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ABSTRACT

EFFECTS OF TITANIA PARTICLES ON THE BEHAVIOURS OF
POLYLACTIDE BASED COMPOSITES

Can, Ulas
M. S., Department of Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Cevdet Kaynak
September 2018, 107 pages

In the first part of this thesis, the main aim was to compare influences of various
contents of the micron (200 nm) and nano (50 nm) sized titania (TiO2) particles
especially on the mechanical performance of the polylactide (PLA) biopolymer. Micro
and nano composites were prepared by twin-screw extruder melt mixing, while the
specimens were shaped by compression molding. SEM analyses and mechanical tests
revealed that due to the most uniform distribution in the matrix, the best improvements
in the strength, elastic modulus and fracture toughness values could be obtained either
by 5 wt. % micro-TiO: or by only 2 wt. % nano-TiO; particles. The secondary aim of
this part was to investigate influences of using maleic anhydride (MA) grafted
copolymer (PLA-g-MA) compatibilization on the performance of one nanocomposite
composition. Due to the improved chemical interfacial adhesion, use of PLA-g-MA
compatibilization for the specimen of PLA/2 wt. % n-TiO> composition resulted in the
highest improvements in the mechanical performance of neat PLA. The improvements
were 14% in tensile strength, 20% in flexural modulus and as much as 67% in fracture
toughness. Thermal behavior of all specimens were also analysed by DSC and TG

analyses.



In the second part of the thesis, the purpose was to investigate mechanical and thermal
performance of 2 mm thick PLA specimens against UV irradiation; first when only
adding benzotriazole based organic UV absorber (UVA), micron and nano sized TiO>
particles alone, and then to reveal possible synergism when they are added together.
Specimens prepared by the same techniques were exposed to UV irradiation under
fluorescent lamps (UVB-313) with 0.50 W/m? for the periods of 12 and 24 days.
Changes in the performance of UV irradiated specimens were evaluated in terms of %
weight loss, changes in color and chemical structure, including the decreases in the
mechanical and thermal properties. Various tests and analysis conducted in this part
revealed that synergistic benefits of using micro and nano TiO> particles together with
benzotriazole type UVA were not only due to the effective stiffening, strengthening
and toughening actions of titania particles but also due to their very significant “UV
screening” actions absorbing the photons of the UV irradiation, thus decreasing the
degree of the detrimental photodegradation reactions leading to chain scissions in their

PLA matrix.

Keywords: Polylactide; Micro Titania; Nano Titania; Maleic Anhydride; UV

irradiation; benzotriazole based organic UV absorber
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TIiTANYA PARCACIKLARININ POLILAKTIT BAZLI KOMPOZITLERIN
DAVRANISLARINA ETKILERI

Can, Ulas
Yiiksek Lisans, Metalurji ve Malzeme Miihendisligi Boliimii
Tez Yoneticisi: Prof. Dr. Cevdet Kaynak
Eyliil 2018, 107 sayfa

Bu tezin birinci boliimiindeki ana amag, ¢esitli miktarlardaki mikro (200 nm) ve nano
(50 nm) boyutlu titanya (TiO2) parcaciklarinin polilaktit (PLA) biyopolimerinin
ozellikle mekanik performansi iizerindeki etkilerinin karsilagtirilmasidir. Mikro ve
nanokompozitler ¢ift vidali ekstriiderde eriyik karistirma teknigi ile hazirlanirken,
numuneler basingli kaliplama yontemi ile sekillendirilmistir. SEM analizleri ve
mekanik testler, matris i¢inde en etkin homojen dagilimlar1 nedeniyle; mukavemet,
elastik modiil ve kirilma tokluk degerlerindeki en yliksek gelismeler ya agirlikca % 5
mikro-TiO> ya da sadece agirlik¢a % 2 oraninda nano-TiO: parcaciklari kullanilarak
elde edildigini ortaya ¢ikarmistir. Bu boliimdeki ikincil amag ise, maleik anhidrit (MA)
ile graft edilmis kopolimer (PLA-g-MA) uyumlastirma tekniginin segilen bir
nanokompozit bilesiminin performansi lizerindeki etkilerinin arastirtlmasidir. Segilen
PLA/ag%?2 n-TiOz numunesi i¢in kullanilan PLA-g-MA uyumlastirma islemi, gelisen
kimyasal ara yiizey etkilesimi nedeniyle, saf PLA'nin mekanik performansindaki en
yiiksek gelismelerin elde edilmesini saglamistir. Gelisme oranlari ¢cekme mukavemeti
degerinde %14, egme modiilii degerinde %20 iken, kirtlma toklugu degerinde %67 ye
kadar yiikselmistir. Ayrica, tim numune kompozisyonlarinin 1s1l davranislart DSC ve

TG analizleriyle de gézlemlenmistir.

Bu tezin ikinci boliimiindeki amag, UV 1simnimina karst 2 mm kalinligindaki PLA

numunelerinin mekanik ve termal performanslarmin arastirilmasidir. Ilk olarak
vii



benzotriazol tipi organik UV sogurucu (UVA), mikro ve nano boyutlu TiO;
pargaciklar1 tek tek, daha sonra ise olasi sinerjiyi ortaya cikarmak i¢in birlikte
eklenmislerdir. Benzer yontemlerle iiretilen numunelere UV 1sinimi, 12 ve 24 gilinliik
doénemler boyunca 0.50 W/m? siddetindeki floresan lambalar (UVB-313) kullanilarak
uygulanmistir. UV 1smimina maruz birakilmis numunelerin performansindaki
degisiklikler % agirlik kayb1, renk ve kimyasal yapida degisiklikler, mekanik ve termal
Ozelliklerdeki distisler ile birlikte degerlendirilmistir. Yapilan ¢esitli testler ve
analizler, mikro ve nano TiO pargaciklarinin benzotriazol tipi UVA ile birlikte
kullanildiginda sinerji olusturdugunu ortaya ¢ikarmistir. Bu sinerji, titanya
parcaciklarinin  yalnizca etkili gerginlestirme, dayaniklastirma ve toklastirma
mekanizmalar1 nedeniyle degil, ayn1 zamanda onlarin ¢ok 6nemli "UV perdeleme"
etkileri nedeniyledir. Ciinkii bu parcaciklar UV 1s1nimini sogurarak PLA matrisindeki
zincir kirilmalarina yol agan zararli 1511 bozunum reaksiyonlarinin derecesini

distirmektedir.

Anahtar Kelimeler: Polilaktit; Mikro Titania; Nano Titania; Maleik Anhidrit; UV

1s1n1m1; benzotriazol tipi organik UV sogurucu
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CHAPTER 1

INTRODUCTION

1.1 Polylactide

Engineering thermoplastics have been replacing certain conventional metallic and
ceramic materials lately due to especially their low density and well established
production techniques. Nevertheless, because of the environmental issues associated
with engineering polymers derived from petroleum resources, challenges like
depletion of available petroleum reserves, sustainability and regulations about the use
of petropolymers in some countries like Germany and Japan have arisen [1]. Therefore,
the attraction for renewably made polymers, also named as “biopolymers” have grown
in the last decade. In this regard, poly(lactic acid), also named as polylactide (PLA), is
one of the key substitute biopolymer having aliphatic polyester structure, given in

Figure 1.1.

The first attempt to synthesize polylactide was made in 1845 by Peluoze via lactic acid
(LA) polycondensation resulted in low-molecular weight PLA. More than a century
later, in 1954, DuPont patented high-molecular weight PLA. The commercialization
of high-molecular weight PLA production was accomplished by Cargill Inc. following
their patent for a continuous manufacture setup for PLA production from corn starch
with direct ring-opening polymerization. Thereby, the first industrial PLA production

plant was founded in 2002 having an annual capacity of 140 thousand tones [2].
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Figure 1.1 Chemical structure of polylactide with end groups

Lactic acid (2-hydroxy propionic acid), the main structural unit of PLA, is generally
synthesized via bacterial fermentation of carbohydrates or chemical synthesis. Since
lactic acid contains an asymmetric carbon atom, two conformation of PLA can be
found; the L and D lactic acid as shown in Figure 1.2. For these two isomers, there are
three different possible stereoforms; L,L-lactide, D,D-lactide and D,L-lactide (meso-
lactide). First two cyclic dimers are optically active but, D,L-lactide form is optically
inactive. The mixture of L,L-lactide and D,L-lactide (50/50 ratio) called racemic-
lactide. Polymerization of these stereoforms are resulted in poly(L-lactic acid)
(PLLA), poly(D-lactic acid) (PDLA), and meso-PLA, respectively whereas
polymerization of racemic-lactide resulted in a polymer blend of PLLA and PDLA
also called stereocomplex-type PLA. However, commercial PLA is a copolymer of
poly(L-lactide) with small amount of poly(D,L-lactide), since the lactic acid derived
from biological sources is composed of mostly L-lactic acid and smaller amount of D-

lactic acid [3].

The most common way to synthesize high-molecular weight polylactic acid is through
ring-opening polymerization of lactide depicted as first route in Figure 1.3. The lactide,
a cyclic lactic acid dimer, is the second intermediate product and formed by
depolymerization of low-molecular weight polylactide through back-biting reaction
[4]. The first intermediate product is low-molecular weight polylactide oligomer

obtained by polycondensation with water removal.
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Figure 1.2 Chemical structures of lactic acid isomers and their cyclic dimers

Although, the second route, direct condensation polymerization is the cheapest one to
obtain high-molecular weight polylactide because of the difficulty of solvent removal
and the need of chain coupling agents and adjuvants, the complexity and cost of the
process increase. The main advantage of the third route, azeotropic dehydrative
condensation, is the lack of requirement of chain extenders and adjuvants. In this
procedure most of condensation water can be removed by means of the distillation at
low pressure. The fourth route is rather recently developed one, called solid state
polymerization and it needs further improvement because of its long polymerization

time in order to reach high-molecular weight [5].

Until last decade, the application of polylactide was limited with biomedical
applications like resorbable sutures and degradable implants due to its biodegradability
and biocompatibility [6]. With its rather low cost production, PLA had an increasing
demand in consumer applications predominantly because of its transparency,
processability, renewability and mechanical properties. Polylactide has comparable

stiffness and tensile strength to polyethylene terephthalate (PET), but its extensive



implementation in structural applications will be dictated mainly by cost reductions as

well as fine control over its mechanical and degradation properties.
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Figure 1.3 Main synthesis routes to high-molecular weight polylactide [3]

1.2 Titania

Titanium dioxide is a metal oxide and as a mineral, it is found most abundantly in the

form of ilmenite (FeTiOs) ore in the earth crust and its second largest source is the ore

of rutile (Ti0O2). The largest rutile and ilmenite reserves in the world are located in

China, Australia, India and South Africa. The total world reserve of ilmenite is around

700 million tones whereas rutile reserve is around 50 million tones. The world largest

ilmenite and rutile mine are operated in Norway and Sierra Leone, respectively. These

ores are converted into pure titanium dioxide with sulphate and chloride processes for

ilmenite and rutile ores, respectively.

There are two main approaches for the production of particles: top-down and bottom

up approaches. For titania particles, both its industrial production and researches focus
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on bottom up synthesis of particles from a precursor such as titanium tetraisopropoxide
(TTIP), titanium chloride (TiCls), titanium hydride (TiH2) powder and titanium
butoxide (CisH3604T1), etc. For the industrial production of titania powders utilizing
the flame spray pyrolysis method, TiCls liquid precursor from chloride process is

burned with oxygen flame at high temperatures and titanium oxide obtained [7].

Synthesis of titania particles with controlled sizes and morphology requires fine
calibration of the reaction medium. The methods having equal industrial importance
other than flame spray reactions are hydrothermal reactions and sol-gel techniques.
Titania nanoparticles can be formed in aqueous media, thus allowing for various
hydrothermal methods. Hydrothermal synthesis is normally conducted in steel
pressure vessels called autoclaves under controlled temperature and/or pressure with
the reaction in aqueous solutions. The temperature can be elevated above the boiling
point of water, reaching the pressure of vapor saturation. It is a method that is widely
used for the production of TiO; nanoparticles. In the sol-gel process, a colloidal
suspension is formed from the hydrolysis and polymerization reactions of the metal
salts or metal alkoxide precursors. Complete polymerization and loss of solvent leads
to the formation of the solid gel phase. With this method, ultrafine and uniform ceramic

powders are formed by precipitation, spray pyrolysis, or emulsion techniques [7].

There are three commonly known polymorphs of TiO> found in nature: rutile
(tetragonal), anatase (tetragonal) and brookite (orthorhombic) having different energy

band gaps of 3.03, 3.20, and 2.96 eV, respectively [8].

Rutile: This polymorph has a tetragonal structure containing 6 atoms per unit cell. The
TiOs octahedron is slightly distorted as shown in Figure 1.4. The rutile phase is stable
at most temperatures and pressures up to 60 kbar. The stability of the particles also
depends on particle size such that the rutile TiO> becomes more stable than anatase for
particle sizes greater than 14 nm. The activity of the rutile TiO, as a photocatalyst is
generally very poor compared to anatase TiO;. The rutile form is widely used as a

white pigment and opacifier.



Anatase: This polymorph also has a tetragonal structure but with a slightly larger
distortion of the TiO¢ octahedron compared to rutile phase as depicted in Figure 1.4.
The anatase structure is preferred over other polymorphs for solar cell applications
because of its higher electron mobility and low dielectric constant. The increased
photoreactivity is because of the slightly higher Fermi level and higher degree of

hydroxylation in the anatase phase.

Brookite: This polymorph belongs to the orthorhombic crystal system. Its unit cell is
composed of an octahedra, each has a titanium atom at the center and oxygen atoms at
the corners, as shown in Figure 1.4. It is more complicated, has a larger cell volume
and is also the least dense of the three forms. It is also the least studied form of TiO:

due to the difficulty of obtaining it as a pure phase.
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Figure 1.4 Different crystal structures of TiO»; (a) rutile, (b) anatase, and (c)
brookite [9]

Titania nanoparticles have potential to act either as an UV absorber or a photocatalyst.
When TiO» particles are exposed to UV irradiation, impinging photons with energies

equal to or higher than its band gap, electrons are excited from the valence band into



the unoccupied conduction band, leading to the formation of excited electrons (e7) in
the conduction band and positive holes (h") in the valence band as shown in Reaction
1 below. These charge carriers can recombine, nonradiatively dissipating the input
energy as heat, or get trapped and react with electron donors or acceptors adsorbed on
the surface of the TiO; particles as illustrated in Figure 1.5. The competition between
these processes determines the overall efficiency of TiO» particles for various

applications. These fundamental processes can be expressed as follows [7]:

TiO2 + hv —e " +h' (1)
e~ + Ti(IV)O-H — Ti(IIHO-H(X) )
h* + Ti(IV)O-H — Ti(IV)O" -H'(Y) 3)
h™ + 1/2 O% 1attice <> 1/4 O*(g) + vacancy 4)
e+ Ozs— O2s” )
O25-+ H+ < HO2 (6)
h* + Ti(IIHO-H" — Ti(IV)O-H (7)
e+ Ti(IV)O" - H" — Ti(IV)O-H (8)
025+ Ti(IV)O" - H —Ti(IV)O-H + Oa 9)

Reactions 2 — 6 are photocatalytic redox pathways, whereas Reactions 7 — 9 represent

the recombination of electron-hole pairs.

These two distinct behavior of titania particles enabled their extensive use for two
different purposes. The applications as “UV absorber” includes paints, sunscreens,
additives in plastics, pigments and coatings; while they are used in dye-sensitized solar
cells, electrode materials in lithium batteries, piezoelectric capacitors, solid oxide fuel
cell, gas sensors, polluted water/air treatment and antimicrobial applications as

“photocatalyst”.
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Figure 1.5 Schematic diagram of photocatalytic and UV absorbing process initiated by a photon [10]



They perform these functions depending on their crystal structure and particle size.
The anatase structure is preferred over other polymorphs for photocatalyst applications
because under UV irradiation, upon photon absorption, electron (¢) hole (h") pairs
formed in anatase phase have longer lifetimes before recombination and higher
mobility than those they have in rutile. Therefore, e-h" pairs in anatase phase have
higher possibility to reduce oxygen and react with OH", respectively at particle surface.
On the other hand, the activity of the rutile phase as a photocatalyst is generally very
poor. Moreover, according to Li ef al. [11] anatase has an inherent band bending at the
surface of the particle that is spontaneously formed in a deeper region with a steeper
potential compared to rutile as shown in Figure 1.6. Thus, surface hole trapping
dominates recombination in anatase phase because charge separation of e-h" pairs
occur via the transfer of holes towards the particle surface along the strong upward
band bending. In rutile, however, bulk recombination of electrons and holes prevails
such that only the holes very close to surface are trapped and transfer to the surface

which makes rutile phase more effective as an UV absorber [12].
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Figure 1.6 Band bending at the surface of (a) anatase, (b) rutile particles [11]

The photocatalyst function is promoted with smaller particle sizes because as particles
become smaller, especially <10 nm, due to the quantum size effect, the possibility of
recombination decreases and TiO» particles act as photocatalyst. Moreover, it is also

known that the previously mentioned band bending will become smaller with the TiO»



particle size decreasing. On the other hand, the UV absorber behavior becomes
dominant over photocatalytic behavior when the size of particles is rather large. The
UV light is strongly absorbed by excitation of electrons from the valence band to the
conduction band and the recombination of charge carriers followed by the dissipation
of the input energy in less harmful way such as heat. TiO> has a bandgap energy
corresponding to wavelength of 365 nm. Light below these wavelengths has sufficient
energy to excite electrons and hence is absorbed by TiO: particles. Light having a

wavelength longer than the band gap wavelength will not be absorbed.

1.3 Polymer/Titania Composites

Titania particles has already found extensive use in many polymer matrices such as
polyvinylchloride, polystyrene, polyamide 6, epoxy, poly(-methyl methacrylate), and
polyimide. The introduction of particles cause increase of stiffness, durability, , fire
retardation, UV-protection and additional fracture mechanisms like particle pull-out,
crack pinning, crack bridging and crack blunting improving the toughness of polymer

matrices [13].

Titania particles also receive much attention in food packaging industry to be used in
biodegradable polymers like polylactide or polycaprolactone because they are inert,
non-toxic, inexpensive, environmentally-friendly and especially have antimicrobial
activity against a wide variety of microorganisms [14]. Their most abundant use by
mass however is in PVC matrix because of UV absorption and color stabilizing
properties of titania and extensive outdoor applications of PVC in construction
industry such as doors, window profiles, and fascia boards, etc [15]. Moreover, titania
reinforced PMMA thin films is a promising new class of materials for optoelectronic

applications. The introduction of titania into a PMMA matrix not only improve thermal
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stability of the composites but also their crystallinity, refractive index and more

importantly they add non-linear optical behavior [16,17].

In terms of the interactions with UV irradiation, as mentioned in the previous section
titania particles may accomplish two different tasks in PLA matrix: (i) shielding UV
light and hence decreasing photodegradation rate; (ii) generating radicals at their
surface causing chain scission of PLA matrix. Apart from their crystal structure and
particle size, according to their surface conditions in the polymer matrix, either one of
these effects can be performed by the particles. Under UV irradiation electron hole
pairs are formed in particles which may recombine or travel to particle surface forming
radicals such as 0>, HOOs, OHe from H>O and O». The encapsulation of the particles
in a chemically stable shell prevents direct contact between the particles and molecules
that could be converted into a radical. For instance, when the particles are embedded
in thick films in which their surface is sealed with the matrix and formation of radicals
are inhibited, the possibility of recombination increases and the former effect become

dominant [18].

1.4 Photodegradation of PLA

All polymeric materials could be degraded when they are exposed to UV irradiation
due to the certain chemical alterations in their structure. The basic degradation
mechanisms, namely “main-chain scission”, “cross-linking”, “oxidation”, or “bond
cleavage” all lead to discoloration, decreased molecular weight, lower mechanical
properties and brittle fracture behavior. The photodegradation of polymers is
accelerated especially when they are used in outdoor applications because of the high
energy UV irradiations of the sunlight further divided into UVA, UVB, and UVC

regions as 380-315, 315-280, 280-200 nm, respectively [19].

As PLA has gained much attention as a non-petroleum biobased polymer in recent
years, it is important to focus on the degree of photodegradation of PLA for its durable

outdoor applications. It is known that PLA is also becoming one of the most preferable
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material in the biomedical sector due to its mechanical properties and
biodegradability/biocompatibility. Today, most of these biomedical parts are sterilized
under UV irradiation. Therefore, to study level of photodegradation of PLA in this

field is also critical.

According to Grotthuss — Draper law only the photons absorbed by the molecule can
initiate photochemical reactions. When a photon is absorbed, the molecule in the
ground state is electronically excited into a higher energy state. Generally, the photon
is absorbed by a particular group in the molecule which is C=0 bond in PLA known
to have n-n* excitation at 280 nm. The other single bonds like C-C, C-H, and C-O
have excitations at wavelengths shorter than 180 nm. Since PLA is rarely exposed to
these high energy photons, C=0O carbonyl group is the main subject of the
photodegradation of PLA. The excitation of carbonyl group having antibonding and bi
radical properties (Figure 1.7 (a)) tends to cause a and P cleavage (Figure 1.7 (b)),
atom abstraction (Figure 1.7 (c)), radical addition, and electron abstraction or electron

transfer [19].

AN \e °

C=0 — (C-O (@
R/ hv R/
R\o ° 4
/C—O —_— /C=O + Re (b)
R R
R\o ° R\o

—O0 ——> C—OH + Re (©
R/C 0 —1 » R

Figure 1.7 Excited states of C=0 bond in carbonyl group [19]

The first study in 1985 proposing the photodegradation mechanism of PLA was
reported by McNeill ef al. [20] suggesting that PLA decomposition under UV radiation
occurred by photolysis of the C-O bond in the ester linkage, at the position (b) as
depicted in Figure 1.8.
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Figure 1.8 PLA photodegradation by Norrish I reaction according to McNeill ef al.

[20]

The second study about polylactide photodegradation was published in 1997 by Ikada
[21] and later accepted by many scientist like Tsuji ez al. [22]. Based on the increased
C=C double bonds and OH groups in their IR spectra, Ikada claimed that chain scission
in the backbone of polylactide occurred via Norrish type II mechanism, shown in
Figure 1.9 at the ester group and the subsequent two methylene groups adjacent to the

ester oxygen.

/CH\C¢0 P

Figure 1.9 PLA photodegradation by Norrish II reaction according to Ikada [21]
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Janorkar et al. [23] applied low energy UV irradiation having wavelength range of
300-500 nm in order to minimize photodegradation of polylactide. Two alternative
mechanisms were proposed: (i) photolysis of C=0 followed by dehydrogenation
indicated as Mechanism A and (ii) photooxidation forming hydroperoxide derivatives
dissociated into carboxylic acid and unstable diketones compounds as shown in
Mechanism B of Figure 1.10. However, it should be noted that these reactions cannot

explain the increase of C=C bonds reported by Ikada [21].

Mechanism A

CI3H3 C|3H3 ?Hs CI:Hs ?Hs (|3H3
—0-C—C—0--C-C— ——» —0—C—C—0: +:C—C— —— —O0—C—C—OH +HC—C—

(| ol hv | (| H | 1l

H O H O o} H O H O H O
Mechanism B

C|3H3 GHs o GH; CHs (|7H3 ¢Hs
—O=G=Gm0—C—G—  —T —0—C—G-0—C—C— ——>= —0~(=G-OH + G—0—

v
H O H O H O OOH O H O O O

Figure 1.10 Photodegradation mechanisms via photolysis (Mechanism A), and

photooxidation (Mechanism B) proposed by Janokar et al.[23]

Bocchini et al. [24] proposed two different photodegradation mechanisms which are
Norrish II mechanism and photooxidation radical mechanism. Among these two
mechanisms, which one is predominant largely depend on the wavelength of the
photon. If the wavelengths of the photon is below 300 nm, it can be directly absorbed
by PLA molecule and photodegradation occurs via well-known Norrish II type chain
cleavage. However, if the wavelength of the photon is above 300 nm, it cannot be
directly absorbed. In this case, the photooxidation radical mechanism takes place as
shown in Figure 1.11. This mechanism usually begins with radical formation from
impurities by UV-irradiation or thermal decomposition. First, a tertiary hydrogen is
abstracted from PLA chain and a tertiary radical P+ is formed as shown in Reaction (1)
of Figure 1.11. This radical can react with oxygen to form a peroxide radical (2), which
may easily abstract another hydrogen from a tertiary carbon with the formation of an
hydroperoxide and the initial radical Pe (3). Then, the hydroperoxide undergoes
photolysis (4) with the formation of the HO« and a PO- radical that can further evolve

by B-scission (5). Taking into account the stability of the different fragments the most
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probable B-scission appears to be the (5b) reaction, leading to the formation of
anhydride groups. In this study, presence of anhydride groups were observed with new

peak formation at 1845 cm™ in FTIR spectra of PLA specimen.
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Figure 1.11 Radical oxidation process of irradiated PLA samples: Hydroperoxide
chain propagation and formation of anhydrides by photolysis of hydroperoxide [24]

It should be also pointed out that, the decreased molecular weight by chain scissions
result in the increased mobility of polylactide chains and ultimately ease the
crystallinity as reported by Tsuji et al. [22]. In their study, they compared the
photodegradation of crystalline and amorphous PLA. It was found that degradation
occurred both in amorphous and crystalline regions of PLA but photodegradability of

crystalline regions was rather low. The decrease in the cold crystallization temperature
15



(Tec) was explained by the crystallization amount, promoted via decreased molecular
weight, caused by annealing in a 65 °C UV irradiation chamber. Because as the
degradation proceeds, the chains become short enough to rearrange spatially of the
amorphous parts in crystalline regions. Polarized optical microscopy (POM) studies of
amorphous PLA also revealed the newly formed spherulites while no significant

change were observed at size and amount of spherulites in crystalline PLA.

In their FTIR analysis, Copinet et al. [25] observed decreasing intensities and shifting
peak positions to lower wavelengths of the -C—O— and —C=0 stretching bands with
UV irradiation because of the hydrolysis of ester linkages while decreased intensity of

—C—C- stretching was ascribed to modification of the degree of crystallinity.

Santonja-Blasco et al. [26] observed that —C=0 stretching band broadened and shifted
to lower frequencies due to increased concentrations of acid end groups. It is stated
that photodegradation occurs via Norrish II type chain cleavage and photolysis leading
to formation of anhydride groups by B-scission. The spectra belonging to longer

degradation times displayed anhydride carbonyl adsorption at 1845 cm™.

1.5 Literature Survey

1.5.1 Previous Studies on the Effects of Micron and Nano Sized Titania on the

Behavior of Polylactide

It is very well known that due to the depletion of petroleum resources, there is a
growing interest in the use of biosourced polymers classified as “biopolymers”. For
instance, polylactide (PLA) being a renewable thermoplastic that can be produced
from annually renewable resources (such as corn starch or sugar cane) is recently
becoming a significant candidate for short-time uses, e.g. in food packaging and
medical device market [27], especially due to its rather high-strength, high-modulus,
biodegradable/biocompatible aliphatic polyester structure. Hereafter, PLA has started
to gain more and more importance as a promising alternative candidate material to
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replace conventional petrochemical-based polymers for also long-term industrial
applications, such as automotive industry. However, for such rather structural
applications, PLA suffers from some shortcomings such as lower values of toughness,
thermal resistance and rate of crystallization. Although PLA has the highest
mechanical properties among other biopolymers, it still needs reinforcements in order
to fulfill structural integrity requirements in many engineering applications. Therefore,
there is a demanding interest in the number of the researches investigating the

effectiveness of the “composite approach” for PLA matrix.

In this respect, effects of various types of fillers have been studied as the composite
approach to PLA matrix, such as: (i) natural fibers; kenaf, hemp, flax, jute, ramie and
sisal [28-33], (ii) engineering fibers; carbon and glass short fibers [34—37], (iii) micro-
fillers; talc, hydroxyapatite, calcium carbonate, calcium sulfate, mica, and
microcrystalline cellulose [38—43], and (iv) nano-fillers; carbon black, carbon
nanotube, graphene, silicate, nanoclays, POSS, halloysite nanotube, cellulose
nanofibers and silica nanoparticles [44-54]. Moreover, micron and nano-sized
titanium dioxide (TiO.) particles, also named as “titania”, have been used as the

reinforcing material.

Titania particles are widely used commodity powders (annual production of > 4
million tons), especially in micron size as an inorganic pigment in paints, plastics,
paper, leather, textiles, foods and personal care products. On the other hand, recent
studies showed that TiO, nanoparticles have potential to be used in areas of
chromatographic separation, lithium-ion batteries, dye-sensitized solar cells, photo
catalytic redox reactions and water splitting, gas sensors and drug delivery vehicles

[55].

As a composite reinforcement, TiO particles have been investigated for many
thermoplastic matrices such as PVC, PP, PS, PE, etc. due to their high photostability
and biocompatibility. In the literature, titania particles were generally investigated in
two groups of size-ranges; micro and nano. If the particle size range was between 200-

1000 nm, then they are named as either “sub-micron” or simply just “micro”; whereas
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they are named as “nano” when their size range is less than 100 nm. In the literature,
for the PLA matrix, majority of the studies investigate effects of TiO> nanoparticles

with less than 100 nm range. Some of these studies can be summarized as follows:

Dural-Erem et al. [56] produced PLA nanocomposite films containing 0, 1 and 5 wt.
% TiO2 nanoparticles (< 25 nm) for medical applications by melt intercalation method
via twin screw extrusion through a film die. Thermal analysis showed that transition
temperatures Ty, T¢, T» and crystallinity amount did not significantly change whereas
thermal degradation temperatures 7.5 and T4 .05 increased with the filler content. This
means that the addition of TiO> nanoparticles increased thermal stability of the PLA
films by decreasing the heat transfer rate. According to the tensile tests results strength
and modulus values were reduced possibly due to the distribution problems of the
nanoparticles. On the other hand, the water absorption properties of the nanocomposite

films increased exhibiting bacteriostatic and limited bactericidal efficacy.

Farhoodi et al. [57] used anatase TiO, nanoparticles (20 nm) for the production of
PLA/TiO: (1, 3, 5 wt. %) composite films with solution casting. DSC analyses showed
that crystallinity amount increased slightly at 1 wt. % due to nucleation agent effect;
but at higher loadings opposite effect was observed, this time due to the restriction in
the spherulite growth. On the other hand, 7, was affected adversely because
nanoparticles disturb the packing and regularity of polymer chains and cause free
volume increment in the system. Results of the tensile test showed that strain at break
increased 57% at 3 wt. % content, but tensile strength decreased and no significant
change observed in elastic modulus. This toughening effect could be the consequence
of the breaking up of agglomerates, void nucleation, crack deflection, nanofiller
debonding or pull out, matrix deformation and bridging mechanisms. SEM
micrographs revealed uniform distribution of TiO2 nanoparticles at 1 and 3 wt. %
loading levels. UV-visible spectra showed that TiO2 nanocomposite films had high
ultraviolet shielding compared to neat polymer, but there was significant reduction in

transparency.
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Fonseca et al. [58] produced PLA/TiO; (anatase, 10 nm) composites with 1, 3, 5 and
8 wt. % compositions by melt-mixing method. DSC results showed that 7, and 7y
were not affected from nanoparticle incorporation while 7. increased from 106°C to
120°C showing that it promotes crystallinity due to the nucleation agent effect of the
particles. However, percent crystallinity did not show a significant change. Polarized
optical microscope (POM) images showed that the number of spherulites increased,
i.e. higher nucleation density with finer spherulite size compared to neat PLA. A
significant change was not present in the degradation temperatures according to TGA
results. The increase in the Young's modulus of PLA/TiO> nanocomposites were as
much as 55% with 5 wt. % TiO,. On the other hand, elongation at break values

decreased with nanoparticle incorporations.

In the study of Zhang et al. [59], PLA/TiO2 (20 nm, anatase) nanocomposites were
prepared by vane extruder with 0, 0.5, 1, 2, 5, 10 and 15 wt. % TiO; while specimens
were fabricated by injection molding. According to SEM images homogeneous
distribution was obtained when particle content was not more than 5 wt. %. DSC
results suggested that TiO> nanoparticles do not play an active role in heterogeneous
nucleation. According to TGA, thermal stability of the PLA/TiO> nanocomposites
were improved as compared with that of pure PLA resin. This is possible because TiO>
particles could act as heat barrier in the early stages of thermal decomposition.
According to the results of tensile tests, properties increased up to only 2 wt. % TiO».
For this nanocomposite, the increase in tensile strength and elongation at break values

were 1.5% and 107%, respectively.

One of the biggest problem in the polymer nanocomposite investigations is the extreme
difficulty to obtain random and uniform distribution of the nanoparticles in polymer
matrices. In the literature, there exist substantial amount of effort in order to improve
dispersibility of titania in PLA matrix because of the bad influences of aggregated TiO-
nanoparticles especially in terms of reduced mechanical properties which would
prevent use of PLA/Ti0; nanocomposites in structural applications. Literature survey
indicated that, these studies especially focused on the use of different TiO, surface

modification techniques as some of them summarized below:
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Lu et al. [60] modified surfaces of TiO2 (20 nm) nanoparticles by surface-grafting with
L-lactic acid oligomer and produced PLA/TiO2 nanocomposite specimens by solvent
casting method at 5, 10, 15, 20 wt. % compositions. It was observed that grafted
particles (g-TiO2) had approximately uniform distribution, while unmodified TiO»
nanoparticles tended to aggregate. Crystallinity of the PLA matrix decreased with
increasing the amount of g-TiO; particles which might be due to the interfacial
chemical bond between g-TiO; and PLA, decreasing the PLA chain mobility required
for crystallization. Tensile tests showed that compared to neat PLA, 5 wt. % g-TiO:
increased tensile strength as 23%, while this increase was 11% with unmodified TiOs-.
This behavior can be attributed to better interaction and adhesion between g-TiO:

particles and PLA matrix.

Similarly, in order to eliminate their agglomeration in PLA matrix, Luo et al. [61]
functionalized TiO> (20 nm, anatase) surfaces by lactic acid grafting. PLA/TiO»
nanocomposites with 0.2, 0.5, 1, 2, 5 and 8 wt. % grafted and bare TiO> compositions
were produced by co-rotating twin-screw extruder while test specimens were shaped
by injection molding. TEM studies showed that bare TiO, particles formed
agglomerates even at 0.5 wt. %, but grafting prevented their agglomeration effectively
up to 2 wt. %. The strain at break and tensile strength values of the composites with 1
and 2 wt. % grafted TiO2 nanoparticles increased certain amount compared to neat
PLA. Because, PLA chains having compatibility with grafted TiO, establish rather
strong interaction leading to increased stress transfer from the matrix to the particles.
However, for composites reinforced with non-grafted TiO particles, both tensile
strength and strain at break values decreased for all filler contents. SEM images also
showed that composites reinforced with bare TiO> nanoparticles had very smooth
fracture surfaces indicating the semi-brittle fracture behavior whereas specimens
reinforced with grafted TiO> nanoparticles had very rough fracture surfaces with

extensive ligament stretching.

In the study of Meng et al. [62] titania (400 nm, anatase) sub-micron particles were

surface treated by coating with this time poly(e-caprolactone) (PCL). Then,
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microcomposites were fabricated by melt-blending and compression molding at
compositions of 2, 5, 10, 30 and 40 wt. % bare and coated TiO, particles.
Agglomerations were observed at and above 5 wt. % bare TiO2 loadings whereas
coated TiO; particles resulted in no agglomeration even at 20 wt. % loading. For
composites reinforced with coated TiOo, strain at break increased with increasing TiO2
loading and reached a maximum value of 64.7% at 30 wt. %. A stress whitening
phenomenon induced by large amount of crazes and necking was observed easily
during the tensile test of samples filled with coated TiO2 indicating ductile fracture.
On the other hand, for composites reinforced with bare TiO» particles strain at break
values were lower than neat PLA. However, for all cases, tensile strength of

composites were lower than the PLA matrix.

Zhuang et al. [63] fabricated PLA/Ti0; (20 nm, anatase) nanocomposites with 1, 3, 5
and 10 wt. % loadings via in-situ polymerization and shaped them with solution casting
method. Particles used in their study were organically surface modified with a silane
(y-methacryloxypropyltrimethox-ysilane). They proved by SEM studies that, silanized
Ti0; particles at 1 and 3 wt. % were well dispersed in PLA matrix. Thermal stability
of the polymer was enhanced because the presence of nano-TiO: particles constraining
the mobility of PLA molecular chains and simultaneously acting as thermal insulators
during the thermal transport. Change in the glass transition temperature was
proportional to particle dispersion level in the matrix, because chain mobility of the
matrix decreased by the hydrogen bonds formed between carbonyl groups on the PLA
chains and the hydroxyl groups on the surfaces of silanized TiO». Increasing the
homogeneity of the dispersion increased the chain mobility restriction and
consequently 7,. Tensile strength, modulus and elongation at break improved to a
certain degree as 17 MPa, 287 MPa and 262%, respectively, for the 3 wt. % TiO:
reinforced composite. When a load is imposed on the PLA, it will be transmitted to the
TiOz particles nearby, and then to the matrix around the particles; even the rupture of
some of the chains would not endanger the whole system. In this way, the load can be

dissipated quickly and effectively with both the strength and toughness enhanced.
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In the study of Marra et al. [64], PLA/TiO2 (25 nm) (80% anatase and 20% rutile)
nanocomposite films were prepared by twin screw mixer and compression molding.
Compatibility between polymer matrix and nanoparticles were improved by
functionalizing TiO: surfaces with fluorocarbons plasma treatment. They used 2 and
5 wt. % untreated and functionalized TiO> nanoparticles. Thermal degradation
temperatures shifted to higher temperatures but the improvement was more significant
for functionalized nanocomposites. For example, at 5 wt. % particle loading, the
improvement in 7. was 27 °C whereas it was only 14 °C for composites reinforced
with untreated TiO; particles. Similarly, for 5 wt. % loading, yield strength and tensile
strain at break values have been improved by 18.6% and 22.8%, respectively with
functionalized TiO» particles; whereas these properties were deteriorated as much as
12.0% and 14.5% with untreated TiO: particles. The morphological analysis has
evidenced that all these improvements were basically due to the rather homogeneous

distribution of the functionalized TiO> nanoparticles in the PLA matrix.

1.5.2 Previous Studies on the UV Irradiation of PLA and PLA/TiO:z

Composites

Polymers derived from the renewable agricultural resources, called as “biopolymers”
are recently being considered as a probable way out from the today’s petroleum based
traditional polymeric materials, because of the significant environmental concerns and
the depletion of fossil resources. In this regard, poly(L-lactic acid), i.e. polylactide
(PLA), among other available biopolymers, is becoming one of the most promising
candidate replacement material due to its attractive mechanical properties and

biodegradability/biocompatibility.

Nowadays, apart from its widespread applications in food packaging industry, use of
PLA is becoming common in the fields of “agricultural mulch” films, “biomedical
devices” such as sutures, stents, drug carrier, orthopedic devices, scaffolds and
“automotive parts” such as pillar cover, door trim and front panel. In all these

applications, investigation of the performance of PLA against UV irradiation become
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crucial. Because, agricultural mulch films and outer automotive components are
exposed to UV irradiation of sunlight; while UV irradiation itself is used extensively
for the periodic sterilization of many medical devices because of its simplicity,

effectiveness and low cost of operation [22,23,65,66].

The energy of UV light between 200 nm (598 kJ/mole) and 400 nm (299 kJ/mole) are
higher than the bond energies of C-O (358 kJ/mole), C-C (347 kJ/mole) and C-H (414
kJ/mole) in the molecular chain structure of PLA. It is known that, UV absorption
taking place especially by the low energy C-O bond in the ester linkage of the PLA
structure leads to bond breakage, i.e. ‘“chain scission”, via Norrish I type
photodegradation reaction [20,21,23]. It is also known that photons could be absorbed
by the C=0 (745 kJ/mole) bond in the carbonyl group of the PLA ester backbone leads
to excitations resulting in Norrish II type photodegradation reactions again causes
significant chain scission [21-23,25,26]. Many researches [21,22,25,26,38,67-70]
revealed that this type of chain cleavage of course results in significant decreases in

the molecular weight of the PLA, consequently deteriorated mechanical properties.

In the polymer industry, in order to decrease deteriorative influences of UV irradiation,
there are many commercial organic UV absorbers containing certain absorption bands
in different wavelength regions below 400 nm. Examples of the commercially
available organic UV absorbers are; benzotriazole, benzimidazole, benzophenone,
triazine, oxanilide, salicylate and cinnamate types [71,72]. In this group,
“benzotriazole-type” organic UV absorbers are known as one of the most effective
one. In the literature, although there are certain number of studies revealing the
effectiveness of this type of UV absorber for many polymeric materials including
aromatic and aliphatic polyesters [73—75], no work has been reported for the neat PLA
structure. Therefore, one of the purpose of the second part of this thesis will be to
indicate influence of benzotriazole based organic UV absorber on the performance of

PLA.

In terms of organic UV absorbers, n-type semiconductors are consideration, especially

rutile phase titania (Ti0O2) particles due to its nontoxicity and chemical stability under
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UV irradiation [76]. Rutile TiO> having energy band gap of 3.0 eV is capable of
absorbing UV light at wavelengths less than 410 nm. Li ef al. [77], Man et al. [78],
and Xiu et al. [79] indicated that use of both micron sized (~200 nm) and nano sized
(<100 nm) titania, if uniformly distributed, increase the resistance of the PLA structure
against UV irradiation with very high rate of electron-hole recombination mechanism.

These improvements were obtained for both sheet specimens and thick specimens.

Anatase crystal structure of TiO2 having an energy band gap of 3.2 eV is also capable
of absorbing UV light wavelength less than 384 nm. However, for this TiO» there is
another possibility, i.e. having “photocatalytic” effect. Because, in the anatase
structure under UV irradiation, electron hole pairs not only recombine but they may
also travel to the particle surface forming certain radicals such as O*, HOOe, OH+ with
H>0O and O; present in the environment. As particles become smaller especially <10
nm due to the quantum size effect, the possibility of recombination decreases and TiO>
particles act as effective photocatalyst. Although photocatalytic effects have certain
usefulness in other sectors, it would accelerate the photodegradation reactions in the
polymer structures. Li ef al. [77], Buzarovska et al. [80], Nakayama et al. [81], Zhuang
et al. [63] revealed that use of <21 nm sized anatase TiO» particles resulted in
significant reductions in the molecular weight of the PLA with lowered mechanical
properties. This detrimental photocatalytic effect was especially important in the film
specimens [63,80,81], but in thick specimens [78,79]., since surfaces of the particles
were covered with the matrix material, the possibility of the contact of the anatase

particles with oxygen or water prevented, leading to no photocatalytic action.

It is known that use of only one type of UV absorber could not prevent the
photodegradation reactions taking place in the polymer structures fully. One way to
improve resistance against photodegradation is use of mixtures of different UV
absorbers. In the literature there are studies investigating the influences of using
mixtures of two or more different organic UV absorbers/stabilizers [71,73,82—85], or
using mixtures of organic and inorganic UV absorbers [86—92]. In this respect, there
are limited number of studies using TiO» particles together with an organic UV

absorber especially for polymeric coatings [89-92].
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1.6 Aim of the Thesis

Literature survey for the PLA matrix, some of them summarized in Section 3.5.1,
revealed that there is no published study on the effects of both micron and nano sized
titania particles. Therefore, the main aim of the first part of this thesis was to compare
influences of various contents of the micro (200 nm) and nano (50 nm) titania particles
on especially the mechanical and thermal properties of PLA. To the best of our
knowledge, all the published work on the interfacial improvement between the PLA
matrix and TiO particles were related to using different “surface modification”
techniques of TiO; particles, but use of “copolymer compatibilization” approach was
not reported. Therefore, the secondary purpose of the first part of this thesis, as the
first time, was to investigate influences of using “maleic anhydride” copolymer

compatibilization on the performance of one of the nanocomposite composition.

Literature survey in Section 3.5.2 indicated that, to the best of our knowledge, no
investigation was reported using benzotriazole type organic UV absorber together with
Ti0; particles for the PLA matrix. Therefore, the purpose of the second part of this
thesis was, as the first time, to investigate performance of 2 mm thick PLA specimens
against UV irradiation, first when only using benzotriazole based UV absorber, micro
and nano titania particles used alone, and then to reveal possible synergism when they

are used together.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

Polylactide (PLA) matrix material used in this thesis, was commercial L-lactic acid
type polylactide with an extrusion grade (NaturePlast, PLE 001). According to
technical data sheet of this PLA, it melts between 145-155°C and degrades in the range
of 240°-250°C; its melt flow index range is 2-8 g/10 min at 190°C under 2.16 kg, as
well as a density of 1.25 g/cm>. Moreover, weight average molecular weight of this

PLA was determined using Gel Permeation Chromatography as 105 800 g/mol.

In this thesis, as the reinforcement material, effects of two different size ranges of
titania were compared. The first one, named as “micro-titania” was a commercial one
(Sachtleben R 210, Germany) used in polymer masterbatch industry with 94% purity.
Average particle size, d (50), of these TiO> particles determined by the particle size
analyzer (Malvern Mastersizer 2000) was 200 nm, as shown in Figure 2.1. The second
one, named as “nano-titania” was laboratory grade nanopowders supplied from US
Research Nanomaterials (USA) having a purity of 99.9%. SEM analysis (FEI Nova
Nano 430) revealed that the average size range of these nanoparticles were around 50
nm, which can be observed in Figure 2.2. It was also determined by XRD
diffractograms (Bruker D8 Advance A25) that both micron and nano sized TiO:
particles were composed of 100% rutile phase. Because, as given in Figure 2.3, all
those well-known diffraction angles of the rutile phase were matched with the labelled

peak positions.
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Figure 2.2 SEM images of nano (n-Ti02) and micron (m-Ti0) sized titania particles
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Figure 2.3 X-ray diffractograms of micron (m-Ti0Oz) and nano (n-Ti0;) sized titania

particles indicating the well-known diffraction angles of the rutile phase (JCPDS
card number 01-072-1148)

Maleic anhydride (MA) whose chemical structure is shown in Figure 2.4 was used
during copolymer compatibilization studies in the first part of this thesis. It was
purchased from Sigma-Aldrich with 99% purity and 98 g/mol molecular weight. Its
melting temperature was in the range of 51-56°C with boiling temperature of 200°C.
Dicumyl peroxide (DCP) used as the initiator for the reaction of MA grafting was also

supplied from Sigma-Aldrich with a purity of 99% and a melting temperature of 39°C.

Figure 2.4 Chemical structure of maleic anhydride
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The commercial organic UV absorber (SONGSORB® 2340, Songwon Ind. Co. Ltd.,
South Korea) used in the second part of the thesis has the chemical formula of 2-[2-
Hydroxy-3,5-di(1,1-dimethylbenzyl) phenyl]-2H-benzotriazole, as schematically
shown in Figure 2.5. It was supplied in powder form with a minimum purity of 99%
and a molecular weight of 448 g/mol. Its melting temperature is in the range of 137-

141 °C with strong UV irradiation absorbing capability in the 300-400 nm region.

HO
- N\

~ 7/

Figure 2.5 Chemical structure of the benzotriazole type organic UV absorber

2.2 Production of the PLA/Titania Micro and Nanocomposites

In the first part of this thesis, composite specimens of PLA reinforced with micron and
nano sized TiOz were all compounded via melt mixing and compression molding
techniques using laboratory size equipment. Before melt mixing, PLA powders and
Ti0; particles were dried in a vacuum oven at 60°C for 15 hours. Then, according to
the composition, PLA and TiO2 powders were pre-mixed manually just before feeding
into side feeder of the extruder. These mixtures were then melt compounded via
laboratory size twin-screw extruder (Rondol Microlab 300, D=10 and L/D=20). The
temperature profile used for this production from feeder to die were 115°-170°-180°-

175°-145°C, and the screw speed used was 75 rpm all through the compounding stage;
30



followed by air cooling and pelletizing of the continuous strands into 2-3 mm pellets

using a four blade cutter.

Before specimen shaping, pellets were allowed to re-dry for another 15 hours at 60°C
in a vacuum oven. Specimens required for testing and analyses were melt-shaped via
laboratory scale compression molder (MSE Press Series, LP. M2SHO5, Turkey) in
accordance to the related standards. Maximum loading capacity and heating plate size
of the compression molder were 50 kN and 20x20 cm, respectively. Temperature of
the steel molds and the applied compressive load were kept at 160°C and 25 kN
throughout the shaping processes, respectively. In order to prevent mold sticking, inner
surfaces of the molds were first sprayed with a commercial mold release agent. Then,
thin sheets of PTFE were also inserted in between the upper and lower surfaces of the
molds and heating plates. During compression molding, before application of full
pressure for 5 minutes, a period of 6 minutes without pressure was applied in order to
homogeneously melt pellets of the compounds (placed in the molds). Finally, shaped
specimens were carefully unmolded after sufficient time of cooling down to room

temperature.

PLA/titania microcomposites were produced with loadings of 1, 2, 5, 10 and 15 wt. %;
while the nanocomposites with 0.5, 1, 2 and 3 wt. % loadings. Micron and nano sized
titania particles were designated as m-TiO> and n-TiO», respectively; therefore, the
produced composites were designated using the format of “PLA/m-TiO2 x%” or

“PLA/M-Ti02 x%”, where x denotes wt. % of the particles used.

In order to investigate the effects of maleic anhydride copolymer compatibilization,
PLA was grafted with MA and a copolymer, namely PLA-g-MA was formed using the
reactive extrusion technique by twin-screw melt mixing of PLA together with 2 wt. %
MA and 0.5 wt. % dicumyl peroxide (DCP) as a free radical initiator. Afterwards, the
amount of grafted MA to PLA was found by titration method as 2.67 %. Details of
these procedures are explained in our former study [93]. As it will be discussed in the
following results and discussion section, since use of 2 wt. % n-TiO; revealed the

optimum mechanical properties; PLA-g-MA approach was used only for this
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nanocomposite. Hence, this nanocomposite specimen is designated as PLA/g-MA/n-
TiO2 2%. In this composition, the amount of PLA-g-MA copolymer used was also 2

wt. %.

In the second part of this thesis, during compounding and shaping of the specimens
the same process parameters mentioned above were used. The only difference was the
addition of the organic UV absorber in certain composition. In this part, in order to
reveal the proposed synergism of the organic UV absorber (designated as UVA) with
micron and nano sized titania, totally six different compositions were produced.
Designations of these compositions were as follows: PLA, PLA/UVA, PLA/m-TiO,,
PLA/n-Ti0,, PLA/UVA/m-TiO; and PLA/UVA/n-TiO». In these compositions, the
amount of each filler added were all 2 wt. %. Because, in the first part of the thesis,
investigating the effects of the micron and nano sized titania contents on the
mechanical performance of PLA, the optimum and common amount determined for
each particle was 2 wt. %. For comparative purposes, the amount of the added UVA
was also 2 wt. %. Therefore, since the added amounts were all the same, 2 wt. %

contents were not indicated in the designations of the specimens

All the specimen compositions used in the first and second part of the thesis were

tabulated in Table 2.1.

2.3 Structural and Morphological Characterization

In the first part of the thesis, Fourier transform-infrared (FTIR) spectroscopy was
conducted to PLA, PLA/n-TiO; and PLA/g-MA/n-TiO2 2% composites via Bruker
ALPHA IR spectrometer in order to reveal certain interactions between PLA, MA and
n-TiO,. Signals of at least 32 scans were averaged by attenuated total reflectance

(ATR) unit with 4 cm™ resolution in the wavenumber range of 400 to 4000 cm™.
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Table 2.1 Compositions (wt. %) of the specimen produced in the first and second

part of the thesis
Specimens PLA m-TiO: n-TiO2 g-MA UVA
PLA 100 - - - _
PLA/m-TiO2 1% 99 1 - ] _
PLA/m-TiO2 2% 98 2 - ] _
=  PLA/m-TiO:25% 95 5 - _ ;
=~  PLA/m-TiO:2 10% 90 10 ; ] ]
3 85 15
< PLA/m-TiO:2 15% - - ;
Py
S PLAM-TiO:20.5% 99.5 - 0.5 - -
2 PLAM-TIO: 1% 99 - 1 ] )
2 PLA/n-TiOz 2% 98 - 2 - -
PLA/n-TiO:z 3% 97 - 3 - -
PLA/g-MA/n-TiO2 %2 96 - 2 2 )
PLA 100 - - - _
z
¢ PLA/UVA 98 - - - 2
=]
= & PLA/M-TiO: 98 2 - - -
2 &
Z 3 PLA/M-TiO: 98 - 2 - i
=]
=  PLA/UVA/m-TiO: 96 2 - - 2
(¢
PLA/UVA/n-TiOz 96 ; 2 - 2

In the first part of the thesis, morphological analysis was carried out using scanning
electron microscope (SEM) (FEI Nova Nano 430) for the fracture toughness
specimens whose fracture surfaces were sputtered with gold right after drawing a
conductive path from silver paste. Secondary electron detector was used together with
5 kV accelerated voltage and 2 mm spot size in order to prevent the specimen surface
damage. Distribution of m-TiO> and n-TiO; particles in PLA matrix and the interface

between them were analyzed.
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2.4 Mechanical Tests and Thermal Analyses

In the first part of the thesis, in terms of mechanical testing, both three point bending
flexural tests and tensile tests were applied to the specimens to measure their strength
and modulus values under two different loading types. These tests were carried out via
5 kN Instron 5565A universal testing system according to ISO 178 and ISO 527-2
standards, respectively. Besides tension and flexural tests; fracture toughness tests
were also carried out to determine K;c and Gic values of the specimens. Single-edge-
notched-bending specimens were notched and pre-cracked with Ceast Notchvis system
as defined in the standard ISO 13586, again using the Instron 5565A system. All
mechanical tests were conducted for 5 specimens of each micron and nanocomposite
combinations and the properties were determined as the average values including their

standard deviations.

In order to determine the transition temperatures, the enthalpies and thermal
degradation temperatures of each specimen composition, differential scanning
calorimetry (DSC) (SII X-DSC 700 Exstar) and thermogravimetric analyses (TGA)
(SIT TG/DTA 7300 Exstar) were conducted. The heating profile used for DSC was -
80 to 220°C, whereas for TGA it was 30 to 550°C. For both analyses, the heating rate

and the purging gas were 10°C/min and nitrogen gas flow, respectively.

2.5 UV Irradiation of the Specimens

In the second part of the thesis, degree of the photodegradation in each six specimen
compositions under UV irradiation were measured using Q-LAB QUV/se model
accelerated weathering test system without any moisture cycle. The specimens were
exposed to UV light with fluorescent lamps (UVB-313, Q-Lab Corp., Cleveland,
USA) providing irradiance in the range of 280-400 nm and having their peak emission
at 310 nm. The light intensity was 0.50 W/m? (at 310 nm) and the distance between
the UV lamps and the samples was 5 cm. During UV irradiation of the 2 mm thick
flexural and fracture toughness test specimens mounted onto the plates of the testing
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unit, the temperature was set to 50°C. Effects of UV irradiation were investigated for
the periods of 12 and 24 days. Therefore, specimen designations (PLA, PLA/UVA,
PLA/m-TiO2, PLA/n-TiO2, PLA/UVA/m-TiO,, PLA/UVA/n-TiO,) were suffixed
with 0d, 12d and 24d where 0d is used for the non-irradiated specimens.

2.6 Analyses for the Changes after UV Irradiation of Specimens

Degree of the photodegradation in each specimen compositions after UV irradiation
period was evaluated by comparing results of the following tests and analyses

performed.

2.6.1 Measurement of Weight Losses

In order to reveal the possible mass losses, weight of each specimen compositions were
measured with a precision balance (Denver Instruments, SI-234) before (0d) and after
(24d) UV irradiation. The % weight losses were calculated using the following simple

relation:

Wod—W
% WLOSS = W x 100

, Where Wy, is the initial weight while W>44 is the weight of the specimen after UV

irradiation. For each specimen composition, five weight measurements were made.

2.6.2 Analyses for Color Changes
For the possible color changes under UV irradiation, each specimen compositions were

inspected both visually and quantitatively. Visual inspection was made by comparing

the digital photographs of the exposed (24d) and non-exposed (0d) specimen surfaces.
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The quantitative analyses for the color changes were conducted using the Diffused
Reflectance Analysis (DRA) which determines the CIELAB color space parameters
(L*, a*, b*) with the DRA unit of Agilent Cary 60 UV-Vis spectrophotometer. The
measurements were performed in accordance with the CIE 1976 standards from the
surfaces of five specimens for each composition, before (0d) and after (24d) UV

irradiation.

2.6.3 Analysis for Molecular Weight Changes

To be able to evaluate possible changes in the molecular weight of the PLA matrix,
gel permeation chromatography (GPC) analysis was conducted. The decrease in the
weight average molecular weight (My) of the neat PLA specimens were measured in
tetrahydrofuran at 35 °C using a Malvern OMNISEC GPC system. The analysis was
conducted with triple detection method by use of refractive index, viscometer and light
scattering detectors together with two columns (T6000M). The solutions were
prepared through 40 hours of magnetic stirring at concentrations above 2 mg/ml and

filtered using a 0.2 um pore-sized membrane.

2.6.4 Analyses for the Changes in the Chemical Structure, Fracture Surface

Morphology, Mechanical and Thermal Properties

The changes in the chemical structure, fracture surface morphology, flexural strength
and modulus, K;c and G;c fracture toughness, transition temperatures along with the
thermal degradation temperatures of all specimen compositions before and after UV
irradiation periods were evaluated by FTIR, SEM, mechanical tests and thermal

analyses as explained in detail above in the Sections 2.3 and 2.4.
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CHAPTER 3

RESULTS AND DISCUSSION

As stated before, since this dissertation has two different parts, their results are

presented and discussed successively in the following two subsections.

3.1 Effects of Micro-Nano Titania Contents and Maleic Anhydride

Compatibilization on the Mechanical Performance of PLA

3.1.1 Effects of Micron and Nano Sized TiO:2 Contents on their Distribution in
PLA Matrix

SEM has been proven to be a powerful tool not only for studying the dispersion of
micro and nanofillers embedded within a polymer matrix, but also for exploring
fracture surface morphology of the specimens revealing certain information on their
fracture behavior. Hence, fracture surfaces taken from the fracture toughness test
specimens of each composition were investigated under SEM in order to observe
effects of micro and nano filler content on their distribution and morphology in the
PLA matrix. The fractographs of neat PLA and its micro and nanocomposites were
given in two different magnification levels, i.e. (a) low [10000X] and (b) high
[40000X], in Figures 3.1 and 3.2, respectively.

First of all, these figures indicate that fracture surfaces of the neat PLA at all
magnifications were rather flat and smooth revealing its inherent high level of

brittleness. When micro or nanoparticles were incorporated, both Figures 3.1 and 3.2
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show that fracture surface morphology become very rough due to the certain level of
shear banding and plastic deformation around the ligaments of particles in the matrix.
Thus, as will be seen in the next section, fracture toughness of the all micro and

nanocomposites were higher than that of the neat PLA.

It can be observed from the low magnification fractographs given in Figure 3.1 (a) that
all loadings of the micron sized titania particles were distributed rather homogeneously
in the PLA matrix. However, the higher magnification fractographs given in Figure
3.1 (b) revealed that there are slight differences especially in terms of particle
agglomeration. For instance, at low micro filler contents (i.e. 1, 2, 5 wt. % m-TiOz)
almost no agglomeration was observed, while at higher micro filler contents (i.e. 10
and 15 wt. % m-TiOy) there were certain level of particle coalescence leading to
formation of micron sized agglomerates. Therefore, as will be discussed in the next
section, there was a gradual increase in strength and toughness of the microcomposites
when filler contents were 1, 2, 5 wt. % m-TiO;, contrarily these properties started to

decline with 10 and 15 wt. % m-TiO».

In the case of nanoparticles, Figure 3.2 shows that there was a similar situation. That
is, under low magnification (Figure 3.2 (a)) almost all nanoparticle loadings seemed
to be homogeneously distributed. However, under high magnification, Figure 3.2 (b)
indicated that incorporation of 3 wt. % n-TiO> resulted in certain level of particle
agglomeration. Hence, the highest mechanical properties in this group were obtained

with the loading of 2 wt. % n-TiOs.

It should be noted that micron size TiO: particles were started to form agglomerates
beyond 5 wt. % loading, whereas for the TiO2 nanoparticles this threshold content was
beyond 2 wt. % loading. Agglomeration tendency of the nanoparticles at much lower
loading amount should be due to their larger specific surface area and higher surface

tension between the n-TiO» particles.

Apart from morphology and distribution of particles, another significant aspect

influencing all mechanical properties of the composites is the interfacial adhesion
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between the polymer matrix and particle surfaces. It is known that depending on the
production and storage conditions, there might be certain number of hydroxyl groups
on the surfaces of TiO; particles. Therefore, in addition to the certain polar attractions
between the matrix and the particles, formation of certain level of hydrogen bonding
between the hydroxyl groups present at the PLA chain ends and the hydroxyl groups

on the surfaces of the TiO» particles can be also expected.

On the other hand, SEM fractographs taken especially at high magnifications given in
Figures 3.1(b) and 3.2 (b) revealed that, there were certain level of debonding between
the PLA matrix and titania particles, including certain number of particle pull-out holes
left in the PLA matrix. Therefore, it can be said that the interfacial adhesion between
the PLA matrix and TiO: particles used was not so strong. However, even these
slightly bonded particles resulted in improvements in the mechanical properties of

PLA.

In the first part of the thesis, in order to improve interfacial interaction between the
PLA matrix and TiO; particles, maleic anhydride (MA) copolymer compatibilization
was applied for the PLA/n-Ti0O2 %2 composite specimen. Figure 3.2 showed that when
only 2 wt. % PLA-g-MA copolymer was present, there were better distribution with
lower level of particle agglomeration, all leading to further improvements in the

mechanical properties, as will be discussed later in detail.
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Figure 3.1 (a) Low and (b) high magnification SEM fractographs of neat PLA and

PLA/m-TiO2 microcomposites
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Figure 3.1 (continued)
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Figure 3.2 (a) Low and (b) high magnification SEM fractographs of neat PLA and

PLA/n-Ti0; nanocomposites
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Figure 3.2 (continued)
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3.1.2 Effects of Micron and Nano Sized TiO: Contents on the Mechanical
Properties of PLA

Tension tests, three-point bending tests and fracture toughness tests were carried out
to determine the mechanical properties of PLA, PLA/m-TiO, and PLA/n-TiO;
composites. The values of “Tensile Strength (c75)”, “Young’s Modulus (£)” and “%
strain at break” determined by tension tests; “Flexural Strength (6rix)” and “Flexural
Modulus (EFy)” values obtained from bending tests; and “Critical Stress Intensity
Factor (Kic)” and “Critical Strain Energy Release Rate (Gic)” values calculated from
the results of fracture toughness tests are all tabulated in Table 3.1. “Tensile stress-
strain” curves and “flexural stress-strain” curves of specimens are given separately in
Figures 3.3 and 3.4, respectively. Moreover, influences of increasing TiO2 contents on
the strength, elastic modulus and fracture toughness values of PLA/m-TiO; and

PLA/n-Ti0; composites were compared in Figures 3.5, 3.6 and 3.7, respectively.

Figures 3.5, 3.6 and Table 3.1 simply show that use of micron and nano sized TiO>
particles at all contents improved strength and modulus values of the PLA matrix to a
certain extent. It is known that the basic strengthening mechanisms of polymer matrix
composites are the decreased mobility of the macromolecular chains of polymer
matrix, and the applied load transfer from the polymer matrix to the reinforcement
particle. The level of the effectiveness of these strengthening mechanisms especially
depends on the degree of interfacial adhesion between the matrix and reinforcement
surfaces. In this thesis, apart from the polar interactions, there is a certain tendency of
the formation of hydrogen bonding due to the interactions between the hydroxyl
groups present on the TiO surfaces and the carboxyl and hydroxyl groups present at

the chain ends of the PLA macro molecules.

Another important parameter on the level of composite strengthening mechanisms is
the amount of the fillers incorporated into the matrix. Strength of the matrix polymer
increases with increasing the filler content, of course only up to certain content, beyond
which due to the agglomeration and consequent distribution problems, strength values

start to decrease gradually. Therefore, it is seen in Figure 3.6 that, tensile and flexural
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strength of the microcomposites increase up to 5 wt. % m-TiOz; while for the
nanocomposites, it was up to 2 wt. % n-TiO;. At these optimum TiO> contents, the
improvement in tensile and flexural strength in the microcomposite were 15% and 8%,
respectively; whereas for the nanocomposite they were both 9%. Beyond these
optimum contents, tensile and flexural strengths of the micro and nanocomposites

started to decline, but still remained above the strength values of neat PLA matrix.

Improvement in the elastic modulus of the polymer matrices depends particularly on
the stiffness and content of the reinforcing filler. Since TiO» particles are rather stiff
inorganic materials, Figure 3.6 shows that increasing the content of the m-TiO:
particles increases the Young’s and flexural modulus of the PLA matrix. For instance,
when 5 wt. % m-TiO2 was used, the increases in £ and EFrx were 11% and 10%,
respectively. Increasing the m-TiO: content to 15 wt. % resulted in further
improvement as 15% in E and 19% in Erex. For the nanocomposite, improvements
were up to a n-TiO2 content of 2 wt. %. For this composition, £ and Erex of the PLA
matrix increased by 5% and 9%, respectively. In the nanocomposite with a n-TiO>

content of 3 wt. %, due to the distribution problems, no improvement was observed.

It is known that the values of the “% tensile strain at break™ can be interpreted as
“ductility” of materials. Tensile stress-strain curves of all compositions, shown in
Figure 3.3 exhibited yielding with short quasi-constant stress region followed by
fracture without necking. Percent Tensile Strain at Break (%¢y) values tabulated in
Table 3.1 indicated that ductility of the PLA matrix decreased gradually with the
increasing micron and nano sized titania particle contents. Similar results were also
reported in the literature [60,64] after the addition of TiO> nanoparticles. It has been
discussed that the ductility decrease in the nanocomposites were due to the increased
number of the “pinning point” action of the nano fillers preventing the sliding of the

PLA chains required for plastic deformation.

One of the most critical shortcoming of PLA is its inherent brittleness; therefore, its
improvement is essential for most of the engineering applications. Consequently, in

this thesis, fracture toughness tests (one of the most important parameter required for

45



structural designs) were conducted to investigate influences of micro and nano TiO»
particle contents on the fracture toughness of PLA. Results of this test, measuring the
ability of the materials to withstand crack initiation and propagation, were evaluated
in terms of both “Critical Stress Intensity Factor (Kic)” and “Critical Strain Energy
Release Rate (Gic)” values as tabulated in Table 3.1. Effects of micron and nano sized

Ti0O; contents on the K;c and Gyc values were evaluated in Figure 3.7.

It is known that fracture toughness of the brittle matrices can be improved by both
delaying the crack initiation and decreasing the crack propagation rate. In the micro
and nanocomposites, delay in the crack initiation mainly depends on the interfacial
adhesion between the matrix and the fillers. In this thesis, it is believed that the level
of the polar attractions and the hydrogen bonding mentioned before would not be
sufficient to prevent crack initiation. On the other hand, some of the toughening

29 ¢

mechanisms to decrease crack propagation rate known as “crack deflection”, “crack
bowing”, “debonding”, and “pull-out” would be operative in this thesis. For the
mechanism of crack deflection and bowing, a certain level of interfacial adhesion
formed by the polar attractions and the proposed hydrogen bonding would be
sufficient. Oppositely, for the debonding and pull-out mechanisms to be effective,
rather a weaker interfacial adhesion would be effective, which was evidenced from the

SEM fractographs given in Figures 3.1 and 3.2.

Therefore, Table 3.1 and Figure 3.7 indicate that fracture toughness of the brittle PLA
matrix was improved with the incorporation of m-TiO2 particles up to 10 wt. %. For
instance, for the 5 wt. % m-TiO; content, the improvement in K;c and Gic values were
12% and 38%, respectively. However, due to the highest level of uniform distribution,
use of only 1 wt. % m-TiO; resulted in the highest improvement in this group, being
15% in K;c and 42% in Gic. In the nanocomposite group, use of all contents of n-TiO»
resulted in improved fracture toughness values. In this group, due to the better
distribution level and much higher surface area/volume ratio of the nanoparticles, use
of 2 wt. % n-TiO; resulted in highest improvement, being as much as 18% in K;c and

49% in Gic.
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Table 3.1 Tensile Strength (o7s), Flexural Strength (or.x), Young’s Modulus (E), Flexural Modulus (EFx), Tensile Strain at Break

(&), and Fracture Toughness (K;c and Gic) values of neat PLA, PLA/m-Ti0O; and PLA/n- TiO; composites

(1)
Specimens ors(MPa) or..(MPa) E(GPa) Erwec GPa) &%) KIC(MPa\/m) Gic(kJ/m?)
PLA 56.0+£0.6 94.8+0.5 2.71+0.02 3.16+0.04 5.11+0.06 3.75+0.04 6.28+0.07
PLA/m-TiO2 1% 60.5+0.8 97.2+0.9  2.84+0.07 3.20+0.03  4.21+0.20 4.30+0.07 8.93+0.28
PLA/m-TiO2 2% 61.7+0.8 99.7£0.3  2.89+0.04 3.38+0.07 4.19+0.14 4.23+0.08 8.72+0.19
PLA/m-TiO2 5% 64.4+0.3 102.7+¢1.5  3.02+0.04 3.47+0.07 4.15+0.19 4.19+0.11 8.64+0.02
PLA/m-TiO2 10% 62.9+1.1 100.7+1.4  3.08+0.01 3.66+0.07 4.15+0.25 3.97+0.02 6.47+0.17
PLA/m-TiO2 15% 60.2+0.7  99.5+0.83  3.12+0.02 3.75+0.10 3.91+0.34 3.73+0.07 5.60+0.21
PLA/n-TiO2 0.5% 56.3+0.7 97.0£0.7  2.75+0.03  3.17+0.07 4.53+0.13 3.90+0.15 7.35+0.21
PLA/n-TiO2 1% 57.6+0.3 100.5+0.4 2.76+0.03  3.31+£0.02 4.35+0.54 4.02+0.03 7.76+0.20
PLA/n-TiO2 2% 61.1+0.4 103.5+1.0  2.85+0.03  3.44+0.04 3.984+0.30 4.43+0.06 9.35+0.27
PLA/n-TiO2 3% 56.5+0.7 98.8+1.5 2.71+0.02  3.30+0.05  3.81+0.25 4.05+0.05 8.13+0.29
PLA/g-MA/n-Ti022%  63.840.4 104.1£0.9  3.15+0.03  3.78+0.04  5.35+0.26 5.05+0.03 10.50+0.18
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It can be summed up that apart from ductility; strength, elastic modulus and fracture
toughness of the PLA can be improved by a certain extent either by using micron sized
(200 nm) or nanosized (50 nm) TiO; particles. The main difference observed between
them was the amount of the particles necessary for the highest improvement. That is, use
of only 2 wt. % n-TiO; resulted in either similar or higher improvements compared to the

use of Swt. % m-TiO;.

3.1.3 Effects of MA Copolymer Compatibilization on the Mechanical Performance
of a PLA/TiO2 Nanocomposite

In this part, in order to further investigate the effects of the improving interfacial
interactions further between the PLA matrix and TiO; particles, maleic anhydride (MA)
grafted PLA copolymer (PLA-g-MA) compatibilization was used only for one of the
nanocomposite compositions having the highest mechanical performance, i.e. for PLA/n-
TiO2 2% specimen. Before comparing the mechanical properties of the neat PLA, PLA/n-
TiO2 2% and PLA/g-MA/Ti0O2 2% specimens, ATR-FTIR analyses were conducted for

these three compositions (as given in Figure 3.8) to reveal the possible interactions.

The first IR spectrum in Figure 3.8 belongs to neat PLA indicating the five main
absorption bands of the PLA structure starting from low energy bands as: (i) C-H
stretching vibrations of R3C—H stretching at 2995, 2944, 2925 and 2853 cm™; (ii) C=0
stretching mode vibrations of the carbonyl group at 1746 cm™'; (iii) CH;3 vibrations in two
different modes as the antisymmetric CH; bending mode at 1452 cm™ and C—CHj;
deformation mode at 1382 and 1360 cm™'; (iv) C—O stretching vibrations in between 1300
— 1000 cm™ in three different modes as (O=)C—O stretching of ester group at 1180 cm’
and 1264 cm™!, antisymmetric C—O—C stretching mode at 1079 cm™ and 1127 em™, and
C—C-O stretching mode at 1041 cm™'; and (v) C—C stretching mode at 955 and 867 cm™'.
All these characteristic IR bands observed in this thesis were very well matching with the

ones reported in the literature [94].
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The second IR spectrum in Figure 3.8 is for the PLA nanocomposite specimen with 2 wt.
% n-TiO; particles. In this spectrum, only those bands different than the characteristic
PLA bands were labelled. It was seen that the characteristic IR bands of the titania
structure as established in the literature [34, 41], Ti—O and Ti—O-Ti stretching modes were
observed in between 800400 cm! as broad peaks with rather low intensity; due to both
very low amount (2 wt. %) of titania present and also due to detection difficulty because
of the overlapping skeletal vibrations of the C-C bands of PLA structure, which was also
discussed elsewhere [96]. In this spectra, apart from Ti—-O and Ti—O-Ti stretching
vibrations, two tiny low intensity Ti-OH assignments were observed. The first one was in
between 3800-3600 cm’' indicating the characteristic tetrahedral and octahedral
coordinated vacancies; designated as 4Ti*"-OH and ¢Ti*"-OH. In the literature [96], these
bands are discussed as non-hydrogen bonded hydroxyl groups left on the surface of TiO»
particles after their production. The second tiny broad Ti-OH absorption band observed at
around 1620 cm™! was generally attributed to the absorbed water on the surface of TiO

nanoparticles in the form of hydroxyl groups [95].

In this study, as mentioned before, formation of certain level of hydrogen bonding was
proposed between the hydroxyl groups on the TiO» surfaces and the carboxyl and
hydroxyl groups at PLA chain ends. Therefore, one of the reason of the very low intensity
of these Ti-OH bands seen in the spectrum can be due to the formation of mentioned
hydrogen bonding. It is also known that after this type of interaction between the PLA
matrices and inorganic particle surfaces, there might be certain shifts or decrease in the
intensity of the characteristic IR bands of the PLA structure including its end groups. In
this respect, in this study, there was a very slight shift at C=0 stretching adsorption band
from 1746 cm™! to 1747 cm’!. Moreover, intensities of all of the C-H stretching, C-CH3
deformation and antisymmetric CH3 bending vibrations of the PLA structure decreased
with nanoparticle loading, together with a slight shift in two of the four peaks of C-H
stretching vibrations from 2853 cm™ and 2925 cm™ to 2850 cm™ and 2917 cm™,

respectively.
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The third spectrum given in Figure 3.8 was for the 2 wt. % n-TiO> nanocomposite
specimen after the use of PLA-g-MA copolymer compatibilization. In the literature,
typical IR assignments observed for MA structure are cyclic C=C stretching band at 1590
cm’!, asymmetric and symmetric carbonyl C=0 stretching at 1774 cm™ and 1850 cm™,
respectively. Of course, after the formation of PLA-g-MA copolymer structure, the C=C
stretching band disappears. In the literature [97], it is discussed that the expected
interaction between MA and TiO; is the adsorption of MA onto the TiO; surface by
electronic donation, which occurs from one surface oxygen to one of the two C=0O
carbonyls of MA, followed by electronic donation from the s-bonded oxygen of MA to
Ti*". Normally, this type of chemical interaction between the MA and TiO» surfaces can
be revealed by the formation of Ti-O-C bands corresponding to 1160 cm™ and 1096 cm’
I It is also known that after that type of interaction, shifting and/or decrease in the intensity
of the MA carbonyl C=O stretching vibrations (at 1774 cm™ and 1850 cm™) could be
observed. However, due to the overlapping of the broad and intense C—O stretching
vibrations (around 1100-1200 cm™) and the antisymmetric C=O stretching (at 1746 cm™)

of PLA matrix, it was not possible to distinguish them in Figure 3.8.

In order to observe the effects of the PLA-g-MA copolymer compatibilization on the
mechanical performance of the PLA/n-TiO2 2% nanocomposite specimen, all mechanical
properties before and after compatibilization were compared with that of the neat PLA in
Figure 3.9, which was constructed using the data tabulated in Table 3.1. Figure 3.9 shows
that MA compatibilization resulted in further improvements in all mechanical properties
of the PLA/n-TiO; 2% composite specimen. For instance, compared to neat PLA, the
improvement in the tensile strength (o75) of the nanocomposite was 9%, but after MA
compatibilization this improvement increased to 14%. For the flexural modulus (Eriex),
the improvement before and after compatibilization were 9% and 20%, respectively.
Similarly, in terms of Gic fracture toughness, the improvements before compatibilization

was 49%, after MA compatibilization it was as much as 67%.
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specimen, before and after its PLA-g-MA copolymer compatibilization
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nanocomposite specimen, before and after its PLA-g-MA copolymer compatibilization
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The main reason of these further improvements was the further improvements achieved
in the interfacial adhesion. As discussed in the FTIR analysis section above, the expected
interaction between the PLA matrix and TiO; particles was only polar attractions and
formation of the certain level of hydrogen bonding; while after MA compatibilization,
certain level of covalent chemical bonding was also expected. Therefore, improvement in
the interfacial adhesion increased effectiveness of the not only strengthening mechanisms
(i.e. load transfer and chain mobility decrease) but also effectiveness of the certain

toughening mechanisms (such as crack deflection and bowing).

3.1.4 Effects of Micron and Nano Sized TiO2 Contents on the Thermal Behavior of
PLA

Two different analysis were conducted to investigate the thermal behavior of all specimen
groups. As the first one, differential scanning calorimetry (DSC) analysis was conducted
in order to determine the important transition temperatures; i.e. glass transition (7), cold
crystallization (7¢) and melting (7,») temperatures, together with the enthalpy of melting
(4H») and enthalpy of crystallization (4H.) including percent crystallinity (X:). The

relation used in the calculation of percent crystallinity is given below;

_ AHp—AH,
WpraAHm

X, -100

, Where wpp4 is the weight fraction of the PLA matrix and AH,,° is the melting enthalpy of
100% crystalline PLA given as 93 J/g in the literature [98]. DSC first heating thermograms
of the specimens were given in Figure 3.10, while all the related data determined were

tabulated in Table 3.2.

It is seen that incorporation of micron and nano sized titania had almost no influence on
the 7y and 7w of the PLA matrix; however, there was certain reduction in its cold

crystallization temperature (7¢). Depending on the TiO; contents, this reduction was from
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125°C (neat PLA) down to the range of 110-120°C for the PLA matrices of the composites.
This can be interpreted that cold crystallization in the PLA matrix of the composites
started at lower temperatures possibly due to the TiO; particles acting as heterogeneous
nucleation sites. Of course, these TiO> particles in the polymer melt can also reduce both
the energy required to create a new surface and the nucleus size for crystal growth [58]
promoting the crystallinity of PLA matrix. Therefore, Table 3.2 shows that the use of 10
wt. % m-TiO; increased crystallinity amount of PLA from 3.76% to 6.93%; that is an
increase of almost 2 times. Moreover, due to their higher surface area/volume ratio, use
of only 2 wt. % n-TiO> increased crystallinity amount to 10.86%; which was an increase
of almost 3 times. Beyond these loading amounts, TiO, particles resulted in slight
reduction in the crystallinity amount of the PLA matrix. One reason leading to the
development of this trend might be the deterioration of homogenous distribution
preventing the formation of new nucleation sites with increasing TiO> content. Another
possible reason of decreasing crystallinity at higher TiO> compositions can be the
hindrance of growing spherulitic crystals by other TiO> particles constraining the
conformational mobility of PLA chains required for spherulitic growth. Similar results

have been also reported in the literature for PLA/Ti02 nanocomposites [35, 45].
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Table 3.2 Transition Temperatures (7, 7c, Tm), Enthalpies (4H,, 4H.) and Crystallinity Percent (Xc) values of neat PLA, PLA/m-
Ti0; and PLA/n- TiO, composites obtained from the first heating profile of DSC thermograms

Specimens T, (°C) T. (°C) T (°C) AH,. (J/g) AH. (J/g) Xc (%)
PLA 60.1 124.6 150.2 17.2 13.7 3.76
PLA/m-TiO2 1% 60.2 121.2 150.6 27.5 22.8 5.10
PLA/m-TiO2 2% 60.1 118.5 149.8 27.3 223 5.49
PLA/m-TiO2 5% 59.8 115.2 149.4 27.9 222 6.00
PLA/m-TiO2 10% 59.7 109.8 148.9 21.8 16.0 6.93
PLA/m-TiO: 15% 59.6 111.4 148.6 19.9 15.3 5.82
PLA/n-TiO2 0.5% 59.5 121.5 150.2 18.3 12.1 6.70
PLA/n-TiO2 1% 60.2 118.2 149.1 24.5 16.5 8.69
PLA/n-TiO2 2% 59.7 117.9 149.2 28.1 13.2 10.86
PLA/n-TiO2 3% 60.1 115.8 149.7 28.3 20.0 9.20

PLA/g-MA/n-TiO2 2% 59.2 117.8 149.2 24.6 15.6 9.87
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PLA is a biodegradable aliphatic polyester, which is prone to degradation by various
factors such as heat, moisture and UV radiation. Therefore, the second analysis conducted
was thermogravimetric analyses (TGA) to determine the thermal degradation
temperatures of each specimen. TG curves were given in Figure 3.11, while the data
determined were tabulated in Table 3.3 as Ts%, T10% and T2sv representing the degradation
temperatures at 5%, 10% and 25% mass losses; and Tmax representing the temperature at
maximum mass loss. In the table %residue of each specimen determined at 550°C was

also included.

Results provided in Table 3.3 simply indicated that the use of nano sized (50 nm) TiO»
particles improved thermal degradation temperatures of the PLA matrix only by a few
degrees. It is seen that the highest improvement for the nanocomposites was in the 5 wt.
% mass loss temperature (75%) i.e. an increase from 332 to 340°C. This increase can be
due to the heat barrier effect of TiO; particles at the early stages of thermal decomposition.
Similar results for the slight improvements in the thermal decomposition temperatures of
PLA/Ti0; nanocomposites have been reported in the literature [59,63,64,100]; and these
improvements have been attributed to the thermal stability of titania and its shielding
effect against transportation of heat and volatile products formed during thermal

decomposition.

On the other hand, for the micron sized (200 nm) TiO, particles, no improvement was
observed; instead, there were certain degrees of reductions in the all thermal degradation
temperatures. It is stated in the literature that the decomposition temperatures can be
decreased due to the agglomeration and decreased homogeneity of the distribution of TiO>
particles [96,100]. It is also mentioned by Li et al. [47] that availability of surface hydroxyl
groups on the surfaces TiO; fillers can catalyze the thermal decomposition of PLA at

elevated temperatures.
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Table 3.3 Thermal degradation temperatures (750, T10% 125%) at5, 10 and 25 wt. % mass losses, the maximum mass loss

temperature (7ax) and %Residue at 550°C of neat PLA, PLA/m-TiO; and PLA/n-Ti0, composites

Specimens Tso (°C) T10% (°C) T254 (°C) Timax (°C) % Residue at 550 °C
PLA 332 342 353 362 0.16
PLA/m-TiO2 1% 333 342 352 359 0.31
PLA/m-TiO2 2% 333 340 344 355 2.29
PLA/m-TiO2 5% 330 337 345 352 4.84
PLA/m-TiO2 10% 326 334 343 350 12.49
PLA/m-TiO2 15% 323 331 341 349 14.00
PLA/n-TiO2 0.5% 337 345 355 363 1.01
PLA/n-TiO2 1% 336 345 355 363 1.99
PLA/n-TiO2 2% 339 346 355 364 2.35
PLA/n-TiO2 3% 340 347 356 364 3.66

PLA/g-MA/n- TiO2 2% 331 340 352 364 2.52
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3.2 Effects of Micro and Nano Titania on the UV Irradiation
Resistance of PLA with and without an Organic UV Absorber

In the following sections, changes in the performance of UV irradiated neat PLA and
its compounds containing micron or nano sized TiO: particles with and without
organic UV absorber were evaluated in terms of % weight loss, changes in color and

chemical structure, including the decreases in the mechanical and thermal properties.

3.2.1 Weight Loss after UV Irradiation

Degree of the weight loss in the mass of polymeric materials exposed to UV irradiation
could be an indication of their stability or resistance against UV photodegradation. In
the literature [63,77,80,81], it was reported that if the PLA based materials were
especially in the form of thin sheets (e.g.100-200 um), and if they are exposed to high
energy irradiations (e.g. 50-100 W/m?) for prolonged periods (e.g. 10-40 days), then

percent weight loss can be as much as 15-40%.

In the second part of this thesis, before and after 24 days of UV irradiation, at least
four fracture toughness test specimens of all compositions were weighted using a high
precision balance. The average % weight loss values with standard deviations are

tabulated in Table 3.4, while the weight loss trends are indicated in Figure 3.12.

Table 3.4 and Figure 3.12 show that, since the specimens used in this thesis were 2
mm thick bulk specimens, not thin sheets of micron thicknesses, %wt loss values are
all rather very low, being less than 1 wt. %. However, the values indicate the trends
observed in each specimen composition. It was seen that the highest %wt loss occurs
in the neat PLA specimen. When it is filled with UVA, micron and nano sized TiO»,
then %wt loss values decreases substantially, of course due to their UV absorbing
capabilities. Moreover, Table 3.4 and Figure 3.12 revealed that the least %wt loss takes

place when UV A was added together with micro and nano TiO: particles. This can be
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interpreted that UVA has synergistic UV absorbing action when used together with

titania particles.

Table 3.4 Percent Weight Loss values of the Specimens after (24d) UV irradiation

Specimens Weight Loss (%)
PLA 0.23 £0.045
PLA/UVA 0.19+0.012
PLA/m-TiO2 0.21 +0.004
PLA/n-TiO2 0.20 = 0.008
PLA/UVA/m-TiO2 0.11+0.023
PLA/UVA/n-TiO2 0.09 + 0.020
— T 1 + T T v 1 T 1 T T T T T T T T
PLA 023 |
PLA/UVA 0&—4 -
0.21
PLA/m-TiO, T
PLA/n-TiO, 0.20f
_ 0.11
F’LA/UVA/m-TIO2 1 N
PLA/UVA/n-TIO, w%
L ) L L | L A | L L | L N | L : L L
0.00 0.05 0.10 0.15 0.20 0.25

Weight Loss (%)

Figure 3.12 Percent weight loss trends of the specimens after (24d) UV irradiation
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3.2.2 Color Change after UV Irradiation

In the polymer industry, from consumers’ point of view, change in the color of the
polymeric components can be very problematic, which can take place when these
component are exposed to UV irradiation during their outdoor use under sunlight or
sterilization under UV lamps. Therefore, in the second part of this thesis, possible color
changes in each specimen composition after (24d) UV irradiation period were
evaluated first visually by the photographic images (Figure 3.13) and then also
quantitatively by the CEILAB color space parameters (L*, a*, b*, AE*) via diffused

reflectance analyses (DRA), results of which are provided in Table 3.5.

It is seen in Figure 3.13 that the neat PLA specimen before (0d) irradiation appears
very transparent, due to the very slow melt crystallization rate. PLA had no ability to
crystallize during the high cooling rate of the compression molding process used for
shaping of the specimens. Therefore, all neat PLA specimens had very high level of
amorphous structure. During UV irradiation tests, the temperature in the unit was 50°C,
which was insufficient for the start of cold crystallization of PLA. Therefore, even
after 24 days, the amorphous transparent structure of neat PLA specimen remained
almost the same. Similarly, Table 3.5 shows that during UV irradiation of the neat
PLA there was slight changes in the CIELAB color space parameters (L*, a*, b*), in
which the total color change (AE*) value was only around 3. By the addition of 2 wt.
% UVA into the PLA matrix, it was observed that PLA/UVA specimen appeared with
a very slightly yellowish tone, again with very high level of amorphous transparent
structure. After 24 days of UV irradiation, color space parameters (L*, a*, b*) again

changing slightly, this time the total color change (AE*) value was around 4.5.

Due to the very well-known perfect whiteness of titania particles, Figure 3.13 indicated
that, with the addition of only 2 wt. % micro or nano TiO> particles, the specimens
appeared opaque and very white, both before (0d) and after (24d) UV irradiation.
Similarly, the quantitative color parameters in Table 3.5 revealed that, the values of
L* parameter which represents “whiteness” for these components were all above 96,

while L* values for the neat PLA and PLA/UVA were around 30. After irradiation,
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AE*total color change value for the m-TiO; and n-TiO; filled composites were

extremely low, being less than 1.

When TiO: particles were added together with UV A, no significant color changes were
observed; L* value being again more than 96, and AE* value becoming slightly above

1.

Therefore, it can be stated that use of micro and nano titania particles either alone or

together with a benzotriazole type organic UV absorber could be very effective to keep

white color of the PLA products under prolonged UV irradiation conditions.

Table 3.5 Changes in the CIELAB color space parameters (L*, a*, b*) and total

color change (AE*) values of the specimens after (24d) UV irradiation

Specimens L* a* b* AE*
PLA-0d 30.00£1.02  -0.24+0.05  -0.72+0.03

PLA-24d 32.72¢1.15  -0.27£0.04  -1.59+0.14  2.91£1.03
PLA/UVA-0d 28.71+0.89  -0.61+0.09  -0.10+0.08
PLA/UVA-24d 33.13£0.72  -0.53+0.06  -0.60+£0.22  4.46+0.31
PLA/m-TiO2-0d 95.97+0.09  -0.85+0.04  2.63+0.14
PLA/m-TiO2-24d 96.56+0.11  -0.78+0.01 2.07£0.09  0.82+0.14
PLA/n-TiO2-0d 96.21+0.09  -0.97+0.04  2.67+0.20
PLA/n-TiO2-24d 96.74+0.13  -0.80+0.03 1.85£0.03  0.99+0.09
PLA/UVA/m-TiO2-0d  96.08+0.30  -1.08+0.02  3.11+0.11
PLA/UVA/m-TiO2-24d  96.57+0.05  -1.49+0.06  4.60+0.17  1.62+0.05
PLA/UVA/n-TiO2-0d 96.17+£0.15  -1.09+0.03 3.05+0.05
PLA/UVA/n-TiO2-24d  96.08+0.05  -1.43+0.03  4.23+0.05  1.24+0.05
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(@)
Figure 3.13 Photographic images of the (a) Flexural test and, (b) Fracture toughness

specimens; showing their color before (0d) and after (24d) UV irradiation
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(b)

Figure 3.13 (continued)

3.2.3 Chemical Structure Change after UV Irradiation

It is known that the most significant deteriorative effects of UV irradiation influencing
all mechanical properties of PLA would be in the form of molecular weight (My)
decrease via chain scission reactions. Therefore, in order to determine the level of
molecular weight reduction of PLA matrix after (24d) UV irradiation, gel permeation
chromatography (GPC) analysis was used. GPC analysis revealed that the weight
average molecular weight (My) of unirradiated (0d) neat PLA matrix being 105.80x10°
g/mol reduced down to 86.98x10° g/mol after 24 days of UV irradiation. As will be
evaluated in the next section, this level of reduction in the My, of PLA matrix led to

substantial decreases in the mechanical properties of all specimen compositions.
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Apart from the reduction in the My of PLA matrix, in order to observe other changes
in the chemical structure of each specimen, ATR-FTIR analyses were conducted. Their
spectra before (0d) and after (24d) UV irradiation are compared in Figure 3.14 (a) and
(b). The first spectrum in Figure 3.14 (a) belongs to unirradiated (0d) neat PLA
specimen indicating the well-known typical five main absorption bands of the PLA as

described in section 3.1.3

In the literature [22,25,80] it has been indicated that, upon absorption of a photon
during UV irradiation, photo degradation mechanisms known as “photolysis” and
“photo-oxidation” leading to ‘“chain scission” i.e. breakage of the PLA backbone
structure especially takes place in the C-O and C-C bonds of the ester linkage, resulting

in the decreased IR intensity of these bands.

Figure 3.14 (a) and (b) show that, for all specimen compositions, compared to their
unirradiated (0d) IR spectrum, IR intensities of not only C-O and C-C bonds, but also
other typical bands of the UV irradiated (24d) specimens were decreased. Of course,
it was very clear that the most significant decrease in the IR intensity of the bonds
occurred in the neat PLA specimen. In the irradiated (24d) specimens having either
UVA, micron or nano sized TiO: particles, the decrease in the intensity of IR bands
were much lower. Moreover, it was observed that, due to the synergism, when UVA
was added together with micron or nano sized TiO., the decrease in the IR intensities

were almost negligible.

Apart from decreased intensity of IR bands, it has been also discussed [77,79,81] that,
upon UV irradiation, there might be formation of new C=C bands (around 1600 cm™)
and O-H bands (around 3500 cm™). The formation of the first new band is believed to
be due to the excitation of the C=0 ester carbonyl during the main photodegradation
reaction known as Norrish II type photocleavage. The second new band that might
appear would be due to the formation of hydroperoxides at the terminals of the new
broken PLA chains. In this thesis, closer examination of the 24d irradiated IR spectrum
of the neat PLA and UVA, micron and nano sized TiO: filled specimens, revealed that

there were tiny broad peaks for the new C=C band at 1636, 1646 and 1654 cm™'; while
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for the new —O-H band at 3629, 3649 and 3676 cm™ (Figure 3.14 (a) and (b)).
However, for the specimens having UVA and micron or nano sized TiO; together,

these tiny new peaks were not observed.

Copinet ef al.[25] and Santonja-Blasco et al. [26] indicated that, apart from new peak
formations, UV irradiation might also lead to shifting of the certain IR peaks of the
typical PLA bands to lower wavenumbers. In this thesis upon (24d) UV irradiation of
the neat PLA specimen, the (O=)C—O and C—C-O stretching bands shifted from 1180
cm! to 1179 ecm’!, 1264 cm™ to 1263 cm’!; and from 1042 cm™ to 1040 cm’
! respectively; while the C=O carbonyl stretching peaks shifted from 1747 cm™ to
1744 cm™!. However, for the specimens containing UVA, micro or nano TiO» particles,

alone or together, these shifts were not observed.

Therefore, it can be pointed out that, compared to neat PLA, due to the efficient photon
absorbing abilities of UVA and TiO particles, the change in the chemical structure of
PLA matrix i.e. the degree of “chain scission” in these filled compositions were rather

lower.

3.2.4 Mechanical Property Changes after UV Irradiation

In the second part of this thesis, in order to determine the degree of the reductions in
the mechanical properties of the UV irradiated specimens, two types of tests were
conducted. The first one, 3-point bending, was used to compare “Flexure Strength,
orlex” and “Flexure Modulus, Ere,” values; while the second one was used to compare
“Kic and Gic Fracture Toughness” values. It should be pointed out that, since during
UV irradiation test of the specimens, the temperature exposure unit was 50°C, all
unirradiated specimens were first dried in a vacuum oven at 50°C in order to make

proper comparison.
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Results of the first test are given in Figure 3.15 (a) and (b) in the form of “flexural
stress-strain curves”, while the orer and EFrr, data determined from these curves are
tabulated in Table 3.6. Moreover effects of 12d and 24d UV irradiation on these

strength and modulus values are shown in Figure 3.16.

Figures 3.15, 3.16 and Table 3.6 revealed that the flexural stress-strain curves of all
specimens were affected from 24 days of UV irradiation leading to certain decreases
in the values of both flexural strength and modulus (oriex and Erex). It is clear that the
most significant deterioration in the strength and modulus values were for the neat
PLA specimen. The reduction in the orer and Erex values of this specimen after 24d
irradiation was 15% and 10%, respectively. This was because of the photodegradation
reactions leading to “chain scissions” and the consequent decrease in the molecular

weight of PLA structure.

However, due to the UV absorbing actions of both TiO> particles and UVA molecules,
decreasing the level of chain scissions in their PLA matrix, these reductions were lower
in the specimens of PLA/UVA, PLA/m-Ti0O; and PLA/n-TiO>. When these fillers were
added together, the lowest level of reductions were obtained. For example, for the
PLA/UVA/n-TiO; specimen, the reductions in the orex and Erex values after 24d

irradiation were both only 3%.

Benefits in the strength and elastic modulus values of the specimen filled with micro
and nano TiO; particles were especially due to their inorganic rutile phase having very
high chemical stability during UV irradiation. Consequently, these TiO: filled
specimen exhibited higher orex and Erex values not only before (0d) but also after
(24d) UV irradiation. Because, these compositions kept their function on the well-
known composite strengthening and stiffening mechanisms of “load transfer from the

matrix” and “decreased mobility of the matrix chains” also during UV irradiation..

The possible reason of the synergistic behavior when UVA was used together with

Ti0; particles can be due to the higher efficiency during absorption of the UV photons
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and then transformation of the energy of these photons into less harmful heat by higher

degree of electron hole recombination.

Changes in the fracture toughness, i.e. ability of the structure to hinder crack initiation
and propagation leading to fracture, of the specimens were determined in terms of
“Critical Stress Intensity Factor (K;c)” and “Critical Strain Energy Release Rate (Gic)”
values as given in Table 3.6. Effects of 12d and 24d UV irradiation periods on these

fracture toughness values were evaluated in Figure 3.17.

Just like in the case of orex and Erix, Table 3.6 and Figure 3.17 showed that, the
reductions in the fracture toughness values K;c and Gjc in the 24d irradiated neat PLA
specimen was significant being as much as 18% and 36%, respectively. Similarly,
these reductions were again much lower in the specimens having UVA and TiO;
particles either alone or together. For instance, in the specimen of PLA/UVA/n-TiO»
the reductions in the K;c and Gic values after 24d irradiation were only 7% and 19%,

respectively.

The contribution of the organic UV A molecules and the inorganic TiO» particles to the
fracture toughness values of the PLA matrix before and after UV irradiation could be
discussed in two manner. First of all, since they have high chemical stability under UV
irradiation; they could keep their function in the composite toughening mechanisms.
For instance UVA might act as plasticizing agent for the “shear banding or plastic
deformation” mechanism, while micro and nano TiO; particles keep their action in the
mechanisms of “crack deflection”, “crack bowing”, “particle debonding” and “particle
pull-out”. Secondly, their very efficient UV absorbing actions decreasing the level of

photodegradation (i.e. chain scission) in their PLA matrix would result in lower

amount of crack initiation and propagation.
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Table 3.6 Changes in the flexural Modulus (EFiex), Flexural Strength (oriex) and

Fracture Toughness (K;c and Gyc) values of the specimens before (0d) and after UV

irradiation periods of 12d and 24d.

Specimens Eriex(GPa)  6riex(MPa) Kic(MPaVm)  Gic(kJ/m?)
PLA-0d 11723+1.75 3.77+0.01 3.57+0.06 5.88+0.54
PLA-12d 112.67+029 3.58+027 3.38+0.06 4.84+0.19
PLA-24d 99.44+0.84 3.38+0.04 292+0.18 3.79+0.39
PLA/UVA-0d 114.71+£0.83 3.74+0.13  3.64+0.13  6.31+1.27
PLA/UVA-12d 11327+024 3.71+0.01 3.58+0.02 6.10£0.18
PLA/UVA-24d 105.85+0.82 3.49+0.01 331+0.06 4.78+0.09
PLA/m-TiO2-0d 118.83+2.31 3.97+0.06 3.76+0.10 7.05+0.13
PLA/m-TiO2-12d 113.91+433 384+0.18 3.71+0.14 6.66+0.52
PLA/m-TiO2-24d 107.66+0.06 3.68+0.02 3.43+0.04 5.43+0.11
PLA/n-TiO2-0d 12325+3.70 4.09+0.18 3.85+0.12  7.42+0.76
PLA/n-TiO2-12d 115.14+1.16 3.86+0.04 3.73+0.04 6.79+0.58
PLA/n-TiO2-24d 108.73+0.19 3.72+0.05 3.59+0.02 5.81+0.71
PLA/UVA/m-TiO2-0d  118.01+0.71 3.93+0.15 3.92+033 7.33+1.18
PLA/UVA/m-TiO2-12d 116.74+£2.08 3.90+0.04 3.73+0.08  6.69+0.25
PLA/UVA/m-TiO2-24d 110.73+2.28 3.72+0.10 3.56+0.04 5.46+0.09
PLA/UVA/M-TiO2-0d  120.06+6.24 4.05+027 3.94+030 7.59+1.66
PLA/UVA/n-TiO2-12d  118.36+1.50 3.97+0.05 3.83+0.18 7.18+0.78
PLA/UVA/n-TiO2-24d  115.52+4.13 3.90+023 3.68+0.09 6.12+0.34
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all specimens together; before (0d) and after (24d) UV irradiation
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In this section finally, in order to reveal benefits of using UVA and TiO; filled
compositions rather than using neat PLA, all the mechanical properties of these filled
specimens before (0d) and after (24d) UV irradiation were compared and provided in
Figure 3.18. Note that benefits of using these filled compositions compared to PLA-
0d and PLA-24d specimens are shown in terms of “% Increase” in each mechanical

property at 0d and 24d.

Figure 3.18 revealed that in terms of all mechanical properties, the use of micro or
nano TiO; particles alone or together with a benzotriazole type UVA in PLA matrix
would be quite beneficial not only under normal conditions but also under UV
irradiation conditions. % Increase data given in Figure 3.18 indicated that if TiO:
particles were used together with UVA, then the benefits would be much higher. For
instance, for the specimen of PLA/UVA/n-Ti10;-24d, the %lncrease in oriex and Erjex
values were 16% and 15%, respectively; while in K;c and Gyc values, %Increase were

as much as 26% and 61%, respectively.

It can be once more stated that synergistic benefits of using micro and nano TiO;
particles together with benzotriazole type UVA were not only due to the effective
stiffening, strengthening and toughening actions of titania particles but also due to their
very significant “UV screening” actions absorbing the photons of the UV irradiation,
thus decreasing the degree of the detrimental photodegradation reactions in their PLA

matrix. This was also reported for other polymeric matrices in the literature [90,91].

Therefore, it can be concluded that, since PLA/UVA/n-TiO: specimen had very close
or higher mechanical properties even after 24 days of UV irradiation compared to
unirradiated neat PLA specimen; use of this composition can be as an alternative PLA
based material for automobile and biomedical applications having durability

requirement especially in terms of UV resistance.
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3.2.5 Fracture Surface Morphology Changes after UV Irradiation

In order to observe the changes in the fracture surface morphology, SEM analysis were
conducted on the fracture surfaces of the fracture toughness test specimens of all
compositions before (0d) and after 24 days of UV irradiation and SEM images as given
in Figure 3.19 (a) and (b), respectively. All the images of the left hand side of Figure
3.19 belong to the unirradiated (0d) specimens. In this group, it is seen that fracture
surfaces of neat PLA and only organic UVA filled PLA are rather very smooth and
flat, representing the well-known inherently brittle character of PLA structure. When
2 wt. % micro or nano TiO; particles were added, it was observed that these titania
particles were all rather homogeneously distributed in the PLA matrix, and the smooth

fracture surface morphology did not change much.

On the other hand, in the images of the right hand side of Figure 3.19 belonging to the
24d UV irradiated specimens, it was seen that all the images were obscured; with very
tortuous and rough fracture surface morphology. It was even not possible to recognize
the TiO» particles in the matrix. Due to the photodegradation reactions leading to
significant deteriorative chemical changes in the PLA matrix of the specimens, certain
number of main and secondary cracks and cleavages were also observed in the fracture

surfaces of all irradiated specimens.

3.2.6 Thermal Property Changes after UV Irradiation
In order to evaluate changes in the thermal properties of the UV irradiated specimens

two different thermal analysis were conducted namely differential scanning

calorimetry (DSC) analyses and thermogravimetric analyses (TGA).
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First heating DSC thermograms of all specimens before (0d) and after (24d) UV
irradiation were given in Figure 3.20, while in Table 3.7 glass transition (7), cold
crystallization (7;) and melting (7,,) temperatures together with the enthalpies of
melting (4H,) and crystallization (4H.) including the percent crystallinity (Xc) values
were tabulated. The relation used in the calculation of the percent crystallinity is given

in Section 3.1.4.

Table 3.7 and Figure 3.20 indicated that there were important changes in only two
parameters; 7, and X.. Due to the deteriorative actions of the photodegradation
reactions on the chemical structure of PLA matrices, glass transition temperature 7 of
the PLA specimen decreased by 5°C after 24d UV irradiation. The decrease in the 7,
values of the specimens, filled with UV A, micro and nano TiO» particles, were all less

than 5°C.

Another reduction observed for all UV irradiated specimens was the amount of the
percent crystallinity X. in their PLA matrices. This can be interpreted that all those
deteriorative photodegradation reactions were occurred not only in the amorphous
regions of the PLA matrices, but also in the crystalline regions of the matrix. That

behavior was also discussed in detail by Tsuji et al. [22] for the PLA matrix.

As the second thermal analysis, thermogravimetric (TG) curves of all specimen
compositions before (0d) and after (24d) UV irradiation were obtained as given in
Figure 3.21. Then, the thermal degradation temperatures of 75w, Ti0%, 125%
representing the mass loss temperatures at 5, 10, 25 wt. %; Tnax representing the
temperature at maximum mass loss; and %residue of each specimen determined at

550°C were tabulated in Table 3.8.
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Table 3.7 Changes in the transition temperatures (7g, T¢, Tn), enthalpies (4Hn, AH.)
and crystallinity percent (X.) of the specimens after (24d) UV irradiation

Specimens T,°C) T.(°C) Tw(°C) A4Huw(J/g) AHJ/g) Xc(%)
PLA-0d 60.1 1246 150.2 17.2 13.7 3.76
PLA-24d 55.7 1227 1493 5.69 6.58 0.96
PLA/UVA-0d 584 1241 1498 10.2 14.1 4.30
PLA/UVA-24d 57.0 1229 1493 3.11 4.15 1.14
PLA/m-TiO2-0d 60.1 1185 149.8 27.3 22.3 5.49
PLA/m-TiO2-24d 56.0 118.1 1494 6.98 7.95 1.06
PLA/n-TiO2-0d 60.2 1182 149.1 24.5 16.5 8.69
PLA/n-TiO2-24d 572 117.8 148.7 7.80 9.63 2.01
PLA/UVA/m-TiO2-0d 59.2 1226 1489 4.85 3.19 1.86
PLA/UVA/m-TiO2-24d  58.1 120.6  148.7 5.24 391 1.49
PLA/UVA/n-TiO2-0d 59.0 121.5 1495 7.74 6.00 1.95
PLA/UVA/n-TiO2-24d 582 1195 149.0 8.07 6.53 1.72

Figure 3.21 and Table 3.8 revealed that, because of the deteriorations in the chemical
structure of the PLA matrices upon 24d UV irradiation, there were certain reductions
in all thermal degradation temperatures of all specimen compositions. It can be
deduced from Table 3.8 that the most significant reduction occurred in the onset
degradation temperature of 7 s%; which is being as much as 10°C for the neat PLA
specimen. That reduction was gradually decreased in the specimens filled with UVA,
micro and nano TiO; particles. It was seen that when benzotriazole type UVA and
TiO, particles were added together, i.e. the synergistic compositions, the reduction in

the values of 75, were only 2-3°C.
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Table 3.8 also indicated that, for the specimens containing micro and nano TiO»

particles, the values of the %Residue at 550°C were all around 2 wt. % before (0d) and

after (24d) UV irradiation. This could be interpreted that photodegradation reactions

resulted in no significant changes in the structure of these inorganic TiO> particles.

Table 3.8 Changes in the thermal degradation temperatures (75%, T10%, 125%) of the

specimens at 5, 10 and 25 wt. % mass losses and the maximum mass loss

temperature (7yax); and the %Residue at 550°C after (24d) UV irradiation

%Residue
S i % 0 % 0 % 0 max' 0
pecimens T54(°C) T1%(°C) T25%(°C) Tumax(°C) at 550 °C
PLA-0d 332.2 342.2 3534 362.4 0.16
PLA-24d 323.5 3354 349.8 361.2 0.06
PLA/UVA-0d 330.3 340.2 3524 363.3 0.10
PLA/UVA-24d 325.5 337.0 350.3 361.4 0.01
PLA/m-TiO2-0d 332.7 340.2 3443 355.0 2.29
PLA/m-TiO2-24d 321.8 3323 343.8 3514 2.18
PLA/n-TiO2-0d 338.6 346.2 355.5 363.6 2.35
PLA/n-TiO2-24d 3214 335.7 350.1 361.8 2.20
PLA/UVA/m-TiO2-0d 326.8 336.5 348.9 359.8 2.11
PLA/UVA/m-TiO2-24d  324.1 335.0 347.7 358.8 2.06
PLA/UVA/n-TiO2-0d 334.0 342.7 354.1 364.3 2.22
PLA/UVA/n-TiO2-24d 3314 340.9 353.1 363.7 2.09

90



100 |

80

—— PLA-24d

—e— PLA/UVA-Od
—o— PLA/UVA-24d

60

—4— PLA/m-TiO,-0d
—— PLA/m-TiO-24d

40

Mass Loss (wt%)

—v— PLA/N-TiO,-0d
—— PLA/N-TiO -24d

—o— PLA/UVA/m-TIO,-0d
—o— PLA/UVA/m-TiO,-24d

20

—e— PLA/UVA/n-TiO,-0d
—o— PLA/UVA/Nn-TiO,-24d

| )
300 350 400
Temperature (°C)

Figure 3.21 Changes in the thermogravimetric curves of all specimens before (0d)

and after (24d) UV irradiation

91



92



CHAPTER 4

CONCLUSIONS

The main conclusions drawn from the two different parts of this thesis can be

summarized as follows:

(i) Effects of Micro-Nano Titania Contents and Maleic Anhydride

Compatibilization on the Mechanical Performance of PLA

SEM analyses revealed that at low filler contents both micron sized (200 nm) and nano
sized (50 nm) TiO; particles were distributed rather homogeneously in the PLA matrix.
On the other hand, at higher filler contents, i.e. beyond 5 wt. % for m-TiO; and 2 wt.

% for n-TiOz particles, there were certain level of particle agglomeration.

Mechanical tests indicated that due to their efficient strengthening, stiffening and
toughening actions, use of both micron and nano sized TiO> improved all strength,
elastic modulus and fracture toughness values of the neat PLA to a certain extent. The
main difference observed between them was the filler content necessary for the best
improvement. That is, use of only 2 wt. % n-TiO; resulted in either similar or higher

improvements compared to the use of 5 wt. % m-TiOx.

According to the FTIR analysis, the proposed interaction between the PLA matrix and
TiO; particles was formation of the certain level of hydrogen bonding; while after
maleic anhydride grafted copolymer (PLA-g-MA) compatibilization, certain level of

covalent chemical bonding was also expected.
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Due to the improved interfacial adhesion, use of PLA-g-MA compatibilization for the
specimen of PLA/2 wt. % n-Ti02 composition resulted in the highest improvements
in the mechanical performance of neat PLA. The improvements were 14% in tensile

strength, 20% in flexural modulus and as much as 67% in Gjc fracture toughness.

Thermal analyses by DSC and TGA indicated that use of titania particles had no
significant contribution to the transition temperatures and thermal degradation
temperatures of PLA. However, first heating DSC thermograms revealed that
crystallinity amount of PLA matrix could be increased almost two times by 10 wt. %
m-TiO; or almost three times by 2 wt. % n-TiO> due to especially their heterogeneous

nucleation site actions.

(ii) Effects of Micro and Nano Titania on the UV Irradiation Resistance of

PLA with and without an Organic UV Absorber

Visual photographic images and quantitative CEILAB color space parameters
indicated that use of micron and nano sized titania particles either alone or together
with a benzotriazole type organic UV absorber (UVA) could be very effective to keep

white color of the PLA products under prolonged UV irradiation conditions.

GPC analysis revealed that the weight average molecular weight (My) of unirradiated
(0d) neat PLA matrix reduced from 105.80x10° down to 86.98x10* g/mol after 24 days
of UV irradiation via chain scission actions of the photodegradation reactions, leading

to consequent reductions in the mechanical properties of the specimens.

Three-point bending tests showed that after 24d UV irradiation the most significant
deterioration in the orix strength and Erer modulus values were for the neat PLA
specimen being 15% and 10%, respectively. When UVA, m-TiO2 or n-TiO> were
added alone or together, then much lower reductions were obtained, e.g. being only

3% reduction for the PLA/UVA/n-TiO; specimen.
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Similarly, fracture toughness tests indicated that K;c and Gyc values of the neat PLA
specimen was reduced as much as 18% and 36%; while for the synergistic specimen
composition PLA/UVA/n-TiO; these reductions after 24d UV irradiation were 7% and

19%, respectively.

Synergistic benefits of using micron and nano sized TiO; particles together with
benzotriazole type UVA were not only due to the effective stiffening, strengthening
and toughening actions of titania particles but also due to their very significant “UV
screening” actions absorbing the photons of the UV irradiation, thus decreasing the

degree of the detrimental photodegradation reactions in their PLA matrix.

Therefore, it could be concluded that, since PLA/UVA/n-TiO; specimen had very
close or higher mechanical properties even after 24 days of UV irradiation compared
to unirradiated neat PLA specimen; use of this composition could be considered as an
alternative PLA based material for automobile and biomedical applications having

durability requirement especially in terms of UV resistance.

DSC and TGA analyses indicated that PLA specimens filled with UVA, micron and
nano sized TiO; particles would be also beneficial in terms of keeping the glass
transition temperature 7, and the onset degradation temperature 7 sy of the PLA

matrices after UV irradiation.
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