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PREPARATION AND CHARACTERIZATION OF POLYLACTIDE/POLY
(BUTYLENE ADIPATE-CO-TEREPHTHALATE) CONTAINING
CELLULOSE NANOCRYSTAL BLEND NANOCOMPOSITES

SUMMARY

Biopolymers have been developed to replace petroleum-based polymers due to their
environmental damage. Poly (lactic acid) or polylactide (PLA) is one of the most
common biopolymers derived from sustainable sources such as corn starch and sugar
cane with attractive properties such as renewability, high strength, modulus and
transparency. Therefore, it stands out in the industry and is an alternative to petroleum-
based polymers. PLA also suffers from a series of disadvantages, such as high
brittleness, low toughness, low service temperature, slow crystallization and low melt
strength, which limits its processability, formability and foamability. Many
approaches have been reported in the literature to overcome these disadvantages, such
as copolymerization, blending and composition with nanoparticles. Blending PLA
with biodegradable polymers such as poly (butylene adipate-co-terephthalate)
(PBAT), polycaprolactone (PCL) and poly [(butylene succinate)-co-adipate] (PBSA)
is the most economical way to increase its toughness without compromising its
biodegradability. In this thesis context, the second selected polymer is PBAT, which
is 100% biodegradable synthetic random copolymer. Despite PLA, PBAT has
remarkable properties such as ductility and flexibility, and it shows a very low tensile
modulus and strength. The PLA/PBAT blend is an immiscible blend. Morphology of
the immiscible blend varies depending on intrinsic properties of each polymer and
blend ratio. The morphology greatly influences final blend performance; therefore, it
must be checked to obtain the desired properties. According to literature, blending
PLA with PBAT has been observed to significantly reduce the modulus and
mechanical strength of PLA. A solid nanoparticle is added to the blend to increase
compatibility between components and provide the stiffness/toughness balance. The
selective localization of the nanoparticle is very important for the morphology design
and for the blend to show the desired properties. The selective localization of
nanoparticles depends on thermodynamic and kinetic parameters. While surface
energy is a thermodynamic effect, viscosity is a kinetic effect. If the nanoparticle is
localized in a low-viscous phase, it can reduce the viscoelastic difference between the
two components or if it is found at the interface, it can prevent the coalescence of
discrete domains. In this dissertation, cellulose nanocrystal (CNC) nanoparticles have
been used to act as a filler. CNCs are rod-like particles that can be obtained by acid
hydrolysis of cellulose, which has unique properties such as low cost, abundance in
nature, renewability, biodegradability, high aspect ratio and high surface area. On the
other hand, it is difficult to obtain a well dispersion of the CNC due to the presence of
hydroxyl groups on the surface and strong interactions between the particles.
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In this thesis, the dispersion and selective localization of CNC in PLA/PBAT/CNC
blend nanocomposites prepared by different ways are investigated. First, the
thermodynamic equilibrium localization of the CNC was found in the PBAT phase
with the Young's module, utilizing the surface energy values of PLA, PBAT and CNC
given in the literature. In the literature, it is stated that the CNC is not well dispersed
in the hydrophobic polymer when prepared directly by the melt mixing method.
Therefore, samples were prepared using a combination of solution casting and melt
mixing for a good dispersion of CNC. Firstly, blend nanocomposites containing 1, 3,
5, 7 and 10 wt.% CNCs were prepared by directly solution casting method using
dimethylformamide (DMF) as the solvent. From scanning electron microscopy (SEM)
images, the droplet size of PBAT increased in blend nanocomposites containing 1
wt.% CNC compared to neat blend indicating that the CNC is localized in PBAT. It
was assumed that the CNC is migrated to the interface or PLA due to the decrease in
PBAT droplet size with increasing CNC content. Rheological analysis showed that the
CNC formed a strong network in the PLA phase, since the percolation threshold was
formed above 1 wt.% CNC. The preference of CNC to be localized in low viscosity
PLA indicates that kinetic factors could become more dominant than thermodynamic
factors. The masterbatch containing 7 wt.% CNC prepared through solution casting
was used and diluted by twin-screw extruder to produce PLA/PBAT/CNC blend
nanocomposites with 1, 3, and 5 wt.% of CNC contents. In addition, the selective
localization of CNC in PLA/PBAT/CNC blend nanocomposites was investigated
using different processing method (twin-screw extruder and internal mixer) with three
mixing strategies. It was observed that CNC migrated to PLA phase in each strategy
since the internal mixer method took place over a long period of time. However, finer
droplets of PBAT were obtained in PLA/PBAT/CNC blend nanocomposites prepared
through twin-screw extruder due to higher shear force. In general, it was concluded
that the viscoelastic properties of PLA/PBAT/CNC blend nanocomposites prepared
with the combination of solution casting and melt mixing increased, but the desired
results in mechanical properties could not be achieved.

XXIV



SELULOZ NANOKRISTAL ICEREN POLILAKTIiK/POLI
(BUTILENADIPAT-ko-TEREFTALAT) HARMAN
NANOKOMPOZITLERIN HAZIRLANMASI VE KARAKTERIZASYONU

OZET

Cevreye verdikleri hasarlar nedeniyle petrol bazli polimerlerin yerini almak igin
biyopolimerler gelistirilmeye baslanmigtir. Poli (laktik asit) (PLA), misir nisastasi ve
seker kamig1 gibi siirdiirtilebilir kaynaklardan elde edilen, yenilenebilirlik, yiiksek
mukavemet, modiill ve seffaflik gibi ¢ekici 0Ozelliklere sahip en yaygin
biyopolimerlerden biridir. Bu nedenle, endiistride 6ne ¢ikar ve petrol bazli polimerlere
bir alternatif olarak goriilmektedir. PLA ayrica islenebilirligini, sekillendirilebilirligini
ve kopiirebilirligini sinirlayan yiiksek kirillganlik, diisiik tokluk, diisiik servis sicakligi,
yavas kristallesme ve diisiik eriyik mukavemeti gibi bir dizi dezavantaja sahiptir.
Literatiirde, kopolimerizasyon, harmanlama ve nanopargaciklarla kompozisyon gibi
bu dezavantajlarin iistesinden gelmek i¢in bir¢ok yaklasim bildirilmistir. PLA'nin poli
(biitilen adipat-ko-tereftalat) (PBAT), polikaprolakton (PCL) ve poli [(butilen
siiksinat) -ko-adipat] (PBSA) gibi biyolojik olarak bozunabilir polimerler ile
harmanlanmasi, biyolojik olarak bozunabilirliginden 6diin vermeden toklugunu
arttirmanin en ekonomik yoludur. Bu baglamda, secilen ikinci polimer, petrol bazli
polimere dayanan %100 biyolojik olarak bozunabilir sentetik rastgele kopolimer olan
PBAT'dir. PBAT, siineklik ve esneklik gibi dikkate deger 6zelliklere sahip olmasina
ragmen, c¢ok diisiik bir gerilme modiilii gosterir. PLA ve PBAT birbiriyle karigsmaz.
Karigmayan bir harmanin morfolojisi, her polimerin kendine 6zgii 6zelliklerine ve
karisim oranina bagli olarak degisir. Morfoloji nihai karisim performansini biiyiik
Olclide etkiler; bu nedenle istenen ozellikleri elde etmek icin kontrol edilmelidir.
Literatiirde, PLA'nin PBAT ile harmanlanmasinin PLA'nin modiiliini ve mekanik
mukavemetini Onemli Olgiide azalttigi raporlanmistir. Bilesenler arasindaki
uyumlulugu artirmak ve sertlik/tokluk dengesini saglamak i¢in harmana bir
uyumlagtirict veya kat1 nanopargacik eklenir. Uyumlastiricilar pahali olduklart igin
genellikle uyumlastirict gorevi goren nanopargaciklar kullanilir. Nanopargacigin
secici lokalizasyonu morfoloji tasarimi ve numunenin istenen 6zellikleri gostermesi
icin ¢ok onemlidir. Nanopartikiillerin segici lokalizasyonu termodinamik ve Kkinetik
parametrelere baglidir. Yiizey enerjisi termodinamik bir etki iken, viskozite kinetik bir
etkidir. Eger nanopargacik diisiikk viskoz bir fazda lokalize olmus ise, iki bilesen
arasindaki viskoelastik fark azaltilabilir veya arayiizeyde lokalize olmay: terci ederse,
dagilmis fazin birlesmesini engeller. Bu tezde uyumlulastirici olarak kullanilan CNC,
diisiik maliyetli, dogada bol bulunan, yenilenebilirlik, biyobozunurluk, yiiksek en boy
orani ve yiiksek yiizey alan1 gibi benzersiz 6zelliklere sahip seliilozun asit hidrolizi ile
elde edilebilen cubuk benzeri pargaciklardir. Bu iistiin 6zelliklerinin yaninda CNC’nin
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ayrica ciddi dezavantajlar1 vardir. Yiizeyindeki hidroksil gruplarinin varligi ve
pargaciklar arasindaki giiglii etkilesimler nedeniyle CNC'nin iyi bir dispersiyonu elde
etmesi zordur.

Bu tezde, CNC'nin PLA/PBAT/CNC harman nanokompozitlerinde dagilimi ve segici
lokalizasyonu arastirilmstir. ilk olarak, CNC'nin termodinamik denge lokalizasyonu,
literatiirde verilen PLA, PBAT ve CNC'nin ylizey enerji degerlerinden yararlanarak
Young modiilii ile PBAT asamasinda oldugu bulunmustur. Literatiirde, dogrudan
eriyik karigtirma yontemi ile CNC'nin hidrofobik polimer i¢inde iyi bir sekilde
dagilamadig belirtilmektedir. Bu nedenle numuneler, iyi bir CNC dagilimi i¢in ¢6zelti
dokiimii ve eriyik karistirma kombinasyonu kullanilarak hazirlandi. Cozelti dokiimii
yontemiyle hazirlanan anakarisim, ¢ift vidali ekstriider ile seyreltilerek agirlikga % 1,
3 ve 5 CNC’i igeren harman nanokompozitleri elde edilmistir. Bu sebeple,
anakarisimin  agirlikca yiizde kag CNC’i igermesi gerektigini bulmak i¢in
dimetilformamid (DMF) c¢oziiclisii kullanarak direkt c¢ozelti dokiimii yontemiyle
agirlikca %1, 3,5, 7 ve 10 CNC’i igeren harman nanokompozitleri hazirlanmistir.
Cozelti dokiimii ile hazirlanan harman nanokompozitlerde ¢oziiciiyli ugurabilmek igin
ilk olarak bir vakumlu firinda 36 saat 85 °C'de kurutuldu ve daha sonra toz haline
getirildi. Muhtemel ¢oziicii kalintilarin1 gidermek igin, toz haline getirilen harman
nanokompozit tekrardan 85 °C'de vakumlu bir firinda 48 saat daha kurutuldu.
Seyreltme islemi sicaklik araligi 120, 150, 170, 170 ve 170 °C'lik olan ¢ift vidali bir
ekstriidder kullanilarak yapilmistir. Ayrica, CNC'nin segici lokalizasyonu daha iyi
anlayabilmek i¢in ti¢ farkli karistirma stratejisiyle birlikte ¢ift vidali ekstriider veya
dahili karigtirici yontemleri kullanilarak PLA/PBAT/CNC harman nanokompozitleri
hazirlanmistir. Dahili karistiricidda numuneler 170 °C sicaklikta 10 dakika boyunca
kanistirlmgtir. Ug farkli karistirma stratejileri ise su sekildedir; (m1) PLA, PBAT ve
CNC’nin ayn1 anda karistirilmasiyla elde edilen anakarisim, (m2) PLA ve CNC’nin
karistirllmasiyla elde edilen anakarisim ve (m3) PBAT ve CNC’nin karistirilmasiyla
elde edilen anakarisimdir. Daha sonra bu anakarisimlar saf PLA ve PBAT polimerleri
ile birlikte eriyik karistirma yontemi ile seyreltilmistir.

Sonuglara baktigimizda, direkt olarak ¢ozelti dokiim yontemiyle hazirlanan agirlik¢a
%1 CNC'i igeren harman nanokompozitlerin SEM goriintiilerinde, dagilmis faz olan
PBAT’in damlacik boyutu saf harmana kiyasla biiylidiigii gozlemlenmistir. Bu
nedenle, CNC'nin PBAT fazinda lokalize oldugu varsayilmistir ve bu sonug
termodinamik denge lokalizasyon sonucunu dogrular niteliktedir. Ancak artan CNC
icerigi ile PBAT damlacik boyutunda azalma gozlemlenmistir. Coziicliyii ugurma
esnasinda yani 85 °C'de PBAT fazi kristallenmeye basladigi i¢in viskozitesi artar.
Viskozitesindeki bu artis sebebiyle CNC’i PBAT fazina giremez ve CNC'i arayiizeyde
veya PLA fazinda lokalize olur. Reoloji grafiklerinden CNC’nin perkolasyon esigi
konsantrasyonu agirlikca %1 iizeri olarak go6zlemlenmistir. Sonu¢ olarak, bu
konsantrasyonda CNC’nin PLA matrisi igerisinde gii¢lii bir ag yapisi olusturdugu
diistiniilmiistir. CNC'nin diisiik viskoziteye sahip PLA'da lokalize olmayi tercih
etmesi ile kinetik faktorlerin lokalizasyon lizerinde termodinamik faktorlerden daha
baskin oldugu raporlanmistir. Ayrica agirlikga %7 ve 10 CNC’i igeren harman
nanokompozitlerin kompleks viskoziteleri diigiik frekansta ¢akistigi gozlemlenmistir.
Bu yiizden, anakarisim agirlikga %7 CNC’i igerir ¢iinkii en yliksek CNC’1 igeren
harman nanokompozitte CNC’lerin topaklanmaya basladigi varsayilmistir.
Anakarisimdan elde edilen agirlikga %1, 3 ve 5 CNC’i igeren harman
nanokompozitlerin kompleks viskoziteleri ¢ozelti dokiimii yontemi ile hazirlananlara
kiyasla diisiik ¢ikmistir. Bunun sebebi olarak da agirlik¢a %7 CNC’i igeren harman
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nanokompozitlerde CNC’nin PLA matrisinde 1okalize oldugu i¢in seyreltigi esnada
topaklanmaya baglamasina atfedilmistir. Mekanik 6zelliklerde ise agirlikga %5 CNC’i
iceren harman nanokompozit haricinde istenilen bir gelisme gozlemlenmemistir. Bu
harman nanokompozitte izod darbe dayanimindaki artis ile birlikte ¢cekme dayanimi
ve modiil degerleri diismemistir. Literatiirde, nanopartikiillerin matris fazinda segici
lokalizasyonu, dagilmis faz boyutunu azalttig1 ve sadece modiil ve mukavemeti degil,
ayni zamanda darbe 6zelliklerini de artirdigini raporlamistir. Sonug olarak morfoloji,
reoloji ve mekanik analizleri birbirlerini dogrulamaktadir. Farkli yontemler ile
hazirlanan harman nanokompozitleri karsilastirdigimizda, dahili karistiriciya kiyasla
cift vidal ekstriiderde daha yiliksek kesme kuvveti olmasi nedeniyle bu yontem ile
hazirlanan PLA/PBAT/CNC harman nanokompozitlerinde daha ince PBAT
damlaciklar1 elde edilmistir. Dahili karistirict yonteminde ise uzun bir siire boyunca
gergeklestigi icin CNC'nin her stratejide PLA fazina gog ettigi gozlemlenmistir.

Bu tez igeriginde genel olarak, ¢ozelti dokiimii ve eriyik karistirma kombinasyonu ile
hazirlanan PLA/PBAT/CNC harman nanokompozitlerinin viskoelastik 6zelliklerinde
bir artis oldugu, ancak mekanik 6zelliklerde istenilen sonuglarin elde edilemedigi
sonucuna varilmistir.
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1. INTRODUCTION

Biopolymers obtained from renewable resources have been started to be used instead
of petroleum-based polymers in recent years [1-3]. Poly (lactic acid) or polylactide
(PLA) stands out among biopolymers as it has satisfactory physical and mechanical
properties such as high modulus and strength that can replace petroleum-based
polymers such as polyethylene (PE), polypropylene (PP), polystyrene (PS) and
polyethylene terephthalate (PET), which are widely used in commodity and
engineering applications [4, 5]. Therefore, there are many approaches to overcome the
PLA’s disadvantages such as low melt strength, slow crystallization, brittleness, low
toughness, and poor processability. This approach could be using nanoparticles,
blending with other biopolymers, and copolymerization. In this context, the approach
to blending PLA with poly(butylene adipate-co-terephthalate) (PBAT) has been
chosen to improve PLA properties without sacrificing biodegradability [6]. PBAT isa
100% biodegradable synthetic random copolymer and shows attractive properties such
as high ductility and flexibility, although it possesses low tensile modulus and strength.
According to the literature, PLA and PBAT show immiscible morphology. Although
PBAT could enhance the elongation of PLA, it has been reported to reduce tensile
strength and modulus [7-9]. For this reason, cellulose nanocrystals (CNC) have been
used to improve the compatibility of PLA and PBAT by affecting interfacial
properties. CNCs are rod-like particles that can be obtained by acid hydrolysis of
cellulose, with unique properties such as high aspect ratio, high surface area and high
crystallinity. On the other hand, CNC is difficult to well dispersion due to the presence
of hydroxyl groups on the surface and the strong interactions between the particles
[10-12]. Also, the selective localization of the CNC is important for the properties of
the blend nanocomposites. The purpose of selective localization of nanoparticles is to
improve the compatibility between the two phases and bring the viscosities closer
together, thereby preventing the coalescence of the domains [13]. In this context,
PLA/PBAT/CNC blend nanocomposites were prepared with two different approaches;
(i) solution casting (SC) and (ii) the dilution of solution casted masterbatch by melt

mixing using a twin-screw extruder (mTSE) or internal mixer (mIM). In addition, three



different mixing strategies have been used to better understand the selective
localization of the CNC.



2. LITERATURE REVIEW

2.1. BIOPOLYMERS

The use of petroleum-based polymers has become a global concern because they
remain as non-degradable wastes in the environment while the oil resources are
diminishing and its price is fluctuating. For these reasons, there is a tendency to
produce biopolymers that are either derived from renewable resources such as
agricultural, animal, and microbial sources or are biodegradable or are bio-based and
biodegradable. Figure 2.1 shows classification and examples of these three

biopolymers categories [1-3].

Biodegradable polymers are being developed to be used in various commodity
applications where petroleum-based polymers are currently being used. Furthermore,
due to their biocompatible and biodegradable features, biopolymers are also promising
candidates to be used in biomedical applications such as tissue engineering and drug
delivery. Besides all these advantages, most of the biopolymers could have series of
limitations. These limitations could originate from their intrinsic features that could be
revealed during the processing or in the properties of the final products. Another
limitation could be considered as the thermal stability of most of these biopolymers [1,
14].

Non

PO Biodegradable
biodegradable :

Conventional
plastics

e.g. PE, PP, PET

Fossil-based

Figure 2.1 : Classification and examples of polymers.



2.2. POLYLACTIDE (PLA)

Poly (lactic acid) or polylactide (PLA) is highly versatile, aliphatic polyester
biopolymer obtained from renewable resources such as cornstarch, sugarcane and
other renewable biomass products and wastes. PLA is the most remarkable and
researched polymer among biopolymers. As an environmentally friendly biopolymer,
PLA could stand out as a promising candidate in a wide range of industries and
applications. There are two polymerizations routes to synthesize PLA as shown in
figure 2.2. These are either direct polycondensation of lactic acid monomers or ring-
opening polymerization of the cyclic lactide dimer. In direct polycondensation
polymerization, water is produced as a by-product and only a low molecular weight
PLA could be obtained. In this regard, ring opening polymerization, which is the
commercialized method, is more preferred than direct polycondensation
polymerization because in this route high molecular weight PLA with better molecular
entanglement could be obtained [7, 15, 16]. PLA production offers numerous
advantages such as: (a) being derived from 100% renewable agricultural resources; (b)
consumption of large amounts of carbon dioxide during its production; (c) saving a
significant amount of energy; (d) being recyclable and compostable; (e) assisting the
improvement of farm economies; and (f) the physical and mechanical properties can

be manipulated by means of polymer architecture [17].
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Figure 2.2 : Polymerization routes to produce PLA through direct condensation and
ring opening polymerizations [7].



Lactic acid and lactide molecules are described by different stereochemistry that
are illustrated in figure 2.3. There are two types of monomers of lactic acid that are
L-lactic acid or D-lactic acid. The lactide molecule that has three types of DD-
lactide, LL-lactide or LD-lactide (meso-lactide) is a cyclic dimer and is formed by
condensation of lactic acid. Poly (L-lactic acid) (PLLA) or poly (D-lactic acid)
(PDLA) are homopolymers which are made up from only L- or D- lactic acid by
direct condensation polymerization and also is formed by ring opening
polymerization from LL- or DD- lactide dimers, respectively [16, 18]. The glass
transition temperature (Tg) and the melting temperature (Tm) of PLA are reported

around 50-60 °C and up to 180 °C, respectively [19, 20].
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Figure 2.3 : Stereochemistry forms of lactic acid and lactide molecules [18].

The production of homopolymer PLAs is very expensive. In this context, the
commercial PLAs are often copolymers with various L/D ratios. The ratio of L and D
isomers in the PLA structure affects the workability, degradation and crystallization
behavior of PLA. If the D-lactic acid content is greater than 8-10%, PLA could not
crystallize at all and hence would possess only an amorphous structure. The decrease
in D-lactic acid, on the other hand, increases the chance of crystallization and thereby
the degree of closed packness of crystallites resulting in increase in Tm of PLA [6, 15,
18].

PLA has a great potential to be used in various products related to commodity
applications such as industrial packaging field [6, 17, 21] or in biomedical applications
[22, 23]. This is due to its excellent properties such as biodegradable, biocompatible,

non-toxic, transparency, good clarity, high barrier features, high strength and high



modulus. Figure 2.4 shows the comparison of mechanical properties PLA and some
petroleum-based polymers like high density polyethylene (HDPE), polypropylene
(PP) and polystyrene (PS). PLA and PS shows similar mechanical properties therefore
PLA can be used in a wide range of daily products where PS is being used. PLA could
even have a higher performance than PS if the chain structure of the PLA is oriented
and crystal structures could be formed [4, 5]. On the other hand, PLA has a higher
tensile and flexural modulus than HDPE and PP, but has a lower notched izod impact
and elongation at break than the noted polymers. Therefore, PLA’s brittleness, low
toughness and low impact strength are considered as its drawbacks from mechanical

properties perspective [19].
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Figure 2.4 : Comparison of the mechanical properties of PLA with some common
plastic packaging materials [5].
PLA could also suffer from some other series of drawbacks. PLA has low melt strength
and slow crystallization kinetics regardless of its D-content [18, 24]. These two
drawbacks would consequently hamper PLA’s processability, formability and
foamability. For instant, during the foaming process, the low melt strength could cause

cell coalescence and cell-wall rupture and hence a severe non-homogenous foam



morphology with very low expansion [19]. In this context, there are strategies to
overcome these drawbacks such as using modifiers, blending with other biopolymers,

copolymerization, development of their composites, or physical treatments [6].

As mentioned, the slow crystallization kinetics of PLA is one of the disadvantages that
limits its processability and service temperature. Due to this disadvantage, PLA will
deteriorate beyond its Tg, thereby the service temperature is relatively limited to
temperatures below Tq4 which is about 50-60 °C. In addition, due to the very slow
crystallization kinetics, PLA shows another crystallization phenomenon upon heating.
Similar to what exists in polyethylene terephthalate (PET), this phenomenon is called
cold crystallization with T as the cold crystallization peak. This crystallization indeed
occurs when the melt crystallization during the cooling is not completed and hence
upon heating the molecules that had the potential to crystallize, would indeed
crystallize upon heating. This also happens above the Ty of PLA because the molecular
mobility above the Tg could provide the required activation energy for a new
crystallization (i.e., cold crystallization) which is also shown in Figure 2.5 [18, 19, 24,
25]. It should be reminded that the crystallization behavior of PLA depends on the D-
Lactide content, molecular weight and chain branching [17, 18]. The effect D-content
on the PLA crystallization was disclosed earlier. As the molecular weight of PLA
decreases, melt crystallization and cold crystallization occurs at low temperatures due
to the PLA’s higher molecular mobility, so that crystals can form at a lower
temperature with the reduce in perfection of the formed crystals. Chain branching has
also been shown to cause induction of crystallization by providing chain extended sites
as crystal nucleation locations for PLA. However, the further increase in the degree of
branching will prevent molecular mobility and hence the branching would hinder the
crystallization [18, 19, 24].
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Figure 2.5 : DSC thermograms of PLA (3051D) at the same heating and cooling
rates of 5 °C/min in three scans [25].

The rheological and viscoelastic properties of PLA also depend on the PLA molecular

weight and its molecular architecture (i.e., linear or branched structures).

If PLA has a high molecular weight, it shows shear thinning (non-Newtonian fluid)
behavior. In contrast, if it has a low molecular weight, it shows non-Newtonian
behavior. The rheological and viscoelastic properties of polymer melts can
mathematically be obtained with the zero-shear viscosity parameter (no) which is a

function of the molecular weight by Carreau-Yasuda model (equation 2.1) [18].

n=n, _ 1
No—M, (@A+A4y™)

(2.1)

where 7, v, A, m, and 1 determine viscosity, shear rate, relaxation time, shear thinning
behavior, and viscosity at infinite shear rate, respectively. Figure 2.6 shows the
viscosity dependence of the molecular weight of linear PLA as a function of shear rate
with Carreau-Yasuda fitted model. This figure shows that the increase in the molecular

weight of the linear structure of PLA increases the no of PLA [18].
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Figure 2.6 : Viscosity of PLA at different molecular weights [18].

The rheological properties of PLA can be significantly changed by branching. When
linear PLA shows low melt strength, it is desirable to increase melt strength by adding
long chain branching. Figure 2.7 shows the graph of complex viscosity versus
frequency for branched and linear PLA [5].
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Figure 2.7 : Comparative flow curves for commercial-grade branched and linear
materials [5].
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2.3. POLY (BUTYLENE ADIPATE-CO-TEREPHTHALATE) (PBAT)

PBAT is synthetic random copolymers based on petroleum-based polymers, but 100%
biodegradable. PBAT is synthesized by the transterification reaction between adipic
acid and dimethyl terephthalate polyesters as shown in Figure 2.8 [26, 27].

o
o
O\/\/\ 0\/\/\
(o] (o)
o n o n

butylene terephthalate butylene adipate
Figure 2.8 : Chemical structure of PBAT [26].

Polyesters containing aliphatic groups in their structures exhibit biodegradable
properties. In contrast, aliphatic homopolyesters are insufficient in their mechanical
and thermal properties, which are important for application. Aromatic homopolyesters
have sufficient mechanical and thermal properties, but are not biodegradable.
Therefore, aliphatic-aromatic copolyesters have been developed. This copolyesters
provides both the biodegradability of the aliphatic polyester and the good mechanical
and thermal strength of the aromatic polyester. As a result of the studies, it is concluded
that the aliphatic-aromatic copolyester which has the most suitable properties

especially in biodegradability behavior is PBAT [28].

PBAT is flexible polymer, with higher elongation at break (close to 700%), Young
modulus of 20-35 MPa, and tensile strength of 32-36 MPa. It also has low density.
These properties make PBAT an alternative to polyethylene (PE) [27, 29]. On the other
hand, PBAT is an interesting material for industrial packaging applications due to its
elongation at break, low water vapor permeability and good processing properties [30].

2.4. POLYMER BLENDS

Polymer blend is a physical mixture of at least two macromolecular substances,
polymers or copolymers with different advantages in a single system. Interface is zone
across which matrix and reinforcing phases interact. There are two types of polymer
blend: miscible blends, and immiscible blends. Gibbs free energy of mixing (equation
2.2) is used to describe thermodynamics of the mixing of the binary polymer-polymer

mixture [31].

10



PaPal"0n | Pe¥EINYR ]

_ +rr [
AGm = RT yas@pa@s T+ RT Mwa Mwg

(2.2)

where AGn is the Gibbs free energy of blend, R and T are gas constant and the absolute
temperature, respectively, yag is the Flory-Huggins interaction parameter, ¢ is the

volume fraction of the components, pi is the density of components, and Mw; is the

molecular weight of the polymers.
AGm = AHm - TASm (23)

where AHm is heat of mixing and ASn is entropy of mixing. Miscible polymer blend
shows a single-phase system with has the negative value of the free energy and heat of
mixing (equation 2.3), AGm~ AHm< 0, and 6°AGn/ 442 > 0. Further, miscible polymer
blend shows only one T4 value, which is between the T4 of the polymers consisting of
the blend and depend on the amounts of components of polymer blend. In immiscible
polymer blends two separate phases are formed, which system is characterized by a
poor adhesion between the phases, coarse and easy to replace morphology. Immiscible
polymer blends have AGm= AHm> 0 [31].

2.4.1. Morphology development in immiscible polymer blends

The morphology of the immiscible polymer blends varies depending on the intrinsic
properties of each base polymer and blend ratio, generally existed into two general
morphology types: matrix/dispersed phase morphology and co-continuous phase
morphology. Matrix/dispersed phase morphology is observed when the minor phase
has a low concentration. By increasing the concentration of the minor phase, the
dispersed/matrix phase morphology becomes continuous morphology as droplets
begin to coalescence and reach the percolation threshold. Morphology greatly
influences the final blend performance therefore, it must be checked to obtain the
desired properties. For instance, the drop morphology improves the toughness and has
matrix/dispersed phase morphology. Figure 2.9 shows that different morphologies of

polymer blends and their properties [4, 32].
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Figure 2.9 : Different morphologies of polymer blend and their properties [32].

In this thesis, the PLA is chosen as the matrix and by using PBAT as the droplet phase,
the toughness and ductility is also aimed to be improved. The components that make
up the drop morphology of the polymer blends are the matrix phase and the dispersed
phase. Matrix phase holds the dispersed phase and have the most amount phase in the
blend. Dispersed phase is embedded in the matrix and is usually stronger than the
matrix. The distribution and homogeneity of the droplets can be adapted by controlling
the viscosity ratio, the interfacial tension, processing conditions, and phase
compositions. Finer dispersed phase could be obtained when the viscosity ratio of the
blend components is closer to one. If greater than 1, the blend morphology is coarse.

The interfacial tension, should be low for a better dispersed phase [33].

2.4.2. Interfacial tension

Interfacial tension is important of immiscible polymer blends because of these
polymers have multiple-phase structures containing one or more interfaces. The
interfacial tension are the adhesive forces between the phases. The structure and
strength of interfaces significantly affect the physical and mechanical properties of
immiscible polymer blends due to change of morphology [34]. Good and Girifalco
was found that interface tension can be calculated based on work of adhesion concept
(equation 2.4) [35].

yi2=yi1ty2—Wa (2.4)
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In which Wa is the work of adhesion and y12 is the interfacial tension between the two
components. y1 and y. stand for the surface tension of the component 1 and component
2, respectively. When an interface is formed from two individual surfaces which is
work of adhesion, the Gibbs free energy per unit area is reduced. The greater the
interfacial attraction, the greater the work of adhesion (as shown in figure 2.10) will

be and consequently the smaller the interface tension will be.

Figure 2.10 : Work of adhesion [34].

Wu offers two approaches for a system with low surface tension. These approaches
considered the concept of energy additivity and the contribution of polar () and
dispersive (%) components in the work of adhesion. The harmonic-mean approach is
used between low energy phase interactions (equation 2.5). The geometric-mean
approach is preferred for interactions between the low energy phase and the high

energy phase, or between the high energy phases (equation 2.6) [34].

Harmonic mean equations;

d,d r_p
71 72 7/1 V2
= + -4 2.5
y=y1+ 72 [7{1+7§ 7 ] (2.5)
Geometric mean equations;
yie=yi+ y 2L (DO + () Y2 (2.6)

2.4.3. Palierne model

Morphology development in immiscible polymer blends is greatly influenced by the
interfacial tension between the two components from small amplitude oscillatory shear
(SAOS) which can be calculated with the Palierne Model (equation 2.7) [36].
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1+3¢H *(w)

G(@) = Gn(@) 1o

(2.7)

where, G;(w) is a function of the complex modulus of blend. G, (®») and Gj(w) are
the norms of the complex modulus of the matrix and dispersed phase, respectively. ¢
is function of volume fractions, Ry is function of volume fractions of droplets of radius,

v is interfacial tension and w is frequency.

with H*(w) given through;

4L [26m+564(@)][+[64(0)=Gm ()] [16Gm () +19G ()]

H () =5 L [6m+Ga(@)]+[264(©) +36 ()] 166 (©) +19G4()] @2

Morphological changes during flow such as breakup or coalescence cannot be
predicted by equation 2.8, because of this model is limited to linear viscoelasticity.
The Palierne model has been shown to predict well the linear behavior of immiscible
blends under the SAOS flow, when the polydispersity of the droplet size dv/dn (ratio

of the volume and number average diameter, respectively) is less than 2 [33, 36-38].

2.4.4. Droplet breakup

The viscosity ratio (p), capillary number (Ca) and shear field control the droplet
breakup. p is described as the viscosity of the droplet phase (n4) over the viscosity of
the matrix phase (nm). Ca is defined as the ratio between the hydrodynamic stresses
and the interfacial stresses (Taylor theory). As can be understood from equation 2.9
and 2.10, there is an inverse relationship between Ca and p. It is explained that

deformation increases with increasing Ca or with decreasing p [39, 40].

£ ="ndMm (2.9)
iR
Ca= Mmatrix™ (2.10)
712

in which, jis the shear rate, R is the droplet radius, y12 is the interfacial tension.

Viscous forces exceed the interfacial ones at a certain critical shear rate and therefore,
the droplet breakup occurs. The capillary number corresponding to the critical shear

rate is called the critical capillary number (Cacrit). In cases where the Cacrit is lower
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than Ca, droplet breakup does not occur, consequently droplet coalescence could exist
[41, 42].

Grace et al. developed the Taylor theory and gives the relation between the Cacrit and
p under elongation and simple shear flow as shown in Figure 2.11. Elongational forces
are more effective than shear forces to obtain breakup and dispersion of dispersed
phases. Cagit for the elongational flow is always lower than that of the shear flow. Cagrit
in the pure elongational flow is minimum when the viscosity ratio is between
0.25<p<1, therewith breakup occurs. Moreover, under simple shear flow, the droplet

breakup happens when p<4 [43].
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Figure 2.11 : The Grace curve gives the relation between the Cacritand o under
elongation and simple shear flow [44].

2.5. PLA/PBAT BLENDS

PBAT has been known to be a promising alternative to produce PLA based blends
with improved ductility, toughness, melt strength, and processability that could be
used in various commodity applications like packaging [7-9].
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2.5.1. Processing

PLA/PBAT blends are generally made in two ways. First way is solution casting (SC)
which is dissolving two polymers in the same solvent such as chloroform [45], and
dichloromethane [46], followed by evaporation of the solvent. The second way is the
melt-mixing process such as twin-screw extruder (TSE) and internal mixer (IM) in
which the two polymers are heated together above the glass transition temperatures
with shear. Most PLA / PBAT blends were prepared using a melt mixing with extruder
due to the most preferred method in the industry. Table 2.1 compares processing of
PLA blended with different biopolymers.

Table 2.1 : Summarized studies reported on the solution casting and melt mixing of

PLA blend.
References Type of Processing condition
Processing
Signori et al., (2009) [9] IM T=150-200 °C; blade rate= 50 rpm; and mixing time=10 min
Wang et al., (2016) [45] sC dissolved into 100 mL of chloroform with a magnetic stirrer at 23
°Cfor6 h

TSE with an L/D ratio of 40: at 160 °C for all the heating zones
Nofar et al., (2017) [47] TSE and IM and 100 rpm

IM: under a nitrogen atmosphere for 10 min at 160 °C and 100

rpm.

Kang et al., (2018) [46] SC dissolved in dichloromethane solvent (40 mL) at room temperature

with a magnetic stirrer for 5 h

2.5.2. Morphological analysis

PLA/PBAT blend is immiscible blend. Nofar et al. [47] investigated the effect of high
molecular weight PLA (HPLA) and low molecular weight PLA (LPLA) on
PLA/PBAT blend with different processing methods (TSE and IM) as shown in Figure
2.12. For HPLA-PBAT (TSE), HPLA-PBAT (BB) and LPLA-PBAT (BB), they
calculated the mean volume-mean diameter (Dy) of the dispersion phase as 0.5, 1.2
and 0.7 um, respectively. The smaller dispersion phase size in HPLA-PBAT (TSE) is
achieved due to shear and elongation deformation applied more than BB during the
TSE processing. Figure 2.12 shows SEM images showing the droplets of PBAT
dispersed phases in the PLA matrices. As mentioned earlier, the viscosity ratio and
interfacial tension affected by different process temperatures and methods are
important for the morphology of the blends. The viscosity ratios for HPLA-PBAT and
LPLA-PBAT are 0.38 and 0.57, respectively. Thus, LPLA-PBAT is expected to have
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finer droplets than HPLA-PBAT because the viscosity ratio is slightly closer to 1.
When the processing temperature increases, the interfacial tension between PLA and
PBAT drops from 1.3 to 1.0 mJ.m*and hence finer morphology was obtained.

(a) HPLA PBAT (TSE) (b) HPLA PBAT (BB)
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Figure 2.12 : SEM images showing the droplets of PBAT dispersed phases in the
PLA matrices [47].

2.5.3. Rheological analysis

The complex viscosity of PBAT is higher than PLA, as shown in Figure 2.13. PLA
has a longer Newtonian region than PBAT, and when PBAT was added, the Newtonian
region of the blends decreased [48, 49]. The blends have a higher complex viscosity
than neat polymers, except for the blend containing 5 wt.% PBAT. This indicates that
the melt viscosity and flexibility of PLA increased due to the presence of soft PBAT.
The blend with a 20 wt.% PBAT content shows a higher viscosity at all frequencies.
However, the blend containing 30 wt.% PBAT exhibits a lower viscosity than the
blend with 20 wt.% PBAT, indicating a possible change in morphology. In the blend
containing 50 wt.% PBAT, the viscosity continues to decrease, suggesting the
formation of a continuous morphology. With the further increase of the PBAT content,
a sharp increase in viscosity occurs, indicating a change again in morphology [49].
Nofar et al. [10] reported that PLA exhibits Newtonian behavior at low shear rates,
while shear thinning behavior at high shear rates and PBAT exhibits shear thinning
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behavior at all shear rates. Also, they reported that the storage module of PLA blending

systems is higher than that of neat PLA at low frequencies [50].
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Figure 2.13 : Complex viscosity versus frequency for different PLA/PBAT
compositions obtained at 190 °C [49].

2.5.4. Thermomechanical analysis

According to DMA, each neat polymer showed one peak, but the blends showed two
glass transitions, one for PBAT and the other for PLA. Therefore, there is no
significant molecular interaction between PLA and PBAT as glass transition
temperatures remain unchanged with PBAT loading. Figure 2.14 shows DSC
thermogram of the neat PLA, neat PBAT and PLA / PBAT blends. With the inclusion
of PBAT, the cold crystallization temperature of PLA decreased by about 10 ° C and
the peak width narrowed. Jiang showed that enthalpy of crystallization (AHc) and
enthalpy of fusion (AHm) of PLA at a heating rate of 10 °© C/min were much smaller
than at 5 °© C/min. When enough time is given, the neat PLA and PLA in the blend will
crystallize equally. Although the addition of PBAT increased the crystallization rate
and crystalline ability of PLA, it did not change the final crystallinity of PLA in the
blend [50].
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Figure 2.14 : Second heating of PLA/PBAT blends at 5 °C/ min.; (a) PBAT; (b)
20% PBAT; (c) 15% PBAT: (d) 10% PBAT: (¢) 5% PBAT:; (f) PLA [50].

2.5.5. Mechanical analysis

Table 2.2 compares mechanical properties of PLA blended with different biopolymers.
The mechanical properties of PLA are improved by blending with other biopolymers.
The PLA/PBAT blend has the best results considering the average of all its mechanical

properties [51].

Table 2.2 : Mechanical properties of PLA blended with different biopolymers [51].

Elongation at break  Tensile Modulus Impact strength
Material (%) (GPa)
Neat Blend Neat Blend Neat Blend
PLA PLA PLA
PLA/PCL (30%) 10 20 2.8 1.6 2 kJ/m? 3.6
kJ/m?
PLLA/PCL (20%) 5 175 1.3 1.1 - -
PLLA/PPD* (20%) 15 55 1.4 1.6 - -
PLLA/PBS (50%) 7.6 56 3.3 1.7 23.2 34.5J/m
J/im
PLLA/PBSL** (10%) 3 160 3 2.5 - -
PLLA/PBSA (25%) - 150 - 1.2 - -
PLLA/PHBV*** (40%) 5 7 2.4 15 - -
PLLA/PHB**** (50%) - 4.4 - 2.7 - -
PLA/PBAT (25%) 4.2 120 2.1 1.7 22J/im  31J/m

*Poly(para-dioxanone) **Poly(butylene succinate-L-lactate) ***Poly(3-hydroxybutyrate-co-
hydroxyvalerate) ****Poly(hydroxybutyrate]
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Jiang et al. [48] revealed that although the tensile strength and modulus decreased,
with the addition of PBAT, the toughness and elongation of the blend increased. They
reported that the elongation of the blend was enormously increased (>200%) even
when of 5 wt.% PBAT was added. With the addition of 20 wt.% PBAT, the modulus
decreased from 3.4 to 2.6 GPa, and while tensile strength from 63 to 47 MPa.

2.6. CELLULOSE NANOCRYSTALS (CNC)

Cellulose is the most abundant biomass material obtained from renewable and
sustainable resources such as a number of living organisms ranging from higher to
lower plants, some amoebae, sea animals, bacteria and fungi. CNC is one of most
favorite reinforcing agents that is general obtained from cellulose microfibrils by acid
hydrolysis. Amorphous or non-crystalline regions of cellulose are susceptible to acid
hydrolysis (hydrochloric and sulfuric), whereas crystalline regions have a higher
resistance to hydrolysis remain intact as shown in Figure 2.15. Also, CNC has different

names; “rod-like cellulose microcrystals”, “nanocrystalline cellulose”, “cellulose nano

whiskers” and “cellulose nanocrystals” [10-12].
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Figure 2.15 : Extraction differences of CNC and CNF from cellulosic fiber and
their structural characteristics [12]

CNCs are rod-like particles that has the unique properties of high aspect ratio, high
surface area, and containing a high crystallinity depend on the nature of the cellulose
source [10]. Table 2.3 shows the crystallinity and dimensions of CNC from different
sources [11, 52].
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Table 2.3 : The crystallinity and dimensions of CNC from different sources [10, 12].

Cellulose Type Length (nm) Cross Section Crystallinity (%)
Tunicate 100 nm-several pm 10-20 nm 83-90
Bacteria 100 nm-several pm 5-10 nm by 30-50 nm 72-74

Algae (Valonia) >1000 nm 10 to 20nm -

Cotton 200-350 nm 5nm 70-90
Wood 100-300 nm 3-5nm 70-85

In this paragraph, mechanical and thermal stability of CNC will be briefly mentioned.
There is a limited information about the mechanical properties of CNC, because it is
not possible to directly measure Young's modulus and strength due to its small size.
Mechanical properties of CNC can vary depending on its sources, morphology,
geometric dimensions, crystal structures, degrees of crystallinity and synthesis
processes. CNCs have low density, high potential for surface modification, renewable
and biodegradable structure, so they are distinguished from other nano fillers. For
instance; CNC has a greater axial elastic modulus than Kevlar which is a super-strong
plastic. The elastic modulus in axial direction of CNC is in the range of 110-220 GPa
while Kevlar ranges from 124-130 GPa. Table 2.4 shows properties of CNC compare
to other stiff materials. Carbon nanotubes (CNTSs) have superior properties than CNC,
but CNC is preferred in applications due to its low cost. On the other hand, the onset
of thermal chemical degradation of CNCs was reported in literature between 200-300
°C using thermogravimetric analysis (TGA). Many parameters affect the thermal
stability of the CNC, for example; the increase in the number of sulfate groups on the

CNC surface reduces the degradation temperature [53].

Table 2.4 : Properties of CNC and several reinforcement materials [51, 53].

Material Density  Tensile strength Modulus Modulus
(g.cm?®) (GPa) (longtitudinal) (GPa)  (transverse) (GPa)
Kevlar-49 fiber 14 3.5 124-130 2.5
Carbon fiber 1.8 1.5-5.5. 150-500 -
Steel wire 1.8 4.1 210 -
Clay nanoplatelets - - 170 -
Carbon nanotubes - 11-63 270-950 0.8-30
Boron nanowhiskers - 2-8 250-360 -
CNC 1.6 7.5-7.7 110-220 10-50

Due to its superior properties, CNC is used as an additive in polymer nanocomposites

and mixed nanocomposites. However, the CNC has strong inter-particle hydrogen
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bonds, hydroxyl groups on the surface and hydrophilic structure, which prevents good
dispersion in the polymer matrix [10]. There are different approaches to enhancement
of CNC in PLA: surface modification [54], solution casting [55], using surfactants [56]
and compatibilizer [57].

2.7. BLEND NANOCOMPOSITES

Immiscible polymer blend can improve the properties of self-forming polymers. For
example, the polymer elastomer can improve the brittle material by means of the blend
due to its ductile properties. The dispersed phase in the blend must have finer droplet
to increase final properties. The final droplet depends on the thermodynamic effect and
the kinetic effect of the polymers. Surface tension is a thermodynamic effect. On the
other hand, the compound sequence, the viscosity ratio of the polymers and the melt
composition time are kinetic effects. If viscosity ratio is not close to 1 or the interfacial
tension is higher, coalescence occurs. The compatibilizer or nanoparticles are used to
increase the compatibility of the immiscible polymer blends; they reduce the
interfacial tension between the polymer blend or bring the viscosity ratio of the
polymers closer to each other.

2.7.1. Selective localization of nanoparticles in a polymer blend

The selective localization of the nanoparticle in the blend is crucial to obtain final
materials with improved properties. Therefore, it is very important to choose a suitable
nanoparticle. In immiscible blends, the nanoparticle may tend to be selectively
localized in one of the polymers or at the interface between the polymers. These

behaviors depend on thermodynamic and kinetic parameters [58, 59].

2.7.1.1. Thermodynamic effect

The thermodynamically selective localization of the nanoparticle in the blend can be
found by the wetting coefficient or another name Young’s equation (equation 2.11)
[60].

_ Yritter—-B " Tfiller-A

WAB (2.11)

Ya-B

in which, was is wetting coefficient. vyriner-s is interfacial tension between the

nanoparticle and the polymer B. yiner-a is interfacial tension between the nanoparticle
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and the polymer A. ya=s is interfacial tension between the two polymers [60]. Sumita
et al. [60] and afterwards Fenouillot et al. [61] described that selective localization as
shown in figure 2.16. If -1<mas<1, the filler (A) is located at the interface of the two
polymers; if mag>1, the filler is present only in polymer B and if wag<1, the filler is

present only in polymer A.
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Figure 2.16 : Equilibrium morphologies for a blend nanocomposite system with
PLA and PBAT matrices and nanoparticles [62].

2.7.1.2. Kinetic effect

The localization of the nanoparticles depends on the viscosity of the polymers, which
is a strong kinetic barrier for the migration of nanoparticles [63-65]. The nanoparticle
localized in the low viscosity component can reduce the viscoelastic difference
between the polymers and support to the breakup of the droplets. In addition,
nanoparticles localized at the interface have a barrier effect in the coalescence of
droplets. Feng et al. [63] observed that as the viscosity of poly(methyl methacrylate)
(PMMA) increased, the carbon black (CB) was migrated from the PMMA phase to the
interface between the PMMA and PP phases. and then, as the viscosity of PMMA
continued to increase, CB migrated to the PP phase, as shown figure 2.17.
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Figure 2.17 : TEM micrographs; a)CB is localized in PMMA, b)CB is localized at
interface, and ¢) CB is localized in PP phase [63].

2.8. PLA/PBAT BLEND NANOCOMPOSITE

2.8.1. PLA/PBAT/CNT

In PLA/PBAT containing CNT prepared using twin screw extruder, CNTs are mainly
located in the PBAT phase for any type of blend morphology (Figure 2.18) because
they prefer aromatic molecules, low interface tension, and polymer chain flexibility
[66, 67]. It was shown that when the addition of CNTs in PLA/PBAT blend, Young’s
modulus did not increase significantly and the yield strength decreased. This was
because PLA has become almost completely amorphous with the addition of the
highest CNT, since the presence of CNTs may in some way be said to inhibit the
nucleation ability of PBAT on crystallization of PLA. The impact strength of 80/20
and 60/40 PLA/PBAT blends containing 4 and 3 wt.% CNT increased from 23.4 to
65.8 J/m and from 106.7 to 270 J/m, respectively. In addition, the electrical
conductivity properties of the blend nanocomposites have increased, which proves the
presence of the CNT percolated networks [67]. Ko et al. [66] showed that
PLA/PBAT/multi-walled carbon nanotube (MWNT) blend nanocomposite has two-
step thermal degradation. In addition, they found that the CNT enhanced thermal

property of the blend nanocomposites.
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Figure 2.18 : SEM images of various PLA/PBAT compositions with a fixed MWNT
ratio of 2 wt.%: a)Neat PLA, b)PLA/PBAT (80/20), c)PLA/PBAT (60/40), and
d)PLA/PBAT (50/50) [66].

2.8.2. PLA/PBAT/Clay

Kumar et al. [68] investigated how glycidyl methacrylate (GMA) and nanoclay
(C20A) influenced the development of the interface between PLA and PBAT. They
show that interface adhesion between PLA/PBAT blend was improved in the presence
of GMA and nanoclay. Also, in the DMA test, it was confirmed that there was a strong
interface adhesion between PLA and PBAT due to the increased damping factor in the
presence of GMA and nanoclay. Although the tensile strength and elongation of the
blend nanocomposite decreased with the addition of GMA and clay, an increase in

Young modulus and impact strength was observed.

Mohapatra et al. [69] investigated the compatibility between PLA/PBAT/clay using
maleic anhydride and benzoyl peroxide as a compatibilizer and as an accelerator
respectively. They also prepared blend nanocomposites by melt blending using two
nanoclay cloisite 93A (C93A) and cloisite 30B (C30B). It was observed from the TEM
micrographs (Figure 2.19) that the blend nanocomposites showed better compatibility
and miscibility in the presence of C30B compared to C93A.
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Figure 2.19 : TEM images of a) PLA/PBAT/C30B and b) PLA/PBAT/C93A blend
nanocomposites [69].

In addition, the PLA/PBAT blends containing montmorillonite clay (MMT) have
been reported to exhibit higher tensile strength and modulus but lower elongation
compared to the PLA/PBAT blends containing calcium carbonate (NPCC) due to
MMT’s much larger surface area and stronger interaction with the polymer matrix

compared to NPCC [50].

2.8.3. PLA/PBAT/Nano-silica

Dil et al. [64, 70] investigated the localization of nano-silica particles with different
mixing strategies and, accordingly, the effect on the properties of the blends. When
nano-silica was added to the PLA/PBAT blend, one of the mixing strategies (Prl), it
was observed that nano-silica dispersed in the PBAT phase. While the pre-mixing of
the particles with the PLA phase, using Pr2, it was exhibited that the nano-silica
particles were localized at the interface. As shown in Figure 2.20, due to the presence
of nano-silica at the interface, the droplet size of PBAT has decreased from 1.3 + 0.2
um to 0.8 = 0.1 um and narrowed compared to that prepared with Prl. This result
indicates that the interfacial tension between the phases decreases and the
nanoparticles around the dispersed phases form a solid shell, and therefore a reduction
in coalescence occurs. However, it was observed that morphology changed into a co-
continuous structure with the increase of nano-silica content found at the interface

assembly.
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Figure 2.20 : AFM images of the blends containing 3 wt.% of nano-silica prepared
using Prl (a) and Pr2 (b) [70].

2.8.4. PLA/PBAT/Graphene

Graphene nanoplatelets (GNPs) are used to improve the barrier property of PLA
because it has a highly active surface area due to its plate-like morphology at the
nanoscale [71]. Girdthep et al. [72] prepared PLA / PBAT containing GNPs blend
nanocomposite by solution casting using chloroform solvent. They observed that due
to the efficient alignment of large amounts of polymer chains around the GNPs, new
polymer crystals formed, leading to high barrier properties for water vapor and light
transmittance. In addition, the blend nanocomposite containing GNPs coated electrode
cell displays an increased electrical current of 66.7% compared to the polymer blend

without GNPs coated electrode system because the GNPs allow electron transport.

Adrar et al. [62] investigated that how the properties of PLA / PBAT blend changed
with epoxy functionalized graphene (EFG). They reported that the EFG should be
present at the interface between the PLA and PBAT phases according to the Young's
model. However, TEM images showed that EFG was completely in the PBAT phase.
Based on this result, it was stated that EFG could not reach the thermodynamic
equilibrium state. In addition, the mechanical properties of blend with EFG have been
observed to increase due to the interactions between the epoxy function of graphene
and the carbonyl groups of PBAT. In another study, poly (ethylene oxide) (PEO) was
added to improve the GNP distribution in PLA/PBAT blend [73]. They found that very
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low PEO loading promotes GNP dispersion in the PBAT phase and improves the

toughness and thermal stability of the blend nanocomposites.

2.9. CNC INCORPORATED PLA BASED BLEND NANOCOMPOSITES

2.9.1. PLA/PCL/CNC

Motloung et al.[74] investigated the effect of CNC loading on the properties of
PLA/PCL (70/30) blend prepared by twin screw extruder (TSE). They found that the
thermodynamically predicted location of the CNC was at the PLA phase, because the
Young model was higher than one. However, SEM images showed that the CNC
preferred to be localized in the low viscosity PCL phase compared to PLA due to the
increase in the droplet size of PCL. This result indicates that kinetic factors control the
localization of CNC particles rather than thermodynamic factors. Figure 2.21 shows
that the complex viscosity of the blend nanocomposites decreases with an increase in
the CNC content. The authors note that a transesterification reaction may have
occurred between PLA and PBAT at processing temperature and this reaction may
have been inhibited in the presence of CNC. On the other hand, the impact strength of
PLA/PCL with 2 wt.% CNC increased by about 111% compared to the neat blend.
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Figure 2.21 : Complex viscosity curve as a function of frequency. (B: PLA/PBAT
blend, B-CN: PLA/PBAT with 1,2,3 and 5wt.% CNC) [74].
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2.9.2. PLA/Polyamide (PA11)/CNC

Heshmati et al. [75] prepared PLA/PA11/CNC using a combination of solution casting
and melt mixing. Due to the strong affinity of CNC particles for the PA11 phase, CNC
was found in the PA11 phase for any type of blend morphology as shown in Figure
2.22. It also matched the prediction of the Young's model. In another study [76], a
versatile approach was presented to control the localization of the CNC in the blend.
This approach was as follows; CNC with PEO is prepared in an aqueous medium and
then freeze-dried to prevent CNC agglomeration as water is removed. The authors
showed that although the CNC prefers to be localized in the PA11 phase, PEO-coated
CNC prefers to be selectively localized in the PLA phase due to the high affinity of
PEO to PLA.

PLA/PA11 30/70

PA11

0 wt% CNC

2 wt% CNC

Figure 2.22 : AFM phase micrographs of the PLA/PA11 blends with and without
CNC particles [75].

2.9.3. PLA/PHB/CNC

Many studies have focused on increasing PLA crystallinity because the presence of
the crystal phase plays an important role on mechanical and permeation properties. In
the case of the addition of PHB, PHB crystals acted as nucleating agents, resulting in
increased PLA crystallinity with water resistance, oxygen barrier and slight UV
blocking effect. CNC and surfactant modified CNC (CNCs) were added to the blend
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to improve the interaction between phases and also increase crystallinity,
processability and thermal stability. It was observed that the initial degradation
temperature of the systems shifts to 10 “C higher temperatures. According to the DSC
analysis, the degree of crystallinity raised up 18.5 and 21.3% for PLA/PHB/CNC and
PLA/PHB/CNCs, respectively. As showed in Figure 2.23, there are two peaks in the
blend during melting process, while the blend nanocomposites containing CNC and
CNC have a single peak. This result is associated with a well-dispersed CNC that can
improve interface adhesion and consequently increase compatibility between phases.
On the other hand, the elongation at break of the PLA matrix with the PHB and CNCs
increased 175% compared to the neat PLA, which means that the PLA/PHB/CNCs are
stretchable and rigid with high strength and this is important for food packaging
applications [77, 78]. In addition, acetyl (tributyl citrate) (ATBC), a plasticizing agent,
has been used to improve the processability of PLA/PHB/CNC blend nanocomposites
and to obtain flexible films [79, 80].
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Figure 2.23 : DSC curves of blend and blend nanocomposite films during first (a)
and second (b) heating scans [78].

2.9.4. PLA/Natural rubber (NR)/CNC

Bitinis et al. [81, 82] used three types of CNCs in the PLA/NR blend prepared by two
method (i.e., direct extrusion or solvent casting combined with extrusion) and showed
that each type has different morphologies that strongly influence the final properties.
As shown in Figure 2.24, unmodified CNC and PLA grafted CNC (PLA-g-CNC)
nanoparticles are localized in PLA, while the alkyl chain grafted CNC (C18-g-CNC)
prefers to be localized in NR phase. According to rheological analysis, when using a
combination of solvent casting and extrusion method, CNC was added in PLA/NR

blend, while the viscosity and storage module increased at low frequencies. As a result,
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a network structure has been obtained. In the case of direct extrusion, there have been
no changes indicating that a nanoscale level dispersion was obtained. In the
PLA/NR/C18-g-CNC, the percolation threshold occurred beyond 3 wt.% modified
CNC, indicating the formation of a network structure at low frequency. In the case of
PLA/NR/PLA-g-CNC, the storage modulus and complex viscosity have slightly
increased and show that it has not attained solid-like behavior. DSC thermograms
showed that PLA-g-CNC has a nucleation effect on the blend, but the presence of CNC
negatively affects PLA crystallization. This behavior indicated that the PLA-g-CNC is
better compatible with the PLA matrix. On the other hand, the addition of C18-g-CNC

reduced the nucleation effect of NR droplets.

a I

Figure 2.24 : TEM images of blend nanocomposites containing (a) CNC, (b) PLA-g-
CNC and (c) C18-g-CNC at two magnifications [81].

2.9.5. PLA/PBAT/CNC

Ma et al. [83] prepared PLA/PBAT containing CNC—silver (Ag) nanohybrids by
solution casting using chloroform. The compatibility between PLA and PBAT has
increased with the addition of NCC - Ag nanohybrids. The crystallization rate, thermal
stability and the storage module (E ") of the blend nanocomposites was enhanced by
the addition of CNC— Ag nanohybrids, their tensile properties dropped very little. In
the presence of CNC—Ag nanohybrids, The Kirby—Bauer disc diffusion test showed
that antibacterial activity of the blend nanocomposites against both of the Gram-

positive Staphylococcus aureus and the Gram-negative Escherichia coli increased.
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3. EXPERIMENTAL PROCEDURE

3.1. MATERIALS

A commercial semi-crystalline PLA (Ingeo 3001D) was supplied from NatureWorks
LLC. The PBAT (Ecoflex® F Blend C1200) was provided by BASF. Spray-dried
CNCs obtained from sulfuric acid hydrolysis of wood pulp were provided by
CelluForce (Montreal, Canada). N, N-dimethylformamide (DMF) as solvent with 99%
purity was purchased from Sigma-Aldrich.

3.2. PREPARATION OF PLA/PBAT/CNC BLEND NANOCOMPOSITES

PLA/PBAT/CNC blend nanocomposites were prepared with two different approaches;
(i) solution casting (SC) and (ii) the dilution of solution casted masterbatch by melt
mixing using a twin-screw extruder (mTSE) or internal mixer (mIM). The preparation
details of all samples are given in Table 3.1.

Figure 3.1 shows the experimental setup of PLA/PBAT/CNC blend nanocomposites
prepared by solution casting method. First, the desired amount of CNC was dispersed
in 100 ml DMF with a water bath sonicate for 2 h to obtain a CNC/DMF suspension.
Then, the PLA and PBAT pellets added to the CNC/DMF suspension were mixed with
the magnetic stirrer at 70 °C for approximately 2.5 h until completely dissolved. The
prepared PLA/PBAT/CNC solution was poured into petri dishes and dried under
vacuum oven at 85 °C for 36 h and then powdered using a coffee grinder and kept in

the vacuum oven at 85 °C for a further 48 h to completely remove the solvent.

o s /
\Z& \ o e,
= CNC dispersed with 't . . .
¥ 2 pouring the mixture into
water bath sonicator Heating up to petri dishes PLA/PBAT/CNC
for2h / 70 °C ° . » blend nanocomposites
B — ¥ L
DMF O O Drying in a vacuum oven (13,57 and 10 wt.%
— m=  at85°Cfor36h CNe)

CNC suspension

Stirring the mixture with a
magnetic stirrer

Figure 3.1 : Schematic of the experimental setup of samples prepared through SC.

33



The PLA/PBAT/CNC masterbatch containing 7 wt.% CNC was prepared through the
SC method. The masterbatch was diluted into 1, 3 and 5 wt.% CNC with the addition
of PLA and PBAT using a twin-screw extruder (TSE), as shown in Figure 3.2. The
extruder used is a co-rotating TSE (Micro lab Twin Screw-Rondol) (figure 3.3) with a
screw diameter of 10 mm and a length of 200 mm (20 L/D). The melt compounding
temperature profiles of 120, 150, 170, 170 and 170 °C, with the screw speed of 50 rpm.

Neat PLA PLA/PBAT/CNC masterbatch
and/or

Neat PBAS . ( (7 wt% cNC)

Y INININInININInInNg)

PLA/PBAT/CNC blend
Jare nanocomposites

N[ 7T/ I/7 > 4 t3emaswoana

Figure 3.2 : Schematic of the experimental setup of samples prepared through TSE.

— ILKYARDIM |
-

/

Figure 3.3 : Twin-screw extruder (TSE) (Micro lab Twin Screw-Rondol).

PLA/PBAT/CNC with a fixed 3 wt.% CNC and 10, 25 and 50 wt.% of PBAT blend
nanocomposites were prepared with combination of SC and melt mixing methods
(mTSE). Also, PLA/PBAT blends with 10, 25 and 50 wt.% PBAT were prepared by

direct melt mixing methods using TSE.
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The masterbatches containing 7 wt.% CNC prepared by SC was diluted with internal
mixer (IM) (RTX-M40 Melt Mixer) (figure 3.4) at 50 rpm for 10 min at a temperature
of 170 °C.

Figure 3.4 : Internal mixer (IM) (RTX-M40 Melt Mixer).

PLA/PBAT/CNC blend nanocomposites with a fixed 3 wt.% CNC were prepared with
the combination of SC and melt mixing methods (mTSE and mIM) with three mixing
strategies. Figures 3.5 and 3.6 show the scheme of the experimental setup of the

samples prepared with mTSE and mIM, respectively. These strategies are followed;

e ML1: Masterbatch prepared by direct mixing of all three components through
SC method and then diluted using mTSE or mIM with the addition of PLA
and PBAT,

e M2: PLA/CNC masterbatch prepared through SC method and then diluted
using mTSE or mIM with the addition of PLA and PBAT,

e M3: PBAT/CNC masterbatch prepared through SC method and then diluted
using mTSE or mIM with the addition of PLA and PBAT.

M1 M2 M3
PLA PLA

PLA
PLA-CN PBAT - PBAT
PLA - PBAT - CNC ﬁsm CC\‘ f/ PBAT - CNC ff-

=

Figure 3.5 : Schematic of the experimental setup of samples prepared with three
strategies through mTSE.
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Figure 3.6 : Schematic of the experimental setup of samples prepared with three
strategies through mIM.

All blend nanocomposites were compression moulded with a hydraulic press for 5
min at 180 °C to prepare the characterization test samples. Before molding, each

sample was dried in a vacuum oven for overnight at 50 °C.

Table 3.1 : The composition details of all samples.

No Samples CNC content (wt.%) Method
1 PLA/PBAT (75/25) 0

2 PLA/PBAT (74/25) 1

3 PLA/PBAT (72/25) 3

4 PLA/PBAT (70/25) 5 9

5 PLA/PBAT (68/25) 7

6 PLA/PBAT (65/25) 10

7 PLA/PBAT (90/10) 0

8 PLA/PBAT (75/25) 0 TSE
9 PLA/PBAT (50/50) 0

10 PLA/PBAT (74/25) 1

11 M1 - PLA/PBAT (72/25) 3

12 PLA/PBAT (70/25) 5

13 M2 - PLA/PBAT (72/25) 3 SC + mTSE
14 M3 - PLA/PBAT (72/25) 3

15 PLA/PBAT (87/10) 3

16 PLA/PBAT (48/48) 3

17 PLA/PBAT (75/25) 0 IM
18 PLA/PBAT (74/25) 1

19 PLA/PBAT (72/25) 3 SC +miM
20 PLA/PBAT (70/25) 5
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3.3. MORPHOLOGICAL ANALYSIS

To investigate the selective localization of the CNC, the morphology of blend
nanocomposites was characterized using a field emission gun scanning electron
microscope (SEM JEOL 7600F FEG, Japan).

3.4. RHEOLOGICAL ANALYSIS

Rheological analysis was carried out using an MCR-301 rotational rheometer (Anton
Paar, Austria) (figure 3.7) with 1 mm gap and 25 mm parallel plate geometry at 170
°C under a nitrogen atmosphere. Small amplitude oscillatory shear (SAOS)
experiments were performed from high to low frequencies () scans from 665 to 0.1
rad/s using a strain amplitude of 0.01, which was found to be in the linear viscoelastic

regime. Stress-growth experiments were conducted at 0.01 s shear rate.

Figure 3.7 : MCR-301 rotational rheometer (Anton Paar, Austria).

3.5. THERMAL ANALYSIS

3.5.1. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) analysis was done under nitrogen

atmosphere using a TA Instruments Q1000 DSC apparatus (Figure 3.8) with a

sample weight of ~10 mg. Each sample was heated from 25 to 200°C with heating

rate of 10°C/min and then cooled to -40 at the cooling rate of 2°C/min and then

reheated under the same conditions. Glass transition temperature (Tg), cold

crystallization temperature (Tcc), crystallization temperature (T¢), the melting
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temperature (Tm), and heat enthalpy of crystal melting (AHm) and cold crystallization
(AHcc) were determined. The degree of crystallinity, X¢, was calculated from DSC

curves according to the following Equation (2.12):

(AH,, — AH,. ) x 100

X. =
‘ wpLaAHp,

(2.12)

where AH®y is the melting enthalpy for a 100% crystalline PLA (i.e., 93 J/g) and Wpia
is the weight fraction of the PLA [84].

Figure 3.8 : Differential scanning calorimetry (TA Instruments Q1000 DSC).

3.5.2. Dynamic mechanical analyzer (DMA)

The viscoelastic properties of the blend nanocomposites were determined through
using a Perkin EImer — DMA 8000 (Figure 3.9). The DMA was done in a single
cantilever mode at an oscillation amplitude of 30 um and frequency of 1 Hz. The
prepared samples are rectangular shaped with thickness of 2 mm, length of 50 mm

and width of 10 mm and heated from 25 to 120 °C with a heating rate of 3 °C/min.

Figure 3.9 : Dynamic mechanical analyzer (Perkin ElImer — DMA 8000).
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3.6. MECHANICAL ANALYSIS

According to ISO 527 standard, the tensile test was measured at room temperature
using Instron 8801 (Figure 3.10), with a drawing speed of 5 mm/min and a load cell
of 25 kN. The samples are dog bone shaped with gage length of 20 mm, width of 4
mm and thickness of 3 mm. At least three samples were tested for each sample and

their averages reported as the test result.

According to ASTM D256, the izod impact strength test was carried out using the
Zwick Roell impact device, and the device has a 1J pendulum that was dropped at an
angle of 160°. The samples are rectangular with length of 80mm, width of 10 mm and
thickness of 4 mm. Before the test, all samples were made 2 mm notch at 45° angle.
The test was repeated 6 times for each sample and their averages reported as the test

result.

According to ASTM D 790-03, the flexure tests were performed at rate of 3 mm/min
using an Instron 8801, a three-point loading system utilizing center loading, with 25
kN load cells and support span of 2 mm. The samples are rectangular with length of
80 mm, width of 10 mm and thickness of 4 mm. The test was repeated 3 times for each

sample, and their averages reported as the test result.

Figure 3.10 : Static tensile and compression device (Instron 8801).
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4. RESULTS AND DISCUSSION

4.1. THERMODYNAMICS THE SELECTIVE LOCALIZATION OF CNC IN
PLA/PBAT BLENDS

The surface tension parameters of PLA, PBAT and CNC as well as the interface
tensions are given in Table 4.1. The total surface tension values, including polar and
dispersive components of PLA, PBAT and CNC particles measured at room
temperature obtained from the literature [75, 85]. The surface tensions of polymers
and nanoparticles were taken from 25 °C and extrapolated to 170 °C using their
reported thermal coefficient of -0.06 and -0.2 mN/(mK), respectively [65, 86]. The
harmonic-mean approach (equation 2.5) is used between low energy phase
interactions. The interfacial tension between PLA/PBAT, PLA/CNC and PBAT/CNC

were estimated using the harmonic-mean approach:

d, d b,p
7/172 7172]

2.5
rtrs oty (25)

y12=y1+ yo- 4]

in which, yi is the surface energy, y& and y? | respectively, dispersive component and

polar component of surface energy and 12 is the interfacial tension between phases 1
and 2.

The thermodynamic equilibrium localization of solid particles in a multiphase polymer

blend can be predicted by the Young's model (equation 2.11):

_ Yritler-B ™ Yfiller-A

WAB (2.11)

YA-B

where Yiiller—i is the interfacial tensions between polymer i and filler and o is the

wetting coefficient. When o < -1, the filler is present only in polymer 1. For values of
® > 1, filler found in polymer 2. For -1 < o < 1, filler will preferentially be located at
the interface between the two polymer phases. By taking PLA as phase 1 and PBAT
as phase 2, ® in PLA/PBAT/CNC blends nanocomposites can be estimated as 16.67
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which indicates that, at the thermodynamic equilibrium condition, CNC should be
localized in the PBAT phase.

Table 4.1 : Surface tension parameters of the PLA, PBAT and CNC at 25 and 170
°C as well as the calculated interfacial tensions at 170 °C.

Thermal . .
. . - Interfacial Tension
Surface energies Surface energies coefficient (MN/m) at 170°C
(mN/m) at 25°C (mN/m) at 170°C of surface
tension
d d d7
Y Y e Y Y e T V1.2
T
PLA [85] 394 336 58 307 262 45 -0.06 PLA/PBAT  0.06
PBAT[85] 384 321 6.3 297 248 49 -0.06 PLA/CNC 53
CNC [75] 55 325 225 26 154 106 -0.2 PBAT/CNC 4.3

4.2. PLA/PBAT/CNC BLEND NANOCOMPOSITES PREPARED THROUGH
SC

4.2.1. Morphology analysis

Figure 4.1 represents the SEM images of PLA/PBAT blends with different CNC
contents prepared through solution casting. As reported in the literature, the
PLA/PBAT blend shows a phase-separated morphology due to low interface adhesion
between the two polymers. The PLA/PBAT blend showed matrix-dispersed phase
morphology where PLA and PBAT are matrix and dispersed phase, respectively. With
the addition of 1 wt.% CNC to the PLA/PBAT blend nanocomposite, it was observed
that the droplet size of the PBAT phase increased compared to neat blend. As a result,
it can be seen that the CNC is located in the PBAT phases. On the other hand, the
droplet size of PBAT is reduced in blend nanocomposites containing up to 7 wt.%
CNC. The excessive amount of CNC cannot enter the PBAT droplets and therefore
CNC may be located at the interface or PLA matrix. The CNC located in the PLA can
decrease the viscoelastic difference between the PLA and PBAT, which leads to
droplet breakup. CNC located at the interface can prevent coalescence of PBAT
droplets. It can be concluded that the kinetic parameter is more dominant than the

thermodynamic effect, because the CNC prefers to be localized in the low viscosity
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polymer. In addition, when addition of 10 wt.% CNC, it is assumed that the CNC starts
to agglomerate in the PLA phase due to changes in morphology.

Figure 4.1 : SEM images of blend and blend nanocomposites prepared by SC;
a)PLA/PBAT (75/25), b)PLA/PBAT/CNCL, c)PLA/PBAT/CNC3,
d)PLA/PBAT/CNCS, e)PLA/PBAT/CNCY7 and f)PLA/PBAT/CNC10.

4.2.2. Rheology analysis

Figure 4.2 shows the complex viscosity, m*, and storage modulus, G’, versus
frequency, o, of the neat polymers, neat blend and blend nanocomposites with
different CNC contents prepared through SC method. Neat polymers and neat blend
exhibited Newtonian plateau at low frequency region with a slight shear-thinning
behavior at high frequencies. G’ of neat polymers is typical of molten polymers with a
terminal zone of slope equal to 2 on the log—log plot of G’ versus ®. Compared to neat
PLA, PBAT shows higher modulus and viscosity because of greater chain
entanglement. Also, the neat blend has slightly higher viscosity and storage modulus
shows a plateau region at low frequency compare to its neat component because,
PBAT dispersed phase has droplet morphology in PLA matrix as confirmed from
morphological results and the surface area between PLA and PBAT hinder the
molecular mobility and gives additional elasticity as a result the viscosity and storage
modulus increased. It was clearly observed that n* and G’ increased with increasing
CNC contents over the entire frequency range, as a result of the melt reinforcement
effect of the nanofiller and morphological change of dispersed phase. It can be seen
from morphological results that the inclusion of more than 1 wt.% CNC clearly affects

the blend morphology when the droplet size is significantly decrease. We assumed that
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CNC nanoparticles thermodynamically tent to localize in PBAT matrix which was
estimated using the harmonic-mean approach. However, the rheological data
suggested that the CNC localized in PLA matrix and the solid-like behavior (plateau
at the terminal flow zone) was observed at 3 wt.% CNC as a result of the formation of
percolation CNC network within PLA. Moreover, localization of CNC nanoparticles
in PLA matrix increased the matrix viscosity and reduce the viscosity ratio between
PLA matrix and PBAT dispersed phase which is resulted in finer PBAT morphology.
It was observed that SAOS data of the blends containing 7 and 10 wt.% overlapped at
low frequency. This can be explained by a significant formation of agglomerates at
this high CNC content. These results confirm the morphology results. Also, as
mentioned in the literature, nanoparticles in the matrix phase are expected to increase
viscosity, and consequently rheology results and morphology results confirm each
other. It could be seen from Figure 4.2.b, incorporation of CNC and increasing of
interface enhanced the storage modulus of blend system in which storage modulus
shows a plateau region at low frequency confirming more elastic structure. Moreover,
for 1 wt.% of CNC incorporation a shoulder appeared because of shape relaxation of
dispersed droplets. We couldn’t see this shoulder like behavior by further
incorporation of CNC because addition of nanoparticles could shift the shoulder lower
frequency indicating longer relaxation time. The longer interfacial relaxation means a
large decrease of interfacial tension due to a reduction in droplet size [87]. Figure 4.2.c
shows transient shear viscosity of blend and blend nanocomposites in stress growth
experiments at a rate of 0.05 s. When low shear is applied to the blends or blend
nanocomposites, it is understood whether there is any coalescence. In the rheology
section to be shown later (section 4.3.2), no coalescence was observed at 0.01 s, Thus,
the decrease in viscosity over time in the neat PLA/PBAT blend is an indication of the
thermal degradation of PLA. In the PLA/PBAT blend containing 1 wt.% CNC, no
viscosity drop was observed. The blend nanocomposite containing 5 wt.% CNC, the
viscosity decreased more rapidly compared to that of the neat blend and the blend
containing 3 wt.% CNC. The reasons for this decrease can either the rapid degradation
of PLA during shearing in presence of a larger content of CNC nanoparticles or partial
destruction of the network created by the CNC. It is not possible to conclude to droplet

coalescence for the blend nanocomposites.
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Figure 4.2 : Rheological properties of the neat polymers, neat blend and blend
nanocomposites with various CNC contents at 190 °C: (a) complex viscosity, n*, (b)
storage modulus, G’, and (c) transient shear viscosity, n*.
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Figure 4.2 (continued): Rheological properties of the neat polymers, neat blend and
blend nanocomposites with various CNC contents at 190 °C: (a) complex viscosity,
n*, (b) storage modulus, G, and (c) transient shear viscosity, n*.
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4.2.3. DSC analysis

Figure 4.3 shows the DSC thermograms of neat blend and blend nanocomposites with
different CNC contents prepared through SC route. The glass transition (Tg), cold
crystallization (Tcc), melt crystallization (T¢), and melting (Tm) temperatures as well as
the degree of crystallinity (Xc) of the samples are also reported in Table 4.2. Since the
samples had different thermal backgrounds, the first heating results were not
interpreted. During the cooling cycle, it was observed that the T, of PLA/PBAT blends
decreased with incorporation of 1 wt.% CNC. However, the increase in CNC content
caused an increase in T of blend nanocomposites. This result indicates that the low
CNC content (1 wt.%) is localized in the PBAT and, at higher contents, the CNC
migrates to the interface or PLA, thereby triggering the crystallization of the PLA.
Also, the reduction in T¢c in the second heating supports the conclusion that CNC
accelerates the crystallization of PLA. However, it was observed that CNC had no

effect on the Ty and had a negative effect on the degree of crystallinity.
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Figure 4.3 : DSC curves of samples prepared through SC; a) first heating, b) cooling
and c) second heating scans.
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Figure 4.3 (continued): DSC curves of samples prepared through SC; a) first
heating, b) cooling and c) second heating scans.

Table 4.2 : DSC data of samples prepared through SC obtained from first heating,
cooling and second heating scans.

1% Heating Cooling 2" Heating

Tg Tec Tm Xm Tq T Xc Tq Tee Tm Xm

PL'%/PZ%AT 62 95 170 19 55 103 33 61 101 169 43
PLA/PBAT/CNC

74125/1 62 95 169 19 55 99 25 61 99 168 33
PLA/PBAT/CNC

72/25/3 62 - 171 64 55 100 24 61 100 169 34
PLA/PBAT/CNC

20/25/5 62 - 168 64 55 101 23 61 99 168 37
PLA/PBAT/CNC

68/25/7 62 95 169 16 55 101 24 61 98 168 38
PLA/PBAT/CNC

65/25/10 62 95 168 21 55 98 33 61 99 169 44

4.2.4. DMA

Figure 4.4 shows the storage modulus (E’) and tan delta (tand) as a function of
temperature of the samples prepared through SC. Figure 4.5 compare the E’ of the

samples at two different temperatures which are 45 and 85 °C, below and beyond Tyg,
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respectively. All storage module curves first hold the plateau and then begin to
decrease rapidly after 60 °C due to glass transition, after 100 °C, there is an increase
again due to cold crystallization [88]. The blend and blend nanocomposites have a
relatively lower modulus compare to neat PLA below Tg due to flexible PBAT phase
in PLA matrix. Also, with the inclusion of the CNC, there is no trend in the E’ of the
blend, because in the glassy state, molecular mobility is already hindered. However,
as the temperature increased, the effect of CNC nanoparticles became more dominant.
It was observed that the E' tends to increase with increasing CNC content in rubbery
region. The cold crystallization began at a relatively lower temperature for the
PLA/PBAT blend compared to neat PLA, which may be due to the presence of more
free volume created by more mobile PBAT molecules. The tan delta peak shifted to a
higher temperature with the presence of CNC content as shown in Figure 4.4.b, which
is attributed to the increased stiffness of the blend. Moreover, the intensity of the tan
delta peak decreased with PBAT and CNC content compared to neat PLA, and this is
attributed to the less polymer chains involved in this transition. It can be considered
that the increase in E’ and Tcc, and the positive shift in tan delta peak position are due

to the limited mobility of the polymer molecular chains by nanoparticles [89].
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Figure 4.4 : DMA of samples prepared by SC; a) E’ and b) tand curves.
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Figure 4.4 (continued) : DMA of samples prepared by SC; a) E’ and b) tand curves.
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Figure 4.5 : Comparison of the E' of PLA and PLA/PBAT/CNC blend
nanocomposites with different CNC loadings at two different temperatures.
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4.3. PLA/PBAT/CNC BLEND NANOCOMPOSITES PREPARED THROUGH
COMBINATION OF SC AND MTSE

4.3.1. Morphology analysis

Figure 4.6 shows SEM images of blend and blend nanocomposites containing different
CNC contents prepared by two different methods, which are solution casting (SC) and
the combination of solvent casting and melt mixing (mTSE). Regardless of processing
routes, with the addition of 1 wt.% CNC, the droplet size of the PBAT phase increased.
This may be due to the localization of the CNC in the PBAT phase, which leads to
increased viscosity, consequently increased droplet size. This can conclude that
thermodynamic factors controlled the localization of CNC particles. Then, with the
increase of CNC content, the droplet size of PBAT decreased. This may be associated
with the excessive amount of CNC being unable to enter the PBAT droplets.
Therefore, the CNC may be located at the interface or PLA matrix. The CNC located
in the PLA can decrease the viscoelastic difference between the PLA and PBAT, which
leads to droplet breakup. CNC located at the interface can prevent coalescence of
PBAT droplets. It can be concluded that the kinetic parameter is more dominant than
the thermodynamic effect, because the CNC prefers to be localized in the low viscosity

polymer.
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Figure 4.6 : SEM images of blend and blend nanocomposites with 1,3 and 5 wt.%
CNC contents prepared by SC and mTSE.

4.3.2. Rheology analysis

Figure 4.7 shows the comparison of the rheological properties of blend and blend
nanocomposites containing 1, 3 and 5 wt.% CNC prepared through SC and mTSE.
According to SEM images, the blend prepared through SC gives a non-uniform
morphology, while the blend prepared with directly with the extruder gives a uniform
morphology. In addition, although the solvent is dried to evaporate in the blend
prepared by the SC method, this blend contains a small amount of solvent. Therefore,
the n* and G' of the blend prepared with SC is lower than that prepared with directly

TSE. Compared to the blend nanocomposites prepared with mTSE, large differences
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are observed between the n* and G’ values of the blend nanocomposites prepared with
SC. There is a trend in the n* of blend nanocomposites containing above 1wt.% CNC
prepared with SC, suggesting that CNC is localized in the PLA matrix and forms a
solid network. However, no trend was observed among the blend nanocomposites
prepared with mTSE and their n* values were low compared to the neat blend. This
may be due to the re-agglomeration of CNC in the PLA matrix or presence of residual
solvent in the blend nanocomposites during dilution of masterbatch, which prevents
the effect of CNC. When we look at Figure 4.7.c, although the blend nanocomposite
containing 3 wt.% CNC prepared with mTSE showed low n* compared to neat blend,
stress growth test indicated that there is no PBAT coalescence. As a result, the
viscosity reduction indicates that CNC dispersion at the nanoscale level is not

achieved.
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10" PLA/PBAT/CNC5 PLA/PBAT/CNC5

o (rad/s)

Figure 4.7 : Rheological properties of the blend nanocomposites with various CNC
contents at 170 °C prepared with different processing route: (a) complex viscosity,
n*, (b) storage modulus, G, and (c) transient shear viscosity, n*.
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Figure 4.7 (continued) : Rheological properties of the blend nanocomposites with
various CNC contents at 170 °C prepared with different processing route: (a)
complex viscosity, n*, (b) storage modulus, G’, and (c) transient shear viscosity, ™.
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4.3.3. DSC analysis

Figure 4.8 shows the comparison of DSC thermograms of neat blend and blend
nanocomposites prepared with SC and mTSE. The glass transition (Tg), cold
crystallization (Tcc), melt crystallization (Tc), and melting (Tm) temperatures as well as
the degree of crystallinity (Xc) of the samples are also reported in Table 4.3. The first
heating was not interpreted due to the thermal backgrounds of the samples. In cooling,
with the addition of CNC, the T4 of blend nanocomposites prepared by SC did not
change, but the T4 of blend nanocomposites prepared with mTSE increased. Also, Tc¢
of blend nanocomposites prepared with SC decreased, but T. increased in blend
nanocomposites prepared with mTSE. This shows that different crystallization
mechanisms are occurred in two different preparation methods. While CNC acts as
nucleation agent when using the mTSE method, this behavior is not seen when using
the SC method. In addition, it has been shown in the literature that depending on the
localization of nanoparticles in the blend, the crystallization behavior of the system
can be affected differently [90]. In the blend nanocomposites prepared by mTSE
preparation method, it was observed that the increase of CNC content caused an
increase in the crystallization temperature of the system. This is considered to be an
indication of the CNC migrating to the interface or PLA. In the second heating, the Tec
was not observed in the blend nanocomposite prepared by the mTSE. This is because
PLA crystallization accelerated with the addition of CNC, and therefore PLA

crystallization occurred completely during cooling.
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Figure 4.8 : Comparison of DSC curves of samples prepared with SC and mTSE; (a)
first heating, (b) cooling and (c) second heating scans.
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Figure 4.8 (continued) : Comparison of DSC curves of samples prepared with SC
and mTSE; (a) first heating, (b) cooling and (c) second heating scans.

Table 4.3 : DSC data of samples prepared through SC and mTSE obtained from first
heating, cooling and second heating scans.

1! Heating Cooling 2" Heating
X X X
Tg ch Tm (%) Tg Tc (%) Tg ch Tm (%)
SC
PL?QZBE)AT 62 95 170 19 55 103 33 61 101 169 43
PLA/PBAT/CNC
24/25/1 62 95 169 19 55 99 25 61 99 168 33
PLA/PBAT/CNC
72/25/3 62 - 171 64 55 100 24 61 100 169 34
PLA/PBAT/CNC
70/25/5 69 - 168 64 55 101 23 61 99 168 37
mTSE
PLAVSAT 64 o4 171 23 55 9 17 61 100 170 30
PLA/PBAT/CNC
74/25/1 62 93 169 22 58 102 48 66 - 169 48
PLA/PBAT/CNC
72/95/3 63 92 170 19 58 103 42 66 - 170 42
PLA/PBAT/CNC
20/25/5 60 89 170 21 58 105 44 66 - 171 44
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4.3.4. DMA

Figure 4.9 shows comparison of the storage modulus (E’) and tand as a function of
temperature of the samples prepared through SC and mTSE. Figure 4.10 shows the
storage module of samples 45 (below the Tg of PLA) and 85 °C (above the Tg of
PLA). Regardless of the preparation routes, the E’ of all samples dropped sharply after
60 °C, i.c. after transition from glassy to rubber region. There was an increase in E’
again after 100 °C, i.e. due to cold crystallization of PLA. The E’ of the blend
nanocomposites prepared by mTSE has fallen later than that prepared by SC. This late
reduction of the E’ is attributed to the rise in stiffening effect due to its fine dispersion
through extruder. Regardless of the processing routes, the addition of 3 and 5 wt. %
CNCs have a strong reinforcing effect on the E’ at 85 °C. According to the literature,
the reinforcement efficiency of the CNC depends on the degree of dispersion of the
CNC and its preferred localization [91]. The low and high reinforcing effect of CNCs
could be attributed to their localization in the PBAT and PLA, respectively. It was
observed that the tand peak shrank and shifted to high temperatures with the addition
of CNC. This shows that the system gained stiffness due to CNC.

1E10—: (a) SC mTSE
] Neat PLA - .. =Neat PLA
] —— PLA/PBAT 75/25 .. - pLA/PBAT 75/25
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1 Eg e R T e = PLAIPBATICNCS PLA/PBAT/CNCS
—~~ ]
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N
L 1E8 4
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Figure 4.9 : DMA of samples prepared by SC and mTSE; (a) E’ and (b) tand curves.
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Figure 4.9 (continued) : DMA of samples prepared by SC and mTSE; (a) E’ and (b)
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Figure 4.10 : Comparison of the E' of PLA and PLA/PBAT/CNC blend
nanocomposites with different CNC loadings prepared by SC and mTSE.
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Figure 4.10 (continued) : Comparison of the E’ of PLA and PLA/PBAT/CNC blend
nanocomposites with different CNC loadings prepared by SC and mTSE.

4.3.5. Mechanical analysis

Figures 4.11 and 4.12 show the tensile, izod impact and flexural properties of all
samples prepared with mTSE, respectively. The addition of the high elongation at
break PBAT phase to PLA naturally formed a flexible blend structure [68]. As can be
seen from the figures, there was no expected improvement in blend nanocomposites,
except for blend nanocomposites containing 5 wt.% CNC, due to non-homogeneous
morphology and incompatibility between the components [48]. The addition of 1 and
3 wt.% CNC did not significantly affect the strength and modulus of PLA/PBAT
blends. This may be due to the absence of much finer and more homogeneous PBAT
droplets as CNC is localized in PBAT. Regarding elongation at break, the blend
nanocomposite containing 1 wt.% CNC showed the highest value compared to neat
PLA and PLA/PBAT blend. The reason for this increase can be shown that the
increases the dispersed phase size by increasing the elasticity of the dispersed phase
due to the localization of nanoparticles in the dispersed phase [92, 93]. It was observed
that, with the incorporation of 5 wt.% CNC, Young's module and izod impact strength
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remarkable increased. According to the literature, if the nanoparticles are localized in
the matrix phase, the modulus, strength and impact properties of the sample increase
[61, 94].
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Figure 4.11 : Tensile properties and izod impact strength of samples prepared
through mTSE.
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Figure 4.11 (continued) : Tensile properties and izod impact strength of samples
prepared through mTSE.
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4.4, PLA/PBAT/CNC WITH DIFFERENT PBAT CONTENT

4.4.1. Morphology analysis

Figure 4.13 shows SEM images of blend and blend nanocomposites with a fixed 3
wt.% CNC and 10, 25 and 50 wt.% of PBAT content prepared through mTSE. It is
known that different morphologies are obtained by mixing the polymers in different
ratios. The blends with 10 and 25 wt.% PBAT contents and their blend nanocomposites
containing 3 wt.% CNC showed a matrix-dispersed phase morphology. In both the
blend of nanocomposites, the droplet size of PBAT appears larger than that of neat
blends. The blend with 50 wt.% PBAT and its blend nanocomposites containing 3wit.

% CNC showed co-continuous morphology.

Figure 4.13 : SEM images of blend and blend nanocomposites with different PBAT

content and constant 3 wt% CNC; a) PLA/PBAT (90/10), b) PLA/PBAT (75/25), c)

PLA/PBAT (50/50), d) PLA/PBAT/CNC (87/10/3), e) PLA/PBAT/CNC (72/25/3)
and f) PLA/PBAT/CNC (48.5/48.5/3).

4.4.2. Rheological analysis

Figure 4.14 shows how the rheological properties of blend and blend nanocomposites
containing 3 wt.% CNC change with different PBAT ratios. Neat blends were prepared
by direct melt mixing method (TSE), while the blend nanocomposites were prepared
by the combination of solution casting and melt mixing (mTSE). As shown in Figure
4.14.a, when the content of PBAT increased from 10 to 25 wt.%, the complex viscosity
of the blend increased at low frequencies. However, when the PBAT content reaches
50 wt.%, the blend shows a lower viscosity than the blend with 25 wt.%, indicating
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the evolution of a continuous morphology that reverses the viscosity trend. The same
trend was seen in the storage module results [49]. Although it has been reported in the
literature that the viscosity of blends increased due to the use of nanoparticles, the use
of 3wt.% CNC caused a decrease in the viscosity of blend nanocomposites containing
10 and 25 wt.% PBAT. The decrease in the viscosity of these blend nanocomposites
may be due to the localization of the CNC in the PBAT phase or the solution remaining
in the blend nanocomposites. On the other hand, there was a significant increase in
viscosity when the 3 wt.% CNC was included in the blend containing 50 wt.% PBAT.
The reason for this increase can be assumed that the CNC can form a solid network
structure within the PBAT phase, since the blend nanocomposite has a continuous
morphology. In the stress growth test, it was observed that there was no coalescence
in the PBAT phase dispersed in the PLA matrix after CNC was added to the blends.
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Figure 4.14 : Rheological properties of the blends and blend nanocomposites with
various PBAT contents: (a) complex viscosity, n*, (b) storage modulus, G', and (c)
transient shear viscosity, n*.
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Figure 4.14 (continued) : Rheological properties of the blends and blend
nanocomposites with various PBAT contents: (a) complex viscosity, n#*, (b) storage

modulus, G’, and (¢) transient shear viscosity, n".
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4.4.3. DSC analysis

Figure 4.15 shows DSC plots of PLA/PBAT blend and PLA/PBAT/CNC blend
nanocomposites with different PBAT contents prepared with mTSE methods. The
glass transition (Tg), cold crystallization (Tcc), melt crystallization (Tc), and melting
(Tm) temperatures as well as the degree of crystallinity (Xc) of the samples are also
reported in Table 4.4. The first heating was not interpreted due to the thermal
backgrounds of the samples. In cooling cycle, it was observed that the crystallization
temperature of the system decreased from 98 to 88 °C by increasing the PBAT content
in the blend from 10 to 50 wt.%. It has been shown in the literature that the PBAT
phase is melt at PLA crystallization temperatures, which can prevent PLA nucleation
and negatively affect PLA crystallization [95]. When 3 wt.% CNC was added in the
blend, it was observed that the exothermic peak seen during the cooling cycle shifted
to higher temperatures and showed a narrower peak. The reason for this can be
explained as follows; Firstly, part of the CNC is localized in PLA, which causes
acceleration of the crystallization of PLA, and secondly, CNCs localized in PBAT
increase the viscoelastic properties of PBAT and cause the PBAT phase to play a
nucleation region on the PLA. Thus, in the second heating, the crystallization rates of
the blends increased with the addition of CNC. Moreover, the absence of the cold
crystallization peak of PLA in blend nanocomposites during the second heating
supports this result. On the other hand, the blend nanocomposite containing 50 wt.%
PBAT showed two melting temperatures, the high and low temperatures reflected the
melting temperature of PLA and PBAT, respectively.
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Figure 4.15 : DSC curves of blends and blend nanocomposites with different PBAT
loadings: (a) first heating, (b) cooling and (c) second heating scans.
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Figure 4.15 (continued) : DSC curves of blends and blend nanocomposites with
different PBAT loadings: (a) first heating, (b) cooling and (c) second heating scans.

Table 4.4 : DSC data of blends and blend nanocomposites with different PBAT
loadings obtained from first heating, cooling and second heating scans.

1st Heating Coo|ing ond Heating
Ty Tee Tm ooy Tq To Te X% Tg T Tm ooy
PBAT PBAT PBAT

PLg‘é'/Dl%AT 64 94 171 - 20 56 - 98 19 62 100 170 - 37

PL%ZBSAT 64 94 171 - 23 55 - 96 17 61 100 170 - 30

PL’Q(/;E)%AT 64 93 169 125 26 55 -36 88 26 61 101 169 129 30
PLA/PBAT/CNC

87/10/3 62 91 170 - 16 5 - 103 35 66 - 170 - 41
PLA/PBAT/CNC

72/75/3 63 92 170 - 19 58 - 103 42 66 - 170 - 42
PLA/PBAT/CNC

48.5/48.5/3 61 91 169 127 34 55 -36 103 54 65 - 169 - 52

4.4.4. DMA

Figure 4.16 shows the storage module (E’) and tan delta (tand) versus temperature
graphs of PLA/PBAT blend and PLA/PBAT/CNC blend nanocomposites with
different PBAT ratios prepared by the mTSE method. Figure 4.17 shows the storage
module of samples 45 (below the Tq of PLA) and 85 °C (above the Tq of PLA). The E’
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curves first show a straight plateau (glassy region), a decrease around 60 °C and an
increase due to cold crystallization around 100 °C. In the glass transition region, it was
observed that the E’ decreased with increasing PBAT content in PLA/PBAT blends.
However, the addition of CNC did not cause a significant increase in the E’ of the
blends in this region. On the other hand, in the rubber region, the E’ of the blends
increased somewhat with the addition of CNC, and the highest increase was observed
in the blend nanocomposite with the highest PBAT ratio. In Figure 4.15.b, as the PBAT
ratio increased, it was observed that the damping peak of the blends decreased as it
functioned as a stress concentrator. It is also seen that the addition of CNC causes a

decrease in the tand peak.
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Figure 4.16 : DMA graphs of blends and blend nanocomposites with different PBAT
loadings: (a) E’ and (b) tand curves.
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Figure 4.16 (continued) : DMA graphs of blends and blend nanocomposites with
different PBAT loadings: (a) E’ and (b) tand curves.

2000 T T T T T T T T T T T T
_— 1800 LT
mﬁﬁﬁ'— W 55 °C ]

1200 4 j

1000 ]
800 - N
600 _/ [ ] ,_l _/

> -~

Storage Modulus (

Figure 4.17 : Comparison of the E' of PLA and PLA/PBAT/CNC blend
nanocomposites with different PBAT loadings.
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4.4.5. Mechanical analysis

Figure 4.18 and 4.19 show the tensile, izod impact and flexural properties of
PLA/PBAT blends and PLA/PBAT/CNC blend nanocomposites with different PBAT
loadings. Tensile and flexural strength and modulus of PLA decreased with increasing
PBAT content. This reduction may possibly be related to the presence of a soft and
elastomeric PBAT phase, which reduces crystallinity in the neat PLA, which was also
confirmed in DSC studies in previous chapters. On the other hand, the addition of the
flexible PBAT phase to the PLA increased the elasticity and the elongation at break of
the blend. Also, with the addition of CNC, there has been little change in the
mechanical properties of the blends, which may be associated the absence of an
effective dispersion of CNC. In addition, the presence of 10 wt.% PBAT in PLA
reduced the brittleness properties of PLA, which is evident from the increase in impact
strength. However, a decrease in the tensile strength of PLA was observed with
increases in PBAT loading, and this may be due to phase separation caused by
incompatibility between polymers. In addition, the addition of 3 wt.% CNC to the
PLA/PBAT blend containing 10 wt.% PBAT significantly reduced impact strength
due to its rigidity. In other blends containing 3 wt.% CNC, almost no changes in
mechanical properties have been observed; this can be attributed to the CNC's lack of

dispersion in the blends.
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Figure 4.18 : Tensile properties and Izod impact strength of samples with different
PBAT loadings.
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Figure 4.18 (continued) : Tensile properties and Izod impact strength of samples
with different PBAT loadings.
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Figure 4.19 : Flexural properties of samples with different PBAT loadings.
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4.5. PLA/PBAT/CNC WITH DIFFERENT MIXING STRATEGIES AND
PROCESSING METHOD

4.5.1. Morphology analysis

Figure 4.20 shows SEM images of samples with three mixing strategies and processing
through mTSE and mIM. Three mixing strategies were used to prepare PLA/PBAT
blend nanocomposites containing 3 wt.% CNC, as follows: (m1) masterbatch prepared
by direct mixing of all three components by SC method and then diluted using melt
mixing with the addition of PLA and PBAT; (m2) PLA/CNC masterbatch prepared
through solution casting method and then diluted using melt mixing with the addition
of PLA and PBAT; and (m3) PBAT/CNC masterbatch prepared through solution
casting method and then diluted using melt mixing with the addition of PLA and
PBAT. Neat PLA / PBAT blends containing 25 wt.% PBAT were prepared directly by
TSE or IM. In the neat blends, it was observed that the droplet size of PBAT prepared
by IM was larger than that prepared by TSE. The reason for this can be attributed to
the high shear forces in the extruder, because leads to droplet break-up of the PBAT.
In M1 and M2 strategies, it was assumed that the CNC was already in the PLA phase,
since the blend nanocomposite prepared by the mTSE method was diluted from the
masterbatch containing 7wt.% CNC. The large droplets in these strategies may be due
to the re-agglomeration of CNC in the PLA matrix. In the blend nanocomposites
prepared with mTSE, the morphology did not show much change with the addition of
CNC, except m3 strategy. The blend nanocomposite prepared with the M3 strategy
showed continuous morphology. The reason for this may be due to the inability of the
CNC to migrate from PBAT to PLA because there is not enough time in TSE, and
therefore PBAT may have started to coalescence. As a result, morphology has evolved
from a dispersed-matrix to a continuous morphology. According to the literature, the
IM has a simple shear flow between the sample and the walls of the room, while a TSE
has strong elongation areas in addition to the shear flow. Therefore, the shear rates of
the TSE are expected to be significantly higher than the IM [90]. Thus, PBAT is
expected to have a much higher viscosity in the IM than in the TSE. In the m2 strategy,
because of the high viscosity of PBAT, the CNC could not migrate to the preferred
PBAT phase as the thermodynamic equilibrium localization and therefore it was
localized in low viscosity PLA. Also, in the m3 strategy, the CNC, which was
previously mixed with PBAT, could migrate from PBAT to interface or a low viscosity
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PLA over time. Therefore, in strategies prepared with mIM, the droplet size of PBAT
was small. As a result, in this processing method, kinetic parameters are considered to
be more dominant than the thermodynamic effect in CNC localization.

PLA/PBAT 75/25

ml: PLA/PBAT/CNC3

m2: (PLA/CNC3)/PBAT

m3: (PBAT/CNC3)/PLA S

Figure 4.20 : SEM images of samples with different mixing strategies and
processing methods.

4.5.2. Rheological analysis

Figure 4.21 shows rheological properties of samples with three mixing strategies and
processing through mTSE and mIM. It has been reported that shear flow significantly
reduces the interaction among particles and causes significant changes in viscoelastic
behavior [96]. The complex viscosity, n*, and storage modulus, G’, of the blend
prepared with the IM is lower compared to the blend prepared with the TSE. This is
due to the non-uniform morphology as seen from the SEM images, as well as the
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droplet size of the PBAT being too large. In addition, it was observed that the n* and
G’ of blend nanocomposites prepared with mTSE were higher than that of blend
nanocomposites prepared with mIM. We did not compare the rheological properties
of the blend nanocomposites with blends prepared by directly melt mixing due to the
remaining solvent in the blend nanocomposites. In Figure 4.21.c, the increase in
transient viscosity observed over time in blend nanocomposites containing 3 wt.%
CNC may result from the level of dispersion of the CNC in the blend. In the mTSE,
the viscosity of the blend nanocomposite prepared with m3 was higher than other
strategies. This is assumed that the sample prepared with the M3 strategy could create
a better CNC network in PBAT due to the continuous morphology. On the other hand,
the viscosity increases in blend nanocomposite prepared by m2 strategy and mIM

processing shows that a strong CNC network is formed in the PLA matrix.

104_"1 T T T T T T |
] mTSE mIM
—m—PLA/PBAT 75/25 ---- PLA/PBAT 75/25
—o— PLA/PBAT/CNC3 --O--- PLA/IPBAT/CNC3

—4A— (PLA/CNC3)/PBAT --4-- (PLA/ICNC3)/PBAT |
—v— (PBAT/CNC3)/PLA --x7-- (PBAT/CNC3)/PLA

o (rad/s)

Figure 4.21 : Rheological properties of samples with different mixing strategies and
processing methods.
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Figure 4.21 (continued): Rheological properties of samples with different mixing
strategies and processing methods.
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4.5.3. DSC analysis

Figure 4.22 shows DSC plots of neat PLA/PBAT blend and PLA/PBAT/CNC blend
nanocomposites with fixed 3 wt.% CNC content prepared with different three mixing
strategies and processing through mTSE and mIM. The glass transition (Tg), cold
crystallization (Tcc), melt crystallization (T¢), and melting (Tm) temperatures as well as
the degree of crystallinity (Xc) of the samples are also reported in Table 4.5. Since the
samples have different thermal backgrounds, the first heating results were not
interpreted. In the cooling cycles, it was observed that the crystallization temperatures
of the blend nancomposites increased with addition of 3 wt.% CNC. This indicates that
CNC acts as nucleation for PLA and facilitates crystallization kinetics. Again, in the
cooling cycle, a shoulder was seen at the exothermic peaks of blend nanocomposites
prepared using m1 and m2 strategies with the mIM method. This behavior indicates
that the CNC is localized in the PLA or interface, causing the PLA to begin
crystallization earlier. The blend nanocomposite prepared with m3 strategy did not
show a shoulder, but the peak narrowed. Therefore, we can conclude that PBAT begins
to solidify due to CNC localization in the PBAT phase and the crystallization of PLA
accelerates around the solidified PBAT. In both methods, when the m2 strategy is used,
the increase in the crystallinity rate of the PLA can be attributed to the localization of
the CNC in the PLA phase, and this result confirms the rheology and morphology

results.
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Figure 4.22 : DSC curves of samples prepared with different processing and three
mixing strategies; (a) first heating, (b) cooling and (c) second heating scans.
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Figure 4.22 (continued) : DSC curves of samples prepared with different processing
and three mixing strategies; (a) first heating, (b) cooling and (c) second heating
scans.

Table 4.5 : DSC data of samples prepared with different processing and three mixing
strategies obtained from first heating, cooling and second heating scans.

1% Heating Cooling 2" Heating
Te T Tm X% T, Te. X% Tq  Tew  Tm X%
mTSE
75125 64 94 171 23 55 96 17 61 100 170 30
ml 63 92 170 19 58 103 42 66 - 170 42
m2 59 86 170 36 58 106 46 66 - 171 48
m3 65 92 171 30 59 100 40 63 100 170 51
miM
75/25 61 - 174 57 56 99 27 62 95 168 46
ml 60 - 175 61 56 107 46 66 - 170 48
m2 61 - 174 67 56 103 49 65 - 170 52
m3 60 - 174 61 56 103 43 66 - 169 46

4.5.4. DMA

Figure 4.23 shows the storage module (E’) and tand graphs of samples prepared with
different processing and three mixing strategies. Figure 4.24 shows the E’ of samples
at 45 and 85 °C. All storage module curves first hold the plateau and then begin to
decrease rapidly after 60 °C due to glass transition, after 100 °C, there is an increase

again due to cold crystallization. When all the situations were compared at 45 °C, the
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highest value in the E’ was seen using m1 strategy and mIM. With the addition of CNC
in both processes at 85 °C, the E’ has dropped less than the neat blend and this showed
the reinforcing effect of the CNC. Again, in any case, there is a decrease in tand peak
with the addition of CNC.
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Figure 4.23 : DMA of blends and blend nanocomposites with different processing
methods and three mixing strategies; (a) E’ and (b) tand curves.
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Figure 4.24 : Comparison of the E’ of PLA and PLA/PBAT/CNC blend
nanocomposites with different processing methods and three mixing strategies.
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4.5.5. Mechanical analysis

Figure 4.25 shows the tensile properties and izod impact strength of blend and blend
nanocomposites prepared using three different mixing strategies with mTSE and mIM.
In the blends prepared with both processing techniques, a decrease in strength and
modulus was observed compared to neat PLA. Although the module drop was the same
in both processes, the strength of the blend prepared with mIM was lower than that
prepared with mTSE. This may be related to the level of miscibility between the blend
components. In SEM images, the PBAT droplet sizes from the blend prepared with
mTSE are smaller, which gives a more homogeneous morphology compared to that
prepared with mIM. The reason for the smaller droplet size is the more droplet breakup
due to more severe shear and elongation deformation in the extruder. The elongation
at break and izod impact strength of the PLA/PBAT blend prepared with mTSE
increased compared to neat PLA due to the soft structure of PBAT. However, as noted
above, since a good dispersion was not achieved in the blend prepared with mIM, a
reduction was observed compared to neat PLA. When we examined the strength and
modulus of blend nanocomposites containing 3 wt.% CNC prepared with different
strategies, it was seen that they were lower than neat PLA except for the modulus of
the (PBAT/CNC3)/PLA (m3 strategy) prepared with mIM. Apart from the sample
prepared with the M3 strategy and mTSE, a decrease in the elongation at break of the
blend nanocomposites was observed due to the stiffness of the CNC. Regardless of the
mixing strategies, when we look at the results of izod impact strength, it was observed
that the toughness decreases in blend nanocomposites containing 3wt.% CNC prepared
with mTSE. However, although the toughness of the blend nanocomposites prepared
with the mIM increased compared to the neat blend, the desired increase could not be

achieved.
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Figure 4.25 : Tensile properties and Izod impact strength of samples with different
processing and mixing strategies.
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Figure 4.25 (continued) : Tensile properties and Izod impact strength of samples
with different processing and mixing strategies.
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5. CONCLUSION

In this study, selective localization of CNC in PLA/PBAT blend nanocomposites
prepared with different processing methods and mixing strategies were investigated in
detail by rheological, morphological, thermal and mechanical analyzes.

In the first part of the study, the thermodynamic effect on the localization of CNC in
blend nanocomposites was investigated. The interfacial tension between PLA / PBAT,
PLA / CNC and PBAT / CNC were estimated using the harmonic-mean approach,
utilizing the surface energies of CNC, PLA and PBAT at 170 °C. It was found from
the Young's model that CNC particles had a strong affinity for the PBAT phase.

Due to the hydrogen bonds on the surface of the CNC, it is difficult to the disperse
CNC in hydrophobic polymer solutions. Therefore, the second part of the study
involves the investigation of the CNC dispersion in the PLA/PBAT blend prepared
with solution casting (SC). The dispersion and localization of the CNC in the blend
were determined by scanning electron microscopy (SEM) and rheology analysis. SEM
analysis demonstrated that the PBAT droplet size in the blend containing 1 wt.% CNC
was higher than that in the nest blend. However, when the CNC content increased, a
decrease in droplet size was observed. When the PBAT phase begins to crystallize
when the solvent is evaporated, the viscosity of the PBAT increases. For this reason,
the CNC cannot enter the PBAT phase and the CNC is localized in the interface or in
the PLA phase. These observations are consistent with DSC and rheological analysis.
The percolation threshold has been observed to occur at 3 wt.% CNC. For this reason,
it is assumed that the CNC is localized in the PLA phase. It is offered from these results
that the effect of kinetic parameters on the migration and localization of CNC is more

dominant than thermodynamic effect.

The third part of the study covers the investigation of blend nanocomposites prepared
with the combination of SC and melt mixing using twin screw extruder (TSE). The
masterbatch with 7 wt.% CNC prepared by SC is diluted into 1,3 and 5 wt.% CNC
through TSE. Rheology analysis shows that the viscosity and the storage module of
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the blend nanocomposites at low frequencies are low compared to neat blend. It is
assumed that the CNC starts to agglomerate when diluted because it is localized in the

PLA phase in the masterbatch.

The fourth part of the study involves the investigation of blend nanocomposites
containing a fixed 3 wt.% CNC and different PBAT ratios. There was a significant
increase in viscosity when the 3 wt.% CNC was included in the blend containing 50
wt.% PBAT. The reason for this increase can be assumed that the CNC can form a
solid network structure within the PBAT phase, since the blend nanocomposite has a

continuous morphology.

The last part of the study involves the investigation of blend nanocomposites prepared
with different mixing strategies and processing methods. The PLA/PBAT/CNC,
PLA/CNC and PBAT/CNC masterbatches containing 7 wt.% CNC prepared by SC is
diluted into 3 wt.% CNC through TSE or internal mixer (IM) with the addition neat
PLA and PBAT. CNC migrate to PLA phase in each strategy since the internal mixer
method took place over a long period of time. However, finer droplets of PBAT were
obtained in PLA/PBAT/CNC blend nanocomposites prepared through twin-screw
extruder due to higher shear force. In each method, the CNC migrates to PLA stage
and is localized because the IM method takes place for a long time. However, finer
droplets of PBAT is obtained in PLA/PBAT/CNC blend nanocomposites prepared
through TSE due to higher shear force.

It has been observed that viscoelastic properties increase due to the good dispersion of
CNC in blend nanocomposites prepared with SC. However, when we look at the
mechanical properties, the expected results could not be achieved due to the remaining
solution in samples of toughness, ductility and izod impact strength. For this reason,
samples should be prepared by direct melt mixing method in order to increase the
mechanical properties of PLA. In the samples prepared by direct melt mixing method,
due to the hydrophilic structure of the CNC, it is observed that it cannot be dispersed
well in the polymer and creates agglomeration. Therefore, CNC must be a surface

modification to prevent agglomeration.
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