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ENERGY DISSIPATION AND RATE-DEPENDENT DEFORMATION
BEHAVIOR OF STF-INTEGRATED PU FOAM NANOCOMPOSITES

SUMMARY

Designing energy absorptive structures is crucial for safety and these structures
withstand several loads such as compression, bending, and impact. Beside to
honeycombs as a core material for sandwich structures, polymeric foams receive great
attention as structural components with their outstanding effective stress transfer,
viscoelastic properties, and increased surface area. Among several polymeric foams,
rigid polyurethane (PU) foams are good candidates presenting high strength and
lightweight characteristics and tailorability. PU is a particular polymer group that
stands out with its unique chemistry, typically synthesized from polyol and isocyanate,
which also has a potential to fill the vacancies between rubbers and plastics based on
their mechanical thermal and viscoelastic properties. PU foams can have densities that
range from 20 to 3000 kg/m3 which provide a wide range of application areas and
properties. The physical and mechanical properties of PU foams are closely correlated
to their morphological characteristics, which are mainly determined by several key
parameters such as foam density, cell density, cell edge length, wall thickness, and
thickness to length ratio (t/). PU foams could be customized by incorporating nano
and/or micro-sized reinforcing agents to obtain unique functionality and properties.
Combining nanoparticle inclusion with process parameter optimization can result in
improved mechanical properties and multifunctionality. Nanoparticles can act as
nucleation points and lead to narrow cell edge length, increased cell wall thickness,
and higher cell density, yielding advanced mechanical properties. Despite the
considerable research into carbon-based nanostructures such as carbon nanotubes
(CNTSs) and graphene as reinforcing agents in polymeric foams to maximize their
energy absorption capabilities and strength, further efforts are required to investigate
the potential role of other nanomaterials, such as shear thickening fluids (STFs), which
exhibit extraordinary energy absorption properties. STFs as colloid suspensions, at
elevated shear rates, form hydroclusters due to particle interaction yielding a drastic
viscosity increase. Thus, rapid viscosity change results in an excellent energy
absorption characteristic. This study is aimed to improve the compressive and energy
absorption properties of PU foams with STF integration while discussing the
microstructure/mechanical property relationship. Initially, STFs were fabricated with
up to 30 wt.% fumed and spherical silica content, using a mechanical stirrer at 300
rpm and horn sonicator with 30% amplitude, then investigated by a plate rheometer in
order to understand the effect of particle geometry and weight fraction on the flow
characteristics. The results revealed that 26 wt.% of fumed silica was the optimum
suspension for integration to PU foam with the excellent thickening ratio, and viscosity
values increased after critical shear rate up to 67.66 times. The 26 wt.% STFs were
successfully integrated into rigid PU foams, using a mechanical stirrer prior to the
foaming reaction, at 0.5, 1, and 3 wt.%, and the morphological analysis, compression,
and cyclic compression tests at various strain rates up to 0.2 s and 10, 40, 80% strains
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in order to understand rate dependent properties under different deformation region
such as plateau and densification, were performed. According to morphological
characterizations, cell edge lengths decreased and cell wall thickness increased with
increasing until 1 wt.% STF. The maximum t/l ratio, which is a favorable indicator for
mechanical strength prediction, was observed with 1 wt.% STF integration into PU
foam. The results showed that 1 wt.% STF presented the highest compressive strength
and specific compressive strength with 33% and 10.4% increments, respectively. For
the energy absorption properties, 1 wt.% STF demonstrated up to 9.4% higher loss
factor and 46.9% total absorbed energy regarding cyclic compression tests strain and
strain rate parameters. Dynamic mechanical analyses were also carried out, under
bending loads with dual cantilever clamps, to develop the microstructure-mechanical
property relationship and to examine the viscoelastic properties. Linear viscoelastic
region and storage and loss moduli increased with 1 wt.% STF integration. The results
were consistent with both the compression and cyclic compression tests, despite
differences in the direction and frequency of the applied force. Integration of 1 wt.%
STF resulted in a significant increase of approximately 50% in both storage and
compression modulus, while no significant changes in loss factor were observed. By
enhancing the storage modulus and broadening the linear elastic regime, STF/PU
foams can effectively withstand higher levels of load and displacement without
permanent deformation. Excessive STF integration, such as above 1 wt. %, caused
deterioration in the foam morphology and cellular structure, resulting in lower
mechanical properties and strengths, however the 3 wt.% STF integrated foam still
exhibited better properties than neat foam. This study showed that the flow properties
of STFs are significantly influenced by the silica surface geometry and weight fraction.
Furthermore, the study demonstrated that the addition of an optimized amount of STF
enhanced the compressive strength, viscoelastic properties, and energy absorption
capabilities of PU foams. With the addition of STF, PU foams could be used in a wider
range of application areas and their superior mechanical properties could be used to
build safer and reliable structures.
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STF ENTEGRE PU K(')PI:JK NANOKOMPOZITLERIN ENERJI EMME VE
HIZA BAGLI DEFORMASYON DAVRANISI

OZET

Enerji emici yapilarin tasarlanmasi emniyet ve giivenlik i¢in olduk¢a 6nemlidir ve bu
yapilarin basma, egilme ve darbe gibi ¢esitli yiiklere dayanmasi gereckmektedir.
Sandvi¢ yapilar icin ¢ekirdek (niive) malzeme olarak bal peteklerinin yani sira,
polimerik kopiikler olaganiistii etkili yiik transferi, viskoelastik 6zellikleri ve artan
yilizey alani ile yapisal bilesenler olarak biiyiik ilgi gormektedir. Cesitli polimerik
koptikler arasinda, rijit poliiiretan (PU) kopiikler, yiiksek mukavemet ve hafiflik
ozellikleri ve uyarlanabilirlik 6zellikleriyle iyi bir segenek olarak degerlendirilebilir.
PU kopiikler, tipik olarak poliol ve izosiyanattan sentezlenen, mekanik, termal ve
viskoelastik 6zelliklere gore kauguklar ve plastikler arasindaki bosluklart doldurma
potansiyeline sahip, benzersiz kimyasi ile 6ne ¢ikan 6zel bir polimer grubudur. PU
kopiikler, genis bir uygulama alan1 ve 6zellik yelpazesi saglayan 20 ila 3000 kg/m3
arasinda degisen yogunluk degerlerine sahip olabilir. PU kopiiklerin fiziksel ve
mekanik ozellikleri, esas olarak kopiigiin yogunlugu, hiicre yogunlugu, hiicre kenari
uzunlugu, duvar kalinlig1 ve kalinlik/uzunluk orani (t/1) gibi birka¢ temel parametre
tarafindan belirlenen morfolojik oOzellikleriyle yakindan iliskilidir. PU koptkler,
benzersiz islevsellik ve 6zellikler elde etmek i¢in nano ve/veya mikro boyutlu takviye
maddeleri eklenerek gelistirilebilmektedir. PU kopiige nano pargacik takviyesinin
proses parametresi optimizasyonu ile birlestirilmesi, gelismis mekanik ve fonksiyonel
ozellikler kazandirmaktadir. Mekanik 6zelliklerdeki artis, koptigiin mikro yapisindaki
degisiklikten kaynaklanmaktadir. Hiicre olusumunda nano parcaciklar ¢ekirdeklenme
noktalar1 olarak gorev alarak kisa hiicre kenar uzunluguna, daha genis hiicre duvari
kalinligina ve daha ytiksek hiicre yogunluguna yol agarak gelismis mekanik 6zellikler
saglayabilmektedir. Enerji emme kabiliyetleri gerilim-gerinim egrilerinden
hesaplanan histeresiz alan, kayip faktorii ve enerji kayip katsayis1 gibi degerlerle
Olciilebilir. Bu ol¢limler, enerji emici malzemelerin kullanildigr uygulamalarda
oldukca dnemlidir. Clinkii enerjiyi verimli bir sekilde dagitma yetenegi, uygulanan
kuvvetlerin yapilar ve bilesenler {izerindeki etkisini azaltmada kritik 6neme sahiptir.
Uygulanan kuvvetler sonucu olusan enerji, hiicrelerin elastik/plastik deformasyonu,
strtinme ve 1s1 olarak emilebilmektedir. Polimerik kopiiklerin enerji emme
kabiliyetlerini ve mukavemetlerini en {ist diizeye ¢ikarmak i¢in karbon nanotiipler ve
grafen gibi karbon bazli nano yapilarin takviye edici maddeler olarak kullanilmasina
yonelik dnemli aragtirmalar yapilmasina ragmen, olaganiistii enerji emme 6zellikleri
sergileyen kesme altinda katilasan sivilar (STF'ler) gibi diger nano malzemelerin
potansiyel roliinii arastirmak i¢in daha fazla ¢aba sarf edilmesi gerekmektedir. STF'ler,
stvi ve katilarin karisgtmindan olusan kolloid siispansiyonlar olup, yiiksek kesme
hizlarinda, pargacik etkilesimleri nedeniyle hidrokiimeler olusturarak ciddi bir
viskozite artis1 saglar. Boylece, hizli viskozite degisimi miikemmel bir enerji
absorbsiyonu 6zelligi ile sonuglanir. PU kdpiikler {istlin enerji emilimi ve 1s1 yalitimu
ozelliklerine sahiptir, bu nedenle STF'lerin sert PU kopiige entegrasyonu STF'lerin
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akis davranigini stabilize edebilir, ayrica STF sizintilarin1 6nleyebilir ve daha yiiksek
enerji emilimi saglayan malzemeler elde edilebilir. Bu ¢alisma, mikroyap1 / mekanik
ozellik iligkisini tartisirken, PU kopiiklerin basma ve enerji emme 6zelliklerini STF
entegrasyonu ile gelistirmeyi amaglamaktadir. Baslangicta, STF'ler agirlikca %30'a
kadar fiime ve kiiresel silika igerigi ile 300 rpm'de mekanik karistiric1 ve %30 genlikli
calisan horn sonikator kullanilarak tiretilmis, daha sonra parcacik geometrisi ve agirlik
oraninin STF’nin akig 6zellikleri iizerindeki etkisini anlamak amaciyla reometreyle
incelenmistir. Sonuglar, agirlikga %26 fiime silika iceren STF’in 67.66 degerinde
mitkemmel kalinlasma oraniyla PU kopiige entegrasyon i¢in optimum siispansiyon
oldugunu, kesme hizinin artmasiyla birlikte viskozite degerlerinin 0.74 Pa.s’den 50.07
Pa.s’ye arttigini ortaya koymustur. Ek olarak {iretim giiniinden 32 giin sonrasina kadar
belirli zaman araliklartyla yapilan reolojik dl¢iimler 15181nda, akis 6zelliklerinin iiretim
giiniinden 1 aydan fazla zaman ge¢mesine ragmen ilk giinkii 6zelliklerini sergiledigi
gbozlemlenmistir. Agirlikca %26 fiime silika iceren STF, poliiiretan (kdpiiklesme)
sentezinden 6nce mekanik karistirict kullanilarak koptigiin agirligina gore agirlikca
%0,5, %1 ve %3 oranlarinda poliol ortaminda disperse edilmis daha sonrasinda
koptliklesme reaksiyonuyla birlikte STF katkili sert PU kopiikler elde edilmistir.
Elastik, plato ve densifikasyon gibi farkli deformasyon bdlgeleri altinda orana bagh
Ozellikleri anlamak igin optik mikroskop ve taramali elektron mikroskopuyla
morfolojik analiz, 0,2 s'''e kadar cesitli gerinim hizlarinda basma testleri ve %10, %40,
%80 uygulanan gerinimlerde dongiisel basma testleri gerceklestirilmistir. Morfolojik
incelemelere gore, agirlikca %1 STF takviyesine kadar hiicre kenar uzunluklari
azalmis ve hiicre duvar kalinlig1 artmistir. Mekanik mukavemet tahmini i¢in uygun bir
gosterge olan t/l orani, PU kopiige agirlikca %1 STF entegrasyonuyla maksimum
seviyeye ulagsmistir. Basma testi sonuglarinin morfolojik incelemelerle uyumlu oldugu
gozlemlenmis STF katkistyla birlikte artan t/1 oraninin yani sira basma dayaniminin
da arttig1 goriilmistiir. Sonuglar 15181nda, agirlikca %1 STF katkisinin sirastyla %33
ve %10,4'lik artiglarla en yiiksek basma dayanimi ve 6zgiil basma dayanimini
sundugunu gostermistir. Densifikasyon bolgesinde hiicrelerin  kirilmasi sonucu
gozlenen en yiiksek gerilim degeri agirlik¢a %1 STF katkistyla, katkilanmamig koptige
gore %50'den fazla artmistir. Enerji absorpsiyon 6zellikleri i¢in, agirlikga %1 STF,
dongiisel sikistirma testleri gerinim ve gerinim hizi parametrelerine gore %9,4'e kadar
daha yiiksek kayip faktorii ve %46,9'a kadar daha fazla toplam absorbe edilen enerji
gostermistir. Mikroyapi-mekanik ozellik iligkisini gelistirmek ve viskoelastik
ozellikleri incelemek icin egilme yiikii altinda dinamik mekanik analiz testleri
gerceklestirilmistir. Dogrusal viskoelastik bolge ile depolama ve kayip modiilleri
agirlik¢a %1 STF entegrasyonu ile artmistir. Sonuglar, uygulanan kuvvetin yonii ve
frekansindaki farkliliklara ragmen hem basma hem de dongiisel basma testleriyle
tutarl oldugu gozlemlenmistir. Agirlikca %1 STF entegrasyonu hem enerji depolama
hem de basma modiiliinde yaklasik %50 civarinda énemli bir artisa sebep olurken,
kay1p faktoriinde 6nemli bir degisiklik gézlenmemistir. Depolama modiiliinii artirarak
ve dogrusal elastik rejimi genisleterek, STF/PU kopiikler kalici deformasyona
ugramadan, daha siddetli kuvvet ve uzun yer degistirme seviyelerine etkili bir sekilde
dayanim saglayabilir. Agirlikca %l'in  lizerindeki STF takviyeleri, kopik
morfolojisinde ve hiicresel yapida bozulmaya neden olarak daha diisik mekanik
ozellikler ve mukavemetlerle sonuclanmistir, ancak agirlik¢a %3 STF katkili kopiik
yine de katkisiz kopiikten daha yiiksek basma dayanimi ve enerji absorbsiyonu
sergilemistir. Bu calisma, STF'lerin akis Ozelliklerinin silika ylizey geometrisi ve
agirlik fraksiyonundan onemli Olglide etkilendigini gdstermistir. Ayrica ¢alisma,
optimize edilmis miktarda STF ilavesinin PU kopiiklerin basma dayanimini,
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viskoelastik 6zelliklerini ve enerji emme kabiliyetlerini artirdiint gostermistir. STF
ilavesiyle, PU kopiikler daha genis bir uygulama alaninda kullanilabilir ve {istiin
mekanik O6zellikleri sayesinde daha giivenli ve emniyetli yapilar insa etmek igin
kullanilabilir.

XXV






1. INTRODUCTION

In our daily life, accidents occurring frequently might be turning into a disaster.
Crashworthy structures and protective equipment such as body armors/helmets, etc.
are substantial systems to shield humans and/or sensitive payloads. These protective
systems minimize safety concerns and are responsible for withstanding several static
and dynamic forces, including impact, compression, bending, and vibration. These
systems aim to absorb energy before transferred to humans or payloads. The safety
levels could be quantified by the energy absorption capabilities of such structures [1].
Therefore, innovative energy-absorbing material approaches focus on enhancing
safety and minimizing the risk of catastrophic failure. Lately, novel polymeric foams
with reinforcements are found to be offering substantial potential in energy absorption
with their cellular structure, high surface area and stress transfer, and viscoelastic

properties [1-3].

In various protective components such as helmets and armors, sandwich composites
are the major structures for the purpose of energy absorption capability with the core
materials and the face sheets. Conventional approaches with honeycomb geometries
face several challenges due to a lack of sufficient contact area leading to face sheet
delamination and moisture accumulation [4]. Thus, polymeric foams over
conventional honeycombs can offer crack growth resistance and multidirectional load-
bearing capability because of their cellular characteristics. Moreover, novel polymeric
foams are widely studied materials for safety concerns that provide excellent bonding
with face sheets owing to their high surface area and stress transfer, viscoelastic

properties, and energy absorption capabilities.

1.1 Polyurethane Foams

Among several polymeric foams, polyurethane (PU) foams stand out by presenting
high strength, energy absorption lightweight characteristics, ease of manufacturing,
and tailorability [2, 5, 6]. PU is a particular polymer group that stands out with its

unique chemistry which also has a potential to fill the vacancies between rubbers and



plastics [2, 7]. PU is used in various applications such as liquid coatings, elastomers,
paints, elastic fibers, insulators, and foams. PU and its variations generate versatile
materials while attracting researchers from different fields since their properties can
be improved with an adequate selection of process parameters [8]. One of the most
preferred and utilized forms of PU is foam structures [7]. PU foams demonstrate a
wide range of densities between 20 kg/m? and 3000 kg/m® [9]. Depending on their
formulation, PU foams could maintain their properties up to 135 °C which makes them,

suitable for sandwich composites produced with prepreg face sheets [10].

PU foams are synthesized from two main ingredients, polyol, and isocyanate, while
additional additives such as blowing agents, flame retardant agents, chain extenders,
and catalysts could be added to achieve desired properties [11]. PU foams could be
classified as flexible and rigid foams in terms of their mechanical behavior and cell
morphology. The reaction of hydroxyl groups of polyol and functional groups of
isocyanate produce urethane bonds and the blowing agent dissipates gas, forming the
foam structure. The reaction is demonstrated in Figure 1.1. In the final product
properties, usually, softness and flexibility are associated with polyol while hardness
and stiffness arise from isocyanates and low molecular weight chain extenders content
[12]. Furthermore, catalysts provide a fast reaction rate for the synthesis while enabling
it to take place at lower temperatures. One of the control methods for foam formation
is the selection of the blowing agent which supports the adjustment of porous (cellular)

structure and their physical properties [2, 13-15].

HO—R;—OH + O=C=N—R,-N=C=0

Polyol Isocyanate
H H
(% | )

Polyurethane chain

Figure 1.1: Polyurethane chain formation from polyol and isocyanate.
1.2 Structure-Property Relationship of PU Foams

The physical and mechanical properties of foams are highly related to morphological

parameters [15-17]. Foam density, cell edge length, wall thickness, edge length to wall



thickness ratio, and cell density are the prominent parameters affecting the properties
of PU foams [18, 19]. Cell edge length and cell wall thickness are demonstrated in
Figure 1.2. Load-bearing capabilities of cellular structures increase with increasing
cell density and thickness to length ratio. Cellular structure formation is affected by
nucleation and growth kinetics [18, 20, 21]. Sung et al. reported that higher reactivity
catalysts supplied a fast reaction rate, caused finer cells, and increased energy, sound
absorption as well as compression strength [22]. Chen et al. reported that in closed-
cell foams, increased cell sizes lead to a 25% decrease in compressive strength and
slightly reduced shear strength (6%) while other parameters such as cell density and
cell wall thickness were kept constant [23]. PU foams can typically be customized by
either optimizing the process parameters or adding nano and/or micro-sized
reinforcing agents for functionality that brings uncommon properties [24—26]. Besides,
nanoparticle inclusion along with process parameter optimization could provide
enhanced mechanical properties with multifunctionality where they act as nucleation
points and provide reduced cell edge length and increased cell wall thickness and cell

density, positively affecting mechanical properties [27-29].

Cel wall thickness

E .'

ell edge length

Figure 1.2: Microstructural parameters of a PU foam shown on an optical image.

According to a study conducted by Yan et al., the addition of 0.3 wt.% of graphene
nanosheets into rigid PU foam led to a reduction in cell size by 12.1% and an increase

in cell density by 47%. This resulted in a significant enhancement in the compressive



strength and modulus of the foam, with increases of 32% and 36%, respectively [30].
Saha et al. reported that 1 wt.% carbon nano fiber (CNF) reinforced rigid PU foams
demonstrated an 85.9% higher tensile modulus and 40% higher compressive modulus.
The enhancement in the mechanical properties originated from modifications in the
microstructure of the foam. As a result of this CNF reinforcement, the authors obtained
11.3% lower cell sizes and 44.8% higher cell density [31]. Mahfuz et al. reported that
it is possible to achieve 30% and 62% improvements in Young’s modulus and flexural
strength, respectively, with the addition of 3 wt.% TiO. nanoparticles in PU foams.
They also observed 7% enhancements in decomposition temperature [32]. Xu et al.
investigated the integration of organoclay nanoparticles to PU foams and found that
compressive and tensile strength values were increased by 152% and 110%,
respectively, whereas the cell size was reduced by 61% [33]. Hence through a tailored
microstructure, PU foams can be customized for protective systems where energy
dissipation mechanism needs to be further investigated.

1.2.1 Energy Absorption Mechanism and Measurement Techniques of PU

Foam

Crashworthy structures such as PU foams, encounter different loads and expose
external energy due to applied loads. The mission is to minimize the effect of these
loads which can be possible with the absorption of applied energy. The applied energy
is released as deformation of cells, friction, and heat [34, 35]. The difference between
applied energy and collected energy is specified as absorbed (dissipated) energy.
Energy absorption capabilities of PU foams vary depending on the mechanical loading
conditions such as compression, cyclic compression, and dynamic mechanical forces.
Therefore, potential forces should be considered according to the application area, and
energy absorption capabilities are evaluated under these loads. Compression, cyclic
compression, and dynamic mechanical forces play a crucial role in optimizing the

performance of the structure.
1.2.1.1 Energy absorption and the compressive response of PU foam

In cellular structures such as PU foams, the compressive response of the material could
be divided into three distinct regions that areas elastic, plateau, and densification
regions [36]. The typical compressive response of PU foam under the stress-strain

curve is shown in Figure 1.3. Energy dissipation mechanisms could be explained by



motions of cell walls. Under compression, in elastic region cell walls bend, then buckle
in plateau region, which is followed by collapse [37, 38]. During the deformation of
cells under compression, interfacial frictions between PU chains, filler-filler, and PU-
filler mechanisms come into play, resulting in energy loss [39-41]. Absorbed energy
could be calculated from area under compression curve [42]. Thus, higher strength
which means higher load bearing capacity, acquires higher energy absorption under a

single compressive load.

Stress (MPa)
Densification

Strain (mm/mm)

Figure 1.3: Typical compressive response of PU foam indication three different
regions.

1.2.1.2 Energy absorption of PU foam under cyclic compression

Under cyclic compression, compressive loads are applied periodically with a constant
strain rate or stress amplitude. In each cycle loading and unloading curve differ from
each other due to the viscoelastic and deformation features of the foams. The area
between the loading and unloading curves is a measure of the absorbed (dissipated)
energy and named as the hysteresis area. These calculations directly express the energy
absorption of foams. The units of hysteresis area are usually expressed in Joules per
cubic meter and depend on the units of the stress-strain elements. Hysteresis area is
used to quantify the amount of energy dissipated as heat within a given volume of
material during each loading cycle. Energy absorption capabilities could be quantified
by different approaches such as loss factor () and energy loss coefficient (ELC) [39,
40].



Loss factor which is also named as loss coefficient or loss tangent sometimes, is equal
to the ratio of absorbed energy to the maximum potential energy during a cycle [43—
46]. On the other hand, ELC can be calculated by dividing the hysteresis area by the
area under loading curve [39, 47, 48]. Formulations of loss factor and ELC are given

in equations 1.1 and 1.2, respectively.

AW

"= (1.2

ELC = Hysteresis Area %100
~ Area under loading curve (1.2)

Where AW and U denote the hysteresis area and the maximum potential energy which
is the area under an imaginary line that passes between loading and unloading curves.
Loading and unloading curves and maximum potential energy under cyclic
compression test of a typical PU foam are demonstrated in Figure 1.4. These
measurements are important in applications where energy-absorbing materials are
used, as the ability to dissipate energy efficiently is critical in reducing the impact of

applied forces on structures and components [39, 43-47].
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Figure 1.4: Loading and unloading curves and maximum potential energy under
cyclic compression test of a typical PU foam.

1.2.1.3 Energy absorption of PU foam under dynamic mechanical analysis

Energy absorption and viscoelastic properties could be measured with dynamic

mechanic analysis under different loads such as bending, tension, shear, and



compression. In dynamic mechanical analyses, periodic loads are applied with a
sinusoidal waveform, periodically displacing the sample [44, 45]. If the sample exhibit
pure elastic behavior, the peak of force and displacement curves are observed at the
same time. In viscoelastic materials, there is a difference between these peaks which
IS named as phase angle (6 or A). The larger the phase angle, the much delayed the
displacement peak response is relative to the force peak, showing higher energy
dissipation by the material. Force and displacement curves of a viscoelastic material
depending on the time and phase angle are demonstrated in Figure 1.5 [44]. From the
force and displacement curves, storage and loss moduli values could be calculated.
Storage modulus represents the stored potential energy during a cycle, hence the elastic
response whereas loss modulus represents the absorbed (dissipated) energy during a
cycle. Additionally, tangent 6 which is named as loss tangent or loss factor is obtained
from the ratio of loss modulus to storage modulus and demonstrates energy absorption
capabilities of the materials [44, 45].
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Figure 1.5: Force and displacement curves of a viscoelastic material under dynamic
load [44].

1.3 PU Foams for Energy Absorption Structures

The utilization of PU foams for energy absorption purposes has been widely
researched and demonstrated through various examples that incorporate carbon-based
nanomaterials such as carbon nanotube (CNT) and graphene, and neat PU foam [49-
52]. Yang et al. designed a PU foam integrated hybrid composite system for railway
trains in order to minimize crash energy [53]. The hybrid composite system which is

demonstrated in Figure 1.6, consisted of carbon fiber reinforced outer tube, PU foam,



and an inner aluminum tube. Liu et al. reported that PU foam integration into
aluminum foam gained recoverable deformations along with the viscoelastic
characteristics of the foam and demonstrated higher energy dissipation and loss factor

values than aluminum foam under cyclic compression test [46].

Rail vehicle

Crush zone

L |
\J

absorbers

Outer tube Filled foam Inner tube Composite structure

Figure 1.6: PU foam integrated hybrid composite system for railway trains [53].

Bhinder et al. investigated the effect of strain and strain rate on the energy dissipation
properties of neat and CNT-doped PU foams under cyclic compression tests [39]. Cell
density increased and cell diameter decreased with increasing CNT content. The
performed compression tests with different strain rates clearly represent the elastic,
plateau, and densification regions in Figure 1.7. The results revealed that stress values
increase with increasing strain rate. This behavior was explained by the morphological
characteristics of PU foams. The closed-cell structure keeps air within the cells which
is released under the pressure generated by the applied load. Due to the gaseous and
viscous nature of the air, when the applied strain rate or strain increases, stress values
also increase as well because of the increased air pressure demonstrating higher

resistance to deformation [39, 54, 55].

Single and 10-cycle cyclic compression loads under different strain rates and strains
were applied in order to understand the energy absorption properties in the elastic,
plateau, and densification regions. The single-cycle compression test results are
demonstrated in Figure 1.8. They reported that 2.3 wt.% oxidized CNT-doped PU
foams demonstrated higher energy dissipation at low strains, i.e. elastic region.
However, when higher strains were under investigation, the doping resulted in lower

energy dissipation capabilities. They reported that the main factor of energy dissipation



at high strains is the collapse of cells, while at low strains, filler-filler and PU-filler

interactions are the dominant factors [39].
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Figure 1.7: Compressive response of a) neat and b) 2.3 wt.% oxidized CNT-doped
PU under different strain rates [39].

In another study, Lu et al. investigated the effect of graphene oxide (GO) and external
PU dispersion coating on the energy dissipation of flexible PU foams. It was concluded
that the interaction between GO-GO and GO-foam provided energy loss where at
higher loadings of GO beyond 0.2 wt.%, the sliding of the GO layers due to Van der
Waals interactions disappeared with the highly overlapped GO [41].
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Figure 1.8: Cyclic compressive response of a) neat and b) 2.3 wt.% oxidized CNT-
doped PU under different strains at 0.002 s [39].

Even though carbon-based nanostructures such as CNTs and graphene have been
widely studied as reinforcing agents in polymeric foams in order to enhance energy

absorption capabilities, still efforts are needed to define the role of other nanomaterials



such as shear thickening fluids (STFs) due to excellent energy absorption
characteristics.

1.4 Shear Thickening Fluids as additives for energy absorption applications

STFs are non-Newtonian fluids demonstrating strong toughening behavior under
applied shear and are used in several applications where energy absorption is required.
STFs are composed of colloidal solid particles such as silica or styrene-acrylate
copolymer particles and the liquid phase, where the flow properties are independent
from applied shear. At low shear rates, the solid particles within STFs are oriented,
STFs flow easily, thus viscosity is rather low. The decrease in the viscosity under the
applied shear rate is called shear thinning behavior. Beyond a critical shear rate,
oriented solid particles form hydroclusters due to the applied shear rate and particle
interactions, which resist flowing, in return viscosity increases drastically. The shear
rate where the viscosity becomes minimum is called the critical shear rate. The shear
thickening phenomenon is reversible when the applied shear is removed. Flow
behavior of STFs is demonstrated in Figure 1.9. The ratio of minimum to maximum
viscosity is referred to as the thickening ratio. Viscosity, critical shear rate, and
thickening ratio are the essential performance parameters of STFs for energy
absorption capabilities [56—60].
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Figure 1.9: Flow behavior of STFs, under applied shear [60].
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Three different approaches exist in the literature in order to understand shear
thickening behavior: order-disorder theory, hydrocluster theory, and contact rheology
model. According to order-disorder theory, the particles are coherent, such as layer
by layer below the critical shear rate. Beyond that, the layers become disordered due
to hydrodynamic forces, and the viscosity of the suspension increases dramatically
[61]. According to hydrocluster theory, hydrodynamic forces are higher than the
particle interactions, such as repulsive forces beyond the critical shear rates, and
particles formed as hydroclusters thus, the suspension exhibit thickening behavior
[62]. The contact rheology model explains the thickening with contact forces between
particles in the suspension providing thickening after the critical shear rate [60, 63,
64]. Flow behavior of STFs could be influenced by several parameters such as particle
size, shape, concentration, temperature, and chemical composition of liquids and
solids. Yu et al. investigated the effect of silica particle size and concentration on the
STF suspensions. The particle sizes were 15, 30 nm and 2, 5, 10 um, and weight
fractions varied from 5% to 70%. The flow behavior of the suspensions is
demonstrated in Figure 1.10. The particles were dispersed in Polyethylene glycol
(PEG) with using a magnetic stirrer. They reported that hydroxy! groups of silica and
PEG interact with each other and form hydrogen bonds which provided stability of
STFs. After the critical shear rate, the hydrogen bonds between the particles in the STF
broke, and solid particles formed into clusters which led to shear thickening. Due to
the increasing shear rate, the clusters were destroyed, after shear thickening behavior,
and shear thinning was observed again. The suspensions exhibited shear thickening
behavior depending on the concentration of the silica particles. Shear thickening could
be observed after 10 wt.% 15 nm silica or 60 wt.% 2 um silica particles addition.
Thickening behavior increased with increasing silica concentration for the same
particle size. It can be clearly seen, in Figure 1.10, that under the same concentration,
STF with smaller particle size demonstrates higher thickening ratio and lower critical
shear rate. At low concentrations, the reduction of solid particles results in a weakening
of the interactions between silica and PEG, and the viscosity of the fluid and shear
thickening response decreases accordingly. STFs produced with smaller particle sizes
exhibited shear thickening prior to the larger ones. Viscosity and shear rate sensitivity
increased with decreasing particle size. The authors explained this situation by stating
that smaller particles could interact more effectively with each other. The study

indicated that, compared to silica nanoparticles, silica microparticles were less stable
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and more prone to sedimentation over long periods of storage. This finding has

implications for the use of these materials in various applications and highlights the

importance of understanding the properties of different particle sizes and

concentrations to optimize performance and ensure stability over time [65].
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Figure 1.10: Flow behavior of STFs with different concentrations and particle size:
a) 15 nm, b) 30 nm, ¢) 2 pum, d) 5 um, ) 10 um [65].

STFs are integrated into several structures, such as aramid fiber, fabrics, honeycombs,

rubber, and organogel for energy absorption and safety in order to enhance energy

absorption capabilities under different loads [66—73]. PU foams have superior energy
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absorption and thermal insulating properties hence the integration of STFs into rigid
PU foam could stabilize STFs flow behavior, prevent leakage, and achieve higher
energy absorption for PU foam. Also, the formation of hydrogen bonds among the PU
chains is known to enhance mechanical properties such as strength and modulus [33,
74-77]. STF integration into PU foam could be improved mechanical properties due
to enhanced hydrogen bond formation with silica and hydroxyl groups in their
structure and modify nucleation and growth kinetics. Caglayan et al. obtained 29%
improvement in specific compressive strength with 1 wt.% STF addition into PU foam
and reported that the energy absorption capability of STF integrated PU foam
sandwich composites increases with increasing silica content under impact loads [57].
Fu et al. studied the influence of temperature on the rheological and energy absorption
characteristics of STFs under impact loads and it was revealed that the response time
and penetration depth increase with increasing temperature [56]. Soutrenon et al.
showed that STF-impregnated open-cell foams with silicone composite pads can
absorb up to 85% higher energy compared to pure silicone [58]. Moreover, Haris et al.
investigated STF impregnated flexible PU foams and reported that STFs did not
change quasi-static compression performance, whereas under impact tests, peak force
was reduced by 46% with STFs filling [59].

1.5 Purpose of the Thesis

PU foams are used as core materials in composites applications with various purposes
such as insulation, sound absorption, load bearing element, and energy absorber or
damper. According to former studies, the properties of the foam are related to their
cellular structures which can be tunable with nanoparticle integration. Possible
enhancements in their properties provide more safety and sustainable life for humanity.
For instance, reduced weight provides lower energy consumption during the
processing and service period. Improvement in the energy absorption and mechanical
properties of PU foams contributes to reliable structures. Also, STFs are used for
energy absorption applications due to their strong toughening behavior for protective
equipment. To the best of our knowledge, only a small number of studies focus on the

reinforcing PUs using STFs with an aim to improve the mechanical properties.

This thesis aimed to investigate the mechanical and energy absorption properties of

STF-reinforced PU foams while discussing the potential solutions to overcome the
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process-related problems. Research road map of the thesis was illustrated in Figure
1.11. Initially, STFs were produced with spherical and fumed nanosilica particles and
different weight fractions up to 30 wt.% in order to optimize shear thickening behavior.
STFs were then successfully integrated to rigid PU foams at 0.5, 1, and 3 wt.%, and
the morphological analysis was carried out by an optical microscope and scanning
electron microscopy (SEM) to develop the microstructure-mechanical property
relationship. Then, the mechanical properties of STF integrated PU foams were
characterized by compression, cyclic compression tests, and dynamic mechanical

analysis.
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Figure 1.11: Fabrication and characterization of STF/PU foam.
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This study consists of: introduction, materials and methods, results and discussion, and
conclusion. In the introduction chapter, general knowledge about PU foam and their
nanocomposites, the effect of morphological features on the mechanical properties of
PU foam, energy absorption mechanism, and measurement techniques, rheological
behavior of STFs, and utilization of PU foams for energy absorption purposes are
reviewed. In the materials and method chapter, supplied raw materials, fabrication
procedures, characterization methods, and test parameters are shared. Rheological
analysis of produced STFs, the microstructure of neat and STF integrated PU foams,
the results of compression, cyclic compression, and dynamic mechanical analysis tests
in order to understand viscoelastic properties and energy absorption capabilities are
discussed and presented in the results and discussion chapter. Summary of the thesis

and the obtained experiences are shared in the conclusion chapter.
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2. MATERIALS AND METHODS

2.1 Materials

PU foam was supplied by AKTIF POLIURETAN in two liquid forms: polyol and
polymeric diphenylmethane diisocyanate (PMDI) where polyol consists of
components as catalyst, stabilizer, blowing, and curing agents. The weight ratio of
polyol and PMDI was 1:1.05, according to the manufacturer’s formulation. The
density of neat PU foam was 100 (+10) kg/m®. Ethylene glycol (EG) was supplied
from Sigma-Aldrich with a molecular weight of 62.07 g/mol, as a carrier fluid of STF.
For the solid content of STF, amorphous fumed silica nanoparticles (AEROSIL 200)
supplied as a dry powder with a particle size of 11 nm and surface area of 175-225
m?/g from Evonik and amorphous, spherical silica nanoparticles with 13-22 nm
particle size and 165-195 m?/g specific surface area were supplied from Nanografi Ltd.

Co., Turkey.

2.2 Fabrication of Shear Thickening Fluids

STFs were prepared from amorphous fumed silica nanoparticles and spherical silica
and EG. Silica nanoparticles were dried for at least 2 days at 150 °C in order to
eliminate moisture. Then, the dried silica nanoparticles were dispersed in EG using a
constant mechanical mixing rate of 500 rpm to form the concentrated colloidal
suspensions. The mixture was sonicated for 90 s with 30% amplitude, using a horn
sonicator after 13 wt.% of silica nanoparticles were added. Afterwards, the silica
nanoparticles were continuously added to the mixture in small amounts while being
mechanically stirred which was followed by a 90 s sonication step to achieve higher
concentrations. The process was performed for STF with various concentrations and
optimized to achieve the best dispersion of silica nanoparticles within EG. The
fabrication of STF was carried out with fumed silica concentrations at various weight
fractions of 19, 22, 24, 26, and 28 wt.%, and 30 wt.% with spherical silica which was
dispersed in EG. The shear thickening behavior of STFs is investigated as a function

of silica content and particle geometry through rheological analysis. The summary of
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the fabrication details of STFs with different silica nanoparticles and weight fractions
is given in Table 2.1 while the fabrication procedure and the corresponding testing are
illustrated in Figure 2.1.

[
B =

Mechanical stirring Sonication at Well dispersed Rheological
at 500 rpm 30% amp. STF Analysis

Figure 2.1: STF fabrication: a) mechanical stirring b) Sonication c) Illustration of
fabrication and characterization of STF samples.

Table 2.1: Detailed fabrication procedure for each STF sample, indicating the
stirring time, sonication count, and the sample coding based on the silica weight
fraction in EG.

Silica weight S —
iig}?}ls Silica type fraction in gEG St'm(nh% time S()Cr:)lltj:re]\:;on
(%)
STF-19 19 2.7 3
STF-22 22 3.7 4
STF-24 Fumed 24 4 5
STF-26 26 4.2 5
STF-28 28 4.8 6
STF-30-S Spherical 30 5.2 7

* Each sonication interval was 90 s.

2.3 Neat and STF integrated Polyurethane Foam Nanocomposites Fabrication

In this study, 4 different PU foams were synthesized with/without STF in order to
understand the effect of STF integration. Initially, Polyol was mixed for 4.5 h by a
mechanical stirrer (RW20 Basic, IKA) at 300 rpm, then PMDI was added and the

mixture was stirred at 2000 rpm for 50 s. The mixture was then poured into a pre-
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heated mold at 40 °C and left for foaming at room temperature for 15 min. Then, the
foam was placed and cured in an oven at 40 °C for 24 h, and neat PU foam was

obtained.

STF integrated PU foams (STF/PU) were prepared with contents of 0.5, 1, and 3 wt.%
STF where the samples were coded based on their STF concentrations. For instance,
PU foam with 1 wt.% STF content is coded as 1wt-STF/PU. While fabricating the
STF/PU foams, polyol was chosen for the dispersion of STF since PMDI was not
suitable as it would interact with hydroxyl groups in EG prior to the foaming
procedure. First, STF and polyol were mixed by a mechanical stirrer operated at 300
rpm for 4.5 h. Then, PMDI was evenly mixed with polyol at 2000 rpm for 50 s. The
summary of the fabrication details and further characterizations of STF/PU with
different STF content are illustrated in Figure 2.2. The details of characterizations such
as testing parameters and instrument details, and sample dimensions are shared in the

following sections.

Polyol
Mechanical stirring Mechanical stirring Curing at 40 °C
at4.5 h for 300 rpm at 50s for 2000 rpm for 24 h

Figure 2.2: Fabrication and characterization of STF/PU samples.
2.4 Characterizations and Mechanical Tests

2.4.1 Rheological Analysis

Flow behavior of the as-prepared STFs was investigated by TA Instruments DHR-II
rheometer using 25 mm parallel plate geometry and 0.2 mm gap at room temperature.
100 st pre-shear was applied for 20 s and then waited for 60 s in order to stabilize the
samples. The shear rate was varied between 0.1 and 3000 s* using the logarithmic

flow sweep mode with 10 s averaging time for each step.
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2.4.2 Microstructural and morphological characterization

The cellular structure of the neat and STF/PU foams was investigated by optical
micrographs and scanning electron microscopy (SEM). Cell edge lengths (1), cell wall
thicknesses (t), and cell densities of the neat and STF/PU foams were measured by
using ImageJ software and examined to establish a microstructure-property
relationship. Cell densities were calculated by equation 2.1 from SEM micrographs
where n was the number of cells, A is the area of the micrograph in cm? and M is the

magnification factor of micrograph [32, 78].

3/2
N = <"M 2) 2.1)

A

2.4.3 Quasi-static compression and cyclic compression tests of PU foams

Quasi-static compression tests were performed by Shimadzu universal test machine
(UTM) with a 50 kN load cell. The foams were milled by a CNC machine and
specimen dimensions were determined to be 30x30x15 mm? which is demonstrated in
Figure 2.3 in accordance with ASTM C365-16. The tests were conducted in a strain-
controlled mode with maximum strains of 10%, 40%, and 80%. The tests were
performed on at least 3 specimens for each type and condition. The applied strain rates
were also chosen as 0.002, 0.02, and 0.2 s to evaluate the effect of the strain rate on
the mechanical properties. The specimens were also investigated for their energy
absorption capabilities via cyclic compression tests. The cyclic compression tests

adopted the same strain levels and strain rates as quasi-static compression tests and 10

cycles per specimen were performed with 5 s pause at the maximum strain for each

cycle.

|
3cm

Figure 2.3: Prepared neat PU samples for compression test.
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2.4.4 Dynamic mechanical analyses of PU foams

Dynamic mechanical properties of the neat and STF/PU foams were measured by TA
Instruments DMA-850. The tests were carried out using a dual cantilever fixture under
flexural loading. Specimen dimensions were determined to be 65x13x3 mm? under
compliance with ASTM D5418-15. Initially, strain-sweep tests were performed to
determine the linear viscoelastic region (LVR) and the applied oscillation
displacement. Based on the determination of the LVR, the frequency sweep tests were

performed between 0.1 and 10 Hz using 35 um oscillation displacement.
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3. RESULTS AND DISCUSSION

3.1 Rheological Properties of Shear Thickening Fluids

STFs were tested with the rheometer in order to investigate flow characteristics and
optimize thickening behavior depending on solid content fraction and geometry. Shear
thickening behavior was observed after 19 wt.% and 30 wt.% for fumed and spherical
silica particles, respectively. Sample coding and composition details were shared in
Table 2.1 in Chapter 2.

Viscosity vs shear rate graphs were created as shown in Figure 3.1 for STF-30-S (a)
and STF-19 (b). Both samples exhibited shear thickening after the shear thinning
regime. Fumed silica particles (STF-19) demonstrated dramatically toughening under
applied shear. The viscosity increased from 0.33 Pa.s to 7.47 Pa.s which equals to
22.64 thickening ratio with 19 wt.% fumed silica content. On the other hand, spherical
silica particles (STF-30-S) demonstrated a 2.95 thickening ratio and 2.94 Pa.s
minimum viscosity. It can be clearly seen that silica surface properties dramatically
affect the flow behavior of STFs.

This situation could be explained by the higher surface area providing higher hydrogen
bonding capabilities with the carrier fluid [79]. Thus, shear thickening could be
achieved a lower amount of silica particles with higher performance. According to
these results, the usage of fumed silica particles could be enhanced the energy
absorption capabilities of PU foam. Fumed silica particles have lower viscosity when
compared to spherical silica particles, they can be processable conveniently and
dispersible in PU foam.

Although spherical and fumed silica particles demonstrated shear thickening, fumed
silica particles are more suitable for the purpose of this study due to the higher
thickening ratio and low viscosity values. The following STFs were fabricated with

fumed silica particles to optimize shear thickening behavior.
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=)

10° T T T T 10° T T T T
10" 10° 10' 10 10° 107" 10" 10! 10° 10

Shear Rate (1/s) Shear Rate (1/s)

Figure 3.1: Flow characteristics of STFs with different silica geometry: a) spherical
(STF-30-S) b) fumed (STF-19).
STFs were produced with the intent to optimize shear thickening fluid with 19, 22, 24,
24, and 28 wt.% fumed silica particles. After the 28 wt.% fumed silica, the produced
suspensions tend to agglomerate and became inhomogeneous due to the higher surface
area of fumed silica particles. Samples were coded as according to their fumed silica
weight fractions. Flow characteristics of STF with different fumed silica weight
fractions are demonstrated in Figure 3.2 and the obtained results are shared in Table
3.1. Shear thinning and shear thickening phenomena were observed in each sample.
Initially, particles were oriented, due to applied shear and hydrogen bonds between
EG and fumed silica. After around 46 s%, the particles formed into hydroclusters which
resist flow, and viscosity increased dramatically. The transition from shear thinning to
thickening, depending on the applied shear rate is called critical shear rate. After the
shear thickening, shear thinning was observed again due to destroying of hydroclusters
and could not resist to flow. Viscosity values increased with increasing fumed silica
content and critical shear rates were similar regardless from fumed silica weight
fraction. Thickening ratio increased with increasing fumed silica content until STF-26.
The slight decrease in the maximum viscosity and thickening ratio of STF-28 could be
explained by excessive silica content. Excessive silica loading could be caused
agglomerations which crumble under the applied shear and lead to a decrease in the
viscosity [80]. Overall, the results indicated that the maximum thickening ratio was
obtained with STF-26. Considering the great change in the viscosity levels from 0.74
to 50.07 Pa.s with the applied shear, it was concluded that STF-26 was the most

suitable suspension for the integration into PU foams.
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Figure 3.2: Flow characteristics of STFs with different fumed silica weight fractions.

Table 3.1: Rheological properties of STFs with different fumed silica weight

fractions.
Mmin Nmax Thickening ratio
Sample (Pa.s) (Pa.s) (Mmax /Mmin )
STF-19 0.33 7.47 22.64
STF-22 0.43 10.71 24.91
STF-24 0.55 21.91 39.84
STF-26 0.74 50.07 67.66
STF-28 0.84 49.42 58.83

Ensuring high-quality dispersions is crucial for accurate and reliable results. Also
dispersion stability and shelf life being important considerations. Time-dependent tests
were conducted to assess the dispersion stability of STF-26 before integrating it into
PU foam, which is shown in Figure 3.3. The tests were carried out on the first, second,
third, 16", and 32" days after fabrication, D1 corresponds to the fabrication day. STFs
dispersion quality is vital for desired foam properties such as energy absorption,
mechanical strength, and durability. A stable and homogeneous dispersion ensures
uniform particle distribution throughout the foam matrix, enabling efficient stress
transfer and reinforcing mechanical integrity. Deviations in dispersion quality could

be led to inconsistent and suboptimal foam characteristics. STF-26 has kept their
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properties for more than 1 month. Therefore, the ability of dispersion like STF-26 to
retain its properties over time and under varying conditions is essential for accurate
and reliable results, accounting for storage. High-quality dispersion is essential for
sustainability as it enables the efficient utilization of resources and minimizes waste.
By achieving uniform particle distribution and stability, dispersion quality ensures
optimal performance and functionality, reducing the need for excessive material usage

and improving the overall sustainability of processes and products.

o
~—
(el

10" 7

Viscosity (Pa.s)

10° 7

Shear rate (s

Figure 3.3: a) The rheological analyses of as-prepared STF-26 on different days
after the fabrication and the dispersion stability of STF-26, on b) the fabrication day
(D1), and c) the 32nd day (D32).

3.2 Microstructural and Morphological characterization of PU foams

Morphological properties of neat and STF-26 integrated PU foams were investigated.
STF-26 was chosen to be the only suspension to be integrated into PU foam because
of its excellent thickening behavior and stability. The microstructural and
morphological observations of 0.5 wt.%, 1 wt.%, and 3 wt.% STF-26 integrated PU
foams were carried out to investigate the changes within the microstructure. The
micrographs are shown in Figure 3.4 which was obtained from the optical microscope,
and Figure 3.5 which was obtained from SEM. Especially, the nanomaterial addition
is known to trigger heterogeneous nucleation yielding disproportional cell sizes [81,
82]. To avert such occasions, the dispersion quality is of utmost importance and to

evaluate dispersion quality, morphological characterizations are indispensable.
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Using the ImageJ software, the micrographs were evaluated to determine the
microstructural properties of the foams. Density, cell features such as edge length, wall
thickness, density, and thickness to length ratio (t/I) of the as-prepared foams are

presented in Table 3.2.

Figure 3.4: Optical microscopy images of PU foams at 5x magnification: a) neat, b)
0.5wt-STF/PU, c) 1wt- STF/PU, and d) 3wt- STF/PU.

F N /8. 500 um ; 500 pm

Figure 3.5: SEM images of PU foams at 200x magnification: a) neat, b) 0.5wt-
STF/PU, c¢) 1wt- STF/PU, and d) 3wt- STF/PU.

27



Table 3.2: Densities and cell properties of PU foams.

Cell wall

Density Cell edge . Cell density

Sample yo/m?)  length (um) Th('fl‘fg)ess U <10 cells/iem?)
94.98 275.24 20.46

Neat £0.26 +71.32 1509 007 3.25
113.61 224.60 27.38

05W-STFIPU % g fiog 012 6.46
114.14 217.83 28.01

WE-STFPU 0 P fe3e 013 5.81
102.79 250.70 23.80

SWESTFIPU 0 ol S 009 4.87

Typically, the cell density and the t/I ratio are accepted to be good indicators for
the mechanical properties of rigid foams [18, 19]. Based on the evaluation of such
properties revealed that the addition of STF into PU foams increased the cell density
and t/l ratio in all of the samples. The maximum increase in the cell density as high as
78% was achieved in 0.5wt-STF/PU which was accompanied by a 71% increase in the
t/l ratio. Such increases suggest that more load-bearing elements per unit area are
generated. The increase in the cell density could be attributed to the STFs acting as

nucleation points in the cell formation process.

The results showed that the cell edge lengths were observed to be similar around
220 um and due to the heterogeneous nucleation kinetics for 0.5wt-STF/PU and 1wt-
STF/PU, no significant difference between these samples was observed. Neat and 3wt-
STF/PU have higher cell edge lengths. The cell wall thicknesses and t/l ratios were
increased with STF-26 integration until 1wt-STF/PU. 0.5wt-STF/PU and 1wt-STF/PU
showed almost the same increase in the cell wall thickness whereas 3wt-STF/PU
exhibited a slight decline. On the other hand, the t/I ratio was found to be increasing at
0.5 wt.% and 1 wt.% STF loadings but a substantial decrease was obtained in 3wt-
STF/PU. The reason for the lower cell features of 3wt-STF/PU could be caused by
agglomeration issues during the foaming process. Excessive STFs could be impaired
cell nucleation and deteriorate the morphology of foam. This situation is frequently
encountered during nanomaterial reinforcement [81, 83, 84]. Increased t/I ratio and
cell density mean reduced localized stresses under the applied forces, leading to greater
mechanical strength. In light of morphological characterizations and foam densities,
0.5wt-STF/PU and 1wt-STF/PU are possible candidates for higher compressive

strength and energy absorption materials.
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3.3 Compression tests of PU foams and their nanocomposites

PU foams and their nanocomposites are used as structural components for various
applications. The definition of load-bearing capabilities of PU foams is important for
structure safety. Due to the viscoelastic characteristics, PU foams exhibit strain rate
dependent compressive response [39]. Compression tests were performed in order to
understand load bearing capacity and rate dependent deformation behavior of neat PU
foam and STF integrated PU foams.

The tests were carried out with using UTM, and the applied strain rates were 0.002,
0.02, and 0.2 s. The compression test results, which are shown in Figure 3.6,
distinctly represent the elastic, plateau, and densification regions, and compressive
strengths and modulus are shared in Table 3.3 and Table 3.4 for all compositions,
respectively. The results revealed that with the STF inclusion, the compressive
strength of PU foams was found to be increased compared to neat, regardless of the
strain rate. Similarly, in all three strain rates, the maximum compressive strength was
exhibited by 1wt-STF/PU, beyond which the compressive strength deteriorated in 3wt-
STF/PU. The highest increase in compressive strength was found to be 33% when the

strain rate was 0.2 s1.

According to morphological characterizations, 1wt-STF26 was expected to
demonstrate the highest compressive strength whereas the lowest for the neat because
of their t/l ratio and cell densities. Compression test results are compatible with
morphological investigations. The differences were distinguished clearly in the
densification region with the collapsing and crushing of cells. This situation could be
explained by the stiffness of cell walls. The maximum stress at the 80% strain
increased more than 50% with 1 wt-STF26. Also, 3wt-STF26 demonstrated 15%

higher maximum stress than neat PU foam.

Besides compressive strength, other crucial subjects are specific compressive strength
for engineering applications. Specific compressive strength could be defined as
strength per unit density. Especially for transportation vehicles, motorsports, civil, and
military aviation, designers and engineers aim to reduce the total mass in order to

improve performance [85, 86]. 10.4% enhancement was observed at specific
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compression strength with 1wt-STF/PU at 0.2 s strain rate. 8.4% and 6.1%

increments were observed at 0.002 stand 0.02 s, respectively.
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Figure 3.6: Compressive response of neat and STF/PU foams under different strain
rates: a) 0.002 s, b) 0.2 sL,

Table 3.3: Compressive response of neat and STF/PU foams.

Compressive Strength (MPa)

Sample

Enhancement at

00025 0025t 02s!  0002s/0.02s/02 s (%)
Neat 0.90 1.09 1.09 nn
1001 001 <001

0.5wt- 113 1.35 1.38

STEPU  s004  s0o4 1003 25.56 / 23.85 / 26.61
1wt 1.18 1.41 1.45

STEPU  s000 1002 <000 31.11/729.36 / 33.03
3wt- 0.94 1.10 1.16

STE/PU 002 +0.03  +0.02 4.4410.92/5.45

Table 3.4: Compressive modulus of neat and STF/PU foams.

Compressive Modulus (MPa)

Enhancement at

Sample  —5002sT  0.02s1 025t 0.002s%/0.02s/0.2 5 (%)

Neat 2404 2882  28.92 L
£0.69 087  +0.71

0.5wt- 3209 3725 3857

STFPU =199  +1.17  +0.58 33.50/29.25/33.35
1wt- 3583 4002  39.97

STFIPU =088  +0.68  +1.67 49.07/38.87/38.22
3wt- 2657 3024 3087

STFIPU 077  +053 0.3 10.53/4.94/6.82

Viscoelastic properties and shear thickening phenomena are time-dependent behavior

of materials [87—89]. Time-dependent properties could be evaluated by considering

the varying strain rate under applied loads [89-91]. Strain rate dependency of STF/PU

and neat foam were investigated for this purpose. Compressive strengths and specific
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compressive strength increased with increasing strain rates. However, compressive
strength values of neat foam were equal for 0.02 s?and 0.2 s*. A major change in
compressive strength was observed between 0.002 s™and 0.02 s™*. On the other hand,
at 0.2 s'compressive strength slightly increased for STF/PU foams. Energy absorption
capabilities under cyclic loadings should be discussed for a deeper understanding of

the effect of strain rate.

3.4 Cyclic compression tests of PU foams and their nanocomposites

Cyclic compression tests were carried out with UTM under different strain rates and
strains for 10 cycles which were adequate for the short-term response of materials. The
applied strains were 10%, 40%, and 80% in order to investigate energy absorption
capabilities at elastic, plastic, and densification regions, respectively. ELC and loss
factor values were obtained from loading-unloading curves. Cyclic compression tests
of 1wt-STF/PU for 10% strain are demonstrated in Figure 3.7. Hysteresis area, 10ss
factor, and ELC values decreased with the following cycles. A significant decrease in
the second cycle was observed that could be explained by breaking van der Waals
interactions and kink formations, disentanglement of PU chains, and deformation of
cells [39, 92-94]. After the fifth cycle, stress-strain curves almost overlapped. ELC
and loss factor values were calculated from the stress-strain diagrams for the 10" cycle

for all conditions and compositions.

144~ Cycle 1
|/ Cycle 2-10

Stress (MPa)
[
i
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Figure 3.7: Cyclic compressive response of 1wt-STF/PU at 0.002 sfor 10% strain.

At the 10% strain, the hysteresis area of the foams increased with STF integration

which is shown in Figure 3.8. 8.6% increment was obtained with 0.5wt-STF/PU and
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1wt-STF/PU at 0.002 stin loss factor as shown in Table 3.5. In addition, a 4.3% minor
increase was observed with 3wt-STF/PU. However, the loss factor values almost 50%
decreased with increasing strain rate for all compositions. 3wt-STF/PU demonstrated
the lowest decrement with 44% when the strain rate increased. The loss factor
increased with increasing STF content at 0.02 s. 15.9% enhancement for the loss
factor was obtained with 3wt-STF/PU.
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Figure 3.8: Cyclic compressive response of neat and STF/PU foams in the 10" cycle
at 0.002 s*for 10% strain.

Table 3.5: Calculated loss factor and ELC values of neat, STF/PU foams in the 10™
cycle and enhancement in loss factor at 0.02 s™for 10% strain.

0,
10% Cyclic ELC (%) Loss Factor Er;?%n(c)(zen;eint
Compression  0.002s?  0.02s* 0.002 s1 0.02s? ('0 %)
Neat 345 19.1 0.133 0.067
+0.2 +0.5 +0.001 +0.002
37.0 20.0 0.144 0.07
0.5wt-STF/PU [’ £04 +0.003 +0.002 6
36.9 20.7 0.144 0.073
WwWt-STFPU - s £0.2 +0.002 £0.01 9
35.6 21.8 0.139 0.078
Swt-STFPU [y £04 +0.002 +0.003 164

The cyclic compression results of 1wt-STF/PU with different strain rates are
demonstrated in Figure 3.9. 1wt-STF/PU absorbed lower energy with the increasing
strain rate. In the 5 s holding section of 0.02 s tests, the stress initially increased then
stress softening was observed under constant strain after the second cycle. Similar

trends were observed for all compositions. This situation could be explained by cell
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and polymer chain movements. 0.002 st and 0.2 s strain rates were decided for the
40 and 80% strains in order to understand the capabilities of the samples.
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Figure 3.9: Cyclic compressive response of 1wt-STF/PU foam in the 10th cycle at
0.002 sand 0.02 s

At the higher strains, ELC and loss factor values were merely affected by the STF
integration for both strain rates. The obtained results are shared in Table 3.6 and Table
3.7. ELC and loss factor values increased with increasing strain rate, in contrast to the
results at 10% strain. The difference could be explained by the change in the
deformation of the cell walls and the viscoelastic nature of polymers. At lower strains,
such as 10%, cell walls stretch under applied forces while the strain increases cell walls

buckle and collapse.

As mentioned before, ELC and loss factor values are obtained from the hysteresis area,
which equals to absorbed energy, and area under loading curves. The specific energy
absorption can be quantitatively measured from the hysteresis area and divided by the
density of the foam to determine the specific absorbed energy. ELC and loss factor
values are unitless however specific absorbed energy could be measured as Joule per
gram. Thus, energy absorption capabilities could be compared regardless of density.
Specific absorbed energy and absorbed energy were calculated by summing up 10
cycles' hysteresis areas and demonstrated in Table 3.8 and Table 3.9. Absorbed
energies dramatically increased with increasing applied strain due to the deformation
of foam cells. ELC and loss factor values were not significantly changed by the STF

integration for higher strains. However, increments in the energy absorption
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capabilities with STF integration are clearly seen when the absorbed energy and
specific absorbed energy values are taken into consideration. 1wt-STF/PU exhibited
superior energy absorption properties up to 50% in absorbed energy and 22.3% in

specific absorbed energy.

Table 3.6: Calculated loss factor and ELC values of neat and STF/PU foams in the
10™ cycle for 40% strain.

40% Cyclic ELC (%) Loss Factor
Compression 0.002 s 0.2s? 0.002 st 0.2s
Neat 50.6 63.1 0.216 0.293
10.2 10.2 +0.001 +0.001
50.9 62.9 0.217 0.292
0.5wt-STF/PU 10.5 0.1 +0.003 +0.001
50.9 61.8 0.217 0.285
1wt-STF/PU 103 £0.3 +0.002 +0.002
52.0 63.8 0.224 0.298
3wt-STF/PU +0.2 102 +0.001 +0.002

Table 3.7: Calculated loss factor and ELC values of neat and STF/PU foams in the
10" cycle for 80% strain.

80% Cyclic ELC (%) Loss Factor
Compression 0.002 s 0.2s? 0.002 s 0.2s?
Neat 55.9 65.9 0.247 0.313
+1.0 +0.1 +0.006 +0.001
56.0 64.4 0.248 0.302
0.5wt-STF/PU 0.3 0.3 +£0.002 1£0.002
55.6 63.5 0.245 0.296
wt-STF/PU 0.4 0.2 +£0.003 £0.001
57.4 67.5 0.256 0.324
3wt-STF/PU 1.4 0.4 +£0.009 1£0.003

Table 3.8: Calculated absorbed energy values of neat and STF/PU foams.

Absorbed 10% strain 40% strain 80% strain
(&I?]?rrr?%* 0.002s* 0.02s! 0.002s! 0.2s! 0.002s? 0.2st
Neat 0.12 0.11 0.58 0.66 1.58 1.66
SQI'ISZ\;\SLJ 0.16 0.14 0.73 0.81 2.06 2.14
1wt-STF/PU 0.18 0.15 0.77 0.87 2.22 231
3wt-STF/PU 0.13 0.12 0.62 0.71 1.80 1.90

*STD values are lower than 0.01 for each sample and tests

Absorbed energies dramatically increased with increasing applied strain due to the

deformation of foam cells. ELC and loss factor values were not significantly changed
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by the STF integration for higher strains. However, increments in the energy
absorption capabilities with STF integration are clearly seen when the absorbed energy
and specific absorbed energy values are taken into consideration. 1wt-STF/PU
exhibited superior energy absorption properties up to 50% in absorbed energy and

22.3% in specific absorbed energy.

Table 3.9: Specific absorbed energy values of neat and STF/PU foams.

Specific 10% strain 40% strain 80% strain
absorbed
energy (J/g)* 0.002s? 0.02s' 0.002s* 0.2s! 0.002s* 0.2
Neat 1.26 1.19 6.10 6.98 16.65 17.48
0.5wt-
STE/PU 1.42 1.27 6.40 7.09 18.12 18.85
1wt-STF/PU 154 1.34 6.70 7.63 19.41 20.21
3wt-STF/PU 1.30 1.19 5.99 6.93 17.51 18.52

*STD values are lower than 0.01 for each sample and tests

3.5 Dynamic mechanical tests of neat and STF-Integrated PU foams

Dynamic mechanical tests of foams were investigated with dual cantilever geometry
in order to obtain the material responses, under the different cyclic loads with
sinusoidal waveform and the various frequencies which were classified as elastic and
viscous behavior. Storage modulus corresponds to the elasticity of materials and loss
modulus were energy dissipation such as heat or internal frictions [95, 96]. Actually,
both of them aim to resistance to deformation in disparate ways. Strain-sweep tests
were performed in order to understand linear viscoelastic region and test results are
demonstrated in Figure 3.10. Linear viscoelastic region increased with STF
integration. According to the engineering approach, materials are expected to remain
in the elastic region during their service life, except in extreme cases such as impact
and crash. By increasing the storage modulus and linear elastic region, STF/PU foams
could withstand higher loads and strokes without permanent deformation.

Then frequency-sweep tests were performed in the linear viscoelastic region and the
obtained results are demonstrated in Figure 3.11 and Table 3.10. Storage modulus and
loss modulus increased with increasing STF content until 1 wt.%. The results were
similar to the compression and cyclic compression test results although the applied

force direction and frequency were different. Storage modulus and compression
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modulus increased around 50% with 1 wt.% STF integration and no significant
changes were observed in the loss factor.
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Figure 3.10: Strain-sweep tests of STF/PU foam.
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Figure 3.11: a) Storage modulus, b) loss modulus, and c) tand values of STF/PU
foams under frequency-sweep tests.
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Table 3.10: Storage modulus, loss modulus, and tand values of STF/PU foams under
frequency-sweep tests at 1 Hz.

Storage Loss Loss Enhancement in
Sample Modulus Modulus factor tans Storage / Loss
(MPa) (MPa) Moduli (%)
20.96 0.73
Neat £1.91 +0.05 0.035 /-
30.28 0.84
0.5wt-STF/PU 10.49 10.03 0.028 445/15.1
32.39 0.98
1wt-STF/PU 1383 10.03 0.031 545/34.3
24.95 0.88
3wt-STF/PU 319 10.02 0.036 19/20.1

37






4. CONCLUSION

The effect of STF integration into rigid PU foam was investigated under a wide strain
range using different strain rates in order to understand the energy absorption and
mechanical characteristics of STF/PU foams and their morphological structure. In this
study, STF/PU foams demonstrated promising results for enhanced energy absorption
and load bearing capacity of polymeric foam cores. Various weight fractions of silica
and different silica geometries were investigated to optimize the STF composition
where the maximum thickening behavior was observed with 26 wt.% fumed silica,
after which lower performance associated with agglomerations occurred. Cellular
structures of foams were affected by the STF integration where cell density and t/l
ratio were found to be increasing with 0.5 and 1 wt.% STF integration whereas a slight

decrease took place with 3 wt.% STF addition.

Accordingly, the changes in the morphological features altered the mechanical
properties as well. The results revealed that strain rate has a positive effect on the
compressive strength whereas up to 33% increase in compressive strength is viable
with 1 wt.% STF addition. Additionally, 1 wt.% STF/PU foam demonstrated a 10.4%
slight increase in the specific compression strength, tested at 0.2 s™*. Furthermore, a
significant 49.1% enhancement in compressive modulus was achieved when the strain

rate was 0.002 s,

Cyclic compression test results showed that ELC and loss factor values exhibited
similar trends when evaluating the energy absorption capabilities of neat and STF/PU
foams. ELC and loss factor increased with increasing applied strain as a result of the
plastic deformation where cell walls buckle and absorb much higher energy. The
energy absorption capabilities of PU foams increased substantially with increasing
applied strain due to the deformation of the foam cells. While STFs had no noticeable
effect on ELC and loss factor values at higher strains, improvements in energy
absorption capabilities were evident when considering absorbed energy and specific
absorbed energy values. Specifically, the addition of 1 wt.% STF integration resulted

in superior energy absorption properties, with increases of up to 50% in absorbed
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energy and 22.3% in specific absorbed energy for 10 cycle intervals. Dynamic
mechanical analysis results showed that STF integration increases the linear
viscoelastic region and 54.5% increment in storage modulus was observed with 1 wt.%
STF/PU while the loss factor slightly decreased. The results of the study demonstrated
that the addition of an optimized amount of STF could dramatically improve the
compressive strength, viscoelastic properties, and energy absorption capabilities of PU
foams. These strengthened mechanical properties broaden the possible applications of
PU foams, allowing them to be used in a wider range of conditions and to build safer

and more reliable engineering structures.

In consideration of the sustainable impact of this study, the enhancement of specific
compressive stress, and specific absorbed energy in materials plays a prominent role
in improving their structural performance. This improvement enables the materials to
withstand higher loads and absorb the applied energy with lightweight. The findings
of the study revealed that the integration of a 1 wt.% STF into PU foam yielded the
most favorable outcomes, demonstrating a notable increment in specific compressive
stress and specific absorbed energy. However, it is worth noting that acceptable results
were still achieved with a 0.5 wt.% STF integration. Consequently, in applications
where factors such as sustainability, cost-effectiveness, and time efficiency hold
significant importance, the utilization of the 0.5 wt.% STF integrated PU foam could

be preferred.
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