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ABSTRACT 

ISOCYANATE FUNCTIONALIZATION OF NANO-BOEHMITE 

FOR THE SYNTHESIS OF POLYURETHANE 

ORGANIC-INORGANIC HYBRID MATERIALS 

 

 

Eroğlu, Gülden 

M.Sc., Department of Polymer Science and Technology 

            Supervisor: Prof. Dr. Güngör Gündüz 

            Co-Supervisor: Prof. Dr. Üner Çolak 

 

January 2011, 119 pages 

 

 

 

In this study, organic-inorganic hybrid materials were prepared 

from polyurethane and boehmite. It was achieved by polymerizing 

monomers in the presence of functional nano-particles of boehmite 

with cyanate groups. The produced polyurethane organic-inorganic 

hybrid materials with enhanced mechanical properties were used 

for coating applications. Plate-like boehmite nano-particles were 

produced by hydrothermal process from aluminum hydroxide which 

was first ground in a high energy ball-mill, and then, processed 

hydrothermally under pressure and high temperature in a reactor. 

The surface morphology and crystal structure of boehmite were 

investigated by Scanning Electron Microscopy and X-Ray Diffraction 
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analyses, respectively. The molecular structures of boehmite 

particles were investigated by Fourier Transform infrared 

spectroscopy. Furthermore, Brunauer-Emmett-Teller analysis and 

Photon Correlation Spectroscopy analysis were carried out to 

determine the surface area and the size of particles. Then, plate-

like boehmite nano-particles were functionalized by the reaction of 

their hydroxyl groups with 1,6-hexamethylene diisocyanate and 

4,4’-methylene diphenyl diisocyanate. Scanning Electron 

Microscopy, Fourier Transform Infrared Spectroscopy, Differential 

Thermal Analysis-Thermal Gravimetric Analysis, and elemental 

analysis were performed for both functionalized and non-

functionalized particles to confirm the functionalization of the 

particles. The polyester polyol used in the production of 

polyurethane was synthesized from 1,4-butanediol and adipic acid 

(PE-PO-1), and phthalic anhydride (PE-PO-2). Molecular structure 

of the polyester polyols was confirmed by Fourier Transform 

Infrared Spectroscopy analysis and molecular weight of the 

polymers were determined by end group analysis. Then, the 

produced functionalized nano-particles and polyester polyols were 

used for producing polyurethane organic-inorganic hybrid 

materials. Furthermore, polyurethane polymer and polymer-

nonfunctionalized boehmite organic-inorganic hybrids were also 

synthesized for property comparison. Hardness, impact resistance, 

scratch resistance, abrasion resistance, and gloss property of the 

samples were determined. 

 

It was observed that mechanical properties of organic-inorganic 

hybrid materials improved significantly. The hardness of the PU 

produced with PE-PO-1 increased from 82 to 98 Persoz, and the 

hardness of the PU produced with PE-PO-2 increased from 52 to 78 
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Persoz when one weight percentage functionalized boehmite was 

used. The impact resistance of the coatings was found to depend 

on the type of the polyols used in PU but not in the inorganic 

component. Therefore PE-PO-2 used PU has higher impact 

resistance than PE-PO-1 used PU. Scratch resistance of the 

coatings improved from 2B to 2H when using functionalized 

boehmite. Abrasion resistance of PUs produced with PE-PO-1 

increased from 2 to 10 l/m and abrasion resistance of PUs 

produced with PE-PO-2 increased from 12 to 20 l/m by addition of 

functionalized boehmite. 

 

Key words: boehmite nano-particle, hydrothermal, functional 

boehmite, polyurethane, organic-inorganic hybrid materials. 
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ÖZ 

POLĠÜRETAN ORGANĠK-ANORGANĠK HĠBRĠT MALZEMELERĠNĠN 

SENTEZĠNDE KULLANILMAK ÜZERE NANO-BÖHMĠTĠN 

ĠZOSĠYANAT ĠLE ĠġLEVSELLEġTĠRĠLMESĠ 

 

 

Eroğlu, Gülden 

Yüksek Lisans, Polimer Bilim ve Teknolojisi Bölümü 

        Tez Yöneticisi: Prof. Dr. Güngör Gündüz 

        Ortak Tez Yöneticisi: Prof. Dr. Üner Çolak 

 

Ocak 2011, 119 sayfa 

 

 

Bu çalıĢmada poliüretan ve siyanat grupları içeren iĢlevselli böhmit 

kullanarak organik-anorganik hibrit malzemeler üretilmiĢtir. 

Mekanik özellikleri geliĢtirilmiĢ poliüretan organik-anorganik hibrit 

malzemeler kaplama uygulamalarında kullanılmıĢtır. BaĢlangıç 

malzemesi olarak kullanılan alüminyum hidroksit öğütme 

iĢleminden sonra basınç ve yüksek sıcaklık altında hidrotermal 

iĢlemden geçirilerek tabakamsı böhmit nano-parçacıkları 

üretilmiĢtir. Böhmit parçacıklarının yüzey biçimi ve kristal yapısı 

Taramalı Elektron Mikroskopisi ve X-IĢını Kırınım analizleri ile 

incelenmiĢtir. Böhmitin molekül yapısı Fourier DönüĢümlü Kızılötesi 

Spektroskopisi analizi ile doğrulanmıĢtır. Bunun yanında 

parçacıkların yüzey alanlarını ve boyutlarını belirlemek için sırasıyla 

Brunauer-Emmett-Teller ve Foton Korelasyon Spektroskopisi 
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analizleri yapılmıĢtır. Sonrasında tabaka yapılı böhmit parçacıkları 

yüzeylerindeki hidroksillerle 1,6-hekzametilen diizosiyanatın ya da 

4,4’-metilen difenil diizosiyanatın tepkimeye sokulmasıyla 

iĢlevselleĢtirilmiĢtir. ĠĢlevselleĢtirme iĢleminin baĢarılıp 

baĢarılmadığını anlamak için hem böhmit hem de iĢlevselleĢtirilmiĢ 

böhmit parçacıklarına Fourier DönüĢümlü Kızılötesi Spektroskopisi, 

Taramalı Elektron Mikroskopisi, Diferansiyel Termal Analizi-Termal 

Ağırlık Analizi ve elementel analizi yapılmıĢtır. Poliüretan sentezinde 

1,4-bütandiol ve adipik asit (PE-PO-1) ile fitalik anhidrit (PE-PO-2) 

kullanılmıĢtır. Üretilen poliester poliolların molekül yapısını 

doğrulamak için Fourier DönüĢümlü Kızılötesi Spektroskopisi analizi 

yapılmıĢtır ve poliollerin molekül ağırlıkları son grup analizi ile 

belirlenmiĢtir. Sonrasında iĢlevselleĢtirilmiĢ nano-parçacıklar ve 

poliester poliolü kullanılarak poliüretan organik-anorganik hibrit 

malzeme üretimi yapılmıĢtır. Ayrıca özelliklerini karĢılaĢtırmak için 

poliüretan ve polimer nano-kompozit üretimi de yapılmıĢtır. 

Örneklerin sertlik, esneklik, çarpma direnci, aĢınma direnci ve 

parlaklık özelliklerine bakılmıĢtır. 

 

Organic-anorganik hibrit malzemelerin mekanik özelliklerinin 

önemli ölçüde iyileĢtiği görülmüĢtür. Ağırlıkça yüzde bir 

iĢlevselleĢtirilmiĢ böhmit kullanıldığında, PE-PO-1 kullanılarak 

sentezlenen PU’nın sertliği 82 Persozdan 98 Persoza çıkarken, PE-

PO-2 ile sentezlenen PU’nın sertliği 52 Persozdan 72 Persoza 

çıkmıĢtır. Kaplamaların darbe direncinin anorganic bileĢenine değil 

kullanılan poliolun çeĢidine bağlı olduğu belirlenmiĢtir. Bu nedenle 

PE-PO-2 ile üretilen PU’nun darbe direnci PE-PO-1 ile üretilenden 

daha yüksektir. ĠĢlevselleĢtirilmiĢ böhmit kullanıldığında 

kaplamaların çizilme direnci 2B’den 2H’ye kadar artmıĢtır. 

ĠĢlevselleĢtirilmiĢ böhmit kullanıldığında, PE-PO-1 kullanılarak 
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sentezlenen PU’nın dayanma direnci 2 l/m’den 10 l/m’ye 

çıkarken, PE-PO-2 ile sentezlenen PU’nın aĢınma direnci 12 

l/m’den 20 l/m’ye çıkmıĢtır. 

 

 

Anahtar Sözcükler: böhmit nano-parçacığı, hidrotermal, 

iĢlevselleĢtirilmiĢ böhmit, poliüretan, organik-anorganik hibrit. 
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CHAPTER 1 

INTRODUCTION 

Polymers have been used in a wide range of applications due to 

their low density, mechanical strength, and lack of susceptibility to 

corrosion [1-3]. However, they are usually easily affected from 

abrasion and scratching. Reinforced polymer composites have 

become very popular due to their desired scratch and abrasion 

characteristics [1-2]. And the scope of this study is the production 

of polyurethane (PU) organic-inorganic hybrid materials to improve 

mechanical properties of PU’s. 

 

Organic-inorganic hybrid materials are prepared by combination of 

organic and inorganic building blocks with chemical-bonding [4]. 

Perfect flexibility, toughness, moldability, and adhesiveness are the 

most important properties of polymeric materials. Besides, 

inorganic materials show high elastic modulus, heat resistance, 

corrosion resistance, weather resistance, UV resistance, electric 

conductivity, fire retardancy, solvent resistance, and desired 

mechanical properties against scratch and abrasion. However, they 

have poor moldability and high brittleness [5-10]. Functionalized 

inorganic nano particles form covalent bonds with the bulk 

polymer. It, in turn, highly improves mechanical properties. Thus, 

suitable combination of nano-particles and polymer is critical for 

producing desired organic-inorganic hybrid materials [10-24]. A 
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representative example of organic-inorganic hybrid materials is 

shown in Figure 1.1. 

 

 

 

Figure 1.1 Organic-inorganic hybrid materials [25]. 

With recent interest in organic-inorganic hybrid materials, nano-

silica, and aluminum oxide based materials such as nano-alumina 

and boehmite have received considerable attention to enhance 

scratch and abrasion characteristics because of their high surface 

to volume ratio, high hardness, high strength, and good wear 

resistance [26-28]. Boehmite is cheaper and has the ability to be 

functionalized for organic-inorganic hybrid material fabrication as 

compared with other nano-materials [9, 29-30]. In coating 

applications, siloxanes derived from tetra ethoxy silane (TEOS) are 

generally used to improve the scratch resistance of the coatings. 

However, the high cost of TEOS puts a burden to its wide use. 

Therefore, the use of a low cost starting material like aluminum 

hydroxide can provide an economical solution. 

 

Surface control of the nano-particles is very crucial in organic-

inorganic hybrid material applications. Nano-particles exhibit high 
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tendency to aggregate with each other due to their surface energy. 

Hydroxyl groups on the surface of boehmite nano-particles prevent 

dispersion in organic solvents or in plastics. Achieving a balance 

between the surface forces can accomplish redispersion [7, 31-32]. 

 

The acidity (e.g. pH) of the medium strongly affects the surface 

properties of boehmite. The surface is charged positively when the 

pH of the medium is lower than pHPZC (PZC is ‘the point of zero 

charge’, the pH value at which the net surface charge is zero, 

s=0). On the other hand, the surface is charged negatively when 

the pH of the medium is higher than pHPZC [33]. 

 

AlOOH + H+
   AlOOH2

+
  (pH < pHpzc)  

AlOOH + OH-   AlOO- + H2O  (pH > pHpzc)  
 

The zeta potential designates the degree of repulsion between 

similarly charged adjacent particles in dispersion. The repulsion 

between the particles and their dispersion decrease as the value of 

zeta potential goes to zero. Thus, colloids with high zeta potential 

(negative or positive) are electrically stabilized while colloids with 

low zeta potentials tend to agglomeration as outlined in Table 1.1.  

 

 

Table 1.1 Stability behavior of colloids with changing zeta 
potential. 

Zeta Potential (mV) Stability behavior of colloids 

0 ↔ ±5 Rapid agglomeration 

±10 ↔ ±30 Incipient instability 

±30 ↔ ±40 Moderate stability 

±40 ↔ ±60 Good stability 

<-60 or >+60  Excellent stability 
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The isoelectric point (IEP) is the pH at which the negative and 

positive charges on the molecule or surface are equal. An example 

of the change of pH with zeta potential is shown in Figure 1.2.  

 

 

 

Figure 1.2 Variation of zeta potential with pH [34]. 

The PZC of boehmite is between 7 and 10. Therefore, the surface 

of boehmite particle is charged negatively in more basic medium. 

Electrical double layer occurs due to the electrostatic interaction 

between the negatively charged boehmite surface and ions of an 

opposite charge present in the solution [33].  

 

Surface potential is defined as the electrostatic potential energy of 

surface confined charges. The development of a net charge at the 

particle surface affects the distribution of ions in the surrounding 

interfacial region, resulting in an increased concentration of counter 
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ions close to the surface. Thus an electrical double layer exists 

around each particle. The liquid layer surrounding the particle 

exists as two parts; an inner region, called the stern layer, where 

the ions are strongly bound and an outer, diffuse, region where 

they are less firmly attached. Within the diffuse layer there is a 

notional boundary inside which the ions and particles form a stable 

entity. When a particle moves due to gravity, ions within the 

boundary move with it, but any ions beyond the boundary do not 

travel with the particle. This boundary is called the surface of 

hydrodynamic shear or slipping plane. The potential that exists at 

this boundary is known as the zeta potential [35]. Negatively 

charged particles such as boehmite and its behavior in the solution 

are exhibited in Figure 1.3. 

 

 

 

Figure 1.3 Zeta potential and double layer of the negatively 
charged particles [36]. 
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Adhesion which is defined as the interatomic and intermolecular 

interaction between two surfaces is controlled by the chemical 

groups at or near the interface between polymer surface and 

coating layer [37]. Good adhesion at the interface between 

inorganic nano-particles and polymer matrix, and homogenous and 

effective dispersion of nano-particles in the organic components are 

the most important points to obtain high performance hybrid 

materials. The main problem here is the incompatibility of 

hydrophilic ceramic oxide fillers and hydrophobic polymer matrix 

which yields organic-inorganic hybrids with poor properties [18, 22, 

38]. Therefore, new methods to control size, morphology, shape, 

and dispersion in organic molecules need to be developed for nano-

particles, and control and manipulation of the surface properties of 

the particles are of crucial importance [5, 16, 22]. 

 

Nano-particle aggregates are dispersed in a polymeric matrix 

mainly by mechanical methods [20, 39]. Besides, surface 

modification or functionalization of the nano-particles is required 

for controlling surface properties. Therefore, it is possible to 

prevent agglomeration of nano-particles and improve stabilization 

and dispersion in the polymer matrix, and chemical and mechanical 

properties of the polymer are enhanced [39-43]. In our study, 

boehmite nano-particles were produced hydrothermally and surface 

of the boehmite nano-particles were modified for the production of 

PU organic-inorganic hybrid materials. 

 

Coating is applied by means of a brush or spraying to change the 

surface properties such as color, gloss, and mechanical properties. 

The surface coating industry has been dominated by alkyd resins 

until the last few decades due to their excellent gloss, chemical 
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resistance, and fast drying. However, polyurethanes have gained 

great importance due to their excellent chemical and mechanical 

properties [44-48]. Excellent abrasion resistance, toughness, tear 

strength, low temperature flexibility, extraordinary processibility, 

good chemical and mechanical resistance, gloss stability, elasticity 

and moisture sensitivity are the main characteristics of 

polyurethane paints [49-52]. 

 

Polyurethanes (PU) are used for highly diverse purposes in such as 

fibers, foams, coatings, sealants, and adhesives due to their unique 

properties [17, 53-56]. Appearance, lifespan, scratch, and 

corrosion resistance of the products are improved by applying 

polyurethane coatings onto the surface of products [54]. 

Applications of the polyurethane polymer and used chemicals in the 

polyurethane production are briefly given in Figure 1.4. 

 

 

 

Figure 1.4 Polyurethane applications. 
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The properties of polyuretanes are improved either by changing 

microstructure of polyurethane or by dispersing inorganic particles 

within the polyurethane matrix [49, 56]. 

 

The main objective of this work is to produce polyurethane organic-

inorganic hybrid material with enhanced mechanical properties 

such as scratch resistance by using isocyanate functionalized nano-

boehmite particles. Boehmite nano-particles were produced under 

hydrothermal conditions from aluminum hydroxide which needs to 

be ground first in a ball-mill. Plate-like boehmite nano-particles was 

obtained by changing pH, concentration of powder, concentration 

of acid and base, and time in hydrothermal process. Dispersion is 

practically obtained by ultrasonic mixing before and after the 

reaction. 4,4’-methylene diphenyl diisocyanate (MDI) and 1,6-

hexane diisocyanate (HDI) were used in the functionalization of 

plate-like boehmite nano-particles. While one of the cyanate 

groups is expected to react with surface OH groups of nano-

boehmite particles, the other one would remain free which can 

react with the prepolymer. The results indicated that isocyanate 

functionalized nano-particles can be used to improve functional 

properties of PU coatings. Polyester-polyol were synthesized by 

using 1,4-butanediol and phthalic anhydride or adipic acid. 

Polyurethane organic-inorganic hybrid materials were produced by 

reacting the functionalized nano-boehmite particles with the 

synthesized polyester polyol. The mechanical properties of the 

polyurethane organic-inorganic hybrid materials were determined, 

and the properties of the produced polyurethane organic-inorganic 

hybrid materials were compared. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1. PRODUCTION OF BOEHMITE NANO-PARTICLES BY 

HYDROTHERMAL PROCESS 

Boehmite (-AlO(OH)) is used as a precursor for the production of 

advanced catalysts, adsorbents, various optical and electrical 

devices, alumina, alumina-derived ceramics, membranes, materials 

with photo luminescent properties, and coatings because of its low 

cost, high dispersibility, catalytic properties, and high surface area 

[23, 57-64]. 

 

Boehmite has a layered structure with adjacent layers being bound 

by hydrogen bonds [57]. Boehmite crystal structure (orthorhombic) 

is connected by hydrogen bonds between hydroxyl ions, and they 

stay parallel. The OH groups remain on the surface of the 

boehmite. The crystals of boehmite exhibit excellent cleavage 

perpendicular to the general direction of the hydrogen bonding 

[18]. The crystal structure is shown in Figure 2.1. 

 

 

 

Figure 2.1 Molecular structure of boehmite [18]. 
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Conventionally, boehmite is produced by solution methods such as 

spray pyrolysis, hydrolysis reactions of aluminum salts, and also by 

thermal processes [57, 60, 65-66]. The latter can be divided into 

three groups, which are (i) solvothermal, (ii) glycothermal, and (iii) 

hydrothermal processes. In all these processes, the product 

materials are synthesized in solvents at high temperatures [67-

69]. The only difference between them is the type of solvent used 

in the reaction medium. Water, glycol, and organic solvents are 

used in hydrothermal, glycothermal, and solvothermal processes, 

respectively. Aluminum salts or aluminum hydroxide (Al(OH)3) are 

used as a starting material [65]. The chemical and physical 

properties, morphology, monodispersibility and particle size of 

boehmite depend on the experimental conditions such as type of 

precursor substance, pH, temperature, pressure, and time of aging 

[17, 70-73]. 

 

Hydrothermal process is the most popular one among the methods 

mentioned above. This method is used to produce metal 

hydroxyoxides from the aqueous solutions of metal salt through 

heating [74]. Powders form directly from the solution. Depending 

on reaction temperature, the powders come out to be anhydrous, 

crystalline, or amorphous. It is possible to control particle size and 

shape by controlling reaction temperature and selecting the proper 

precursor material [23, 69]. The hydrothermal process is one of 

the most effective procedures due to its low temperature, simple 

process control, and synthesis of high quality products [58, 75-76]. 

On the other hand, the irregular fragmentation of the particles and 

the problems associated with drying of the gel are the two 

important problems of production of boehmite in other methods. 

Moreover, production of aluminum alkoxide to be used as precursor 
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material is an expensive route to produce alumina ceramics with 

high quality. Therefore, boehmite synthesis from inorganic salts 

has become more common in recent years [60]. 

 

Aluminum nitrate, aluminum acetate, aluminum chloride, aluminum 

hydroxide, or aluminum sulfate have been used as starting 

materials in many studies on boehmite production by hydrothermal 

process [57, 61, 75-85]. Hydrothermal process is achieved at high 

temperatures (100-400C) and pressures (10-40 MPa) with 

different reaction time (0-168h) [61, 79-86]. 

 

Typically, boehmite is prepared by precipitation of amorphous 

aluminum hydroxides and the pH of the starting solution is 

changed between 0.9 to 12.1 using acids or bases such as nitric 

acid and acetic acid or ammonia, ammonium hydroxide solution, 

urea, potassium hydroxide, potassium iodide, and sodium 

hydroxide [61, 78, 81-84]. Experimental parameters, such as type 

of acid or alkali, temperature, time and drying conditions, highly 

affect boehmite morphology when aluminum hydroxide is used as 

the starting material [60]. Needle-like boehmites are produced 

under acidic conditions, whereas plate-like and cubic-like 

boehmites are produced in basic conditions. The general procedure 

of boehmite production by hydrothermal process is shown in Figure 

2.2. 
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Figure 2.2 Hydrothermal process for the production of boehmite 

nano-particles. 

Moreover, the presence of the salts in the starting solution is one of 

the crucial factors that affect the crystallization process and the 

growth of the boehmite nano-wire bundles. The chemical potential 

of the solution increases with the increase of the amount of salt, 

and 1-D nano-structure growth occurs due to high chemical 

potential. Therefore, the addition of the salt solution into the 

reaction medium can increase the ionic strength evidently, which 

reversely decreases the repulsion between nano-wires and favors 

the formation of agglomeration [80]. 

 

Surfactant (surface active organic additives) such as cetyltrimethyl 

ammonium bromide (CTAB) and polyethylene oxide (PEO) was also 

used in hydrothermal process to control the morphology of the 

boehmite particles and to obtain desired shape and dispersion of 

particles [82, 85]. The surfactant micelles interact with the 
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hydroxyl groups on the surface of boehmite particles through 

hydrogen bonding [85]. The tendency of layer combination through 

hydrogen bonds decreases due to bonding between CTAB 

molecules and hydroxyl groups on the surface of -AlO(OH) layer 

[61, 75]. However, purification of impurities in nano-particles is 

very difficult. 

 

The effects of the parameters of hydrothermal process such as 

concentration of starting material, pH of the starting solution, 

temperature, and pressure on particle size of boehmite were 

investigated in the past [77]. The particle size increased with an 

increase in the reaction temperature and the amount of Al(NO3)3 

concentration whereas it decreased with the increase of pH of the 

starting solution. Furthermore, broadening of particle size 

distribution was achieved as pressure was increased from 25 MPa 

to 40 MPa [77]. 

 

Music et al. [60] investigated the morphology of hexagonal 

boehmite when hydrothermal process was carried out by using 

aluminum nitrate and ammonia solution at 200C for 2h. 

 

In another research work aqueous aluminum chloride salt solution 

was prepared, and the pH was increased to 11 using sodium 

hydroxide solution. It was treated hydrothermally at 160 C for 

different periods of time. The increase of reaction time from 24 to 

168 hours resulted in the formation of very long boehmite fibers 

[23]. The size plate-like boehmite particles got bigger as the 

reaction time was increased from 6.0 to 24.0 h [86]. 
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It was observed that, flower-like boehmites morphology was 

observed at higher concentrations of AlCl3. The addition of ethanol 

decreased the rate of boehmite crystal growth and controlled 

boehmite crystal growth was thus achieved. Moreover, the addition 

of CTAB is very crucial for acquiring uniform boehmite nano-sheets 

[61]. 

 

Fiber-like morphology highly depends on the type of surfactant, the 

type of starting material, and the pH value of the starting solution 

[75]. Fiber-like boehmite forms when the crystal growth direction 

of boehmite is perpendicular to the (002) planes. As the reaction 

proceeds the nano-rods formed begin to arrange along the axis of 

the [001] direction to form nano-strips, possibly via an oriented-

attachment process [79]. 

 

Rhombic plates were produced at relatively low temperature and 

low concentration. On the other hand, hexagonal plates were 

obtained at higher temperature or high concentration. The particle 

size varies with temperature and pressure. However, it is not 

affected by the initial concentration of solution above 623 K [72]. 

 

Zhu et al. [85] reported that hydrothermal treatment at high 

temperatures provided significant improvement in the morphology 

of the particles. The aspect ratio decreased with the increase in the 

pH of the reaction mixture. 

 

In the literature, boehmite particles were synthesized under 

hydrothermal treatment of the solutions with changing initial pH 

values. Needle-like boehmite morphology was obtained under 

highly acidic conditions (pH=2). Particle dispersion is very difficult 
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due to the tendency of agglomeration under these conditions. The 

degree of agglomeration is decreased by increasing the pH of the 

starting solution from 2 to 6. The particle morphology then 

changed from needle-like to hexagonal boehmites, and the aspect 

ratio decreased with the increase of pH (pH=8 or 10). It is also 

understood that the balance of attractive and repulsive interaction 

forces between the sol particles would play a very important role in 

the process of boehmite particle growth. In addition, the particle 

size increased with the increase of reaction temperature [84]. 

 

Boehmite was also synthesized from aluminum isopropoxide by 

means of a hydrothermal treatment without any additives in a 

study [66]. 

 

Mousavand et al. [32] studied the boehmite production and its 

modification in a hydrothermal reactor starting with Al(NO3)3 

aqueous solution. Modifiers were added to the solution in order to 

modify the surface of the nano-particles during hydrothermal 

treatment [32]. 

 

In our current study, we synthesized boehmite by a hydrothermal 

process at 180C and at 5 or 10 h of duration. Aluminum hydroxide 

(Al(OH)3) was used as the starting material. Before adding into the 

reactor, Al(OH)3 was ground to decrease the size of the particles, 

because no mixing is done in the reactor. Both acetic acid and 

ammonia solution were used in reaction medium. Al(OH)3 particles 

were peptized by the effects of acetic acid and ammonia solution 

added subsequently; the latter makes the medium basic. Acetic 

acid increases the distance between the plates and also covers the 

hydroxyl groups on the surface of boehmite particles. Therefore, 
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the direction of the boehmite crystal growth is affected. At the end 

of the reaction, the produced nano-particles had plate-like 

morphology and complete conversion of aluminum hydroxide to 

boehmite was obtained. Moreover, dispersion was accomplished by 

means of ultrasonic mixing of the particles before and after the 

hydrothermal process. In other words, (i) using both acid and base 

in the starting solution, (ii) grinding of Al(OH)3 to decrease the size 

of the particles, and (iii) ultrasonic mixing for providing dispersion 

are three main differences of this study from those given in the 

literature. 

 

 

2.2. FUNCTIONALIZATION OF BOEHMITE NANO-PARTICLES 

In our study, boehmite nano-particles were functionalized to 

provide chemical bonding between polymer and inorganic particles. 

In this section, functionalization of inorganic particles was 

explained and studies about surface modification were discussed. 

 

The introduction of functional groups onto the surface of the 

inorganic particles can provide chemical bonding between the 

particles and the polymer matrix. Therefore, the interaction 

between the two components is enhanced and the organic-

inorganic hybrid may gain improved mechanical strength [15]. The 

sequence of the strongest to weakest interactions between 

inorganic particles and polymer matrix are covalent bonding, 

hydrogen bonding, dipole dipole and van der Waals interactions. 

Covalent bonding between two phases promotes adhesion and 

dispersion of the organic-inorganic hybrids, allows better 

mechanical load transformation to the particles and also enhances 
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toughness of the organic-inorganic hybrid materials [7, 9, 22]. A 

proposed mechanism of functionalization is shown in Figure 2.3. 

 

 

 

Figure 2.3 Proposed mechanism of functionalization. 

Actually, there are two methods to functionalize the surface of 

inorganic particles. The first one is surface absorption or reaction 

with small molecules (covalent modification) [17-19, 87-88], such 

as silane coupling agent or side-wall covalent attachment of 

functional groups [21, 88]. In surface modification, silane coupling 

agents enhance dispersion, adhesion, and compatibility [16, 18-

19]. The second way is to rely on graft polymers by covalent 

bonding onto the hydroxyl groups at the surface of the inorganic 

particles [16-18, 43, 89]. 

 

Surface modification was applied on many different materials such 

as nano-silica particles, kaolin, boehmite, nano-alumina, and 

carbon nano-tubes [40-41, 88-91]. 

 

In the literature, amino groups could be easily introduced onto 

nano-alumina surface by treatment with amino-silane coupling 
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agents. In addition, Michael addition reaction is used as a general 

modification method for modifying the surface of amino-alumina 

[28]. 

 

Furthermore, the attachment of the reactive groups onto nano-

particles such as the alumina surfaces was achieved by the reaction 

of the silane groups that are -methacryloxypropyl trimethoxy 

silane, vinyltri(2-methoxyethoxy) silane, vinyltrimethoxy silane, 3-

mercaptopropyl trimethoxysilane, 3-aminopropyl triethoxysilane, 3-

glycidoxypropyl trimethoxysilane, tetraethoxyorthosilane (TEOS) 

and aminopropyl-methyldiethoxysilane with the hydroxyl groups 

onto the alumina surfaces. Then, graft polymerization reactions 

were performed [16-18, 43, 64, 91-95]. The reaction using the 

alkoxysilane gives stable covalent bonding via siloxane bond on 

aluminum oxide [89]. 

 

In addition, dendritic carboxylic acids were used for the 

functionalization of nano-alumina [40]. The product is also called 

carboxylate-alumoxane [41]. Lysine is also used for the 

modification of alumoxane [22, 96]. Amino acid alumoxane was 

produced by using amino acids [97]. 

 

Isocyanate functionalization of the materials was carried out in 

many researches because isocyanate group is very reactive [98-

100]. It can easily react with –OH, -COOH, -NH2, etc groups [51, 

98]. The reaction between the isocyanate group and the hydroxyl 

group on the surface of boehmite was attributed to the additional 

reaction of the double bond between C and N in the isocyanate 

group. The reaction between boehmite and diisocyanate is given in 

Figure 2.4. 
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Figure 2.4 Reaction mechanism of boehmite and diisocyanate. 

Functionalization of different materials with diisocyanate was 

reported in the literature. In one study, isocyanate functionalization 

of kaolin was accomplished. There are two steps in the 

functionalization of kaolin, these are (i) isocyanate functionalization 

and (ii) reaction of functionalized kaolin with polyethylene glycol 

[8]. In another study, perfluoroalkyl isocyanate was attached onto 

the hydroxyl groups of the aluminum surfaces [30]. Isocyanate 

functionalization of carbon nano-tubes was also carried out [88]. 

Generally, isocyanate functionalization reaction was carried out in a 

dry nitrogen atmosphere at 50-100C for 1-24h [15, 88, 100]. 

 

Complex amine structures were also attached on surfaces such as 

silicon wafer surface through grafting. Silica layer was first 

modified by 10-isocyanatodecyl-trichlorosilane. Then, amine 

substrates were attached to the wafer surface through urea linkage 

through the reaction of isocyanate groups [42]. 

 

Li et al [15] studied modification of nano-alumina particles with 

diisocyanate. Diphenylmethane 4-4’-diisocyanate (MDI) was used 

as surface grafting agent to react with hydroxyl groups on nano-

alumina. Acetone was used as a solvent and the reaction 

temperature was kept at 60C. It was observed that the reaction 

between the diisocyanate group and the hydroxyl group on the 

surface of -alumina nano-particles took place. Functionalization 
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was carried out by additional reaction of the double bond between 

C and N in the isocyanate group [15]. 

 

In our study, boehmite nano-particles were functionalized with MDI 

and HDI in toluene due to its quite higher boiling point than that of 

acetone. Thus, it was possible to keep the reaction temperature at 

80C. To our knowledge, there is no study reporting boehmite 

functionalization with diisocyanates in the literature. The closest 

study is functionalization of alumina particles with MDI in the 

medium of acetone. 

 

 

2.3. POLYESTER POLYOL SYNTHESIS 

In our study, polyester polyol was synthesized to use it in making 

PU organic-inorganic hybrid material. In this section, properties, 

applications, and production of polyester-polyol were discussed. 

 

In the literature, polyols that have polyethers, polyesters, 

polycaprolactone or polycarbonate origin are used in polyurethane 

production. Polyester polyols have some advantages over polyether 

polyols [101]. Generally, polyester polyols increase abrasion 

resistance and adhesion property of polyurethane. On the other 

hand, ether based polyols have low-temperature flexibility, and low 

viscosity [50, 102]. In addition, polyether polyols are composed of 

limited monomer composition such as propylene oxide, ethylene 

oxide, and butylene oxide in industry. Besides, ester containing 

polyols are synthesized with many organic acids and alcohols in 

industry. Therefore, polyester polyols are prepared by different 
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combinations of monomers and this gives versatility for PU 

products [50]. 

 

Polyesters polyols are prepared by the reaction of a polycarboxylic 

acid or anhydride with a polyhydric alcohol. At the beginning a 

stoichiometric excess of polycarboxylic acid or anhydride was used. 

After removing 90 to 95 % of water of esterification polyhydric 

alcohol was added to adjust the stoichiometry of the reaction. The 

reaction is stopped when polyester polyol was synthesized with the 

desired acid number. The polyester polyols are synthesized at 120-

230C under nitrogen atmosphere and non-stop stirring. A 

condenser is used to remove the water produced in the 

esterification reaction [50-51, 103-107]. The reaction mechanism 

of diol and diacid for the synthesis of polyester-polyol synthesis is 

given in Figure 2.5. 

 

 

 

Figure 2.5 Reaction mechanism of polyester-polyol synthesis. 

Generally, adipic acid, phthalic anhydride, ricinoleic acid, or oleic 

acid are used as diacid; and ethylene glycol, linseed oil, castor oil 
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or 1,4-butanediol are used as a diol for the production of polyester 

polyols [103, 105-108]. 

 

Linear or slightly branched polyester polyols are used in 

polyurethane production [101]. Aliphatic polyester polyols give 

flexibility to the polyurethane chain. Hardness and heat resistance 

property of the polyurethane is improved when phthalic anhydride 

or isophthalic acid is used. The molecular weight of the polyester 

polyol to be used is in the range of 500-2000 g/mol, and its acid 

number is 1-4. To avoid the side reactions in the polyurethane 

production, water that comes out from the reaction must be 

removed away [51]. 

 

Generally, hydroxyl-terminated polyesters can promote organic-

inorganic hybrid coatings with great solvent resistance and 

adhesion to metals. Both aliphatic and aromatic diacids are used to 

synthesize polyester resins for coating applications. Isophthalic acid 

and adipic acid are widely used as aromatic dibasic acid and 

aliphatic diacid, respectively, in coatings. Glass transition 

temperature (Tg), hardness and chemical resistance of the 

polyester polyols can be improved by using substances with phenyl 

group. However, aromatic group absorbs UV light and decreases 

the photo oxidative stability [50-51]. 

 

In this study, polyester polyol was synthesized by esterification 

reaction of 1,4-butanediol and adipic acid or phthalic anhydride 

under nitrogen atmosphere. p-Toluenesulfonic acid was used as 

catalyst. Stoichiometric ratio is very important during the 

synthesis. The diol to acid or anhydride molar ratio was kept 1.3 in 

order to produce hydroxyl ended polyester. Polyester polyol 



 

 

23 
 

produced with adipic acid had higher flexibility than the one 

produced using phthalic anhydride, simply because, aromatic 

groups give rigidity to the polyester polyol chain. 

 

 

2.4. POLYURETHANE PRODUCTION 

In this study, polyurethane was produced in the presence of 

functionalized boehmite nano-particles for acquiring organic-

inorganic hybrid materials. In addition, PU polymer was also 

synthesized to compare the properties of them. In this part, 

properties, applications, and production of PU polymer were 

discussed. 

 

The condensation polymerization reaction of diols with 

diisocyanates is used to produce urethane polymer was pioneered 

in 1937 [50-51, 109-110]. Polyurethanes contain urethane linkages 

in the main polymer chain [51, 55]. Polyurethane elastomers 

consist of soft segments derived from polyols, and hard segments 

from isocyanates and chain extenders [45, 52, 109-110]. 

Generally, raw materials are stirred mechanically for about 2-6 h at 

60-80 C under nitrogen atmosphere. The molar amount of 

diisocyanate must be two times greater than polyol [104-105, 111-

112]. 

 

There are a number of methods available for the preparation of 

polyurethanes, but the most widely used one is the reaction of 

hydroxyl terminated polyesters with diisocyanates [51, 108-110] 

as shown below. 
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HO-R-OH + O=C=N-R’-N=C=O     -(O-R-O-CO-NH-R’-NH-CO)n- 

Polyester       Diisocyanate                Polyurethane 

 

Linear polyurethanes are produced when only difunctional reactants 

are used. Branched or crosslinked polyurethanes form when 

hydroxyl or diisocyanate functionality is higher than two. The 

properties of various types of polyurethanes depend primarily on 

molecular weight, degree of crosslinking, effective intermolecular 

forces, stiffness of chain segments, and crystallinity. 

 

Polyurethane has very high flexibility, scratch resistance, and high 

toughness properties. It has many applications in surface coatings, 

leather and textile industry, and glue production [51]. 

 

Typically, polyurethanes have excellent elastomeric properties and 

can be synthesized as thermoplastics when linear polyester polyols, 

diphenylmethane-4,4’-diisocyanate (MDI), and glycol chain 

extenders (with a 1:1ratio of NCO and OH groups) are used [104]. 

Polyurethane coatings were synthesized with varying types of 

isocyanates such as HDI isocyanurate and IPDI trimer. The 

coatings crosslinked with HDI isocyanurate have better resistance 

against water, acids, alkalis, and solvents than the coatings 

crosslinked with IPDI trimer [50]. 

 

In this study, two different types of polyurethanes were produced. 

In the first one polyester polyol produced from adipic acid and 1,4-

butanediol, and MDI were used. In the second one polyester polyol 

having phthalic anhydride and 1,4-butanediol in the backbone, and 

MDI were used. In both cases dibutyl tin dilaurate was used as 

catalyst. The synthesis of prepolymer was stopped when the 
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percent of NCO from dibutylamine back titration was 1-5. Then 

chain extender and crosslinker were added to produce 

polyurethane. 

 

 

2.5. ORGANIC-INORGANIC HYBRID MATERIAL PRODUCTION 

In this section, literature studies about organic-inorganic hybrid 

materials were discussed. 

 

Polymer nano-composites are produced by mixing nano-particles 

and polymer [1-2, 13]. There are many procedures for the 

preparation of polymer nano-composites, such as, (i) mixing nano-

particles and polymers directly, (ii) in situ generation of nano-

particles in a polymer matrix, (iii) polymerization of monomers in 

the presence of nano-particles, and (iv) a combination of 

polymerization and formation of nano-particles [2, 21]. 

 

In the literature generally polyurethane and inorganic particles 

were purchased, then polymer composites were produced by 

mixing them [1, 113-115]. Mixture of polymer and inorganic 

particles are coated on the substrates by spin coating method [1]. 

At the end of the coating, hardness, scratch, abrasion, and 

corrosion tests were done for measuring the mechanical and 

chemical properties of the composites [1, 53]. Mechanical and 

chemical properties of the polymer were generally enhanced [1]. 

 

In the literature, there are many research studies on nano-

composites produced with silica particles. For instance, poly(methyl 

metacrylate) (PMMA)-silica hybrid copolymer was prepared by 
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surface modification of silica particles and copolymerization 

reaction with mixing silica particles and methyl metacrylate (MMA) 

monomers [11]. Apart from that, silica based organic-inorganic 

hybrid coatings was modified by using silane coupling agents to 

functionalize the inorganic particles [12]. In another research, 

nano-silica particles were modified with polyurethane by melt 

grafting method. Then modified particles were used for the 

preparation of polypropylene masterbatches and composites by 

reactive compatibilization between polypropylene and 

functionalized particles [27]. In another study, nano-silica particles 

were modified with silane coupling agent and then hybrid nano-

composites were produced by polymerization [43]. Moreover, 

silicon carbide nano-particles or nano-layered silicates were 

dispersed in polyurethane, and the properties of the composites 

were measured. The results showed that the tensile strength of the 

composite increased with the increased particle loading [21]. 

According to Türünç et al. [10], silica nano-particles with changing 

particle size were synthesized by sol gel method. Particles were 

modified with cyclic carbonate functional organoalkoxysilane. 

Polyurethane-silica nano-composite coatings were produced by 

direct addition of functionalized silica particles into carbonated 

soybean oil and polypropylene glycol resin mixture by means of 

nonisocyanate route. The results showed that the abrasion 

resistance and thermal stability of the polymer increased. In 

another study, silica nano-particles were grafted with silane 

coupling agents. In the organic-inorganic hybrid material 

production, silica nano-particles were well dispersed in polyol or 

polypropylene glycol. Then, TDI and toluene solvent were 

introduced into the mixture for prepolymerization carried out at 55-
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85C for 3-5 h. Finally, 1-4, butanediol was added as a chain 

extender and stirred at 80C for one hour [17, 95]. 

 

There are many studies on clay-polymer nano-composites in the 

literature. In the study of Choi et al. [49], organifier were 

synthesized and then organoclay was prepared by the reaction of 

organifier and clay. Finally organoclay, polyol, and diisocyanate 

were used for the production of polyurethane/clay nano-

composites. In another study, polyurethane was synthesized and 

then mixed with the clay. The cured nano-composites exhibited 

excellent mechanical and adhesive properties, and thermal stability 

compared to pristine polyurethane [53]. Apart from that, 

organophilic nano-clay was previously dispersed in solvent. Then, 

different concentrations of polyurethane and organophilic nano-clay 

were added. It was shown that, the presence of clay additives 

enhanced both modulus, strength, and toughness of coating 

materials [39]. 

 

In the study of Zilg et al. [56], organophilic fluoromica was 

prepared with bis(2-hydroxyethyl) methyldodeceyl ammonium 

chloride and synthetic mica. Then, organophilic fluoromica, polyol 

and diisocyanate were mixed and polyurethane nano-composite 

was produced. 

 

In the literature, functionalized carbon nano-tubes also were used 

for the production of polyurethane nano-composites. Modified 

particles were dispersed in polyurethane polymer. Carbon nano-

tubes are responsible for the considerable enhancement of 

mechanical properties of the polyurethane [116]. According to 

Yang et. al. [117], multiwalled carbon nano-tubes were 
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functionalized with carboxylic acid. Carboxylated carbon nano-

tubes react with chloride, diaminoethanol, and toluene 

diisocyanate. Then, diaminoethanol and diisocyanate reaction 

continued step by step and hyperbranched polyurethane 

functionalized multiwalled carbon nano-tubes were produced. 

 

In many studies reported in the literature, boehmite and 

polyurethane were purchased and boehmite particles were 

dispersed in polyurethane. The polyurethane nano-composite 

properties were tested [20, 118]. In one research study, polymer 

was synthesized, and then, alumina nano-particles were added at 

different concentrations. Mechanical methods were used to obtain 

dispersed polymer-particle mixture. The results showed that the 

corrosion and UV resistance, and mechanical properties of coatings 

were enhanced with increasing concentration of alumina particles. 

In other words, addition of alumina particles in coating mixture has 

a positive effect on the properties of coating [6]. 

 

Singh et al. [119] stated that polymer nano-composite preparation 

has three important stages. Firstly, alumina particles were 

produced. Then, isocyanate functionalization of alumina particles 

was done. Finally, the polymer was synthesized and polymer and 

modified particles were mixed. The results showed that the impact 

resistance of the polymer doubled. 

 

Chemically functionalized alumina nano-particles (carboxylated 

alumoxane) were also used as the inorganic part of the organic-

inorganic hybrid materials. Organic hydroxides or amines in the 

functionalized particles directly react with epoxide resins to provide 

covalent bonding of the nano-particles to the polymer, and form 
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hybrid materials. The results exhibited that there was a significant 

increase in thermal stability and tensile strength of the polymers 

[7, 9]. Mistry et al. stated that [97], amino acid alumoxanes and 

polypropylenefumarate were used to synthesize polymer nano-

composites. 

 

There are studies in the literature reporting boehmite nano-

particles grafted with silane coupling agents. Then, the grafted 

particles blended with polymers such as low density polyethylene 

and polyurethane. Homogenous dispersion and good interfacial 

adhesion between inorganic particles and polymer matrix improved 

mechanical properties [16, 64]. Similarly, alumina particles grafted 

with silane coupling agent was used in the preparation of 

alumina/polystyrene composite nano-particles through emulsion 

polymerization [94]. 

 

In this study, functionalized boehmite particles were used as the 

inorganic part of the polyurethane organic-inorganic hybrid 

materials. MDI on the boehmite surface react with hydroxyl groups 

at the end of the polyester polyol chain. However, the amount of 

MDI on the boehmite surface was not sufficient to establish strong 

bonding. Therefore, after the reaction between MDI on the 

functionalized boehmite and hydroxyl groups of the polyester 

polyol, some more MDI was added to the medium. This was done 

to form polyurethane network in the bulk. When the percent NCO 

from dibutylamine back titration reached the expected value the 

synthesis of prepolymer was stopped. Chain extender and 

crosslinker were then added to make polyurethane organic-

inorganic hybrid materials. The mechanical properties of the PU 
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organic-inorganic hybrid materials were determined through 

several tests. 
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

In this chapter, the materials used in the experiments were given. 

In addition, all the steps of the procedure for producing 

polyurethane organic-inorganic hybrid materials were explained in 

detail. The characterization methods are also described. 

 

 

3.1. MATERIALS 

 Aluminum Hydroxide 

 Isopropyl Alcohol 

 Acetic Acid 

 Ammonia Solution 

 4,4’-Methylene Diphenyl Diisocyanate 

 1,6-Hexamethylene Diisocyanate 

 Dibutyltin Dilaurate 

 Toluene 

 Adipic Acid 

 Phthalic Anhydride 

 1,4-Butanediol 

 P-Toluenesulfonic Acid 

 Diaminoethanol 

 Hexamethylenetetramine 
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Properties of the materials used in this study were tabulated in 

Appendix A. 

 

 

3.2. PROCEDURE 

In this study, the experiments were carried out in six steps; these 

are (i) grinding of aluminum hydroxide particles, (ii) boehmite 

production by hydrothermal process, (iii) functionalization of 

boehmite nano-particles, (iv) polyester-polyol synthesis, (v) 

production of polyurethane organic-inorganic hybrid materials, and 

(vi) mechanical tests for the characterization of hybrid materials. 

The flow diagram of these steps is shown in Figure 3.1. 

 

 

 

Figure 3.1 Flow diagram. 
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3.2.1. PRODUCTION OF FUNCTIONALIZED BOEHMITE NANO-

PARTICLES 

In this part, the experiments were divided into three stages, these 

are grinding of aluminum hydroxide, production of boehmite nano-

particles by hydrothermal process, and functionalization of 

boehmite nano-particles. The functionalized boehmite nano-

particles were used for hybrid material production. 

 

 

3.2.1.1. GRINDING OF ALUMINUM HYDROXIDE 

In this step, isopropyl alcohol was used as wetting agent. Initially, 

the solution was prepared by using 0.67 mol aluminum hydroxide 

and 0.37 mol isopropyl alcohol (pure). The solution was mixed 

approximately for one hour by a magnetic stirrer. After the 

dispersion of the particles in the solution was achieved, the solution 

was poured into a jar where it is mixed by a mechanical stirrer for 

30 minutes at 500 rpm. Then, the particles were washed with 

isopropyl alcohol (technical grade) and distilled water. Later, 

centrifugation was done at 6000 rpm for ten minutes, and the 

particles were dried at 60C in an oven for one day. The ground 

Al(OH)3 particles were used for boehmite production. 

 

 

3.2.1.2. THE PRODUCTION OF BOEHMITE NANO-PARTICLES 

BY HYDROTHERMAL PROCESS 

Boehmite production procedure has two main steps, (i) preparation 

of solution, and (ii) hydrothermal reaction in a reactor. 
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3.2.1.2.1. PREPARATION OF SOLUTION 

In this part, ground Al(OH)3 was mixed with distilled water and 

stirred for 1-2 hour. Then, acetic acid was added for peptization of 

the Al(OH)3 plates, and ultrasonic mixing was done at two minute 

periods (3-4 times) and 35-40 % of full power. Then, it was stirred 

by a magnetic stirrer for one day, and ammonia solution was added 

for increasing the pH to about 10-11. Later, it was stirred 

ultrasonically with two minute periods (3-4 times) and 35-40 % of 

full power. Finally, the solution was kept stirred for one day.  

 

 

3.2.1.2.2. THE PRODUCTION PROCESS 

The glass jar containing the prepared solution was placed into the 

reactor. A solution with the same composition was poured into the 

reactor for filling the volume surrounding the glass jar. It somehow 

saturated the atmosphere with ammonia, and prevented the loss of 

ammonia from the contents of the jar. The experimental set up is 

shown in Figure 3.2 and the experimental parameters are tabulated 

in Table 3.1.Time and temperature was adjusted by controllers to 

5-10 h, and 180C, respectively. After the reaction is over, and the 

reactor cooled, the particles were washed with isopropyl alcohol 

and diionized water, and then centrifuged at 7000 rpm for ten 

minutes. Then the particles were dried at 60C in an oven for 1-3 

days. 
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Figure 3.2 Experimental setup for hydrothermal process. 

Table 3.1 Experiments of boehmite production by hydrothermal 

process. 

 
t 

(h) 

AA 

(mol) 

NH3 

(mol) 

H2O 

(mol) 

Al(OH)3 

(mol) 

AA 

(mol)

% 

NH3 

(mol)

% 

Morphology 

HT1 5 0.21 0.70 5.59 0.17 3.19 10.47 Cubic-like 

HT2 5 0.39 0.85 5.49 0.17 5.70 12.37 Plate-like 

HT3 10 0.39 0.85 5.49 0.17 5.70 12.37 Plate-like 

HT4 5 0.49 0.93 4.80 0.17 7.69 14.58 Plate-like 

-T=180 C 

-P=14-16 bar 
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The produced boehmite nano-particles have two different 

morphologies; these are plate-like and cubic-like. Plate-like 

boehmite nano-particles were functionalized for PU organic-

inorganic hybrid materials due to their high aspect ratio. 

 

 

3.2.1.3. FUNCTIONALIZATION OF BOEHMITE NANO-
PARTICLES 

The experiments were conducted under nitrogen atmosphere. 

Plate-like boehmite nano-particles were dried at 110C in vacuum 

oven to remove free water. HDI or MDI was dissolved in toluene 

and ultrasonic mixing was carried out at two-minute periods (3-4 

times) and 35-40 % of full power. Then, the dried boehmite and 

toluene were mixed and ultrasonic mixing was done at two-minute 

periods (3-4 times) and 35-40 % of full power. Then, boehmite and 

catalyst (DBTDL) were added into the solution, and the 

temperature was raised to 80C and the solution was stirred 

continuously. Five hours later, heating and nitrogen feeding were 

turned off and the solution was kept stirring for one day. Then, the 

functionalized boehmite nano-particles were washed out with 

toluene and acetone, and centrifuged at 7000 rpm for ten minutes. 

Finally, the functionalized nano-particles were dried at 60C in an 

oven for 1-3 days. The experimental setup for functionalization is 

shown in Figure 3.3, and the parameters of the experiments were 

tabulated in Table 3.2 and Table 3.3.  
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Figure 3.3 Experimental setup for functionalization. 

Table 3.2 Functionalization experiments with HDI.  

 
Vsolvent 

(ml) 

Boehmite 

(mol) 

HDI 

(mol) 

mol Boehmite 

/mol HDI 

Catalyst 

(wt %) 

HDI-1 50 0.02 0.01 2.00 4.0 

HDI-2 50 0.02 0.02 1.00 2.6 

HDI-3 50 0.02 0.01 2.00 5.1 

HDI-4 80 0.02 0.04 0.50 0.7 

HDI-5 80 0.02 0.08 0.25 0.4 

HDI-6 120 0.02 0.16 0.13 0.2 

HDI-7 80 0.02 0.01 2.00 10.2 

HDI-8 80 0.02 0.02 1.00 5.2 

-T= 45C 

-Solvent: Toluene 

-Time: 5 hour 
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Table 3.3 Functionalization experiments with MDI. 

 
T 

(C) 

Time 

(h) 

Vsolvent 

(ml) 

Boehmite 

(mol) 

MDI 

(mol) 

mol BH/ 

mol MDI 

Catalyst 

(wt %) 

MDI-1 80 5 50 0.02 0.004 5.0 - 

MDI-2 80 5 50 0.02 0.006 3.3 - 

MDI-3 80 5 50 0.02 0.004 5.0 2.7 

MDI-4 80 7 50 0.02 0.004 3.3 2.7 

MDI-5 80 5 120 0.02 0.04 0.5 0.5 

MDI-6 100 5 50 0.02 0.004 5.0 2.7 

MDI-7 80 5 80 0.02 0.004 5.0 5.4 

MDI-8 80 5 80 0.02 0.004 5.0 10.8 

MDI-9 90 5 80 0.02 0.012 1.7 2.7 

MDI-10 80 5 120 0.02 0.012 1.7 2.7 

MDI-11 70 5 120 0.02 0.012 1.7 2.7 

MDI-12 60 5 120 0.02 0.012 1.7 2.7 

MDI-13 50 5 120 0.02 0.012 1.7 2.7 

MDI-14 40 5 120 0.02 0.012 1.7 2.7 

-Solvent : Toluene 

 

 

The functionalized boehmites were used in PU organic-inorganic 

hybrid material production. HDI-2 and MDI-3 are the best 

functionalization experiments in this study. Results are discussed in 

detail in chapter 4. 
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3.2.2. POLYESTER-POLYOL SYNTHESIS 

The experiments were performed under nitrogen atmosphere. 1,4-

butanediol was poured into five-necked flask, and the temperature 

was raised to 80C. Then adipic acid or phthalic anhydride and p-

toluenesulfonic acid (catalyst) were added. Temperature was 

increased and kept at 130-150C while stirring the solution 

continuously. The acid number was determined during the reaction 

(~8-10 times). The used amount of polyols during determining the 

acid number was neglected (~0.1 g), because the samples taken 

out were too small in quantity .When the acid number reached 

down to an expected value the reaction was stopped. The 

experimental setup for polyester-polyol synthesis is shown in 

Figure 3.4 and the parameters of the experiments are tabulated in 

Table 3.4. 

 

 

 

Figure 3.4 Experimental setup for polyester-polyol synthesis. 
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Table 3.4 Polyester-Polyol synthesis experiments. 

 M1 M2 Catalyst 

wt % 

mole 

M1 

mole 

M2 

Acid 

# 

MWt 

(g/mol) 

PE-PO_1 BD Ad. Ac. 0.5 1.3 1.0 16 1000 

PE-PO_2 BD Ph. An. 0.5 1.3 1.0 13 1000 

-T : 130-150 C 

-Catalyst : p-toluene sulfonic acid 

 

 

3.2.3. PRODUCTION OF POLYURETHANE ORGANIC-
INORGANIC HYBRID MATERIALS 

In this step, polyurethane was produced in three different ways. In 

the first part, polyurethane synthesis was done by using polyol and 

diisocyanate. In the second part, polyurethane composite was 

prepared by dispersing boehmite nano-particles in polyurethane 

under mechanical stirring. Finally, inorganic-organic hybrid material 

was produced by carrying out polymerization of ‘polyol-MDI-

functionalized boehmite’ all together. Experiments were conducted 

under nitrogen atmosphere. Experimental setup for polyurethane 

production is shown in Figure 3.5. 

 

 

3.2.3.1. POLYURETHANE POLYMER SYNTHESIS 

Polyester-polyol and solvent (toluene) were introduced into a five-

necked reactor. The temperature was raised to 70C by means of a 

hot water circulator. Then, MDI or HDI and dibutyl tin dilaurate 

(catalyst) were added, and the solution was stirred mechanically. 

After about five hours when %NCO became to be around 7-8, 

diaminoethanol (chain extender) and hexamethylene tetramine 

(crosslinker) were added and stirred for one more hour.  
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Figure 3.5 Experimental setup of the polyurethane production. 

3.2.3.2. POLYURETHANE COMPOSITE PRODUCTION 

After the production of polyurethane, boehmite was mixed with 

polyurethane and the solution was stirred mechanically for one 

hour. 
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3.2.3.3. POLYURETHANE ORGANIC-INORGANIC HYBRID 

MATERIAL PREPARATION 

Polyester-polyol and solvent (toluene) were introduced into a 

reactor, and the temperature was raised to 70C by means of a 

circulator. Then, MDI functionalized boehmite and dibutyl tin 

dilaurate (catalyst) were added and the solution as stirred 

mechanically. After one hour MDI was added to the medium, and 

the solution was stirred about four hours until %NCO is around 7-

8. Then, diaminoethanol (chain extender) and hexamethylene 

tetraamine (crosslinker) were added and stirred one more hour.  

 

The parameters of the experiments were tabulated in Table 3.5. 

 

 

Table 3.5 Polyurethane production experiments. 

 Monomer 2 Boehmite 

Type 

Boehmite 

wt % 

Chain 

Extender 

NCO 

% 

PU-1 Polyol (Ad.Ac.) - - Diaminoethanol 4 

PU-2 Polyol (Ph.An.) - - Diaminoethanol 3 

PU-3 Polyol (Ad.Ac.) BH 1 Diaminoethanol 3 

PU-4 Polyol (Ph.An.) BH 1 Diaminoethanol 4 

PU-5 Polyol (Ad.Ac.) FB 1 Diaminoethanol 4 

PU-6 Polyol (Ph.An.) FB 1 Diaminoethanol 3 

PU-7 Polyol (Ph.An.) FB 3 Diaminoethanol 5 

PU-8 Polyol (Ph.An.) FB 5 Diaminoethanol 4 

PU-9 Polyol (Ph.An.) - - 1,4-Butanediol 3 

PU-10 Polyol (Ad.Ac.) - - 1,4-Butanediol 5 

PU-11 Polyol (Ad.Ac.) FB 1 1,4-Butanediol 5 

PU-12 Polyol (Ad.Ac.) FB 3 1,4-Butanediol 3 

-Monomer 1: MDI 

-Catalyst (DBTL) wt %: 0.5 

-mol M1/mol M2/mol chain extender: 2/1/1 
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3.3. CHARACTERIZATION METHODS 

In this study, different characterization methods were used for 

determining the structure, morphology, and the properties of the 

materials. They are SEM (Scanning Electron Microscopy), FTIR 

(Fourier Transform Infrared) Spectroscopy, XRD (X-ray 

Diffraction), PCS (Photon Correlation Spectroscopy), BET 

(Brunauer-Emmet-Teller analysis), elemental analysis, DTA-TGA 

(Differential Thermal Analysis-Thermal Gravimetric Analysis), 

hardness test, scratch resistance test, abrasion resistance test, 

bending test, impact test, and gloss meter. Some information was 

given about the instruments in Appendix F. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

In this study, the results were grouped in four parts; these are (i) 

functionalization of boehmite nano-particles, (ii) synthesis of 

polyester polyol, (iii) production of PU organic-inorganic hybrid 

materials, and (iv) mechanical tests. 

 

 

4.1. FUNCTIONALIZATION OF BOEHMITE NANO-PARTICLES 

In this section, the results were divided into three parts; these are 

(i) grinding of aluminum hydroxide, (ii) boehmite production by 

hydrothermal process, and (iii) functionalization of boehmites. 

 

 

4.1.1. GRINDING OF ALUMINUM HYDROXIDE 

In this part, the effects of grinding were discussed. Aluminum 

hydroxide was used as the starting material in hydrothermal 

process. It was ground in a ball mill before subjected to 

hydrothermal treatment in order to decrease the particle, because, 

there is no mixing part in the reactor. 

 

Dissociation and recrystallization reactions occur in boehmite 

production. Therefore, decreasing the particle size of the starting 

material was very crucial for complete conversion of aluminum 
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hydroxide to boehmite without agglomeration. SEM micrographs of 

ground Al(OH)3 particles were given in Figure 4.1. 

 

IPA (iso propyl alcohol) was selected as a wetting agent in a ball-

milling process as a grinding aid for size reduction. 

 

 

      

(a)                                          (b) 

Figure 4.1 SEM micrographs of (a) aluminum hydroxide 

(×3000), (b) ground aluminum hydroxide (×3000). 

The mean particle sizes of Al(OH)3 and ground Al(OH)3 were 

measured by Image-J program from SEM micrographs and also by 

PCS technique. The measurements done by using Image-J program 

showed that the ground Al(OH)3 particles were approximately ten 

fold smaller than the original Al(OH)3 particles. The particle size 

measurements of ground particles using PCS and Image-J program 

showed that both measurements were almost equal. However, the 

size of initial Al(OH)3 particles couldn’t be determined by using PCS 

technique due to small measurement range of size (1nm to 5m) 
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of the device. The results of measurements were tabulated in Table 

4.1. 

 

 

Table 4.1 Particle size results of Al(OH)3 and ground Al(OH)3. 

 
Mean Particle Size (SEM) 

(m) 

Mean Particle Size (PCS) 

(m) 

Al(OH)3 6.04 - 

Ground Al(OH)3 0.66 0.75 

 

 

4.1.2. BOEHMITE PRODUCTION BY HYDROTHERMAL 
PROCESS 

The morphology of boehmite particles produced change with the pH 

of the medium. Needle-like particles were produced at low pH, and 

cubic-like and plate-like particles were produced at high pH. 

Therefore, pH had to be adjusted while preparing the solution. In 

literature, plate-like boehmite particles were produced in high pH 

by adding alkaline solution. However, this method failed to give a 

satisfactory result in this research. In our study, although the 

solution pH was basic in plate-like boehmite production, solution 

preparation was different than other studies. Firstly, the distance 

between plate-like boehmite layers was increased (peptization) 

with acetic acid addition. Then, solution pH was increased to 10.3-

10.7 by addition of ammonia solution. 
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4.1.2.1. TRANSFORMATION OF ALUMINUM HYDROXIDE TO 

BOEHMITE NANO-PARTICLES 

Molecular structure of produced boehmite nano-particles, and 

crystal structure of Al(OH)3 and produced boehmite nano-particles 

were investigated in order to prove complete transformation of 

Al(OH)3 to boemite. The molecular structure of particles was 

determined by FTIR spectroscopy, and the crystal structure was 

evaluated by XRD analysis. 

 

Boehmite showed FTIR absorption bands at 641, 737, 1071, 1161, 

1640, 1974, 2100, 3092 and 3300 cm-1 which were reported in the 

literature [27, 64, 66-67, 77, 86, 88]. The FTIR spectra of 

boehmite nano-particles produced with different parameters were 

shown in Figure 4.2. The bands in the range 500-750 cm-1 

corresponds to the vibration modes of boehmite while other bands 

in the range of 1071-3300 cm-1 characterize the OH- bonds in the 

boehmite lattice. The intense band at 1070 and the shoulder at 

1160 cm-1 are ascribed to -AlO(OH) symmetric and asymmetric 

bending vibrations in the boehmite lattice. Two weak bands at 

2100 and 1974 cm-1 can be assigned to combination bands. Two 

strong but well-separated absorption bands at 3092 and 3300 cm-1 

assigned to -AlO(OH) asymmetric and symmetric stretching 

vibrations and this indicated that the Al(OH)3 was converted to 

crystalline boehmite particles.  In addition the shoulder at 1640 

cm-1 can be assigned to the bending mode of adsorbed water [65-

66]. 
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Figure 4.2 FTIR spectrum of boehmite nano-particles 

Figure 4.3 shows the XRD spectrum of Al(OH)3 and boehmite. The 

(020), (120), (031), (131), (051), (200), (220), (151), (080), 

(231) and (002) peaks were reported to be the characteristic peaks 

of boehmite particles [57, 61, 72]. The very sharp peaks indicate 

high crystallinity of the synthesized product.  

 

 



 

 

49 
 

 

Figure 4.3 XRD graphs of boehmite nano-particles and aluminum 
hydroxide. 

4.1.2.2. EFFECT OF EXPERIMENTAL PARAMETERS ON 
BOEHMITE NANO-PARTICLES 

In this study, plate-like boehmite particles with high aspect ratio 

was aimed to produce to achieve relatively high mechanical 

properties when used in polyurethane organic-inorganic hybrid 

materials. So the effects of pH, the amount of acid and base, and 

the reaction time on the morphology of particles were investigated. 

It was observed that plate-like structures couldn’t be achieved in 

highly basic medium, when only ammonia solution was used in 

solution preparation. So the pH of the medium was first made 

highly acidic to separate the layers from each other. After this 

peptization step, ammonia solution was added for increasing the 

pH 10.3-10.7. Then hydrothermal treatment was started. Despite 

all these, the amount of acetic acid was not enough for peptization 
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in the first experiment (HT-1), and the morphology of the particles 

came out to be cubic-like (Figure 4.4 (a)). Thus, the amount of 

acetic acid was increased in the second set of experiment (HT-2), 

and the morphology of the particles turned out to be plate-like 

(Figure 4.4 (b)).  

 

In order to increase the aspect ratio of the particles, two different 

experiments were also conducted. Aging time of the experiments 

was increased from 5 to 10 h in the third experiment (HT-3). The 

amount of acid and base were increased while the pH of the 

medium was kept constant at 10.3-10.7 in the fourth experiment 

(HT-4). Consequently, the aspect ratio of the particles increased 

both in the third and fourth experiments as seen from Figure 4.4 

(c) and Figure 4.4 (d), respectively. Figure 4.4 (c) shows that the 

aspect ratio of boehmite particles increased with the increase of the 

aging time. The particle size of boehmites decreased as the amount 

of acid and base increased as seen in Figure 4.4 (d). However, 

morphology of the boehmite was getting worse with increasing acid 

and base amount. It is easily seen in SEM micrographs, HT-3 has 

better morphology, size and aspect ratio than others. 
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(a)                                              (b) 

            

(c)                                            (d) 

Figure 4.4 SEM micrographs of produced boehmite in (a) HT-1 
(x40000), (b) HT-2 (x100000), (c) HT-3 (x100000), 

(d) HT-4 (x100000). 

The produced plate-like boehmite nano-particles were used in 

making PU organic-inorganic hybrid coating material. High particle 

surface area was preferred in organic-inorganic hybrid coatings. 

Therefore, surface area of the boehmite particles was measured by 

BET (Brunauer-Emmet-Teller), and the results were tabulated in 

Table 4.2. It is seen that HT-3 has the highest surface area. 
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In addition, the size of the particles was measured by PCS 

technique, and from SEM micrographs using IMAGE-J program. In 

PCS technique, particles are assumed to be spherical. Therefore, 

the measurements taken from PCS were less accurate than those 

found from SEM micrographs.  

 

Moderate stability is provided when the zeta potential between 30-

40 mV as given in the introduction part. Therefore, the zeta 

potentials found from PCS show that the dispersion of boehmites 

produced by HT process was almost accomplished. 

 

The surface area, size, aspect ratio and zeta potential of the 

boehmite nano-particles were tabulated in Table 4.2. 

 

 

Table 4.2 Surface area, mean particle size by IMAGE-J and PCS, 
aspect ratio, and zeta potential of plate-like boehmites. 

 BET 

(m2/g) 

IMAGE-J 

(nm) 

PCS 

(nm) 

Aspect Ratio 

(SEM) 

Zeta Potential 

(mV) 

HT1 - 439/213 257 2.06 37.5 

HT2 13.82 582/60 595 9.65 35.0 

HT3 90.95 675/27 607 25.45 30.0 

HT4 80.69 127/7 266 18.62 42.2 

 

 

The particle size distribution of boehmites varies between 100 to 

700 nm. The size distribution of HT-2 and HT-3 obtained from PCS 

measurements showed that the distribution changed between 500 

to 700 nm, and the size distribution of HT-1 and HT-4 changed 



 

 

53 
 

from 100 to 500 nm. In addition, high particle sizes were also 

observed in HT-4 experiment. In this case, because, particles were 

too small and surface attraction was very high, so particles had 

high tendency to agglomerate.  

 

Al(OH)3 particles have two different size ranges. One of them 

changed between 200 to 500 nm and the other one changed 

between 700 to 1500 nm. Because of these two different ranges, 

two different distributions occurred in Al(OH)3 curve as seen in 

Figure 4.5. 

 

 

 

Figure 4.5 Variation of particle distribution with particle size. 

The thermal behavior of the boehmite was studied by DTA-TGA. 

Because of thermal transformations of boehmite powder, three 

distinguishable steps in DTA-TGA curve were reported in the 
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literature [58]. However, in Figure 4.6, TGA/DTA curve has two 

steps in the temperature range of 20C - 800C. Therefore, - Al2O3 

phase formation which occurred at around 950C did not show up 

in Figure 4.6. Two weight loss regions are observed at the ranges 

of 45-150C and 400-510C. The first endothermic peak at 70C is 

due to desorption of physically sorbed water, while the second 

endothermic peak is attributed to transformation of boehmite to -

Al2O3 phase at 480C. 

 

 

 

Figure 4.6 TGA/DTA graphs of boehmite nano-particles. 

4.1.2.3. EFFECTS OF ULTRASONIC MIXING 

Dispersed functionalized boehmite nano-particles are required for 

the production of PU organic-inorganic hybrid materials. Therefore, 

dispersion of the particles in all steps is very crucial in order to 
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produce PU coatings with enhanced mechanical properties. In the 

literature survey, dispersion was provided by using surfactant in 

hydrothermal process. However, the resultant boehmite particles 

include impurities due to use of surfactants. Moreover, using 

surfactants increase the cost of the production. Therefore, 

ultrasonic mixing was applied before and after hydrothermal 

treatment, in the functionalization of boehmite particles, and just 

before making PU organic-inorganic hybrid materials. Ultrasonic 

mixing was done at two minute periods (3-4 times) and 35-40 % 

of full power. 

 

The difference between with and without ultrasonic mixing before 

and after hydrothermal process is shown in Figure 4.7. It is clear 

that ultrasonic mixing is a necessity. 

 

 

      

(a)                                         (b) 

Figure 4.7 Boehmite productions by hydrothermal process (a) 

without ultrasonic mixing (x10000), (b) with 
ultrasonic mixing (x10000). 
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4.1.3. FUNCTIONALIZATION OF PLATE-LIKE BOEHMITE 

NANO-PARTICLES 

The SEM micrographs of MDI and HDI functionalized boehmite 

nano-particles are shown in Figure 4.8.  

 

 

      

(a)                                         (b) 

Figure 4.8 SEM micrographs of (a) MDI functionalized nano-

boehmites (x100000), (b) HDI functionalized nano-
boehmites (x100000). 

According to FTIR spectra as seen in Figure 4.9 and Figure 4.10, 

the most effective functionalization experiments are HDI-2 and 

MDI-3. The highest ratio of cyanate peak at 2277 cm-1 to boehmite 

peak at 3300 cm-1 was observed at HDI-2 and MDI-3 experiments. 
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Figure 4.9 FTIR spectra of MDI functionalization experiments. 

 

Figure 4.10 FTIR spectra of HDI functionalization experiments. 
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The infrared spectra of the MDI and HDI grafted boehmite shows 

new absorptions at 3313, 2277, 1540, 1510, 1600, 1640, 1230, 

2900, and 2825 cm-1. The absorption peaks at 3313 and 2270 cm-1 

are respectively attributed to the stretching vibration of –NH 

groups, asymmetric stretching vibrations of –NCO groups, and the 

1540 and 1510 cm-1 correspond to bending vibration of –CNH 

groups. The absorption peaks at 1600 and 1640 cm-1 occurred due 

to C=O stretching vibrations. Stretching vibrations of C-N groups 

was observed at 1640 cm-1. The peaks at 2900 and 2825 cm-1 are 

attributed to symmetric and asymmetric vibrations of methyl 

groups, respectively. The FTIR spectra of HDI, MDI, dry boehmite, 

MDI functionalized boehmite, and MDI functionalized boehmite are 

shown in Figure 4.11. 

 

 

 

Figure 4.11 FTIR spectra of MDI and HDI functionalize 
boehmites, MDI, HDI, and dry boehmite. 
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The functionalization of boehmite nano-particles with MDI was 

conducted at different temperatures to determine the most 

effective functionalization temperature. The FTIR spectra of the 

products obtained at different temperatures are shown in Figure 

4.12. It is easily seen that the highest ratio of cyanate peak at 

2277 cm-1 to boehmite peak at 3300 cm-1 was observed at 80 C. 

Therefore, the most effective functionalization occurred at 80 C. 

 

 

 

Figure 4.12 Effect of MDI functionalization temperature. 

The DTA-TGA results of HDI and MDI functionalized boehmite 

nano-particles are given in Figure 4.13, and Figure 4.14, 

respectively. The comparison of these figures with Figure 4.6 

indicates that the functionalized specimens display weight loss due 

to their organic matter content between 300-350 C.  
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Figure 4.13 TGA/DTA graphs of HDI functionalized boehmite 
nano-particles. 

 

Figure 4.14 TGA/DTA graphs of MDI functionalized boehmite 
nano-particles. 
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The functionalized boehmite particles were further characterized by 

elemental analysis to determine the amounts of C, H, and N in the 

structure. The results of elemental analysis of boehmite and 

functionalized boehmites are given in Table 4.3. Boehmite has 0.29 

% C which might be due to carbon dioxide absorbed from air, and 

it does not contain any nitrogen. On the other hand, HDI and MDI 

functionalized boehmites involve carbon and nitrogen. This proves 

that the functionalization of the particles was accomplished. 

 

The results show that, the amount of C, H, and N in the HDI 

functionalized boehmite was higher than in MDI functionalized 

boehmite. However, MDI functionalization showed better results 

than HDI functionalization in FTIR spectra when free NCO peaks of 

functionalized boehmites to characteristic peak of boehmite at 

3300 cm-1 ratio was compared. The high amount of C, N, and H in 

HDI functionalized boehmites could occur due to the polymerization 

of HDI on the boehmite surface. Therefore, PU organic-inorganic 

hybrids were produced by using MDI functionalized boehmites. 

 

 

Table 4.3 Elemental analysis. 

Sample Name % C % H % N 

Boehmite 0.29 2.20 - 

HDI-2 54.36 4.67 8.59 

MDI-13 16.38 2.96 2.93 
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4.2. POLYESTER-POLYOL SYNTHESIS 

Two types of polyols were synthesized and the mechanical 

properties of produced PUs with these polyols were compared. Both 

adipic acid and phthalic anhydride used polyols have molecular 

weight of 1000 g/mol. 

 

The FTIR spectra of two different polyols are given in Figure 4.15. 

In FTIR spectrum, the OH stretching band at 3520, 3430, and 3320 

cm-1 in polyols with adipic acid and 3600, 3525, 3410, and 3100 

cm-1 in polyols with phthalic anhydride indicate the presence of free 

hydroxyl groups in all polyols. Furthermore, typical ester C=O peak 

was observed at 1730 cm-1 and this proved that esterification 

reaction took place. The absorption peaks at 2800-3000 cm-1 are 

attributed to –CH2 symmetric and asymmetric stretching 

vibrations. 1240-1167 and 1105 cm-1 correspond to -(C-C(=O)-O 

and –O-C-C vibrations, respectively. The absorption peaks at 1590, 

1577, 1476, 1445, and 1287-1274 cm-1 show vibrations of 

aromatic rings from phthalic anhydride.  
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Figure 4.15 FTIR spectra of produced polyester polyols. 

4.3. POLYURETHANE PRODUCTION 

The FTIR spectra of produced PUs are shown in Figure 4.17. In 

FTIR spectrum, the characteristic –NH/OH stretching vibrations 

peaks of polyurethane appeared at 2970-2870, 1730, 1704, 1620, 

and 1460 cm-1. The  absorption peak at 2970-2870 cm-1 is 

attributed to the stretching vibration of –CH groups. Asymmetric 

stretching vibrations of –NCO groups at 2270 cm-1 was disappeared 

due to the reaction of cyanate and hydroxyl groups. The formation 

of the urethane group can be determined by examining the 

absorption peak at 1730 cm-1. The absorption peaks at 1620 and 

1460 cm-1 correspond to –NH stretching vibrations and -CH2 

scissoring vibrations, respectively. The peak at 1040 cm-1 is 

attributed to the O-C=O stretching of urethane/ester group.  
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Figure 4.16 FTIR spectra of PUs. 

The pictures of PU coatings are shown in Figure 4.19. Coatings 

were taken photos by using camera (Canon, 10.0 mega pixels). It 

is easily seen that dispersion was not achieved when non-

functionalized boehmites used in PU organic-inorganic hybrid 

materials (PU-3 and PU-4). Cracks occurred in PU coating produced 

with PE-PO_2 due to the high amount of functionalized boehmite in 

the coating. 
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PU-1                                    PU-2 

     

PU-3                                    PU-4 

     

PU-5                                    PU-6 

     

PU-7                                    PU-8 
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PU-9                                    PU-10 

     

PU-11                                    PU-12 

Figure 4.17 Photographs of produced PU coatings. 

SEM migrographs of PU polymer and PU organic-inorganic hybrid 

materials are shown in Figure 4.20. It is easily seen that good 

dispersion of the functionalized boehmite was achieved in the PU. 
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(a)                                           (b) 

Figure 4.18 SEM migrographs of, (a) PU polymer (b) organic-
inorganic hybrids with functionalized boehmite. 

4.4. MECHANICAL TESTS 

4.4.1. PENDULUM HARDNESS 

The increase in the amount of functionalized boehmite increased 

the hardness of the PU organic-inorganic hybrid materials. Little 

amount of functionalized boehmite was enough for increasing the 

hardness of the PU due to low particle size and high surface area. 

Therefore, one weight percentage of boehmite in the PU gave the 

best mechanical properties. Three weight percentages loading also 

improved hardness property of PUs but not as much as one 

percentage. The hardness of PU produced with PE-PO-1 increased 

from 82 to 98 Persoz and the hardness of PU produced with PE-PO-

2 increased from 52 to 78 Persoz when one weight percentage of 

functionalized boehmite is used in the production. 

 

Actually, the hardness of produced PUs must increase with an 

increase in the amount of functionalized boehmite. In persoz 
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hardness measurements, the surface of the coating should be 

smooth to observe accurate results in this study. In other words, 

the hardness of PUs decreased with the addition of functionalized 

boehmite higher than 1 %, due to decreasing smoothness of the 

coating surface. 

 

In addition, hardness was also changed with the types of polyols 

and chain extenders. When PE-PO_1 was used in the PU 

production, the hardness of PU organic-inorganic hybrid materials 

increased twice (40 to 82 Persoz) by using 1,4-butanediol instead 

of diaminoethanol. 

 

Moreover, hardness of PU with PE-PO_2 was thirty percent (40 to 

52 Persoz) higher than PU with PE-PO_1 when diaminoethanol was 

used for chain extender instead of 1,4-butanediol. 

 

In addition, hardness value of the experiment PU-3 and PU-4 are 

not accurate due to rough surface of the PU-3 and PU-4 coatings. 

 

The hardness values of the synthesized PUs were given in Appendix 

G and shown in Figure 4.21 and Figure 4.22. 
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Figure 4.19 The change of hardness of PU organic-inorganic 
hybrid materials with the amount of functionalized 

boehmite. 

 

Figure 4.20 Chain extender and PE-PO effects on the hardness 

of PU organic-inorganic hybrid materials. 



 

 

70 
 

4.4.2 IMPACT RESISTANCE 

The impact resistance is the relative susceptibility of polymers to 

fracture under a sudden force applied by a specific weight dropped 

from a specific height. Impact tests are carried to find out the 

required minimum potential energy for creating cracks on the 

surface. The maximum height and weight are 1m and 2 kg, 

respectively. Therefore the maximum potential energy is 19.6 J. 

Table 4.7 shows the impact resistance of the specimens tested. 

 

The results show that the PUs with polyols containing phthalic 

anhydride have very low impact resistance. It should be due to the 

aromatic content which imparts rigidity, and makes the hybrid 

material highly brittle. In other words, the impact resistance of the 

coatings does not depend on the inorganic component but on the 

type of the polyols used in PU. In addition, the impact resistance of 

PUs with polyols containing adipic acid was very high due to the 

flexibility of the polyols. 

 

Moreover, 1,4-butanediol gave flexibility to the PU chains. Thus, 

diaminoethanol used PU organic-inorganic hybrid materials was 

more rigid than 1,4-butanediol used PU.  

 

PU-3 and PU-4 could not be applied onto the metal surface due to 

the dispersion problems. Therefore, impact resistance of PU-3 and 

PU-4 were not measured.  
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Table 4.4 Impact resistance of PUs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.4.3. SCRATCH RESISTANCE 

The scratch resistance of the samples was determined by the 

hardness of the indenter. The pencils with different hardness (2B, 

B, HB, H, 2H, 3H, 4H and 5H) were used as an indenter. The 

results are tabulated in Table 4.8. 

 

The results show that the scratch resistance highly depends on the 

types of polyols used. Polyols with adipic acid gave flexibility to the 

PUs produced. Therefore, the synthesized PUs were quite soft and 

scratched easily. To conclude that the scratch resistance of polyols 

Sample 
Potential 

Energy (J) 

PU-1 19.6 

PU-2 Very Low 

PU-3 - 

PU-4 - 

PU-5 19.6 

PU-6 Very Low 

PU-7 Very Low 

PU-8 Very Low 

PU-9 4.9 

PU-10 19.6 

PU-11 19.6 

PU-12 19.6 
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with adipic acid used PU was 2B, whereas the scratch resistance of 

polyol with phthalic anhydride used PU was 2H. 

 

In addition, using functionalized boehmites also affected the 

scratch resistance property of PU. The scratch resistance of PU 

produced with PE-PO-1 increased from 2B to 2H when 

diaminoethanol was used as chain extender, 2B to B when 1,4-

butanediol was used as chain extender. The scratch resistance of 

PU produced with PE-PO-2 increased from 2H to 5H when 

diaminoethanol was used in the production. 

 

 

Table 4.5 Scratch resistance values of synthesized PUs. 

 

 

 

Sample 
Scratch 
Resistance 

  PU-1    2B 

  PU-2    2H 

  PU-3    B 

  PU-4    5H 

  PU-5    2H 

  PU-6    5H 

  PU-7    5H 

  PU-8    2H 

  PU-9    H 

  PU-10    2B 

  PU-11    B 

  PU-12    B 
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4.4.4 ABRASION RESISTANCE 

Functionalized boehmite in the coatings increases the resistance 

against abrasion as seen from Figure 4.23. The abrasion resistance 

of coating increased from 2 to 10 l/m when functionalized 

boehmite was used in PU produced with PE-PO-1 and 12 to 20 l/m 

when functionalized boehmite was used in PU produced with PE-

PO-2. In addition, the results show that abrasion resistance is 

directly related with rigidity of the polymers. Therefore, abrasion 

resistance of PU produced with phthalic anhydride used polyol is six 

times higher than the other ones as seen from Figure 4.24. 

Abrasion resistance of PU was also tabulated in Appendix G. 

 

Moreover, chain extender changed the abrasion resistance when it 

was used in the production of PU with PE-PO-2. The results showed 

that abrasion resistance of PU was 3 times higher than when 

diaminoethanol was used instead of 1,4-butanediol. 
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Figure 4.21 Effect of functionalized boehmite on the abrasion 
resistance of hybrid materials. 

 

Figure 4.22 Effect of chain extender and PE-PO on the abrasion 
resistance of hybrid materials. 



 

 

75 
 

4.4.5 GLOSS 

The gloss values of the synthesized PUs applied on glass plate were 

measured at three different angles of incidence as 20o, 60o, and 

85o. According to standards, resins which have gloss values at 60o 

higher than 70 are considered as high gloss range. Therefore, the 

gloss of the PU coatings was neglected due to very small values 

between 2 to 10.  

 

 

4.4.6 ADHESION TEST 

Adhesion properties of the synthesized PUs applied on glass plate 

were measured by adhesion tester. Information about test 

application was given in Appendix F. The cross-cut adhesion of the 

synthesized PUs was tabulated in Table 4.8. 

 

The results show that the PUs with polyols containing phthalic 

anhydride have very low adhesion property. It should be due to the 

aromatic content which imparts rigidity, and makes the hybrid 

material highly brittle and this causes some cracks on the coating. 

Moreover, 1,4-butanediol increased adhesion of the PU coatings 

produced with PE-PO-1.  
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Table 4.6 Adhesion of synthesized PUs. 

  

Sample 
Adhesion 

Property 

  PU-1    1 

  PU-2    1 

  PU-3    - 

  PU-4    - 

  PU-5    0 

  PU-6    2 

  PU-7    4 

  PU-8    4 

  PU-9    1 

  PU-10    0 

  PU-11    0 

  PU-12    0 
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CHAPTER 5 

CONCLUSIONS 

1. Nano-boehmite production with aluminum hydroxide by 

hydrothermal process was achieved.  

 

2. Time, pH and concentration of acid and base were 

controlled. Aspect ratio of the plate-like boehmites increased 

with increasing the reaction time. The morphology of the 

particles was determined by pH adjustment. Plate-like 

boehmite particles were produced by controlling the 

concentration of acid and base. 

 

3. Dispersion of nano-boehmite particles was very difficult due 

to the surface forces of the boehmite nano-partices. Even 

so, complete dispersion was almost achieved by grinding of 

Al(OH)3 and ultrasonic mixing at every step of the 

experiments. 

 

4. The width of the produced plate-like boehmite particles 

changes between 10-50nm and the height between 400-500 

nm. 

 

5. MDI and HDI were used for the functionalization of plate-like 

boehmite nano-particles. FTIR, SEM, DTA-TGA and 



 

 

78 
 

Elemental analyses results prove functionalization of nano-

boehmites. 

 

6. Functionalization with MDI was carried out more succesfully 

than HDI functionalization. In FTIR analysis, cyanate peak to 

boehmite peak ratio in MDI is higher in HDI. 

 

7. Polyester-polyols with different diacid source (adipic and 

phthalic) were synthesized to be used in PU organic-

inorganic hybrid materials. Polyester polyols produced with 

phthalic anhydride gave rigidity of the PU due to the phenyl 

groups in the chains. 

 

8. PU organic-inorganic hybrid materials were produced by 

polymerization of monomers in the presence of 

functionalized boehmite nano-particles. Produced PU 

organic-inorganic hybrid materials were used for coating 

applications. 

 

9. The hardness of PU produced with PE-PO-1 increased from 

82 to 98 Persoz and the hardness of PU produced with PE-

PO-2 increased from 52 to 78 Persoz when one weight 

percentage of functionalized boehmite is used in the 

production. 

 

10. The scratch resistance of PU produced with PE-PO-1 

increased from 2B to 2H when diaminoethanol was used as 

chain extender, from 2B to B when 1,4-butanediol was used 

as chain extender. The scratch resistance of PU produced 



 

 

79 
 

with PE-PO-2 increased from 2H to 5H when diaminoethanol 

was used in the production. 

 

11. The abrasion resistance of coating increased from 2 to 10 

l/m when functionalized boehmite was used in PU produced 

with PE-PO-1, and from 12 to 20 l/m when functionalized 

boehmite was used in PU produced with PE-PO-2. 
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APPENDIX A 

PROPERTIES OF USED MATERIALS IN THE 

EXPERIMENTS 

General information about the used materials were tabulated in 

Table A.1. 
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Table A.1 List of chemicals. 

Chemical 
Chemical 

Formula 
Chemical Structure 

MWt 

(g/mol) 

Density 

(g/ml) 
Purity Firm Usage 

Aluminum 

Hydroxide 

(Al(OH)3) 

Al(OH)3 

 

78 - 
extra 

pure 
Merck 

Production of 

boehmite 

 

Isopropyl Alcohol 

(IPA) 

C3H8O 
 

60.1 0.786 ≥99.5 Merck 
wetting agent and 

solvent 

Acetic Acid (AA) CH3COOH 

 

60.05 1.049 
Extra 

pure 
Merck 

peptization of 

Al(OH)3 plates 

Ammonia Solution 

(AMM) 
NH3 

 

17.031 - 32% Merck adjusting the pH 

4,4’-Methylene 

Diphenyl 

Diisocyanate (MDI) 

C15H10N2O2 
 

250.25 1.230 98 % 
Sigma-

Aldrich 

functionalization of 

boehmite and 

production of 

polyurethane 

 

1
0
1
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Table A.1 List of chemicals (continued). 

Chemical 
Chemical 

Formula 
Chemical Structure 

MWt 

(g/mol) 

Density 

(g/ml) 
Purity Firm Usage 

1,6-

Hexamethylene 

Diisocyanate 

(HDI) 

C8H12N2O2 

 

168.2 1.047 98 % 
Sigma-

Aldrich 

Surface 

modification of 

boehmite 

Dibutyltin 

Dilautare 

(DBTDL) 

C32H64O4Sn 

 

631.56 1.066 95 % 
Sigma-

Aldrich 

catalyst in the 

functionalization 

experiments 

Toluene C6H5CH3 

 

 

92.14 0.8669 ≥99 Merck Solvent 

 

Adipic Acid 

(Ad.Ac.) 

(CH2)4(COOH)2 

 

 

146.14 1.36 
extra 

pure 

Sigma-

Aldrich 

production of 

polyester polyol 

 

 

1
0
2
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Table A.1 List of chemicals (continued). 

Chemical 
Chemical 

Formula 
Chemical Structure 

MWt 

(g/mol) 

Density 

(g/ml) 
Purity Firm Usage 

Phthalic 

Anhydride (PA) 
C6H4(CO)2O 

 

 

148.1 1.53 ≥98 
Sigma-

Aldrich 

production of 

polyester polyol 

1,4-Butanediol 

(BD) 
C4H10O2  

90.121 1.0171 ≥99 Merck 

polyester polyol 

synthesis, and 

chain extender 

p-

Toluenesulfonic 

Acid (TSA) 

CH3C6H4SO3H 

 

172.20 - ≥99 Merck 
catalyst in polyester 

polyol synthesis 

Diaminoethanol 

(DAE) 
C2H3OH(NH2)2 

 

 

76.4 - - - 

chain extender in 

polyurethane 

production 

Hexamethylenet

etramine 

(HMTA) 

(CH2)6N4 

 

140.186 1.33 - - 

crosslinking agent 

in polyurethane 

production 

 

1
0
3
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APPENDIX B 

CALCULATIONS OF THE EXPERIMENTS 

B.1. PRE-GRINDING CALCULATION 

Wballs = 622,9 g 

Ball to particles ratio =12 

           
      

                       
 

     

  
             (1) 

Liquid to solid molar ratio = 0,5 

                    
        

                      (2) 

        
    

     
         

Planetary Ball Milling Weight Balance Adjust; 

Wempty_jar = 2700,0 g 

Wballs = 622,9 g 

Wparticles = 51,9 g 

Wliquid = 22,7 g 

Wtotal = Wempty_jar+ Wballs + Wparticles + Wliquid     (3) 

= 3397,6 g 
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B.2. GAP SOLUTION PREPARATION 

Vtotal of the reactor = 1200 ml  

Vsolution = 130 ml 

Vgap = 1070 ml 

 

Acetic acid amount; 

 

VAA in the gap  = 
                   

         
          (4) 

 

= (15/130) x1070 = 123.5 ml AA 

 

Ammonia solution amount; 

 

VAMM in the gap  = 
                    

         
          (5) 

 

= {(15.84 g/0.928)/130} x1070 = 140.5 ml 

 

Technical ammonia solution contains 25 % ammonia; 

Therefore; 

140.5 ml ammonia x100 / 25 =562.0 ml ammonia solution 

 

Vwater   = Vtotal-VAA-VAMM      (6) 

   = 1070-123.5-562.0 =385.5 ml water 
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APPENDIX C 

ACID NUMBER DETERMINATION 

Acid number is the number of milligrams of potassium hydroxide 

required to neutralize the free acids in 1 gram of the tested 

material under test conditions. The acid number of varnishes or 

resin solutions should be expressed on the basis of solid 

components, not on the solution. Usually, the acidity is due to the 

presence of carboxylic groups from free fatty acids or acids used in 

polyester production. 

 

Determination of acid number is made by titration of a mixture of 

sample and solvent with carefully standardized potassium or 

sodium hydroxide solution free from carbonates, using 

phenolphthalein as indicator, and a pink coloration as the end 

point. The acid number is calculated from the following equation: 

 

            
         

 
        (7) 

 

Where V is the volume of potassium hydroxide solution consumed, 

in ml, N is the normality of the solution, and W is the weight of the 

sample in gram, (solid basis).  
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APPENDIX D 

DIBUTYLAMINE BACK TITRATION 

This test method can be used to determine the NCO content in 

diisocyanate intermediate or the free (i.e. reactive) isocyanate 

available in a prepolymer. 

 

Primary and secondary amines react with isocyanate to yield the 

corresponding urea. 

 

R-NH2 + R’-NCO   R-NH-CO-NH-R’ 

 

This reaction is quite quantitative in the presence of an excess of 

the amine and is the basic reaction for most of the methods by 

which the isocyanate content of a sample is determined by back 

titration with an acid. The most widely used amine is dibutylamine, 

trichlorobenzene is used as a solvent. 

 

The butylamine solution is prepared by dissolving 129 g of freshly 

distilled dibutylamine in 871 g of trichlorobenzene, and storing the 

resultant solution in the dark. 

 

In the determination, about 2 g of the diisocyanate should be 

accurately weighed out into a conical flask and 5 ml of 

trichlorobenzene added. The mixture may be warmed to assist the 

solution. There is then added 25 ml of the standard dibutylamine 
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solution. The reaction is rapid and takes only a few minutes for 

complexation when a clear solution is obtained. After bromophenol 

blue and 100 ml of methanol, the excess dibutylamine can be 

titrated with 1 N HCl. The end point is reacted with the 

disappearance of the blue color and the appearance of a yellow 

color that persist for at least 15 seconds. 

 

V1: Volume (in ml) of HCl solution is required for titration of the 

sample. 

 

V2: Volume (in ml) of HCl solution is required for titration of 25 ml 

of dibutylamine solution (blank) 

 

M: Molarity of HCl 

 

Then, 

            
       

    
             (8) 
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APPENDIX E 

MOLECULAR WEIGHT CALCULATION OF 

POLYESTER-POLYOL 

Adjust the composition of the reaction mixture 

 

A-A & B-B 

NA<NB     
  

  
 

     

 
                                       

      
   

 
  (9) 

 

At P (fraction of A groups reacted at time t) for B groups extent of 

reaction = rP 

 

Therefore the total # of chain ends: 

 

                         
      

 
            (10) 

 

Take ½ if number of molecules are needed 

 

  
      

      
   

 

       
      

 
 

 

 
   

       
             (11) 

    
                                

                            
             (12) 
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APPENDIX F 

INSTRUMENTAL INFORMATION 

F.1. SEM (SCANNING ELECTRON MICROSCOPY) ANALYSIS 

Morphologies and sizes of the produced boehmite nano-particles 

were characterized for comparing the differences between 

aluminum hydroxide, boehmite nano-particles, and functionalized 

boehmite nano-particles by Scanning Electron Microscopy in 

Central Laboratory at METU (Model No: Quanta 400 Field Emission 

SEM). 

 

 

F.2. FTIR (FOURIER TRANSFORM INFRARED) 

SPECTROSCOPY 

Boehmite nano-particles and synthesized polymers were analyzed 

for determining the molecular structure by FTIR spectroscopy in 

Mechanical Engineering Department at Hacettepe University (Model 

No: IR Prestige-21 SHIMADZU). 

 

 

F.3. XRD (X-RAY DIFFRACTION) ANALYSIS 

Structural characterization of aluminum hydroxide and the 

produced boehmite nano-particles were carried out by using X-ray 

Diffractometer in Metallurgical and Materials Engineering 

Department at METU (Model No: RIGAKU – D/Max-2200/PC) and 
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CuK (λ = 0.154 nm) at 40 kV and 40 mA with a 2 from 10o
 to 

90o. Phase purities and crystallite sizes of the produced boehmite 

particles were calculated from XRD patterns. In addition, 100 % 

transition of aluminum hydroxide to boehmite nano-particles was 

proved by comparing the XRD patterns.  

 

 

F.4. PCS (PHOTON CORRELATION SPECTROSCOPY) 

The particle sizes of the produced particles were measured by 

using particle size analyzer in Chemical Engineering Department at 

METU (Malvern Zetasizer Nano Instrument – Model No: ZEN3500, 

Malvern Instruments Ltd.). The measurement range of the 

instrument is in between 1 nm and 5 µm. Samples were prepared 

either in acetic acid or in IPA and 2-5 minutes ultrasonic mixing 

was applied to have better dispersion. The measurements were 

carried out by using zeta cells. 

 

 

F.5. BET (BRUNAUER-EMMET-TELLER) ANALYSIS 

Surface area of boehmite nano-particles was determined to see the 

change in the specific surface area of the samples by BET analysis 

in Central Laboratory at METU (Model No: Quantachrome 

Corporation, Autosorb-6). 
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Technical specifications: 

Heating: Degas heating up to 350°C in steps of 1°C (physical 

adsorption) 

Pressure: 1x10-5 - 1.0 atm. (Nitrogen) 

Minimum Surface Area: 0.05 m2/g 

Pore Diameter Interval:5-500 A 

 

 

F.6. ELEMENTAL ANALYSIS 

The analysis of nitrogen content of boehmite and functionalized 

boehmite particles was done to demonstrate the functionalization 

in Central Laboratory at METU (Model No: LECO, CHNS-932). 

 

 

F.7. DTA-TGA (DIFFERENTIAL THERMAL ANALYSIS-

THERMAL GRAVIMETRIC ANALYSIS) 

Functionalization of the boehmite nano-particles was also checked 

by TGA/DTA analysis device in Central Laboratory at METU (Model 

No:Setaram Labsys TGA/DTA). 

 

Technical Specifications: 

Temperature Range: 170-1700 C 

Weight Accuracy: 0.4 g 

Measurement Range: ± 200 mg 

Scanning Rate:0.01-50 C/min 
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F.8. MECHANICAL TESTS 

F.8.1. FILM APPLICATION 

The produced PU coatings were applied on a glass and metal plate 

surface by using a Braive Instrument casting knife film applicator 

with 50µm wet thickness (Chemical Engineering Department at 

METU). The metal plates were used for impact test while glass 

panels were used for pendulum hardness test, scratch resistance, 

abrasion resistance, adhesion test, and gloss test. Tests were 

applied to the specimens after 7 days of drying at room 

temperature. 

 

 

F.8.2. PENDULUM HARDNESS TEST 

Hardness of the samples was determined by Persoz Pendulum 

Hardness Tester in Chemical Engineering Department at METU 

(Braive Instruments Hardness Tester, Model 3034)). This method 

evaluates hardness by measuring the damping time of an 

oscillating pendulum. Pendulum hardness tester is shown in Figure 

F.1. 
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Figure F.1 Pendulum hardness tester and persoz pendulum. 

F.8.3. IMPACT RESISTANCE TEST 

Impact test is used to establish the stone-chip resistance of 

coatings which is the outstanding ability to impact with minimum 

damage. For this test a Gardner Impact Tester Chemical 

Engineering Department at METU (Model 5524) was used as shown 

in Figure F.2. The principle of test depends on the determination of 

potential energy needed to cause damage by drop weight (2 kg) 

released from a specified height. Impact resistance is determined 

when cracks first appeared in the coating. The potential energy is 

simply calculated from 

 

Impact Energy (J) = m.g.h      (13) 

m = weight of the dropweight (kg)  

g = gravitational acceleration of the earth (m/sec2) 

h = height of dropweight (m) 

 



 

 

115 
 

 

Figure F.2 Impact resistance tester. 

The transfer of impact through the film is shown in Figure F.3 (a) 

and the result is shown in Figure F.3 (b). In debonding area, 

compression stress is present in the middle and the shear stress is 

in the annular region. Therefore debonding area is inversely 

proportional to the measure of the adhesion. The larger the 

debonding area means the lower the adhesion level of the coating  

 

 

   

(a)      (b) 

Figure F.3 (a) Transfer of impact, (b) result of impact. 
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F.8.4. SCRATCH RESISTANCE TEST 

Scratch resistance of coating was measured by pencil with different 

hardness (2B, B, HB, H, and 2H). The compass used was adjusted 

to 45  of inclination, and the pencil was applied to the coating. 

 

 

F.8.5. ABRASION RESISTANCE TEST 

Abrasion resistance of coating was measured by sand-abrasion 

device Chemical Engineering Department at METU. The test 

specimen was placed at 45  inclination. Sand is poured down from 

a height of 91.5 cm height. The volume of standard size sand is 

recorded for certain abrasion of the film thickness. The test 

equipment is shown in Figure F.4. 

 

 

 

Figure F.4 Abrasion resistance tester. 
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F.8.6. SPECULAR GLOSS 

Gloss of the paint samples were measured by a glossmeter 

(Rhopoint, Novo-Gloss) at different angles 25°, 60°, and 85°. 

 

 

F.8.7. ADHESION TEST 

This test was performed to measure the strength of the bonds 

formed by surface and coating material. Cross cut Test with ASTM 

D-3359 is the most common used adhesion test and the equipment 

is shown in Figure 3.23 (a). The classification is based on the 

percentage of paint flakes occurred in the surface and the levels 

are shown in Figure 3.23 (b)  

 

 

 

(a) 

 

(b) 

Figure 3.23 Cross-hatch cutter and levels for the classification of 

film.  
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APPENDIX G 

MECHANICAL TESTS RESULTS 

Table G.1 Hardness values of synthesized PUs. 

 

 

 

 

 

 

 

 

 

Sample Persoz (s) 

PU-1 40 

PU-2 52 

PU-3 30 

PU-4 40 

PU-5 60 

PU-6 78 

PU-7 75 

PU-8 66 

PU-9 32 

PU-10 82 

PU-11 98 

PU-12 87 
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Table G.2 Abrasion resistance values of synthesized PUs. 

 

 

 

 

 

 

Sample Abrasion Resistance (l/µm) 

  PU-1 2 

  PU-2 12 

  PU-3 - 

  PU-4 - 

  PU-5 4 

  PU-6 14 

  PU-7 16 

  PU-8 20 

  PU-9 4 

  PU-10 2 

  PU-11 8 

  PU-12 10 


