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Abstract

Lightweight structures in vehicles are a proven way to reduce fuel consump-
tion and the environmental impact during the use. Lower structural weight
can be achieved by using high performance materials such as composites or
using the material efficiently as a sandwich structure. Traditional composite
materials such as carbon or glass fiber reinforced polymers have high weight
specific mechanical properties but are inherently brittle and expensive. They
consist of at least two different materials making recycling a difficult endeavor.
The best composite material would have good weight specific properties and
is ductile, cheap and comprises of a reinforcement and matrix material based
on the same recyclable material making recycling easy.

In self-reinforced polymer (SrP) composite materials, reinforcing fibers and
matrix material are based on the same recyclable thermoplastic polymer mak-
ing recycling to a straightforward process. SrP composite materials are duc-
tile, inexpensive and have a high energy absorption potential. The aim of this
thesis is to investigate the potential of SrP composites in structural applica-
tions.

Firstly, the quasi-static and dynamic tensile and compression properties
of a self-reinforced poly(ethylene terephthalate) (SrPET) composite material
are investigated confirming the high energy absorption potential. Sandwich
structures out of only SrPET with a lattice core are manufactured and tested
in quasi-static out-of-plane compression showing the potential of SrPET as
core material. Corrugated sandwich structured out of only SrPET are man-
ufactured and tested in out-of-plane compression over a strain rate range
10−4 s−1 - 103 s−1. The corrugated SrPET core has similar quasi-static
properties as commercial polymeric foams but superior dynamic compression
properties. Corrugated sandwich beams out of only SrPET are manufactured
and tested in quasi-static three-point bending confirming the high energy ab-
sorption potential of SrPET structures. When comparing the SrPET beams
to aluminum beams with identical geometry and weight, the SrPET beams
shows higher energy absorption and peak load. The experimental results
show excellent agreement with finite element predictions. The impact be-
havior of corrugated SrPET sandwich beams during three-point bending is
investigated. When comparing SrPET sandwich beams to sandwich beams
with carbon fiber face sheets and high performance thermoset polymeric foam
with the same areal weight, for the same impact impulse per area, the SrPET
shows less mid-span deflection.
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Sammanfattning

Lättare konstruktioner i fordon reducerar bränsleförbrukningen och
miljöpåverkan under användning. Lägre konstruktionsvikt kan uppnås genom
att använda högpresterande material som till exempel kompositer eller genom
att använda material på ett effektivt sätt som exempelvis sandwichstrukturer.
Traditionella kompositmaterial som polymerer förstärkta med kol- eller glas-
fiber har bra mekaniska egenskaper med tanke på sin låga vikt, men är spröda
och dyra. Eftersom de består av minst två olika material så blir dessutom
återvinningen komplicerad. De bästa kompositmaterialen ska ha bra egen-
skaper trots sin låga vikt, vara sega, billiga och beståav förstärkningsfiber
and matrismaterial baserad på samma material vilket resulterar i att kom-
positmaterialen är återvinningsbara.

I självförstärkta polymerkompositmaterial (SrP), baseras förstärkningsfiber
och matrismaterial på samma termoplast vilket gör återvinningen mycket en-
klare. På grund av de sega förstärkningsfibrerna är SrP-kompositmaterial
duktila, billiga och har bra energiupptagningsförmåga. Målet med den här
avhandlingen är att undersöka potentialen för SrP-kompositmaterial att an-
vändas i strukturer.

Först undersöks kvasi-statiska och dynamiska drag- och tryckegenskaper
av självförstärkta poly (ethylene terephthalate) (SrPET) kompositmaterial
vilket bekräftar SrPETs höga energiupptagningsförmåga. Sandwichstrukturer
av ren SrPET med en korrugerad fackverkskärna tillverkas och provas kvasi-
statiskt i tryck vilket visar SrPETs höga potential som kärnmaterial. Samma
korrugerade sandwichstrukturer provades också tryck med töjningshastigheter
mellan 10−4 s−1 - 103 s−1 och visar samma kvasi-statiska egenskaper som ett
kommersiellt polymerskummaterial men med bättre dynamiska tryckegen-
skaper. Korrugerade sandwichbalkar tillverkade av enbart SrPET provas
både kvasi-statisk och dynamiskt i tre-punkt-böjning vilket ytterligare bekräf-
tar den höga energiupptagnings-potentialen hos SrPET-strukturer. Om man
jämför SrPET-balkar med aluminiumbalkar med samma geometri och vikt,
visar SrPET balkar bättre energipupptagningsförmåga och kan bära högre
maximal last. De experimentella resultaten stämmer bra överens med finita
element (FE) beräkningar. Om man jämför SrPET sandwich balkar med
sandwich balkar med kol-fiber täckningsskikt och högpresterande polymer-
skumkärna med samma vikt för samma dynamiska impuls så uppvisar SrPET-
balkarna visar mindre deformation.
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Introduction 3

1 Background

In the European Union (EU)-28 the transport sector accounts for 31.8% of the
energy consumption and for 23.7% of the carbon dioxide (CO2) emission. Road
transport is the major contributor of CO2 emissions with 71.8%, followed by nauti-
cal shipping (13.9%) and civil aviation (12.9%) [1]. To reduce the CO2 emission of
cars, the EU published a regulation in 2009 to set emission performance standards
for new passenger cars registered in the union. For instance from 2020 onwards, a
new registered car fleet is only allowed to emit 95 g CO2 per km [2]. Similarly, the
EU regulated the emission for heavy duty vehicles as well [3].

CO2 emission of a road vehicle is for instance governed by the energy source
(gasoline, diesel, hydrogen, electricity etc.), traffic flow and volume of traffic driving
style fuel consumption of the vehicle etc.

The vehicle energy source has a big influence on the CO2 emission. Burning fuel
such as gasoline or diesel creates CO2 and to have low CO2 emissions as possible, the
fuel consumption should be as low as possible. In contrast to this, burning hydrogen
or using electricity as fuel results in water or is totally emission less, respectively.
The drawback of these fuels without emissions during the use of the vehicle is that
they often are produced out of fossil fuels resulting in the CO2 emission during the
production instead of the use. In other words, the CO2 emission is only shifted
from the use phase of the car to the fuel production.

Traffic flow and volume of traffic has a big impact on the vehicle CO2 emission.
In a so called stop-and-go traffic, traffic with many stops caused by traffic signals
or heavy traffic, the CO2 emission is significantly higher than in traffic with a good
flow.

The fuel consumption of vehicles depends on two factors. Firstly, fuel energy
should be converted as efficient as possible into movement. In other words, the
powertrain (engine, gear box etc.) should be as efficient as possible. Secondly, the
energy needed to move the vehicle should be as low as possible. This means that air
resistance, rolling resistance, inertia etc. should be a minimum. The air resistance
is mass independent whereas the rolling resistance and inertia are increasing with
increasing mass [4]. Hence, an energy efficient vehicle should be as light as possible.
10% weight saving in a passenger car results in a fuel reduction of 5 - 7%, depending
on type and use [5].
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1.1 Lightweight design

A lightweight design process for vehicles is often an adaptive or development design
process which takes an existing concept with the aim to reduce weight. In a de-
velopment design process, the function of the product is known and constrains the
selection of materials and shape. To make a shape, the material has to be processed
including casting, forging, milling, joining etc. but not all manufacturing processes
can be used for all materials and shapes.

The interactions between function, material, shape and process result in a cen-
tral problem of material selection (see Fig. 1). All parts of the problem interact
with each other. The function restricts the choice of material and its shape. Cost
influences the selection of process. Shape is obviously influenced by the material,
the process and its function. Specification of process influences the material you
can use and the resulting shapes it can take.

For a lightweight design process, the final product should be as light as possible.
This means that the selections of material, process and shape have to be done with
focus on the potential for weight reduction. The influence of the process on the
weight saving potential is relatively small compared to the material and its shape.
Hence, only selection of material and shape will be discussed more in detail.

Process

Shape

Function

Material

Figure 1: Interaction of function, material, shape and process (adapted from [6]
with permission from Elsevier)

Material selection for lightweight applications

Several thousand different materials with several hundred different material proper-
ties are available to the engineer, making material selection a challenge. Engineering
materials can be divided into six broad classes: metals, polymers, elastomers, ce-
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ramics, glasses and hybrids. A hybrid material is a combination of two or more
materials and a typical hybrid material is a composite.
A method to find the right material groups easily and quickly is by using material

selection charts [7]. In a material selection chart, one material property is plotted
as a function of the second property. For instance material strength can be plotted
as function of density or Young's modulus. Fig. 2 illustrates a material selection
chart where the material property Young's modulus is plotted as a function of the
material density on a logarithmic scale. It can be seen that technical ceramics,
composites and metals can reach high Young's moduli but especially metals and
ceramics have high densities as well. Foams and elastomers have low Young's moduli
whereby foams can have a much lower density.
For a light and stiff tie-rod which is loaded in tension, the material indexM=E/ρ

should be as great as possible. The material indices for a light and stiff beam or
plate loaded in bending are M=E1/2/ρ and M=E1/3/ρ, respectively [6]. Lines
representing the material indices are plotted in Fig. 2 where for instance the best
material for a light and stiff plate loaded in bending would be foam.
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Figure 2: Material chart Young's modulus E versus densityρ [8]

Selection of shape
The shape can increase the mechanical efficiency of a material, meaning for a given
loading condition that less material is needed. When a structure is loaded in bend-
ing or torsion it can be made stiffer and stronger by changing the shape from a
solid beam with quadratic cross-section into an I-beam or a hollow tube (see Fig.
3 ). Hollow tubes or I-beams are sometimes referred to as simple shapes. An even
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higher efficiency can be achieved with so called sandwich structures. In a sandwich
structure two thin, stiff and strong face sheets are separated by a lightweight core,
a concept that will be discussed more in detail in a coming section.

b

h

t tf

tc

b b

a) b) c)

Figure 3: a) Solid beam, b) Hollow tube and c) I beam

The bending stiffness S of a beam is proportional to the product EI where E is
the material Young's modulus and I the second moment of area of the cross-section,
for bending about the x-axis given by:

I =
∫
y2dA (1)

The efficiency of a shape can be calculated with the shape factor for bending [6]

φb = S

S0
= EI

EI0
= 12I

A2 (2)

where the S0 and I0 are the bending stiffness and the second moment of area of the
solid square beam cross-section, respectively. Both cross-sections have the same
area A but the different shape results in different I. A thin wall tube or an I-beam
can have a φb=50 meaning it is 50 times stiffer than the solid quadratic beam of
the same weight [6].
In section 1.1 a material index for selecting a light and stiff material was pre-

sented. For a stiff and light beam with a square cross-section loaded in bending the
best material has a large value of M= E1/2ρ. This index can be extended with the
shape factor resulting inM= φbE

1/2/ρ, where the best material-shape combination
has a large value.

Design of hybrid materials
For stiffness-limited lightweight design, the best material should have a very high
Young's modulus and a very low density. From the material chart (see Fig. 2) it
can be seen that the area with high modulus and low density is empty where other
areas are populated with several material families. A part of the area is empty
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because of fundamental physical reasons related to atom size and atom bonding
forces. Some other areas are empty but in principle accessible [9].

One approach of filling up the material chart is by developing new materials
such as new metal alloys or new polymers etc. but material development is a
time consuming and expensive process. Another approach of filling the chart is by
combining at least two materials with different physical or chemical properties to a
new material, a hybrid material. One extreme of hybrid materials are composites
where for instance low density polymers are reinforced with stiff and strong glass-
or carbon fiber.

When designing a hybrid material, the result depends on the shape and the way
they are combined. The hybrid material is intended to achieve the best properties
of both components, but in the worst case the hybrid material combines the worst
properties of both materials.

For lightweight design, the hybrid material should be stiff, strong, tough and
light. Glasses are stiff and strong but not light. On the other hand polymers
are light but not stiff. When combining for instance glass fibers and polymers, a
new material which is stiffer and stronger than the polymer and lighter than glass
is created. This type of new material is commonly known as a fiber reinforced
composite.

Composite materials

A composite material is composed of at least two materials, a matrix and a rein-
forcement material. As the name suggests, the reinforcement material makes the
matrix material stiffer and stronger and therefore carries the load. The matrix binds
the reinforcements together, distributes load in the reinforcement and protects it
from the environment. One big difference of composite materials when compared
to metals is that the composite materials often are built at the same time as the
product [10].

Different types of reinforcements can be used but in this thesis the definition of
reinforcement is restricted to fibers with large scale compared to atom or molecule
size. Typical composite materials in vehicles are polymers (such as polypropylene
(PP), polyethylene (PE), Vinyl-Ester, Epoxy etc.) reinforced with continuous or
discontinuous carbon or glass fibers.

A lamina is a single layer of a composite material where fibers are embedded
in matrix. Fig. 4 shows a typical lamina with reinforcing fibers only in direction
1 (termed unidirectional lamina). Hence, the lamina is much stiffer and stronger
when loaded in direction 1 than loading in direction 2 or 3. The elastic modulus
of the lamina can be estimated with the Rule of Mixture resulting in a modulus in
fiber direction (direction 1) of

E1 = νfEf + (1 − νf )Em (3)
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1

2

3

Figure 4: Unidirectional lamina

where Ef and Em are the elastic moduli of the fiber and matrix material, respec-
tively. The volume fraction of fibers νf is the volume share of fiber material in the
lamina. The elastic modulus in direction 2 can be calculated by

1
E2

= νf

Ef
+ (1 − νf )

Em
(4)

Composite materials can be tailored to a specific load-case due to the possibility
of distributing fibers in any direction. The content of fibers can be increased in
higher loaded directions and decreased in less or unstressed ones. In other words,
tailoring allows to use the material as efficiently as possible resulting in weight and
material saving.

Sandwich structures

Sandwich structures are hybrid materials where two materials are combined in a
specific geometry and scale (see Fig. 5). The thin, stiff and strong faces sheets are
separated with a low weight core material which increases the second moment of
area resulting in a large increase of bending stiffness and strength for a low increase
in weight.

In a sandwich structure, the core material has to fulfil many requirements. It
should be as light as possible. The compression modulus perpendicular to the face
sheets should be high to prevent a decrease in sandwich thickness which would result
in drastic decrease of flexural rigidity. The core has to transfer shear stresses and
therefore the shear strength and stiffness of the core material should be high [11].
Typical core materials in load carrying structures are polymeric foams but also
topologies such as honeycomb, corrugations or lattice structures are used (see Fig.
6). The bond between the face sheets and the core is of critical importance because
it has to be strong enough to resist the shear and tensile stresses between them [11].
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Face sheet
Adhesive 

Core

Adhesive 
Face sheet

Figure 5: Typical sandwich structure consisting of face sheets, adhesive and core

For the sake of completeness, a summary of sandwich beam theory and sandwich
failure modes is presented in the following two sections. Both, beam theory and
failure modes are presented for sandwich beams with homogenous cores.

a) b)

c)d)

Figure 6: Schematic of different core topologies a) honeycomb, b) corrugated core,
c) tetrahedral lattice and d) pyramidal core (adapted from [12] and [13] with per-
mission from The Royal Society and Elsevier, respectively)
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Summary of sandwich beam theory [11]

The flexural rigidity D of a sandwich beam per unit width is

D =
Ef1t

3
f1

12 +
Ef2t

3
f2

12 + Ect
3
c

12 +Ef1tf1(d−e)2 +Ef2tf2e
2 +Ectc( tc + tf2

2 −e)2 (5)

where tf1, tf2, tc, e and d=tf1/2+tc+tf2/2 are identified in Fig. 7. Ef and Ec

are the Young's modulus for the face sheets and core material, respectively. The

d
tc

e

tf2

tf1Ec, Gc

z

Ef1

Ef2

x

z,w

TxMx

Nx Nx

Mx

Tx

q(x)

Figure 7: Sign convention for sandwich beams

position of the neutral axes e is given by

e =
Ef1tf1d+ Ectc( tc

2 + tf2
2 )

Ef1tf1 + Ectc+ Ef2tf2
. (6)

Stresses in the face sheets and core can be estimated by

σf1 = MxzEf1

D
for e− d− tf1

2 ≤ z ≤ e− d+ tf1

2 (7)

σc = MxzEc

D
for e− d+ tf1

2 ≤ z ≤ e− tf1

2 (8)

σf2 = MxzEf2

D
for e− tf2

2 ≤ z ≤ e+ tf2

2 (9)

The core material is a lightweight material or structure and has a much lower
Young's modulus than the face sheets (Ec«Ef ). Hence it can be assumed that the
core material is weak and the core stress σc ≈ 0. This means the bending moment
is carried by the face sheets as tensile or compressive stress.
When a weak core (Ec«Ef ) is assumed and the face sheet are much thinner than

the core (tf«tc) it results in a constant core shear stress of

τc = Tx

d
. (10)
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The core carries the transverse force as shear stress resulting in shear deformation.
Hence, the deflection w of a sandwich is the sum of a bending part, termed wb and
a shear part, termed ws. The bending deflection can be calculated from

D
d4wb

dx4 = q (11)

and the shear deflection from
S
d2ws

dx2 = −q (12)

where q is the distributed load and S is the shear stiffness. For a sandwich beam
with thin faces tf«tc and a weak core Ec«Ef , the shear stiffness S can be calculated
as

S = Gcd
2

tc
. (13)

Failure modes of sandwich beams [6,11]

Sandwich panels can fail in several different ways as illustrated in Fig. 8. Some
of the failure modes depend on the geometry of the sandwich and the loading
condition. The face sheet material can yield or fracture in tension and/or com-
pression(see Fig. 8a). If the face sheet is loaded in in-plane compression it can
buckle (also called face wrinkling) which can occur during a bending test or during
in-plane loading of the sandwich (see Fig. 8b). During in-plane loading a sandwich
structure could buckle or the core material could fail resulting in a shear crimping
failure (see Fig. 8c and 8d). The core material carries almost all shear which could
result in a shear failure of the core material (see Fig. 8e).
If the sandwich is subjected to a concentrated load perpendicular to the face

sheet, the material core strength could be reached resulting in core indentation (see
Fig. 8f). In a sandwich structure, core and face sheets are adhesively joined. When
loading a sandwich structure, these joints could fail.

1.2 Challenges of lightweight design

Environmental impact
Lightweight design in vehicles results in energy savings and lower emissions during
the use phase, but to assess a material and its impact on the environment, the
whole material life cycle should be considered. Fig. 9 presents the material life
cycle starting with a material resource such as ore, feedstock, energy etc. which is
used to processes a material. The material is used to manufacture a product which
is sold, used etc. After using the product, it gets disposed and will be recycled,
incinerated or used as landfill.

Lightweight materials have often very energy demanding material manufactur-
ing process. For instance high strength (HS) carbon fiber production for example
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Figure 8: Failure modes of sandwich panels a) face yielding and fracture, b) face
buckling, c) sandwich buckling, d) core shear failure, e) shear crimping and f) local
indentation

Figure 9: Material life cycle: Material resources are processed to materials. Mate-
rials are used to manufacture products which are used. At the product end-of life,
it can be recycled, incinerated or landfilled

requires a considerable amount of energy because organic material is transformed
to carbon by a 1000 - 1500◦C heat treatment (carbonization) followed by a post
heat treatment at 1500 - 3000◦C [14]. The embodied energy (energy required to
produce the material from ores or feedstock) for a continuous HS carbon fiber rein-
forced epoxy composite is in the range of 259 - 286 MJ / kg [15]. The high melting
temperature of glass fibers (∼1500◦C) requires an energy intensive manufacturing
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process resulting in an embodied energy of 107 - 118 MJ / kg (for continuous E-
glass fiber reinforcement, epoxy matrix material). In comparison, the embodied
energy of low carbon steel and the polymer poly(ethylene terephthalate) (PET) is
only 29 - 35 MJ / kg and 79.8 - 88 MJ / kg, respectively [15].

During product use, lightweight design of for instance a car body results in a
lower environmental impact resulting in energy savings and lower emissions. Due
to the lower weight, smaller engines, brakes etc. can be used resulting in even more
weight saving.

A product with a low environmental impact during the use should also have a low
environmental impact at the end of life. This can be achieved by reusing parts of
the product or recycling the material. For end of life cars, the European parliament
decided that

"no later than 1 January 2015, for all end of life vehicles, the reuse and recovery
shall be increased to a minimum of 95% by an average weight per vehicle and year.
Within the same time limit, the re-use and recycling shall be increased to a minimum
of 85% by an average weight per vehicle and year." [16](page 12)

To make the vehicle recyclable, the used material itself should be recyclable
and the number of different constituent materials should be as low as possible
(in the case of plastics, selecting compatible polymers) meaning mono-material
design. Examples of recyclable materials are metals (steel, aluminum etc.), meltable
polymers (thermoplastics), glass, paper etc.

Traditional composites consist of at least two materials with different physical
or chemical properties such as carbon or glass fiber reinforcement and a polymer
matrix. Assuming both materials, for instance in glass fiber reinforced PET are per-
fectly recyclable individually, when combined they are not easy to recycle anymore
because it is hard to separate them. Glass fiber reinforced thermoplastics can only
be compounded into glass fiber reinforced products with often lower mechanical
properties. This loss in properties limits the use in critical applications [17].

Similar as for composites, sandwich structures often consist of several different
materials making recycling a challenge. From an end of life point of view, the best
composite material and sandwich structures consist only of one single recyclable
material.

Material and Manufacturing costs

To have competitive products, the material cost should be as low as possible. Car-
bon or glass fiber reinforced polymers cost about 42 USD / kg and 20 USD/ kg
respectively [15] whereas the unreinforced polymer is much cheaper. For instance
unreinforced PET or PE costs less than 2 USD / kg. Some metals such as aluminum
or low carbon steels cost about 2.6 USD / kg and 0.9 USD / kg respectively [15].
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Material behavior
Composites with fibers such as carbon or glass fiber reinforced polymers are brittle
and have a catastrophic failure mode. For instance the strain to failure for E-
glass or HS carbon fibers is 4.5 - 4.9% and 0.8 - 1.9% respectively [18]. These low
failure strains result in a design with high safety margin which as a consequence
adds weight and some lightweight benefit of composites vanishes. Due to their
brittleness these materials cannot be used in applications where the material must
be able to deform considerably and absorb energy.
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2 Objectives and Scope

The aim of this thesis is to analyze the ductile, lightweight and fully recyclable com-
posite material system self-reinforced polymer(SrP) for load carrying and energy
absorbing composite structures. The quasi-static and dynamic mechanical proper-
ties of self-reinforced polymer composites are studied in order to understand how
the material could be used to design load carrying and energy absorbing structures.

Recyclable sandwich structures are developed where only one recyclable self-reinforced
polymer is used. The mechanical properties of the structures are investigated where
the focus lies on the quasi-static and dynamic out of plane compression properties.
To show if the material can be used in a structural application, the static and
dynamic bending properties of recyclable sandwich structures are investigated.
The environmental impact of sandwich structures out of SrPET composite ma-

terial is compared to sandwich structures out of carbon or glass fiber reinforced
polymer composites or metals.

The scope of this thesis includes the investigation of self-reinforced polymer in
structural applications which could extend the range of future applications and
research areas in the field of self-reinforced polymer composites.
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3 Introduction to SrP composite material

In self-reinforced polymer (SrP) composites materials, reinforcing fibers and matrix
material are based on the same family of polymers. SrP's are also termed all-
polymer, single-polymer, single-phase or homo-composites.

The basic concept of SrP is the same as for traditional composite materials where
a weak matrix is reinforced with stiff and strong fibers resulting in a composite
performing better than the single constituent material. The reinforcing fibers are
well bonded to the matrix and as a consequence, the stress can be transferred from
the matrix to the strong fibers.

In traditional composites such as glass or carbon fiber reinforced polymers, the
fiber and matrix materials are chemically different. This difference results in a
difference in surface energy impeding the fiber-matrix bonding.

In 1975 Capiati and Porter [19] concluded that a stronger fiber-matrix interface
could be achieved if fibers and matrix are based on the same polymer. This resulted
in the novel idea of self-reinforced polymer composite material where a PE matrix
was reinforced with high density polyethylene (HDPE) fibers. In HDPE fibers
the molecule chains are aligned and extended resulting in thermodynamically more
stable crystals, which thus have higher melting point than conventional crystallized
melts. Due to the higher melting temperature of the HDPE fibers, consolidation
in the PE matrix was possible. Capiati and Porter's work is often referred as the
first SrP.

3.1 Polymer fibers

The most common manufacturing process for polymer fibers is melt-spinning where
a molten polymer is extruded through narrow channels to form fibers which are
solidified in a quench chamber. Thereafter the fibers are rapidly stretched and
wound on tube rolls [20]. The spun polymer fibers do not have good mechanical
properties therefore a post-spinning processes is needed. During the post-spinning
process drawing, the polymer molecules achieve an orientation resulting in higher
stiffness and strength in the deformed direction. Solid-state fiber drawing is the
most common process to orient molecules in polymer fibers which are used in SrP
composites. Drawing takes place above the glass transition temperature Tg and
below the melting temperature Tm [21, 22].
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The tensile properties of polymer fibers with oriented molecules and the isotropic
polymers are presented in table 1. Tensile modulus and strength can increase with
a factor up to 60, compared to the bulk material.

Table 1: Mechanical properties of drawn polymer fiber/tapes

Initial tensile modulus(GPa) Tensile strength(MPa)
Bulk PP 1.2 [23] 27 - 30 [23]
Fiber PP 6.9 - 19 [23–28] 450 - 650 [24–26,28]
Bulk PET 2.7 [29] 12 - 55 [29,30]
Fiber PET 11.4 - 14 [29,31,32] 370 - 1000 [29,30,32]

3.2 Production of SrP composites

Several different production methods for self-reinforced polymer composites are
available but in this thesis only manufacturing processes for long fiber SrP's will be
discussed. The production process for long fiber SrP's is a hot consolidation where
polymer fibers and eventually an additional polymer are heated and a pressure
is applied. The two main manufacturing processes for SrP's are hot compaction
and bi-component technology. The significant difference of these processes is that
the starting material of hot compaction is a mono-material whereas for the bi-
component implies a two component starting material. A schematical illustration
of several manufacturing techniques is presented in Fig. 10.

The hot compaction process was developed in the early 90s by Hine, Wards and
coworkers [23] at Leeds University. They did the initial research with PE fibers
because these fibers had high stiffness and strength and they hoped for composites
with exceptionally high energy absorbing characteristics. Several different polymers
such as polyamide (PA) [33], PP [24–28,34], PE [35], PET [29–32,36] are used in the
hot compaction processes. Today, hot compaction process is used to manufacture
self-reinforced PP commercially available with the trade name CURV® [37].

During the hot compaction process of polymer fibers, the surface of the oriented
fibers is melted (see Fig. 10a). The molten polymer is used as a matrix material
which binds the fibers together. A pressure is applied so that the molten poly-
mer flows around the remaining fiber core, consolidating the fibers to a composite
material with a high fiber fraction [23]. The obvious challenge of this process
is the narrow process window where a too low consolidation temperature (under
heating) results in insufficient wetting and a poor bonding. If the consolidation
temperature is too high (overheating) the properties of the oriented polymer fibers
will degrade [23]. However, this process results in composites with a very strong
interlayer bonding because only one single polymer is used.
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Figure 10: Comparison between (a) hot compaction, (b) bi-component tape tech-
nology, (c) bi-component film stacking and (d) bi-component commingling.

As mentioned above, the bi-component process implies a two component starting
material where the two materials are the fiber and matrix polymer (see Fig. 10b).
When heat is applied, the lower melting matrix polymer melts first and binds the re-
inforcement together. Compared to the hot compaction process, the bi-component
processes has a wider temperature process window. Different bi-component tech-
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niques are used to produce self-reinforced polymer composites such as bi-component
tape technology, film stacking or commingling.
The bi-component tape technology was developed by Peijs and coworkers [24]

and has been commercialized by PURE®/Tegris® [38]. This process starts with
bi-component tapes consisting of a core polymer (fiber material) covered by a thin
matrix polymer layer with lower melting temperature.
Besides manufacturing of self-reinforced polymer composites, film stacking and

commingling processes are also used to manufacture traditional composites with
glass or carbon fiber reinforcement. The film stacking process starts with a stack
out of alternating for instance a fabric woven out of reinforcing fibers / tapes and
a matrix film (see Fig. 10c). As for the bi-component tape technology, the matrix
film has a lower melting temperature than the fiber polymer resulting in a process
window of up to ∆T = 50K [30]. Film stacking has no expensive pre-production
of fibers or fabric resulting in the freedom of material selection [36].
Another bi-component technology is to commingle (also termed intermingling)

reinforcing polymer fibers with matrix polymer fibers in a yarn and weave this yarn
to a fabric (see Fig. 10d). Commingled self-reinforced polymers are commercial
available from Comfil®APS [39] as self-reinforced PET (SrPET).

3.3 Process parameters

For manufacturing SrP composites, consolidation temperature, consolidation pres-
sure, consolidation time and cooling rate are the four main process parameters.
A sufficient consolidation temperature is needed to melt the matrix material

to enable fiber bonding. If the temperature is too high, the fiber material (oriented
polymer material) loses their reinforcing properties and if too low, the fiber matrix
bonding will be poor. For a bi-component technology this temperature window can
be 20K [24] whereas for hot compaction technology it is only a few Kelvin [21].
The consolidation pressure should be sufficiently high to prevent shrinkage of

the fibers and encourage good interfacial contact. Too high pressure results in a flow
of matrix material which can lead to fracture and/or misalignment of reinforcement
resulting in a loss of properties [24].
Consolidation time is the time at the consolidation temperature. This param-

eter receives little attention in the literature but to keep the fiber degradation to
a minimum, the consolidation should be as rapid as possible. Consolidation times
are typically 10 min [34].
The cooling rate is mainly influencing the mechanical properties of the matrix

material. High cooling rates tends to low crystallinity. This on the other hand
results in low tensile modulus and higher ductility [29]



20 Christof Schneider

4 SrPET composite material

PET is part of the polyester family which is used as fiber for clothing, bottles
and containers for food, and as matrix material for glass or carbon fiber reinforced
composites. About 60% of world's PET production is for synthetic fibers and 30%
for bottles. Behind PE, PP and polyvinyl chlorid (PVC); PET is the fourth-most-
produced polymer [40].
Similarly as for the worlds polymer production, the base material for the most

produced SrP is PP and PE. These polymers have very low glass transition tem-
perature, temperature at the border solid state to rubbery state, of ∼ -15◦C and
∼ -125◦C respectively. Hence, creep and the usage at elevated temperature can be
problematic. In comparison, the glass transition temperature of PET is ∼ 70◦C
which is significantly higher than for PP and PE making PET or rather SrPET
attractive for higher application temperatures.
A significant drawback of PET compared to many other polymers is the hy-

drolytic degradation which occurs in moist, wet or humid conditions above Tg.
During processing of PET above Tg, water diffuses into the amorphous regions of
the polymers where molecular chain scission, decrease of macromolecular length
and degree of polymerization, occur. Chain scission results in a loss of mechanical
properties [41,42]. Hence, PET has to be dried before processing.
The SrPET composite material used in this work was manufactured from fabrics

with commingled yarns produced by Comfil®APS. Fig. 11 shows a fabric where
the yarns consist of 50% high-tenacity PET (termed HTPET) reinforcing fibers and
of 50% matrix material which is a low melting PET (termed LPET). LPET is an
amorphous chemically modified PET melting at 160 - 180◦C whereas the HTPET
fibers melt at 260◦C thus significantly higher than for the LPET [39].
Two different SrPET fabrics were used in this study. In an SrPET 4/1 warp/weft

direction plain weave, 80% of the reinforcing fibers are in direction 1 and the remain-
ing in the direction 2. The material supplier calls this fabric SrPET-UD because
the majority of the reinforcing fibers are in direction 1. The second used fabric is
a balanced SrPET-Twill 2/2 fabric.
SrPET composite materials can be consolidated with for instance a vacuum con-

solidation process or in a hot-press. The consolidation time is governed by the
consolidation temperature and pressure. For a consolidation pressure of 0.95 bar,
a good quality of SrPET composites can be achieved already at consolidation tem-
perature as low as 210◦C where the consolidation time is about 40 min. If the
temperature is increased to 230◦C, the consolidation time can be as short as 5 min
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Figure 11: Commingled SrPET-Twill 2/2 fabric comprises HTPET reinforcing
fibers and LPET matrix fibers

(see Fig. 12). For SrPET, the best consolidation results can be achieved at interme-
diate consolidation temperature because with increasing consolidation temperature
or consolidation time, the degradation of the reinforcing fibers is increasing [39].

Figure 12: Process window for the matrix material LPET (adapted with permission
from [39])
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5 Mechanical properties of SrPET

In this section, first a summary of the tensile properties are presented followed by
a summary of the quasi-static and dynamic compression properties.

Tensile properties

The measured uniaxial true tensile stress versus logarithmic strain of a SrPET-
UD composite material loaded in the primary fiber direction at a strain rate range
10−4 s−1 - 101 s−1 is presented in Fig. 13. When loading the composite with
a tensile strain rate of 10−4 s−1 (quasi-static), the stress-strain response shows
an initial linear elastic response (Young's modulus E= 8 GPa) up to the stress
where the fiber-matrix interface fails. This interface failure occurs at about 1%
strain. With proceeding loading, the response shows hardening up to the ultimate
fiber tensile failure strain of 15-17%. When the strain rate increases to 101 s−1 no
obvious change in tensile modulus, tensile strength or tensile strain to failure can be

Figure 13: The measured true tensile stress versus logarithmic tensile strain re-
sponses for a strain rate range 10−4 s−1 - 101 s−1 of the SrPET-UD composite
material
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observed. In contrast, the yield stress increases from 74 MPa for the lowest tested
strain rate to 87 MPa for the highest. More information about the quasi-static
tensile properties can be found in Paper A whereas the dynamic tensile response
is presented in Paper E.

Quasi-static compression properties

Fig. 14 shows the true compression stress versus true strain response of the SrPET-
UD (loaded in direction 1) and SrPET-Twill composite material as well as of the
matrix material LPET. When comparing the SrPET composite and LPET material,
two key characteristic differences can be observed. The LPET material shows a
nearly linear response up to peak load followed by strain softening. In contrast,
the SrPET composite material shows a type bi-linear response up to peak load
and almost no softening. This difference results in a significantly higher energy
absorption capacity of SrPET composite material than for the un-reinforced matrix
material LPET.

The compression modulus of the composite materials SrPET-UD and SrPET-
Twill is 7.9 GPa and 5.3 GPa, respectively, whereas the modulus of the matrix
material LPET is 3 GPa. The composite material SrPET-UD has the highest
modulus due to the higher amount of fibers in the loading direction. The quasi-
static compression properties of the composite materials SrPET-UD and SrPET-
Twill as well as of the matrix material LPET are investigated in Paper A.

Figure 14: Measured true compression stress versus true compression strain of the
composite material SrPET-UD, SrPET Twill and the matrix material LPET
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Dynamic compression properties

The dynamic compression properties of the composite material SrPET-Twill for a
strain rate range 10−4 s−1 - 2 ∗ 103 s−1 are investigated in Paper B. The dynamic
enhancement ratio for the stiffness is defined as ED=E(ε̇)/E0 where E0 is the
quasi-static stiffness and E is the dynamic loading stiffness at an applied strain
rate ε̇. Similar to the stiffness, dynamic enhancement ratios for the yield stress
σY

D = σY (ε̇)/σY
0 and peak stress σ̂D = σ̂(ε̇)/σ̂0 are defined. The dynamic ratios as

function of strain rate are presented in Fig. 15.
For the tested strain rate range, the stiffness and peak stress showed the same

enhancement increase. In contrast to this, the yield stress enhancement ratio shows
the same behavior as stiffness and peak stress enhancement ratio up to the tran-
sition strain rate of ε̇T= 6 ∗ 102 s−1 beyond the increase is more distinct. This
sudden increase of the dynamic yield strength is related to the decrease of molecu-
lar mobility of the polymer chains.

Figure 15: The dynamic compression enhancement ratios ED=E(ε̇)/E0, σY
D =

σY (ε̇)/σY
0 and σ̂D = σ̂(ε̇)/σ̂0 for the modulus, yield strength and peak strength

respectively of the SrPET-Twill composite material as a function of the compressive
strain rate ε̇
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6 Material model for SrPET

In Fig. 16 the compression and tensile response of the composite material SrPET-
UD tested in uni-axial tension in direction 1 and 2, and in uni-axial compression in
direction 1, 2 and 3 is presented. The initial modulus and the yield stress are higher
for the direction 1 than for direction 2 because of the higher amount of reinforcing
fibers. Direction 3 shows the lowest initial modulus and tensile yield stress. When
comparing the compression response, a key characteristic difference can be found.
The responses from direction 1 and 2 show strain softening whereas direction 3
shows strain hardening.

To summarize, the SrPET composite material response shows anisotropic prop-
erties with a tensile/compression asymmetry combined with a high ductility. In
addition to this, the material properties are strain rate dependent (see chapter 5)
making finite element modeling and deformation prediction of loaded structures a
challenge.

To predict the deformation of SrP composite materials, a visco-plastic material

Figure 16: Measured true stress and logarithmic strain response of the composite
material SrPET-UD loaded in the principal directions 1, 2 and 3.
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model which is able to capture the anisotropy, tensile/compression asymmetry and
material strain rate dependency was developed by [43]. This model is based on the
homogenized properties of a consolidated SrPET composite material and therefore
no properties of the reinforcing fibers or matrix material are needed. The devel-
oped model predicts three dimensional elastic and plastic deformation but does not
include material failure. The material model was implemented into a user material
(VUMAT) by [43] and can be used in the commercial finite element (FE) package
ABAQUS Explicit.
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7 Sandwich structures made of SrPET

Sandwich structures with a corrugated or lattice cores were manufactured and
tested and a summary of the key results is presented in this section.

Dynamic out-of-plane compression properties of corrugated sandwich
cores

Corrugated sandwich panels were manufactured with a fabric wrapping process
where fabric was wrapped around trapezoidal aluminum molds and placed into an-
other mold. A schematic of the manufacturing process is presented in Fig. 17. A
stack of fabric and aluminum molds was consolidated in a hot-press. After con-
solidation, the aluminum profiles were removed resulting in a corrugated sandwich
panel.

Figure 17: Schematic illustration of the assembly steps used to manufacture the
SrPET corrugated sandwich panels. (1) Placement of the bottom face sheet fabrics.
(2) Wrapping of fabric around the aluminum mold. (3) Placement of top face sheet
fabrics

The dynamic out-of-plane compression properties (strain rate range 10−4 s−1 -
101 s−1) of three configurations with different core member thickness were investi-
gated. A summary of the different responses by comparing the core member stress
σcm at peak compression load as a function of applied strain rate ε̇ is presented in
Fig. 18. To only consider inertial stabilization of the core members, the core mem-
ber stress was normalized by the peak compressive strength σ̂ of the solid SrPET
material under the same nominal strain rate.
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Figure 18: Measured core member stress σcm at peak load normalized by the solid
material peak compressive strength σ̂(ε̇) as a function of the nominal corrugated
core strain rate ε̇.

The stress σcm in the sandwich core with thick core members (termed stubby
core) is approximately 80% of the ultimate material strength because the core fails
by compressive material failure over the whole investigated strain rate range. The
20% knockdown compared to the solid material is attributed to the imperfections
in the as-manufactured corrugated cores.

The slender core (core with the thin core members) shows a significant strain
rate dependence. At low values of ε̇ the core member fails by elastic buckling and
therefore the σcm/σ̂ ratio is small. At high values of ε̇ inertia stabilization inhibits
elastic buckling resulting in a σcm/σ̂=0.85 for ε̇=600 s−1.

More details about the manufacturing process and dynamic compression proper-
ties can be found in Paper B.

Compression properties of sandwich structure with lattice core

Lattice core structures have been manufactured by a continuous folding and cut-
ting process. The core was joined to face sheets into a sandwich structure out of
only SrPET composite material (see Fig. 19). The quasi-static compression prop-
erties of a unit cell have been investigated and showed similar stiffness and strength
performance than high-end polymeric foam but performs considerably worse than
metallic and carbon fiber reinforced polymer composite lattice structures. The per-
formance of lattice structure out of SrPET composite material could be improved if
a more optimal core geometry is chosen. When comparing to lattice core structures
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made of carbon fiber reinforced polymer composites, the lattice core out of SrPET
material shows non-catastrophic and ductile failure modes which is beneficial from
an energy absorption point of view.

A detailed description of the manufacturing process as well as the compression
performance can be found in Paper C

Figure 19: SrPET lattice core (a) core bonded to the bottom face sheet and (b)
final sandwich panel.

Quasi-static three-point bending of corrugated sandwich beams

Corrugated sandwich beams were manufactured and tested in 3-point bending. A
schematic of the test setup is presented in Fig. 20. For sandwich beams with a



30 Christof Schneider

Figure 20: Schematic of a 3-point bending setup

constant areal mass, the influence of core web / face sheet mass distribution on
peak load and energy absorption was investigated. Fig. 21, shows the mid-point
load as a function of the normalized back face mid-point deflection δ at the beam's
half-span. The presented responses are from sandwich beams with identical portion
of mass in the face sheets. For instance, the sandwich structure 29/43/28 had 29%
of its mass in the top face sheet, 43% in the core webs and the remaining 28% in
the bottom face sheet.

Figure 21: Load versus normalized midpoint deflections δ by the beam half-span
L= 75mm with identical number of fabric layers in top- and bottom face sheets.
The solid lines represent the measurements whereas the dashed lines are from FE-
predictions
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Corrugated sandwich beams with a higher portion of mass in the core webs show
higher peak load and energy absorption than sandwich beams with a higher mass
portion in the face sheets.

Different mass portions in the face sheets did not increase the energy absorption
capability of the sandwich beams. A lower mass portion in the front face sheet
resulted in core web indentation. If the mass portion in the front face sheet was
increased, the back face sheet deformed resulting in a lower energy absorption.

A FE model was developed using an anisotropic visco-plastic constitutive ma-
terial law developed by [43]. The FE-predictions, displayed as dashed lines in the
Fig. 21, are in excellent agreement with the measurements.

More details about the manufacturing, testing and FE-predictions can be found
in Paper D.

Impact behavior of corrugated sandwich beams

During quasi-static three-point bending testing, the sandwich beams with an identi-
cal mass portion in the front and back face sheet had the highest energy absorption
capacity. For the investigation of the impact behavior, two configurations which
were already tested in quasi-static three-point bending were selected.

One configuration had a high portion of mass in the face sheets and the second
had a high portion of mass in the core webs. The two configurations are termed
29/43/28 and 16/69/15 during quasi-static testing and 545 and 383 during the
impact testing. For the dynamic testing, the nomenclature refers to the used layers
of fabric. For instance in the 545 sandwich beam, five layers of fabric were used for
the face sheets and four in the core webs.

The sandwich beams used for the quasi-static testing had no reinforced face
sheet-core web interface. To investigate how a reinforced interface would influence
the impact behavior, sandwich beams with and without reinforced interfaces were
tested. Figure 22 shows a schematic of the assembly steps to manufacture SrPET
corrugated sandwich beams with reinforced interfaces. To reinforce the interface,
fabrics of the face sheets was stitched to the core fabrics. In Fig. 23 a) and b), the
back face sheet maximum mid-span displacement of corrugated sandwich beams as
function of impulse per area is plotted. It could be observed that sandwich beams
with a higher portion of mass in the core web outperform (lower maximum mid-span
deflection for the same impulse per area) sandwich beams with a higher portion
of mass in the face sheets. Sandwich beams 545 can sustain an impact impulse of
2000Nms−2 whereas sandwich beams with the same weight per area but a higher
portion of mass in the core webs can resist and impulse above 3000Nms−2. From
the response of the 545 sandwich beam, the effect of reinforced interfaces can be seen
clearly. For the same impact impulse, sandwich beams with reinforced interfaces
deforms considerably less than the un-reinforced configurations. This configuration
of sandwich beams fails by complete disintegration. The 383 sandwich beams with
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Figure 22: Schematic illustration of the assembly steps to manufacture SrPET
corrugated sandwich panels with reinforced face sheet- core interface. Face sheet
fabric was stitched to the core fabric.

reinforced interfaces deformed less than the un-reinforced configurations but finally
got pushed through the supports.
The developed FE-model using an anisotropic visco-plastic constitutive material

law [43] showed good agreement with the measurements. Some discrepancy resulted
from material failure which is not captured in the material model.

More information about the impact behavior of corrugated sandwich beams out
of SrPET can be found in Paper E.
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Figure 23: Measured and predicted maximum displacement at the mid-span of the
corrugated sandwich beam as a function of the foam projectile momentum I0. a)
545 sandwich beam and b) 383 sandwich beams.
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8 Material selection and environment

Weight minimization with for instance carbon fiber reinforced polymer composites
results in a low environmental impact during the use phase but could lead to sub op-
timization of the life cycle environmental impact because the carbon fiber composite
production has a high environmental impact and at the end of life, carbon fiber
composites are not recyclable. Therefore a systematical material selection process,
where weight minimization is integrated into environmental life cycle assessment,
was developed and presented in Paper F.
Figure 24 shows the framework of the life cycle based material selection pro-

cess. The design target is defined by a number of functional and non-functional
requirements according to the planned application. The requirements from the de-
sign target constrains the material selection. Firstly, material families are selected.
From this families several material candidates are selected. Thereafter, weight min-
imization with all selected material candidates is performed. With the results from
the weight minimization, the material properties etc. a life cycle assessment for
every single material is performed. From the result of the life cycle assessment
(LCA), the material with the lowest environmental impact over the whole life cycle
can be selected.

The framework was tested on a truck roof case study where six different materials
were analyzed. Figure 25 shows the cumulative energy demand (CED) and global
warming potential (GWP) of the six materials over the life time traveled distance.
At life time traveled distance of zero, the GWP and CED resulting from roof pro-
duction and end of life treatment is presented. For the materials steel, aluminum,
PET and SrPET, the assumed end of life treatment was recycling whereas for the
glass or carbon fiber reinforced vinyl ester (termed G/VE and C/VE, respectively)
incineration was assumed.

The total environmental impact increases with traveled distance where the in-
crease depends on the roof weight. From zero to 200,000 km, the steel and aluminum
roof have a low environmental impact due to the low impact resulting from man-
ufacturing and avoided impact from recycling. At about 1,000,000 km, the light
carbon fiber roof has compensated for high GWP burden of manufacturing com-
pared to the aluminum roof. In terms of CED, the aluminum roof remains a better
alternative due to high savings at the end of life. At 2,000,000 km, the C/VE roof
has the lowest impact followed by the aluminum. The SrPET roof has about the
same environmental impact as the G/VE roof but significantly lower impact than
the roof out of steel. A detailed description of the framework and a case study is
presented in Paper F.
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Figure 24: Framework for life cycle based materials selection. The dashed lines
show processes that are outside the scope of this approach but could be included
in the model
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Figure 25: Influence of life cycle driving distance on CED and GWP for a diesel
truck
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9 Discussion

Mechanical properties

Reinforcing LPET with HTPET fibers does not increase the density but are signifi-
cantly improving both tensile and compressive properties resulting in higher energy
absorption than the base material. When comparing the compressive response of a
traditional composite material such as carbon reinforced polymer to SrPET-Twill,
the carbon fiber composites have higher Young's modulus and peak load but lower
strain to failure and energy absorption (see Fig. 26). This significantly higher
energy absorption capacity of SrPET makes it an interesting candidate for energy
absorbing applications.

Figure 26: Compression stress strain diagram for C/LPET and SrPET-Twill

Sandwich structures out of SrPET

In the SrPET material, both fiber and matrix are thermoplastic which gives the
possibility to thermoform. Due to this possibility many new sandwich core topolo-
gies can be manufactured. When comparing sandwich structures made of SrPET
to sandwich structures out of carbon or glass fiber reinforced polymer composites,
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the SrPET shows non-catastrophic and ductile failure modes which is beneficial
from an energy absorption point of view.

Quasi-static three point bending of corrugated sandwich beams

The quasi-static three-point bending properties of corrugated sandwich beams out
of only SrPET are compared to corrugated sandwich beam out of aerospace grade
aluminum (termed AL) and a sandwich beam with carbon fiber reinforced epoxy
face sheets and a high performance polymeric foam core (termed CFRP). Both
sandwich beams had a same areal mass as the SrPET sandwich beams and were
tested under the same condition such as span length, loading velocity etc.

Fig. 27 presents the load versus δ/L response for the CFRP, AL and SrPET
16/69/15 sandwich beams where the AL sandwich beam shows the highest stiffness
followed by the CFRP and SrPET sandwich beams. CFRP sandwich beams shows
the highest peak load and energy absorption followed by SrPET sandwich beams.
When comparing the response of the CFRP and SrPET sandwich beams it can
be seen that the CFRP response shows a 50% load drop whereas the SrPET do
not. In several applications such a load drop is unwanted. The SrPET beams are
outperforming the AL sandwich beams in both energy absorption and peak load.

Figure 27: Load versus normalized midpoint deflections δ at the beam half-span
L=75 mm for sandwich beams made of CFRP [44], AA6061-T6 [44] and SrPET
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Impact behavior of corrugated sandwich beams

The impact behavior of the SrPET sandwich beams 545 and 383 with reinforced
interfaces were compared to the aluminum and CFRP sandwich beams which have
the same areal mass. Fig. 28 shows the maximum back face mid-span displacement
as function of impulse per area. The SrPET sandwich beams outperform the AL
sandwich beams. In other words, for the same impact impulse per area the SrPET
sandwich beam had a lower mid-span deflection. The SrPET sandwich beam with a
high portion of mass in the core webs outperforms even the CFRP sandwich beam.
This shows the high energy absorption potential of SrPET composite material and
structures out of SrPET composite material.

Figure 28: Mid-span displacement δ versus impulse per area for the SrPET sand-
wich beams 545 and 383 with reinforced interfaces, CFRP [44] and AA6061-T6 [44]

Material selection and environment

The material selection case study showed that weight optimization and LCA can be
performed in a systematic and integrated manner during the design and material
selection process which is reducing the risk for sub-optimizations and a shift of the
environmental burdens along the different life cycle stages.
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The results presented in chapter 8 showed that after 2,000,000 km life time, the
environmental impact of a truck roof out of steel is higher than of a roof out of
SrPET. A G/VE roof has about the same environmental impact as a SrPET roof
but is not recyclable and hence, the SrPET roof should be preferred.
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10 Contribution to the field & summary of appended
papers

Paper A
The main objective of this paper was to investigate the tensile and compression
properties of SrPET composites. Compared to traditional composite materials
such as carbon / glass fiber reinforced polymers, SrPET is very ductile resulting in
a high strain to failure without any softening or catastrophic failure. During a ten-
sile test the material behaves linearly elastic until the fiber - matrix interface fails
and the stiffness decreases. As the material is further strained, strain hardening
occurs and finally the specimen fails at a global strain above 10%. SrPET com-
posites loaded in compression fail initially through fiber yielding and at a higher
strain through fiber bending with a strain to failure above 10%. This indicates that
SrPET composite materials are highly efficient energy absorbing materials.

Paper B
A fully recyclable corrugated sandwich structure out of SrPET composite material
was developed. The dynamic out-of-plane compression properties as well as the
dynamic compression properties of the SrPET composite material are studied over
a strain rate range 10-4s-1 to 103s-1. SrPET shows limited strain rate dependence
whereas the corrugated structures show significant rate dependence which is mainly
related to the micro-inertial stabilisation of the core struts and increased material
stiffness of SrPET.

Paper C
An efficient continuous manufacturing route to produce lattice sandwich structures
has been developed. Flat sheets of thermoplastic composite materials have been
folded and cut into a lattice structures sandwich core and joined to a face sheet.
Sandwich structures out of SrPET and carbon fiber reinforced PET have been
tested in out-of-plane compression. Sandwich cores out of SrPET showed a bet-
ter performance compared to high-end structural foam cores but have considerable
lower performance than carbon fiber lattice cores.
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Paper D
Corrugated sandwich beams out of only SrPET were manufactured and tested in
3-point bending. For a constant areal weight, the influence of mass distribution in
the sandwich beam on energy absorption and peak load was investigated with ex-
periments and FE-predictions. Corrugated sandwich beams with a high portion of
mass in the core performed best. SrPET sandwich beams outperformed corrugated
sandwich beams out of aluminum in terms of energy absorption and peak load.

Paper E
Corrugated sandwich beams out of SrPET with and without reinforced face sheet-
core web interfaces were manufactured. Dynamic three-point bending tests were
performed and the deformation was compared with FE-predictions. For sandwich
beams with a constant areal mass, sandwich beams with a higher portion of mass
in the core web outperformed sandwich beams with a higher portion of mass in
the faces. Sandwich beams with reinforced interfaces showed a more enhanced
dynamic resistance than sandwich beams with un-reinforced interfaces. For the
same impact impulse per area, the SrPET sandwich beams with reinforced inter-
faces showed less mid-span deflection than corrugated aluminum sandwich beams
or carbon fiber sandwich beams (carbon fiber face sheets and a high performance
polymeric foam core).

Paper F
Weight reduction in vehicles results in energy and emission saving during the use
phase. To save weight, lightweight materials such as carbon or glass fiber reinforced
polymer composites are used. The manufacturing process of these materials is very
energy intensive which may lead to sub-optimizations of the life cycle environmen-
tal impact. Therefore an integrated materials selection process is needed where
weight optimization and environmental life cycle assessment is integrated. Such a
process was developed and its application was tested on an automotive component.
Different material such as SrPET, carbon fiber reinforced vinyl ester, aluminum
etc. are included.
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11 Future work

The recycling process of self-reinforced polymer composites is not investigated well.
It is assumed that SrP's manufactured with a bi-component process are straightfor-
ward recyclable but to assess the environmental benefit for instance environmental
data for recycling of SrP are needed.

Due to the ability of SrP's to thermoform, many new complex structures such
as sandwich structures with lattice type cores can be manufactured. Combining
SrP's with structural foam could lead to new novel hierarchical sandwich cores for
lightweight applications.

The FE material model developed by [43] captures tensile / compression asymme-
try, material anisotropy and material strain rate sensitivity. This material model
should be extended so that it is possible to capture material failure.

During a high speed impact test, self-reinforced polymer composites tend to de-
laminate. This delamination could be prevented by weaving reinforcing fibers in all
three directions (3D-weaving) and consolidate it afterward. This could result in a
material with even higher energy absorption potential which could result in many
new applications for SrP's and 3D-weaving.

Self-reinforced polymer composites show a high energy absorption capability. It
would be interesting to see the energy absorption capability of a lightweight energy
absorber out of SrP. The application of such an absorber could be a lightweight
car.
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