Elastollan® L 1185 A12 Thermoplastic Polyurethane
Property

Value

Density

1.13g/cm3

Tensile Strength

30 MPa

Elongation at Break

650 %

Stress at 20% Elongation

4 MPa

Stress at 100% Elongation

7 MPa

Stress at 300% Elongation

13 MPa

Reprinted from BASF [29].

This TPU is in the form of hard granules that need to be dissolved into soft rubber with a
solvent. The solvent used for all specimen fabrication is tetrahydrofuran (THF). THF is a polar
solvent that dissolves the TPU into a rubbery form when properly mixed. Two liters of >99.9%
anhydrous THF was acquired from Sigma-Aldrich. Fumes from THF are noxious, and it is a
flammable substance, so a 3M full-face respirator, gloves and lab coat were always worn when
handling the solvent, and all mixing and pouring of THF took place underneath a fume hood. For
composite samples, molybdenum disulfide (

), a ceramic microparticle lubricant with

average particle size of 1.5 microns, was purchased from Runaway Bike to form
microcomposites within the TPU matrix. These are the main ingredients for TPU specimens;
now the focus is shifted to the details of sample preparation.
Thermoplastic Polyurethane Sample Preparation
Once raw materials for specimen production are acquired, the process of sample
formation begins with measuring out 5 grams of TPU granules used to form the rubber. THF is
added to the TPU granules in a mixing chamber, thus the combined amount of granules and
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solvent depend largely on the size of the mixing container used. A glass container large enough
to produce a small batch of tensile test specimens, in the shape of a hollow, inverted, truncated
pyramid, provides ample space for a mixture of TPU and THF. 5 grams of TPU granules are
measured, then placed in a convection oven to dehydrate the TPU, as the surface of the granules
tends to absorb moisture from the air. The presence of moisture inhibits the solution process of
TPU in THF. A relatively high temperature of 105℃, as compared with the melting point of
TPU, is enough to draw moisture from the granules in the span of thirty minutes, without
charring or melting the granules. When the moisture remaining in the TPU is minimal, and the
granules are sufficiently dry, the appearance of the granules changes from translucent to nearly
transparent.
Immediately after drying the granules, they must be quickly mixed with THF before
excessive water is reabsorbed. The optimal ratio of THF to TPU was experimentally determined
to be 10:1, where 5 grams of TPU requires 50 mL of THF. Too much solvent will fail to
evaporate completely, while too little solvent will not dissolve the granules into rubber. 50mL of
THF is transferred into the mixing glass with a syringe, then the 5 grams of TPU granules are
added. A magnetic stirrer ensures proper mixing. The magnetic stirrer, visible as the small rod
resting at the bottom center of the mixing glass, is shown below in Figure 12. The stirrer is
operated by an adjustable-speed base.
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Figure 12. Magnetic stirrer and mixing chamber.

While mixing is taking place, a thin heating element set to 50℃ or 122℃ is placed between the
mixing chamber and the flat surface of the stirring base to accelerate the breakdown of the
granules. If the magnetic stirrer is set to stir too quickly, turbulence will cause formation of
bubbles on the surface of the mixture and specimen quality will be affected. If set too slow, the
solvent will not mix properly. The speed of the magnetic stirrer must be slowly increased, due to
the increasing viscosity of the TPU/THF mixture as the granules dissolve. At the point where the
magnetic stirrer can no longer stir the mixture, the stirring magnet may be removed from the
mixing chamber and set aside. In total, the mixing process should take between one and two
hours. The granules should no longer be visible, and a very high viscosity clear liquid should be
present in the mixing chamber at this point. The mixture should now be left under a fume hood
or in a closed container to allow for any remaining THF to evaporate, and leave a pure TPU
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rubber film on the bottom surface of the mixing chamber. The rubber film should be transparent,
as shown below in Figure 13.

Figure 13. TPU film after removal from mixing chamber.

When the THF has fully evaporated, it is very unlikely that the film of TPU, which is just
under one millimeter thick, is free of air pockets. A vacuum chamber large enough to house the
entire mixing chamber is turned on for around fifteen minutes, depending on each individual
TPU batch, to remove bubbles from the film. The bubbles will rise from within the film and pop.
Extra precaution is taken to ensure that the TPU does not begin to boil, which can occur if the
vacuum is activated for an extended period of time.
Now that a pristine film of TPU rubber that is free of air pockets has been acquired, the
next step towards creating a test specimen is to carefully remove the film from the mixing
chamber with gloves. A metal cutting die in the shape of a dogbone tensile test specimen has
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been acquired to punch samples from the film. This die conforms to ISO 527-2-1BA. A photo of
the die is shown below in Figure 14 for reference.

Figure 14. ISO standardized tensile test die, top and bottom.

In short, the testing (center) region of the samples measures 5 millimeters by 30 millimeters. The
thickness of the sample is not specified in the above standard, and will depend on the mass of
TPU granules used in a batch. Fracture test specimens are the second geometry of specimens
studied in this work. They are similarly punched from a sheet of TPU, but adhere to a different
standard and are thus of different shape. ASTM D-624-C governs the shape of fracture test
specimens, which are designed with a premade notch where a high stress intensity factor will
foster crack formation and propagation during uniaxial loading. The shape of a fracture specimen
is shown in Figure 15.
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Figure 15. ASTM standardized fracture test die, top and bottom.

The dies were sourced from North East Cutting Die, and are cut using electrical discharge
machining (EDM) and precisely machined from A-6 tool steel. Despite the sharp edges of the
dies, punching specimens is accomplished most quickly by using a hand-operated press. With the
film dimensions given from the chosen mixing container, four to six dogbone-shaped specimens
can be produced in one batch.
At this stage, the samples are not quite ready to be tested. During both uniaxial tension
and fracture testing, metal jaws hold the ends of the specimen in place while force is applied.
The amount of clamping force produced by the jaws would cause enough local surface pressure
to damage uncovered TPU specimens, so all samples are protected by adhering thin metal strips
to both sides of each end with epoxy. The metal strips absorb and redistribute the pressure of the
jaws more evenly, so that the sample is unharmed during testing. Binder clips are clamped onto
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the ends of the samples to maintain pressure while the epoxy is curing. A full day is allowed for
the glue to dry completely, while clips are attached.
Once the epoxy has set fully, the final step to producing pristine, testing-ready TPU
samples is to place the samples with the attached metal strips into a vacuum chamber once more,
to remove air bubbles that may have formed in the epoxy as it hardened. Degassing should occur
for no more than 15-20 minutes, to prevent boiling or pocket formation within the specimens.
This process will strengthen the adhesion between the metal and the polymer surfaces. When the
metal is securely attached, the pristine samples are ready to be tested.
Composite Thermoplastic Polyurethane Sample Preparation
Composite samples are prepared by the addition of filler particles in the polymer matrix.
The procedure followed for creating composite samples is nearly identical to that of pristine
samples, with the filler material added between the addition of THF and TPU to the mixing
chamber. Additionally, when filler material is added to THF, sonication is performed to evenly
disperse microparticles. The amount of filler can be adjusted depending on the desired qualities
of the composite; as previously mentioned, a higher weight percent composition will strengthen
the composite, but reduce ductility. For the present research, 5 wt-% molybdenum disulfide
samples were produced. For a single batch, 5 grams of TPU would require 0.25 grams of filler. A
scale with a higher degree of precision is required to accurately produce a composite batch with
0.25 grams of filler material, so a precision mass balance, shown in Figure 16 below, was used.
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Figure 16. Cole-Parmer Symmetry analytical mass balance.

Molybdenum disulfide microparticles are found as a powdered lubricant, which is commonly
used for small chains and gears. The chemical structure of molybdenum disulfide is shown
below in Figure 17.
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Figure 17. Chemical structure of molybdenum disulfide.

In

, molybdenum bonds to sulfur in such a way as to form a layer of molybdenum atoms

between parallel layers of sulfur atoms. This structure is similar to that of graphite, which also
exhibits lubricating behavior. Once 0.25 grams of microparticles are measured out, they are
carefully added to THF in the mixing chamber. Ceramic microparticles aerosolize readily, so
proper precautions were taken to avoid contact with skin and inhalation. After adding the
particles, the second step unique to composite sample manufacture is sonication. A sonicator,
shown in Figure 18 below, uses high frequency sound waves, beyond the range of human
hearing, to deagglomerate nanoscopic and microscopic particles in a surrounding fluid or
matrix.
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Figure 18. Sonicator with power supply.

The particles themselves tend to bind together within a fluid and form areas of inhomogeneity.
Thorough sonication breaks apart these clumps and ensures ideal distribution of filler within the
sample. The sonicator used is a stylus-type device, which provides for very precise control of
filler distribution. Once the microparticles are added, a quick stir ensures they are all within the
THF, then sonication for 5-10 minutes precedes the addition of TPU granules. With the filler
material in the mixing chamber, the mixture is no longer transparent and visually ensuring that
the TPU granules are evenly distributed becomes slightly more difficult. However, with the
magnetic stirrer and THF syringe, manual stirring of granules is simple. An image of a
composite batch in the mixing chamber atop a heating element is shown in Figure 19.

35

Figure 19. Composite TPU batch in the stirring stage.

After sonication and addition of TPU granules, the composite batch is treated the same as a
pristine batch. After becoming too viscous to stir, the film is set overnight to allow the THF to
fully evaporate, then bubbles are removed using a vacuum chamber. A die and press are used to
punch out specimens into the desired shape, then protective metal strips are glued onto the ends
of the specimens where the testing grips will hold them. Once the glue has hardened, degassing
once more ensures there are no air pockets in the glue, then the composite samples are ready to
be tested.
Testing Equipment
Evaluation of the mechanical properties of thermoplastic polyurethane would not be
possible without the use of highly specialized testing equipment. The devices used serve largely
to recreate adverse conditions experienced by a material during its lifetime. To study stresses
within samples during stretch-release cycles and fracture analysis, and to observe the amount of
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energy absorbed during deformation, a Mark-10 ESM303 motorized tension/compression stand,
shown in Figure 20, was used in conjunction with appropriate computer software. The tester is
modular, and able to perform a variety of mechanical tests; in this figure, the uniaxial tensile
tesing configuration is shown.

Figure 20. Mark-10 tensile tester.

Data was recorded and processed in Excel workbooks to generate plots of stress versus
displacement for tensile and fracture testing. To replicate the high levels of UV exposure,
moisture, and temperature cycling found in ambient environments, a Q-Lab QUV Accelerated
Weathering Tester was used to expose samples from each batch to simulated conditions.
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Figure 21. Q-Lab Accelerated Weathering Tester.

This tester continuously cycles between 8 hours of UVA-340 exposure and 4 hours of moisture.
The temperature within the tester varies between room temperature (25℃) and 60℃. This
machine conforms to ASTM G154, which is a general governing standard for accelerated
weathering testing of nonmetallic materials.
Testing Procedures
If irradiating samples to compare with non-weathered samples, specimens should be
placed in the UV chamber first to begin the desired amount of exposure. For this testing, samples
subjected to accelerated weathering were placed in the machine for 1 week, or 168 hours total
exposure to UV, moisture, and temperature fluctuation, in the proportions given above. In that
span of time, non-weathered samples were concurrently tested as a control group to highlight any
potential effects of harsh environments when UV exposure has finished. Operation of the UV
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machine is simple, and little maintenance is required, but the water reservoir must be manually
filled each day to ensure a constant source of moisture. Samples are secured to metal plates via
retaining rings and oriented towards the UV lamps within the machine. In Figure 22 below, the
plate with the TPU specimen is flipped around to show the sample. The UV bulbs are behind the
plates shown.

Figure 22. UV sample secured to plates in UV tester.

Tensile testing is performed by turning on both the tester and the operating computer, to
use the Mark-10 MESUR®Gauge Plus software that is associated with the tester itself. Test files
such as loading and unloading are manually opened within the software, and data is exported to
an Excel sheet. The loading rates used for the present work are 1 mm/minute and 10 mm/minute.
To stretch a TPU specimen to many times its original testing length at 1 mm/minute takes a few
hours, so the sampling rate for data is adjusted accordingly to prevent excessively large amounts
of data; 1 data point is recorded every 10 seconds, where the computer reads vertical
displacement of the testing arm and tensile force experienced by the machine. Once these
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parameters are input into the software, and the force gauge is set to real-time display and the
proper units, the sample may be loaded into the machine. The width and thickness of each
sample is measured to determine the cross-sectional area for stress calculations. The sample is
then loaded into the jaws, as depicted in Figure 23. Note that the sample shown is stretched to
many times the original length between the jaws, with a marker present for scale.

Figure 23. TPU specimen in tensile tester.

The length of the sample that is between the jaws, or the length that will be stretched, is
recorded. Then, the unloading test is loaded into the computer and started manually, at the same
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rate of travel. It is critical that the time between stopping of the loading portion of the test
(upwards travel) and the beginning of the unloading portion of the test (downwards travel) be
minimized at all costs, as the sample may tend to experience relaxation during that time. Testing
has concluded when stress in the sample returns to zero. The force versus displacement data is
exported into Excel and processed to generate stress versus stretch graphs, knowing dimensions
of the sample and testing length, which can be compared with each other to show the potential
effects of sample testing, composition, and exposure.
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CHAPTER 3
RESULTS AND DISCUSSION: PURE THERMOPLASTIC POLYURETHANE
SPECIMENS
This chapter examines the results of testing unfilled TPU samples using the previously
described weathering exposure, tensile testing, and fracture testing. The stress within pure TPU
samples over time was observed, both with and without exposure to weathering in the form of
UV radiation, moisture, and temperature cycling. The loading rate was also adjusted for identical
samples of select batches subject to the same external conditions, to show a correlation between
loading rate, and crystallization of the samples, shown as stress. A more crystallized sample
would be less ductile, and would experience higher stress at the same deformation, than a less
crystallized sample.
The first group of samples was the control group, a pure TPU batch, mixed with the
intention to set a baseline for pure TPU behavior in the absence of any weathering. These
samples were tested to a stretch value of 5 at a loading rate of 1 mm/minute.
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Figure 24. Tensile test data for pure, non-weathered TPU specimens.

The resulting stress versus stretch data of the three TPU specimens are shown in the same plot.
Stretch is mathematically defined as the ratio of deformed length to original length. The stress as
a function of stretch in each sample is highly consistent and repeatable, with each sample
experiencing about 10-12 MPa of stress at peak deformation. The jagged nature of the curve, as
well as all subsequent curves, is due to the force gauge of the tensile tester recording force only
in 1 N increments. These samples experience at least 50% of residual strain at zero stress, present
as hysteresis of the curve, which indicates strain-induced crystallization. These samples are very
compliant and can absorb a lot of energy during deformation. The Young’s modulus, or slope of
the curve from stretch of 1 to 1.1, for each sample is shown below.
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Figure 25. Elastic moduli for pure, non-weathered TPU specimens.

The small linear-elastic regions for each sample are compared above. The average Young’s
modulus for pure, non-weathered TPU samples is 9.1160 MPa. The weathered specimens are
detailed below.
Three unfilled TPU samples were subjected to 1 week (168 hours) of UV, moisture, and
temperature fluctuation. Then, all samples were tensile tested at a loading rate of 1 mm/minute to
a stretch value of 5.
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Figure 26. Tensile test data for pure, weathered TPU specimens.

The stresses in weathered TPU samples are not quite as consistent overall, but two out of the
three samples experienced peak stresses of almost 12 MPa, while the third sample experienced
almost 14 MPa. The Young’s modulus for each sample is shown below.

45

Linear-Elastic Regions - TPU (UV)
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Figure 27. Elastic moduli for pure, weathered TPU specimens.

The average Young’s modulus for the weathered samples is 8.9039, as compared with 9.1160 for
the non-weathered samples. The weathering has overall slightly softened the material at low
deformations. This could be achieved through chain scission or photo-oxidation, where weaker
bonds are broken by the UV radiation. Moisture absorption could also be responsible for
softening of the material. A plot of all unfilled TPU samples, both weathered and non-weathered,
tensile tested at 1 mm/minute is shown below for comparison.
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All TPU Samples (1 mm/minute)
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Figure 28. Tensile test data for all TPU specimens with and without UV at 1 mm/minute.

The error bars have been omitted from Figure 28 for clarity. The slight differences in stresses
between weathered and non-weathered samples through maximum deformation is more visible.
From stretch values of 1 to around 4, stresses are slightly lower than in non-exposed samples,
indicating a slight strain-softening effect. From lambda 4 onwards, the samples are strainhardened, hence the higher peak stresses. The peak stress shown by a weathered sample is
greater than the peak stress in a non-weathered sample by about 16%.
The UV radiation could be causing minor chain scission, visible as the strain-softening at
lower lambda values, while promoting smaller amounts of crosslinking, evident at higher lambda
values. The data shows that the largest effect that UV and weathering exposure for 1 week can
possibly have on a TPU sample is a decrease in ductility of around 25%, and a lowering of the
initial Young’s modulus by 21%. The UV exposure may potentially harden the TPU at high
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values of stretch, but not consistently. Within the range of error, UV radiation does not have a
consistent, visible effect on TPU samples during tensile testing.
The next round of testing was performed to study the effect of loading rate on formation
of crystallites within the TPU network. Samples were not exposed to UV radiation; the only
altered variable was the loading rate, which was changed from 1 mm/minute to 10 mm/minute,
in order to reach peak deformation much more quickly. The maximum value of stretch remained
5 times original specimen length.

Pure TPU - 10 mm/min. vs. 1 mm/min.
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Figure 29. Test data for TPU specimens loaded at 10 mm/minute versus 1 mm/minute.

When compared with samples loaded at 1 mm/min, the stress in samples loaded more quickly is
much smaller. This result suggests that overall crystallization in loaded samples is a function of
distance stretched and time; this crystallization could depend on the rate at which samples are
loaded, as well as how far samples are stretched. A slower rate of loading would give the
crystallites, which are less ductile and experience more stress, time to form, while a quicker
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loading rate would not allow significant strain-induced crystallization in the sample. The
Young’s modulus for each loading rate is shown below.

Linear-Elastic Regions - TPU (10 vs. 1 mm/min.)
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Figure 30. Elastic moduli for TPU loaded at 10 mm/minute versus 1 mm/minute.

In addition to experiencing a significantly higher peak stress at maximum deformation, the
sample loaded at 1 mm/minute showed a higher Young’s modulus than the sample loaded more
quickly by about 46%. This result reinforces that allowing time for the crystallites in the TPU
matrix to form yields an overall stiffer and stronger material.
Pure TPU samples were also prepared and subjected to fracture testing, both with and
without exposure to 168 hours (1 week) of UV radiation, moisture, and temperature cycling. In
order to perform these tests, the tensile tester was set to travel upwards at 10 mm/minute until the
specimen fractured. Two pure TPU samples and two molybdenum disulfide-TPU composite
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specimens were prepared, and one of each group was weathered for comparison. The results are
detailed in Figure 31.

TPU Fracture Results
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Figure 31. Pure TPU fracture test results, with and without weathering.

The plot of the non-weathered sample shows a peak stress of around 4.8 MPa at lambda 2.8,
before fracturing. Note that the mechanism of fracture in TPU is different from that of harder
materials such as metals and ceramics, which yield slightly before a crack propagates through the
material very quickly, causing fracture. The propagation of the crack though TPU takes time due
to the high relative elasticity of the material. The UV-irradiated sample exhibited similar
behavior, where it too experienced slow tearing before fracturing slightly more quickly at lambda
2.3, while experiencing a slightly higher peak stress of 5.4 MPa. This result shows that the
weathering made the TPU weaker and less ductile; the energy absorbed during deformation of
TPU is reduced by the exposure. UV provides enough chemical energy to promote crosslinking,
which makes the material slightly stiffer and prone to failure at lower stretch values.
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Additionally, the fracture toughness, or resistance of a material to crack propagation, of the pure
TPU is reduced by UV radiation.
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CHAPTER 4
RESULTS AND DISCUSSION: COMPOSITE THERMOPLASTIC POLYURETHANE
SPECIMENS
This chapter examines the results of testing molybdenum disulfide-TPU composite
samples using the weathering chamber, tensile tests, and fracture tests. The stress within
composite samples over time was observed, both with and without exposure to moisture and UV
radiation. Comparisons are made between weathered and non-weathered composite samples, as
well as between composite and pure TPU samples.
The first test that was performed with TPU composite samples was to examine the effect
of weathering on these samples at large deformations. Tensile tests were performed up to a
stretch value of 5, at a loading rate of 1 mm/minute. As with TPU-only tests, weathered
composite specimens endured 1 week of UVA-340 exposure, moisture, and temperature cycling.
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Figure 32. Tensile test data for 5 wt.-%

Weathered

-TPU specimens with and without weathering.
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The behavior of the composite specimen is similar to that of the pure TPU specimens when
subjected to weathering. The weathered specimen experienced small strain softening as a result
of UV-induced chain scission up until a slightly higher stretch value of 4.5, where strain
hardening as a potential result of covalent crosslinking prevails. The figure below shows the
Young’s modulus of each sample.
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Figure 33. Elastic moduli for 5 wt.-%

Weathered

-TPU specimens with and without weathering.

In addition to strain softening at lower stretch values and strain hardening at higher stretch
values, the UV exposure makes the composite samples more rigid at low deformation, shown as
a small increase in the elastic modulus by 1.48 percent. A comparison between non-weathered
TPU and non-weathered TPU composite is shown below.
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TPU vs Composite TPU - Non-Weathered
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Figure 34. Tensile test data for TPU and 5 wt.-%

-TPU specimens without weathering.

Stresses are always larger in the loading portion of the stress-strain curve beyond the stretch
value of 1.5 by about 1.5 MPa. Overall, the shapes of the two curves are very similar, with a
small increase in the residual strain present when returned to a state of zero stress. A comparison
of the linear-elastic regions between a non-weathered TPU sample and a non-weathered TPU
composite sample is shown below.
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Figure 35. Elastic moduli for TPU and TPU composite without weathering.

The composite sample has a higher initial Young’s modulus than the pure TPU sample at very
small deformations. This result is consistent with the rule of mixtures and indicates an increase in
initial stiffness of 63.2 percent before the viscoelastic nature of TPU prevails.
Two composite samples were fracture tested, one with and one without weathering. The
fracture specimens were also created with 5 weight-percent molybdenum disulfide filler
particles. Loading rate was again chosen to be 10 mm/minute, and the sample was stretched until
fracture.
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Figure 36. Composite TPU fracture test results with and without weathering.

The non-weathered composite sample experienced around a 33% increase in stress when
compared to the non-weathered sample, where the peak stress occurred at a significantly higher
value of stretch. Additionally, the elastic modulus of the weathered sample is much higher than
that of the non-weathered sample. The fracture toughness, or the ability to absorb strain energy
during crack propagation, has been reduced significantly by the exposure to UV radiation. The
effect of weathering is more pronounced in fracture testing. A comparison of both non-weathered
samples is shown below in Figure 37.
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Figure 37. Fracture test results for non-weathered samples.

As predicted by the rule of mixtures, the TPU composite sample experienced greater stress
during deformation and had a higher elastic modulus within the minute region of linear elasticity.
However, contrary to expectation, the composite sample was able to stretch another 100%
original specimen length beyond that of the pure TPU sample before fracturing. This unexpected
result may be attributed to sample heterogeneity in composite specimens, as regions within the
sample where microfillers are not well dispersed may lend unexpected mechanical behaviors to
the overall composite. A comparison of both weathered samples is shown below.
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Weathered Fracture Results
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Figure 38. Fracture test results for weathered samples.

The plot above shows that TPU and TPU composite experienced similar stress before fracture,
with the composite sample having a marginally higher peak stress by about 0.3 MPa, however
the pure TPU sample experienced peak stress and fractured at a higher stretch value than the
composite. This result is more aligned with expectations from the rule of mixtures, as filler
particles are much less ductile than the surrounding matrix.
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CHAPTER 5
CONCLUSIONS AND FUTURE WORK
Thermoplastic polyurethane is an ideal material for protective coatings. It is highly
flexible and can absorb a great deal of strain energy during deformation. The mechanical
behavior of TPU is similar to rubber at high values of stretch, with considerable residual strain
present upon unloading. Unlike traditional vulcanized rubbers which are covalently bonded, the
physical structure of TPU is formed from alternating soft regions and hard segments [5]. The
hard segments act as the physical crosslinks in the polymer network, while the soft segments
have the ability to form crystallized regions under large deformation [5]. The shape-memory
effects of TPU are most likely caused by this strain-induced crystallization during deformation,
and the melting of newly formed crystallites at temperatures above the glass-transition
temperature. TPU is also resilient and resistant to particulate erosion, with the ability to absorb
small particles that impact the TPU surface and dissipate the kinetic energy associated with these
particles [22]. TPU is resistant to mechanical wear, at temperatures that are low relative to the
glass-transition temperature [24]. When dealing with composite materials, TPU is a suitable
binding agent for filler particles or fibers, from nanoscopic to macroscopic in size [13,14].
Whether pure TPU is used as a coating or a composite material, TPU provides an underlying
surface protection against high intensity UV radiation and moisture from the surrounding
environment.
The results of the present work show that 168 hours (1 week) of high intensity UV
exposure, combined with moisture and temperature cycling from room temperature to 60℃ was
not enough to consistently degrade pure or composite TPU tensile specimens in any appreciable
manner. At lower values of stretch, or from 100% to 350% original specimen length in pure TPU
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specimens, the UV exposure causes strain-softening, or a lower value of stress compared to a
non-UV exposed sample. From 350% to 500% original specimen length, strain hardening causes
increased stress in the sample. For composite samples, strain softening is present from 100% to
450% original specimen length. Strain hardening is a larger threat to a surface coating, as the
material would become less pliable and more prone to cracking and flaking, however, these
extreme lambda values are less likely to occur outside of a laboratory testing scenario and serve
only to emphasize the overall effects of radiation on these materials.
Fracture testing showed larger effects of weathering on pure TPU, where the difference in
lambda at failure between the irradiated and non-irradiated sample was about 0.5. At failure, the
weathered sample exhibited a slightly higher stress, indicative of a slight increase in stressintensity factor around the site of crack formation. The composite fracture specimens showed a
larger effect of weathering on energy required for crack propagation, as the weathered composite
sample was only able to stretch to about half as much as the non-exposed sample. In potential
aerospace applications such as antistatic coatings, TPU composites subjected to high levels of
UV and frequent temperature fluctuation are at a marginally higher risk of exposing an
underlying surface or sensor, in a case such as when a major impact causes a crack to form in the
coating. However, crack formation is unlikely due to the compliant, ductile behavior of the
material. Repeated impacts with particulates are more likely to be embedded in the surface of the
coating.
Overall, this work finds that both TPU and TPU-

demonstrate excellent resistance

to weathering in the form of UV radiation, moisture, and temperature fluctuation when subjected
to uniaxial tension, even at very large deformations. The mechanical properties of these materials
are unaffected, within the range of error, by the weathering. In aerospace applications, such as a
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coating for an aircraft skin panel that contains sensitive instrumentation, a TPU-based topcoat
can provide excellent protection from harmful solar UV exposure, in addition to serving as a
compliant physical barrier to prevent mechanical weathering from high-velocity particles that
may impact the skin of the aircraft. TPU-based coatings show good resistance to ambient
moisture and high temperature, reinforcing their use in humid, tropical, and rainy environments.
Filler materials or surface coatings may be added to a TPU film for enhanced tribological,
electrostatic, optical, or hydrophobic properties.
Having studied the mechanical properties of pure and composite TPU, and how exposure
to moisture and ultraviolet radiation affect these properties, future iterations of this study would
serve to build upon the testing of the present work. Tests performed would be repeated numerous
times, to confirm and show consistency in the acquired results. Future work would also
incorporate various new types of mechanical testing of TPU samples, for a more complete
understanding of how the produced samples behave, abrasion tests would be performed to
examine the mechanical behavior of the surface of TPU specimens more closely. Creep and
relaxation tests can be performed with a uniaxial tester to study how the viscoelastic nature and
crystallization of TPU change when exposed to weathering or combined with filler materials, or
both. Tensile testing would be performed with samples that were exposed to a much longer
period of exposure to UV, moisture, and temperature cycling; samples could be irradiated for
weeks or months at a time to show the behavior of the material in the most extreme situations.
A particularly useful study in characterizing the viscoelastic nature of TPU could be
performed through dynamic mechanical analysis (DMA). DMA subjects polymeric materials to
cyclic stresses and records resulting strains over a longer period of time. The behavioral response
of a material to changes in stress frequency and amplitude can be measured. Certain testers also
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vary temperatures at which testing is carried out. DMA ultimately allows for determination of a
polymer’s complex modulus, which quantifies energy stored and dissipated in a loading cycle
over time.
Future studies would also examine nanocomposites made with TPU as the matrix.
Nanoparticles or nanofibers could greatly enhance the overall mechanical properties of the
material. Studies could be performed on the effect of composition and orientation of nanofillers,
in order to find the optimal nanofiller for any particular application. For example, a TPU
composite with uniaxially-oriented nanofiber reinforcement would present a higher stiffness and
resist deformation well when repeatedly loaded in one direction. Furthermore, future studies
could examine the effects of surface coatings on the tensile properties, weather resistance,
abrasion resistance, and electrical conductivity of the TPU specimens. Potential coating metals
include silver, copper, and nickel. Electrical conductivity in metal-coated TPU could also
function as a static-deterrent coating, which could see use in aerospace applications where
sensitive instrumentation is present [30].
For a detailed inspection of samples before and after testing of any kind, atomic force
microscopy (AFM) would be performed. With such equipment, the surface effects of weathering
can be studied, as well as the binding between matrix and filler material. The adhesion at the
boundary between a metallic or ceramic coating and the TPU surface can be studied, as well as
the potential effects of weathering and abrasion on surface particles. Additionally, fractured
surfaces can be studied to learn more about how cracks propagate through a material.
Unfortunately, both imaging at the nano-level and the nanofillers themselves present monetary
challenges, thus microfillers were more suitable for the present work.
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Overall, future iterations of the present work would serve to more fully characterize TPU
as a coating material, and show how incorporating other materials, whether within the matrix or
on the surface, can enhance the already desirable physical properties of this polymer. This would
be accomplished by a greater diversity of mechanical testing, combined with a wider range of
filler and coating materials. More in-depth analysis of samples following future testing through
microscopy would show how TPU reacts to external conditions at smaller scales, so that the
properties at the macroscopic scale can be better understood and utilized.
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APPENDIX A
DERIVATION OF RELAXATION MODULUS FOR MAXWELL MODEL RUBBER
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From kinematics:
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Constitutive Equations from Maxwell Model:
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Combining equilibrium, kinematics, and the constitutive equations above, the governing ODE
becomes:
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Setting the rate of change of strain with respect to time equal to zero, and solving the ODE for
( ) gives:
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Substituting back into the governing ODE yields
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If the above equation is true for all time , the following equations must be true:
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: is obtained using the initial condition that when ∈ is applied, the strain of the spring jumps to
∈ while the damper is undeformed. Thus,
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Stress over time becomes

And the relaxation modulus is:
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APPENDIX B
SOLUTION FOR STRESS VERSUS TIME FOR MAXWELL MODEL RUBBER
SUBJECTED TO ONE STRETCH-RELEASE CYCLE
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