BEHAVIORS OF POLYLACTIDE BIOCOMPOSITES REINFORCED WITH
MICROCRYSTALLINE CELLULOSE

A THESIS SUBMITTED TO
THE GRADUATE SCHOOL OF NATURAL AND APPLIED SCIENCES
OF
MIDDLE EAST TECHNICAL UNIVERSITY

BY

BERK DOJU

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS
FOR
THE DEGREE OF MASTER OF SCIENCE
IN
METALLURGICAL AND MATERIALS ENGINEERING

AUGUST 2015






Approval of the thesis:

BEHAVIORS OF POLYLACTIDE BIOCOMPOSITES

REINFORCED WITH

MICROCRYSTALLINE CELLULOSE

submitted byB E R K D Gnipitial fulfillment of the requirements for the degree
of Master of Science in Metallurgical and Materials EngineeringDepartment,

Middle East Technical University by,

Prof. Drr&G | bi n Dur al 'nver
Dean, Graduate School Nftural and Applied Sciences

Prof . Dr . C. Hakan Gg¢r
Head of DepartmenMetallurgical and Materials Eng.

Prof. Dr. CevdeKaynak
SupervisorMetallurgical and Materials Eng. Dept.

Examining Committee Members:

Prof. Dr.Tayfur¥ zt ¢ r k
Metallurgical and Materials Engineerimgept., METU

Prof. Dr. Cevdet Kaynak
Metallurgical and Materials Engineering Dept., METU

Prof.Dr . C. Hakan Gg¢r
Metallurgical and Materials Engineering Dept., METU

Assoc Prof. Dr. Y. Eren Kalay
Metallurgical and Materials Engineering Dept., METU

Assist. Prof. DrK a z €um
Met al |l urgical and Mater:i

als Eng. Dept .

DATE: 07.08.2015



| hereby declare that all information in this document has been obtained and
presented in accordance with academic rules and ethical conduct. | also declare
that, as required by these rules and conduct, | have fully cited and referenced

all material and results that are notoriginal to this work.

Na me, Last Name

Signature :

Vi

Ber k



ABSTRACT

BEHAVIORS OF POLYLACTIDE BIOCOMPOSITES REINFORCED WITH
MICROCRYSTALLINE CELLULOSE

Doj u, Ber k
M. S., Departmenf Metallurgical and Materials Engineering
Supervisor: Prof. Dr. Cevdet Kaynak
Augug 2015 90 pages

The purpose of the first part of this thesis was to investigate the effects of
microcrystalline cellulose (MCC) content on the properties of polylactide (PLA)
biocomposites; including the influences wialeic anhydride (MA) grafted PLA
copolymer(PLA-g-MA) compatibilization. PLA/MCC biocomposites were produced

by industrially compatible production techniques, i.e. tagnew extrusion melt
mixing for compounding and injection molding for shaping of bulk specimens. SEM
analysis and mechanical tests indicatldt use of 3 wt% MCC resulted in very
uniform distribution and consequently improved properties especially in terms of
ductility and toughness. For instance, compared to neat PLA, the increases in the
values of %strain at break and fracture toughnese W@&% and 31%, respectively.
After MA compatibilization, these increases became as much as 82% and 55%,
respectively.Moreover,DSC and TGA indicated that use of MCC resulted in no
significant changes in the transition temperatures and thermal degradation

temperatures of PLA.
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The purpose of the second part of this thesis was to reveal effects of accelerated
weathering in neat PLA and its 3 wt% MCC biocomposite. Weathering conditions
were applied via consecutive steps of UV irradiation and humidity in accordance
with ISO 48923 standards for 200 hours. Various characterization techniques and
mechanical tests indicated that photolysis, ptotiolation and hydrolysis were the
main degradation mechanisms leading to significant decrease in the molecular
weight of PLA via main chaincsssion. Consequently, except elastic modulus other
mechanical properties; strength, ductility and fracture toughness of PLA and
PLA/MCC decreased substantially. However, after comparing the mechanical
properties of the neat PLA and PLA/MCC biocompositecgpens having 200 h of
accelerated weathering, it was concluded that; for the outdoor applications use of
PLA/MCC biocomposite (with only 3 wt% MCC) was extremely beneficial
compared to using neat PLA.

Keywords: Polylactide, Microcrystalline Cellulose,Biocomposite, Maleic

Anhydride, Interfacial Compatibilization, Accelerated Weathering
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¥Z

MKKROKRKSTAL SEL! LOZ TAKVKYELK POLK
BKYOKOMPOZKTLERKN DAVRANI kLARI

Doj u, Ber k
Y¢kdaek ans, Metal ¢rji B%®l Mal zeme M¢h
Tez Y°neticisi: Prof . Dr. Cevdet

AJj ust o0,90s&fa 15

Bu tez -alékmasénén birinci bl ¢m¢gneégn am
polilaktit (PLA) Dbiyok o mptkismiircelemekirnBun ©° z e
bl ¢m mal ei k anhidrat ( MA) i | eg-MA)r af t €
uyuml akt €ér maséneén etkilerini de i -er me
end¢gstriyel tekni kler ile uyumlu y°nt eml
vi dald £t r ¢der Il e eriyik karéktérma tekni
enjeksiyon kal éplama tekniiji kull anél méxk:
%3 MCC kull anéménén ol duk-a homojen bir
czelli ki & sgnelbkl uk dejerl eri ol mak ¢zer
neden ol dujunu g°stermiktir. ¥rnejin, S a

%u z ama vV e ker el ma tokl uju dejerl erinde
oranl aréndadeéersérMdanuyuom rax,t Ebmaart ekl ar
ul akméektér. Ayreéeca, DSC ve TGA analizler

ve amums écakl ékl arénda °nemli dejikimlere



Bu -al éeékmaneén i ki nhcé z |ba°nldésenméenl ¢mmé ka nmaatcneo sifseer i k
saf PLA ve o

arakteér makt

nun ajérlek-a %3 MCC biyokompozi
r. At mosferid#8 gamhdadét mackokel

e
ol an ardéekék UV radyasysoamu vbeo yruenrn ad urygaull ernim

Ceki tl i karakterizasyon t e k nibodureum i v e me
mekani zmal ar en®ik s ifdatsoyloinz, vef otheo dr ol i z ol du
mekani zmal ar én ana zincir yapéséendaki kesi
ajerl eméndazanhenal ara yol a-tejene g°%stermik

PLA/ MCC biyokompozit numunel erinin elastik

czelli kleri; mukavemet , s¢nekli k ve kér él ma
Ancak, 200 saat stherzikhngaxkélaméer maya mar uz
PLA/ MCC numunel erinin mekani Kk °zellikleri
kokul |l ar a mar uz kal an uygul amal ar I -1 n, y a
bi yokompozi't kull anéménén saf PLUA ukul |l aném

sonucuna vareél mékteéer .
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CHAPTER 1

INTRODUCTION

1.1 Polylactide

The overall production of most of petroletbased synthetic polymers is
approximately around 140 million tons per year and they remain as a waste in the
ecosystem after usage because of their resistances against microbial attacks.
Therefore, biopolymers ka a vital role for biodegradable replacement. Natural
biodegradable biopolymers are produced from renewable resources such as starch,
chips or sugarcane. One of the most promising natural biodegradable biopolymer is
poly(lactic acid) or simply called gmlylactide (PLA) [1]. The chemical structuoé

PLA with end groups ishown in Figure 1.1.

CH; CHs

HO o)
O CHs O

Figure 1.1 Chemical structure of PLA [2]

PLA is an aliphatigpolyester havinghermoplastic charactebepending on its stereo
isomerism, itcan besemicrystalline oramorphous.Figure 1.2 showthreedifferent

stereo chemical formaf PLA structure which arejpoly(L-lactic acid)designated as

1



PLLA, poly(D-lactic acid) designated as PDLA and p@Br, L-lactic acid)
designated as PDLLAThe most common type of PLAvith mass production is
PLLA, and the second one PDLA has also certair3ise

0 0
H(y‘\ OH HO‘V))L\ OH
“CH; Hy “H
L-lactic acid D-lactic acid
0 / \ 0 / 0
o CHy CHy CH;
& o o
. -~ 0 0
CH,™ CH
}{:,C\\ 3 3
0 0
0
I.-lactide Meso lactide D-lactide

Figure 1.2 Stereo forms of lactidgl]

As shown in kgure 1.3, here arebasicallytwo main production routegsed for

PLA; the first one ighe fidirect condensation of lactic acid monongers whi | e
second one igthe ringopening polymerization of the cyclic lactide dimein the
former, due to the fact that the water molecule is generated in every step, there occur
some difficulties of removing water, which limits the molecular weight of polymer.

In the latter route which is more common, high molecular weight PLA is obtained
with the use of some metal catalysts such as tin octoate in solution or in the melt,
which consequently causes tlaeemization of PLA.

t

he
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g ; :
o N HO /%T "OY‘L- , o}\(OH
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Lactic acid High molecular weight PLA
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“_Ho0 Ring-opening
polymerization
0
0] ; b
)\( -0 ] OH 9
HO o ~. -’ . .
RS Depolymerization 0 o
0 - 0
0]
Prepolymer
M,, ~ 5000

Figure 1.3 Two production routes of PL/S]

Many propertiesof high molecular weight PLA such as density, heat capacity,
mechanical and rheological properties considerably depamdits transition
temperatures ofy and Tr,. Semicrystalline PLA (mostly found in the market and
extensively used by researchers) haglass transition temperaturg) of around

6 0 AC anelihg tamperature(T,) range of 1302 3 0 A C, reEhesecti ve
transition temperaturesT{ and Ty,) strangly depend on optical isomestructure,

thermal history and molecular weight [3].

PLAhasawiderangeafs e i n t oday 0 sdidalpfabd, shemical asdu c h a
textile. Recent technologies and studies have made possible that PLA caldd be

used instructural components such as automotive parts due to its certain level of
strength, stiffness and hardness compared to titheperformancediopolymers [1,

3]



One of he mainconcernsof PLA is its brittleness, which limits the use of PLA in
structural applications.In the academia, amy approachefave been used for
toughening of PLAsuch as plasticizatioand blending with elastomeric materials.
However,these approaches for high toughness PLA resultedbstantial decreases
in the strength and motiis values. Another problem of PLA i$s sensitivity to

atmospheric conditions such as sunlight and moisture.

Therefore, in the present study, mechanical properties espediadlylity and
toughness, before and after atmospheric weathering conditiansWiirradiation
and moisture will be adied not only for neat PLA, but also for its biocomposite

specimens reinforced with microcrystalline cellulose (MCC) fillers.

1.2 Cellulose

(1) Structure and Properties

Cellulose is the most abundant organic compound on Earth, because it is the

structural component of the primary cell wall of all plahitss an organic substance

with the generalformula of (CgH100s),. Its chemical structure is composed

thousands olinear chais ofb( 1 Y 4 ) D-glucoseanits as shown in Figure 1.4.

It can be derived from @lucoseunits by condemat i of 1 V4rmr &l ycosi di c

covalent bonds holding aohydrate molecule to anottér 5].

Cellulose is odorless, hydrophilic (water loving) due to hydroxyl grouPsi) in

their structures and biodegradable. Unlike starch, cellulosa &raight chain
polymer having no coiling or branching, instead it has extendedikedstiff
structure. Since there are many hydroxyl groups on tgguBose units, hydrogen
bond will form between the units and neighboring chains. Hydrogen bond holding
the chains together sidw/-side results in strong microfibrillar structure suctcel

walls having high tensile strength.


https://en.wikipedia.org/wiki/Glycosidic_bond
https://en.wikipedia.org/wiki/Glucose

"o~ Ce X
J C, R e H
C, \
C o)
_____ o C/ i\ 75
3 OH C1 C / C6
HO
| i

Figure 1.4 The structure of cellulos@(1-4) linkage ofD-glucose monomei$]

Cellulose can havéifferent crysalline structureql, Il, llland IV). A Cel | ul os e

crystal structure is the most common @teo calledasnatural ellulose, because it

forms from living organisms such as bacteria, alga®es and plants. It is

themodynamically metastable havibgo phasesfih 0 with a triclinic structure and

Alb avith a monoclinic structure. Alpha cellulogé) is found in bacteria and algae,
hildherl gl amtds .| VG

while beta cellulos¢ 1iIbg present i n

structures can form via centeprocessefs].

The b and b crystal structures of cellulose are shown in Figue The I' unit cell

within a space group P1 contains one cellulose chain, and theellmpairameters are

a=0.672 nm, b =0.596 nm, ¢ = 1.040 finx 118.08)

I b uni t

A14.8Q)' = 80.3UThe

cel | 3 costgna twe cetiutose ucpainsP &nd the -geit

parameters are a = 0.778 nm, b = 0.820 nm, ¢ = 1.03896.51) Three lattice

planes with approximate-spacings of 0.39 nm, 0.53 nm, and 0.61amshared and

correspond tohl lattice planes (110), (010), and (100) a n d

(110), and ( 1 10), respectively. The main difference betweknal n d

relative displacement of cellulose sheets (parallel stackinglbi@se chains in one

pl ane) along the (110)

I b |l attice
I b is
and (200) pl anes

l



chain axis directionFor I there is a relative displacement of c/4 between each
subsequent hydrogdsonded plane, while foblthe displacemant altenates between
c/4 and-c/4[6, 7].

) ; § Celluloze Phase 1a Cellulose Phase IB {
) A Trickinique P1 Monoclinique P2,
C AA) = 6,717 (7) a(A) = 7.784 (8) O0XOY
b(A) = 5,962 (2) b(A) = 8,201 (8) GRES
<(A) = 10,400 (6) <(A) = 10,338 (10)
Cellulose Phase ke o Y o Cellulose Phase 1B
Trictiniqw P1 :f)) i :j: g)’ YI=2AIE) Monoclinique P2,

v(*) = 80.37 (5)

Figure 1.5 h | byplases of Ellulosel crystal structurg7]

Certain nechanicaland thermaproperties otrystalline cellulose are givan Table
1.1 and 1.2, respectivelyihese properties are affected by several factors such as

percent crystallitty, anisotropy and defects.



Table 11 Mechanical properties afrystallinecellulose [6]

1 (g/cn) dr (GPa) Ea (GPa) Er (GPa)

Crystalline
1.6 7.57.7 110220 10-50
cellulose

J: density, U : tensile strength, E, :elastic modulus in axial directionE; :elastic modulus in

transverse direction

Table 1.2Thermal properties of crystalline celluld€d

Ty (°C) T (°C) T4 (°C)

Crystalline cellulose 170190 250-300 350400

Ty glass transition temperaturé,,: melting temperatureTy: thermal degradation temperature

The use of cellulose in the industry remarkable including the applications of
barrier films, transparent films, antimicrobial films, flexible displays, reinforcing
fillers for polymers, biomedical implants, drug delivery, fibers and textiles,

separation membranes, batteries, super capacitors etc. [6].

(i) Macro, Micro and Nano Scalesof Cellulose

As stated above, cellulose is the main structural material in plants; therefore, the
route for micro and nano scales starts with the plants. Figure 1.6 shows the
hierarchical structure of wood. Cellulose is a macromolecule composed of thousands
of microfibrils. However, microfibrils cause aggregation during the use of cellulose

in the preparation of composites, which weakens the properties of composites

especially mechanical ones.
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Figure 1.6 Hierarchical structure of wood]8

As shown in Figure 1.7 single cellulose microfibril structure is composed of inner
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Figure 1.7 Location and extractioaf nano crystallineellulose [9

To go over from macro to micro and nano cellulose, there are mainly two steps. The
first step is purification and homogenization pretreatments. This step particularly
depends onhie source of cellulose. Thatd#ferent pretreatmentwill be required

for example forwood, plant, algae and bacteria. Pretreatments for wood and plant
basically include the complete or partial removal of matrix materials such as
hemicellulose and lignin. Details of these procedures are discussed in therieratu

[6, 8, 9]. The second step involves the separation of purified cellulose into micro and
nano cellulose.Basically, three techniques are used for this stapchanical
treatment, acid hydtysis and enzymatic hydrolysis [6, 8, 9].These techniques can be
used separately, though in practice to obtain the desired structure, these techniques

are used in sequence or in combination.



In the mechanical technique (the most widely used one) higgo-pressire
homogenizers, grinders, refiners, eghgr forces ae appliedto cause transverse
cleavage along the longitudinal axis of the celluloserdfibrillar structure. This
structure is calledi miodr br i | | at ed c e I5070 Poocssadinity, MF C)
10-100 nm diameter range and A6 Om | e n g tirhorder aonobtan thinner
cellulose microfibrils, some subsequent chemical treatments can be achieved such as
2,2,6,6tetramethylpiperidind-oxyl (TEMPO)mediated oxidation, the introduction

of charged polyelectrolyteabrough carboxymethylation [6,1L0~igure 1.8 shows the
micrographs of disintegrated microfibrils after higiressure mechanical treatment

and TEMPGmediated oxidation.

Figure 1.8 MFC micrographs after highressure mechanical treatment (left) &#mel
subsequent EMPO-mediated oxidatioiright) [11, 13

Secondtechnique used by academia and industigescid hydrolysis. In this
technique, amorphous region®f the cellulose microfibrilsare eliminatedby
introducing acid attacks. The most widely used acids are fofdaoic acid (HCI)

and sulfuric acid (kB5Qy). The main mechanism underlying this method is that
hydronium ions (HO") coming from the dissolution of the acid in water penetrate
cellulose microfibrils in the amorphous regions so that hydrolytic cleavage of the
glycosidic bond can occur leading to thelease of crystalline regionSubsequent

mechanical reatment like ultrasonication can Ilapplied to remove amorphous

10
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regions further. AMi crocrystalline cel

technique having 885 % cystallinity and particle size range of- 500 O m.

A €llulose nanocrystad ( CateCrpdlike or whisker shaped particleemained
after acid hydrolysis of MCC or MF@&s shown in Figure 1.9. They have a diameter

range of 35 nm and a length range of-500nm.

Figure 1.9 TEM images of cellulose nanoystals [13 14]

1.3 Polylactide/Natural Fiber Biocomposites

The use of natural fibers in polylactide matrix biocomposites has been increasing due
to theirratherhigh specific strength @hmodulus, lowcost and ease of processing

Some of these studies will be discussed in the Section 1.5 Literature Survey.

As reviewed in the literaturgl5], natural fibers can be classified into six basic
groups:bast fibers (hemp, jute, kenaf, flax and ramie), fésdrs (abaca, pineapple

and sisal), seed fibers (cotton, coir and kapok), core fibers (kenaf, jute and hemp),
grass and reed fibers (wheat, corn and rice) and all ogpes t(wood and roots).
Natural fibersare composed of basicalllgree constituents:etlulose, hemicellulose

and lignin. Chemical compositierof several natural fiberare tabulated inTable

1.3
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Table 1.3Chemical compositionsf several natural fibers [15

Fiber Cellulose (wt¥) Hemicellulose (wt%) Lignin (wt¥) Waxes (wtk)
Bagasse 552 168 253 -
Bamboo 26-43 30 21-31 -

Flax n 18.6-20.6 22 1.5
Kenaf 72 203 9 -
Jute 61-711 14-20 12-13 0.5
Hemp 68 15 10 0.8
Ramie 68.6-76.2 13-16 06-0.7 0.3
Abaca 56-63 20-25 7-9 3
Sisal 65 12 99 2

Coir 32-43 0.15-025 40-45 -

Oil palm 65 - 2 -
Pineapple 81 - 127 -
Curaua 736 99 15 -
Wheat straw 38-45 15-31 12-20 -

Rice husk 35-45 19-25 20 14-17
Rice straw 41-57 3 §-19 §-38

The major problem ohatural fibers is the hydrophilicity, i.e. thar affinity to
moisture. Especiallgmorphous regions of the fibsiructure are very susceptible to
water absorption, thus it would be worse with thedr cellulose crystallinityand
the higher void content of the fibefdoisture content will decrease tineechanical
properties of fibers considerablyApart from thé hydrophilic nature,other
shortcomingsof natural fibers include their susceptibilitto UV irradiation,

tempeature and fire.

Just like many other thermoplastic polymer matrix composRég/Natural Fiber
biocomposite can be compounded by two techniques;-migihg or solution
mixing. Shaping can be achieved also by conventional methods such as injection

molding and compression molding.

Although such composites offer greater advantages ather polymer composites, it

is known that there is a compatibility problem between PLA matrix and natural
fibers. The weakness of interfacial adhesion betwemntwo constituents is due to
the hydrophilic character of natural filseand hydrophobiccharacter of PLAThis

12



interfacial adhesion problera especially solved by modifying the surfaces of natural
fibers with physical andchemical methods Calendaring, corona and plasma
treatments are common examples for physical methods, while chemicaldsiatieo
silanization, alkaline treatment, acetylation, maleated coupling and enzyme

treatmentg15).

1.4 Weathering Behavior of PLA

Polymeric components when used in the atmospheric conditions (i.e. outdoor
applications) they are exposed to basically three types of degradation;
Aphotodegradati ond due to sunlight, Ahyd
Abi odegr ad atrooogansmsdrutiee sdil and matec. Weathering tests are

used to investigate the effects of the first and the second ontheiaeffects of UV

irradiation and moisture.

For the PLA structure, it was first discussed that [16] the basic photodegradation
mechanism of UV irradiation is the main chain scission by absorption of photons.

This type of reaction given in Figure 1.10 is defined as Norrish Il type photo
cleavage. Then, it was indicated that][photodegradation reaction might proceed

with two poss bi | i t i es, the first one i sisiphoto

Aphotooxidationo reacti on.

13



Figure 1.10Possible photodegradation reaction of PLA][16
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Photolysis mechanism, as shown in Figure 1.11, leads to the breakage eOthe C

backbone bonds, resulting in decreases in molecular weight.

() "
| | hv
——CH—C—0——CH—C 0 >
CH CH
C Q
| |
| L ] .
CH—C——0 = HiL——CH—C 3 B
CH
O )
——CH—C—0H H G s CH o G s e
" + * i
!
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Figure 1.11Possible photolysis reaction of PLLA7]

Photooxidation mechanism, as shown in Figure 1.12, leads to the formation of a
hydroperoxide derivative and its subsequent degradagicompounds containing a
carboxylic acid and diketone end groups. Furthermore, the photolysis of the diketone
may lead to the cleavage of theQChond between the two carbonyl groups, resulting

in two carbonyl radicals. This radical pair leads to formmatiof several

photodecomposed products.
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CH—C——O0H 4 HiC C o

H

Figure 1.12 Possible photooxidation reaction of P[1V]

In the PLA structure, moisture leads to plasticization and swelling. However, above

30°C, detrimental hydrolytic degradation becomes significdiitis degradation
mechanism is defined as fAhydrolysiso. As s hc
backbone occurs through its ester bond. In this reaction, formation of lactic acid

oligomers from chain scission lead to higher amount of carboxylic acidjreugs

and further catalyze the degradation reacti8). [
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19, }...5
Hydrolysis of PLA backbone through its ester bond
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Figure 1.13Possibé hydrolysis reaction of PLA [18

During weathering, crystallinity amount of PLA might increase due to two reasons.

One reason is that, UV irradiation and outdtemnperature might reach to the cold
crystallization start temperature of PLA.
be much higher mobility of the short chains of PLA occurred due to chain scissions.

This crystallization meodaocedmn csysamkeldi:
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1.5 Literature Survey

1.5.1 Studies on the Behavior of PLA/MCC Biocomposites

Poly(L-lactic acid), shortly polylactide (PLA), is a thermoplastic aliphatic polyester
which can besynthesized from renewable sources such as starch and sugar beet. Its
high biodegradability and biocompatibility with certain level of modulus and
strength values made PLA to be used in several applications especially in the food
packaging and biomedicadstors. For the other sectors such as automotive industry,
inherent brittleness of PLA is today still one of the significant shortcomings.

There have been several studies to overcome brittleness problem of PLA. These
studies especially concentrated on Hiending of PLA with elastomeric materials
such as synthetic and natural rubber®-22] and thermogistic polyurethane
elastomers [225]. However, these researchers basically reported that although there
were significant improvements in the ductilitydatoughness values, these blends

sacrificed their strength and modulus values.

Another group of studies in the literature to improve mechanical properties of

bi opol ymer PLA is the HAbiocompositeo appr o:
cellulosebased natal fibers. Example®sf these fibers include kenaf [ZD)], flax

[31-34], bamboo B5-38], hemp [39, 40] and jute [27, 1t was revealed that these

PLA/natural fiber biocomposites might have not only improved mechanical

properties, but also improved theahproperties.

Cellulose is an organic polysaccharide made up of several thousands of linear chains

linked end to end. Cellulose chains are aggregated to form microfibrils and these
microfibrils again aggregate f urefordher to for
natural fibers sed in those studies above {2§ were considered as i
mi crofiberso. As d#aZicdetailsiretde stougturePoicelldlesy et al

18



mi crofibers, t her e ar e bot h Acrystallir
Amor phous regions whi ch weaken cell ul o
eliminated by wusing a proper fAacid attac
can be separated. Then, these crystallites can grow in size since they can move
freely. In the t er at ur e, t hat structure I s gene
cellul oseo (MCC).

In literature, there are welimited number of studies B 44 using microcrystalline
cellulose (MCC) as reinforcement in PLA matrix biocomposites. One of them was
condiwcted byMathew etal. [43 investigating the effects of MCC on the mechanical
properties of PLA. They used maitixing method with four different MCC
amounts; 10, 15, 20 and 25 wt%. They indicated that addition of MCC decreased
tensile strength and %longation at break values of PLA by-23% and 23129%,
respectively. The only improvement was in the value of elastic modulus of PLA by
14-39 %.

Mohamad Haafiz et al. [44ised solutiormixing method to produce film specimens
with 1, 3, 5 wt% MCC. Theyavealed that there were no improvement in the tensile
strength and % elongation at break values of PLA; while there were certain

improvements in the values of elastic modulus and thermal degradation temperatures.

1.5.2 Studies on the Interfacial Compatibilization of the PLA/MCC

Biocomposites

In order to achieve improved engineering performance for the PLA/MCC
biocomposites, the interfacial interactions between the matrix and the reinforcement
should be improved. In this respect, there is again very limited enohbtudies [45,

46] in the literature.

In the first one, Xiao edl. [45 used a surface modification technique by grafting of

L-lactic acid oligomers on the surfaces of MCC. Then, they compared the properties
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of PLA biocomposites with 30 wt% graftechéh ungrafted MCC. It was seen that
grafted MCC resulted in 50% increase in tensile strength, 100% increase in %

elongation at break, as well as 12% increase in crystallinity amount of PLA.

In the latter, Mukherjee et al§] used surface acetylation tetque by replacing the
hydroxyl groups present on the surfaces of MCC with acetyl groups. They revealed
that surfacdreated MCC could be uniformly distributed in the PLA matrix leading
to better thermal properties such as storage modulus. However, hamuat tests

were conducted.

1.5.3 Studies on the Accelerated Weathering Behavior of PLA based

Biocomposites

It is known that the biopolymer polylactide (PLA), chemically knowns as pely(L
lactic acid), has been an alternative polymeric material to petrebesed traditional
polymers not only in the food packaging and biomedical items, but also in certain

engineeing applications such as household appliances and automotive components.

Despite the comparable mechanical properties of PLA with those of industrial
polyolefins, sensitivity of PLA against atmospheric conditions such as UV irradiation
of sunlight,moisture and temperature; the use of PLA for outdoor applications could
be problematic. Thus, weathering behavior of PLA and #ba8ed blends and

composites should be thoroughly explored.

Unfortunately, there is still limited number of studies. Some @fs¢hstudies
investigated weathering behavior of neat PU&, [17, 47-51], blends of PLA with
other biopolymerssuch as polyhydroxyalkanoate [52r with other elastomeric
polymers such apoly(ethylenevinyl-acetate) [5B and also biocomposgeof PLA
filled with keratin [54], tannin [55], wheat starch [56], rice starch [57], rice hulls
[58], lignin [59], henp-fiber [60], and eucalyptus wood fiber [61
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Although some of these researchers conducted accelerated weathering (both UV and
moisture) conditionsmany of them used only UV irradiation either naturally or
artificially. These studies related to UV irradiation/[147, 52, 5Bindicated that

=)}

phot ol ysi seoxdamda/taroniop hrateo t he degradat.
mai n chai n & chemicalibands®f the RLA Gtricturea

=)}

Another group of studies investigated only influences of moisture and/or immersion

in fresh or seawater. They [51,158 r eveal ed that apart from
and fAplasticizationohanihem mafi nAldedraldygii
could also lead to decreased molecular weight of PLA via chain scission.

Weathering studies of Pl-Based blends and biocomposites demonstrated that
depending on the amount, structure and chemical interaction with the filler material,
weathering behavior of PLA matrix either remains unchanged or affected
beneficially or detrimetally.

1.6 Purpose of the Study

In the literature, since strength and modulus of PLA/MCC biocomposites were
determined especially under tensile loading and no fracture toughness data were
reported, he main purpose of the first part of this thesis is t@stigate effects of

MCC content on the fracture toughness of PLA biocomposites produced by
industrially compatible production techniques, i.e. tstmew extrusion melnixing

for compounding and injection molding for shaping of bulk specimens. Moreover,
apart from thermal properties, strength and elastic modulus values were determined

not only under tensile loading, but also under bending loading.

Another missing point in the literature is, to the best of our knowledge, having no
maleic anhydride intertaal compatibilization study reported yet. Thus)other

purpose of the first part of this thesis is to explore influences of using maleic
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anhydride grafted PLA copolymer compatibilization on the toughness and other

properties of PLA/MCC biocomposites.

In the literature, there are certain number of studl8s1p] investigating the effects

of microcrystalline cellulose (MCC) on the mechanical and thermal properties of
PLA under normal conditions. However, to the best of our knowledge, there are no
PLA/MCC studies exploring the effects of weathering, even only under UV
irradiation or only moistureT hereforethe purpose of the second part of this thesis is
to investigate accelerated weathering (both UV and moisture) behavior of neat PLA
and PLA/MCC biocorposites by comparing their mechanical and thermal properties

under increasing accelerated weathering periods.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

(i)  Matrix Polymer (PLA)

In the thesis, commercial -lactic acid typepolylactide (PLA) supplied from
NaturePlast (France) with an extrusion grade (PLE 001) was used as the matrix
material. According to its technical data sheet, it has a melting temperature range of
14855AC, degradati on t-25mpldieathewnet flow an g e
index range at 1 9-8 /1D min,nad well as2a.dén6ity &f 4.25i s 2
g/cnt. Moreover, weigheverage molecular weight of this PLA was determined by

using the static light scattering (SLS) spectroscopy technique via MalverR3CGS

giving the result of 375 600 g/mol.

(i) Reinforcement (MCC)
Microcrystalline cellulose (MCC) used as the reinforcemdlar fin this study was
also a commercial product (Sigrddrich, product no: 310697) in the form of white

powder. SEM studies, given in Figure 2.1, revealed that the diameter and length of
the MCC filler used were between-125 e m -ad de @5 ryespecti vel
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Figure 2.1 General and closer view SEM images showing the diameter and length
ranges of MCC used

X-ray diffractogram of MCC used in this study is given in Figure Zhr ee 2d
reflections at 159 16.T and 22.8 correspond to (110Y, 1 10) and (200) planes,

respectivel vy, wh i |°ereprésehts the farhogplbousi mhase af t
cellulose

24
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Figure 2.2 X-ray diffractogram of MCC used

(i)  Compatibilizing Agent (MA)

Maleic anhydride (MA) (Sigm&ldrich, purity 99%)used for grafting of PLA has
molecular weight of 98.06 g/mol, melting temperature range § 81AC and boi |
temperature of 200AC. I nitiator wused for
(DCP) (SigmaAldrich, purity 99%) with melting temperature 89 A C

2.2 Production of PLA/MCC Biocomposites

PLA/MCC biocomposites were produced by two industrially compatible steps; i.e.
A t wscrew extrusion mek o mpoundi ngo and fiisrhjagd tnigadn

with laboratory size equipment.
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In the first step, PLA granules and MCC powders weredpied for 15 hours and 3

hours, respectively; in a vacuum ovenéa® A C, a n-thixed manoallypThie

mixture was melt compounded via Rondol Microlab 300 laboratory size (D=10 and

L/D=20) twin-saew extruder. Typical temperature profile from feeder to die used

wer e -117MI58M0 A B35 0AC while the typical screw sp
throughout the compounding stage; followed byrfolade cutting of the continuous

strands into pellets of-2 mm

In the second step, prior to shappellets were again allowed to-dey for 15 hours

i n a vacuum oven at 60AC. Standard sized ¢
analyses were me#thaped via laboratory scale DSM Xplore Micro injection molder.
Typicalbar rel and mold temperatures used were 16¢
the melting time in the barrel was approximately 7 minutes, with the subsequent

threestep pressuréme profile determined as 14 bar for 3 s, 12 bar for 5 s, and 12

bar for 5 s.

In the first part of this thesi®LA biocomposites were produced with the loadings of
1, 3, 5 and 7 wt% MCC. These biocomposites were designated by using the format
of APL &Y ,MO3denotes wt% of MCC used.

2.3 Production of PLA/gMA/MCC Biocomposite

Interfacial compatibilization was applied only for the PLA/MCC 3 biocomposite, as
wouldbe di scResweldt $ namid Di scussiondo section.

Effects of interfacial compatibilization was conducted by using the maleic anhydride
(MA) grafted PLA copolymer,.e. PLAg-MA. For this purpose, different amounts
of the copolymer was compounded with the PLA/MCC 3 composition, and it was
revealed that use of 3 wt% PL#MA copolymer resulted in optimum properties.

Thus, only this composition was evaluated. For sioigli PLA-g-MA copolymer
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was designated as AgMAO in this thesis.

compatibilization was designated as APLA;

Note that PLAg-MA copolymer was produced by using the reactive extrusion
technique via twirscrew melt mixing of PLA and 2 wt% maleic anhydride (MA)
including 0.5 wt% dicumyl peroxide (DCP) as the free radical initiator. By using the
titration method, the amount of grafted MA on PLA was found as 1.18%. Details of

these procedures argptained inour former study§1] thoroughly.

2.4 Characterization by FTIR and SEM

In order to reveal possible interfacial interactions between PLA, MA and MCC
fillers, i Fioufrri &mred r@mBIfFR)Y mpectroscopyo
were signalaveragedboy t he MAattenuated total refl e
ALPHA IR spectrometer in the wavenumber range of 400 to 4000witim a

resolution of 4 cni.

Morphological analysis in terms of distribution of MCC in PLA matrix and the
interface between them wee carried out for the gold sputtered fracture surface of
fracture toughness specimens under FEI Nova Nano 430 scanning electron

microscope (SEM).

2.5 Mechanical Tests and Thermal Analyses

Kic andGc fracture toughness tests were conducted for siedé¢gnotchedbending
specimens according to ISO 135&@ndardsunder Instron 5565A system. Notches

and precracks on these specimens were created by Ceast Notchvis system as defined
in the standard. Apart from toughness tests; tension and flexural tests were also

carried out to determine other mechanical propertiegeeospecimens. Tension tests
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were applied according to ISO 527standard, while flexural tests in terms of three

point bending were applied according to ISO 178 standard. These tests were carried
out under 5 kN Instron 5565A universal testing systen. daeh specimen group,

these tests were repeated 5 times; and mechanical properties were determined as the
average values including their standard deviations.

The first thermal analysis to determine transition temperatures and enthalpies of each

specimenwas differential scanning calorimetry (DSC) analyses. The heating profile

used for the materials wa8 0 A t o 220AC with 1DSEQOOmMmi n r at e

Exstar system. The second analysis for the determination of the thermal degradation
temperatures ofaeh specimen was thermogravimetric analyses (TGA). This time the
heating profile was 30A to 550AC wunder SII

2.6 Accelerated Weathering of the Neat PLA and its PLA/MCC

Biocomposite

T

Aswouldbedi scussed in thenMReswlttiwonamd DRihsec U9 gis

thesis, it was revealed that use of 3 wt% MCC resulted in the best optimum
mechanical properties. Therefore, in the second part of this thesis, influences of
accelerated weathering were explored for the PLA/MCC biocasitgs having only

3 wt% MCC.

In order to investigate the weathering behavior of neat PLA and its 3 wt% MCC
biocomposite, amccelerated weatheringgster(Q-LAB Model QUV/se) was used.

The weathering conditions were in accordance with the &yabé the SAE J2020,

ASTM G15405 and ISO 4893 standards. Fluorescent lamps (U8B3) with 0.49

W/m? irradiance (at 310 nm) were used with cycles of 8 h UV irtadiso n  a t 70AC,
followed by 4 h dark condensation at G50AC.
the specimens attached to the test panels without any interruption. Effects of
accelerated weathering were investigated for four periods: 50, 100, 150 ahd 200
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Specimens for each period were designated as PLAAMC@vherex denotes the

accelerated weathering period.

Effects of each period of accelerated weathering on the behavior of the neat PLA and
its 3 wt% MCC biocomposite specimens were investigatedcdayparing the

changes in the results of the following tests and analyses conducted.

2.7 Analyses for the Changes in the Crystallinity of PLA Matrix

For the effects of each accelerated weathering period on the changes in the
crystallinity of the neat PLA antthe matrix of 3 wt% MCC biocomposite specimens,
X-ray diffraction (XRD) analyses were performed. Measurements were conducted by
Bruker D8 Advance A25 Xay diffractometer with monochromatic Cykadiation.

The anode voltage and current were set at 40 kV and 40 mA, respectively.

Diffraction angle 2 was scanned from 5 to 3t a scanning rate of/gnin.

2.8 Analyses for the Changes in the Color of the Specimens

Color changes after each acceledatveathering period were observed both visually
and quantitatively. Visual observation was done by photographing the images of the

weathered specimens and comparing their color with the unweathered one.

The quantitative analysis fdhe color change was conductby determining the
CIELAB color space parametefts*, a*, b*) of the specimens before and after each
accelerated weathering period. For this purptifased reflectance analys{pRA)
was utilized via DRA unit of Agilent Cary 60 UWis spectrophotometer in

accordance with CIE 1976 standards.
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2.9 Analyses for the Changes in the Chemical Structure of the

Specimens

The first analysis was to observe the decreases in the moleculgint vaéi PLA
matrix after each accelerated weathering period. For this purgtets; light
scattering (SLS) spectrometryMalvern CGS3) was conducted to determine the
weightaverage molecular weight (M of the specimens by using the results of
Guiner plas of four different concentrations of PLA samples dissolved in

chloroform.

The second analysis was ATRIR to observe the changes in the chemical bonds of
the specimens after each accelerated weathering period. Spectra were taken via

same system mention@dSection 2.4above.

2.10 Analyses for the Changes in the Morphology, Mechanical

Properties and Thermal Behavior of Specimens

In order to compare changes in the fracture surface morphology, tendflexural
modulus, tensile anflexural strength, ductility, fracture toughness, transitzom
thermal degradation temperatures of the neat PLA and its 3 wt% MCC biocomposite
specimens before and after kaaccelerated weathering period, SEM observations,
mechanicatests andhermalanalyses metioned in the above Sectio2s4 and 2.5

were performed.
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CHAPTER 3

RESULTS AND DISCUSSION

As stated beforesincethis thesis has two different parts; their results are presented

and discussed successively in the following two subsections.

3.1 Effects of MCC Content and MA Compatibilization

3.1.1 Infrared Spectroscopy of the PLA/MCC Biocomposites

ATR-FTIR spectra (Figure 3.1) of the specimens were obtained in order to compare
the chemical structure of neat PLA with its biocomposites of 3 wt% MCC including
the one having MA compatibilization. Figure 3.1 sisdhat neat PLA spectrum has

all the charateristic IR band assignments dscussed in the literature [@&2].

These bands basically includestretching at 867 cm C-O stretching peaks at
1079, 1126, 1181 and 1264 ¢mC-H deformation peaks at 1377 and 1452'cm
C=0 ester carbonyl groups 5748 cnit, and GH stretching at 2853 and 2924 ¢m

It is known that IR spectroscopy can be successfully used to characterize chemical
interaction between the matrix and the filler in composite materials. When these two
components are completely immiscible, then there would be no appreciable changes
in the IR spectrum of their composite, i.e. characteristic peaks of the matrix and the
filler would remain the same. However, when there is hydrogen bonding or other
polar interactions between the matrix and the filler, then there would be a certain
level of comptibility. These distinct chemical interactions between the matrix and
the filler consequently might lead to the changes in the IR spectrum of their

composite, usually in the form band shifting and broadening.
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Figure 3.1 ATR-FTIR spectra of PLA and itsiocomposites
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Figure 3.1shows that when 3 wt% MCC was incorporated into PLA matrix, IR
spectrum of this biocomposite does not change, i.e. there is no appearance of new IR
peaks. One reason for this result is the use of low amount of filler and tharisymi

of the IR spectrum of PLA and cellulose. Another reason for the absence of new
peak could be due to having only physical interaction between PLA and MCC

surfaces rather than having a chemical interaction.

On the other hand, it is known that theee the possibility of hydrogen bond
formation between the surfaces of cellulose (i.e. hydroxyl groups) and the functional
groups of PLA structure (i.e. carbonyl groups of the backbone, hydroxyl and
carboxyl groups of the chaierminals). In the literaturgg4], it is discussed that this
chemical interaction is especially attributed to the broadening and/or shifting of the
C=0 peak at 1756760 cnt, i.e. the interaction between theHDof cellulose
surfaces and C=0 of PLAabkbones. It is seen in Figure 3nht, there is very slight
broadening and shifting of this peak from 1748 to 1745 @mthe IR spectrum of
PLA/MCC 3 biocomposite specimen.

In this study, in order to improve interfacial hydrogen bond interaction between PLA
and cellulose, maleic anhgde (MA) copolymer compatibilization was uke
Typical IR bands reported [62, Bfor the MA structure are cyclic C=C stretching
band at 1590 cth asymmetric and symmetric C=0 stretching at 1774 and 1850

cm’ |, respectively. It is stated in the lisure B6, 67 that hydrogen bond type
chemical interaction could also occur between the hydrogen of the hydroxyl groups
of the cellulose surfaces and the oxygen of the carbonyl groups of the MA structure.
This interaction is attributed to the shift ofetlC=0 of MA at around 1774 cih
Figure 3.1shows that this shift was overlapped by the C=0 of PLA between 1720

1785 cni.
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3.1.2 Fracture Surface Morphology of the PLA/MCC Biocomposites

Properties of the composites are strongly dependent on the urfsimibution of

the fillers. Therefore, SEM examination of the biocomposites were first performed
by the lower magnification (Figure 3.2) of the fracture surfaces of the specimens
taken from their fracture toughness tests in order to investigate the dével
distribution of MCC in PLA matrix.

Figure 32 shows that there was no significant distribution problem in the specimens
with 1 and 3 wt% MCC contents, while there was slight level of agglomeration with
5 and 7 wt% MCC. It is also seen in Figure 3.2 thae to the improved interaction
via MA grafted copolymer compatibilization, the distribution of 3 wt% MCC
particles was better than the specimen without compatibilization.

SEM fractographs were also taken at a higher magnification, as given in Figure 3.

to reveal the interfacial interactions between the PLA matrix and MCC surfaces.

These images simply indicate that in the specimen without compatibilization MCCs

were usually @ deobuotnod efdroo ma ntdh efi pPULIA emdat r i x. On
in the speitnen with MA copolymer compatibilization, certain level of interfacial

interaction was evident by the adherence of the PLA fibrils on the surfaces of MCC

fillers. Therefore, SEM images of the specimen PLA/gMA/MCC 3 had the lowest

level of debonding and gdubut.

As discussed in the IR spectroscopy section above, the level of hydrogen bond
between the PLA matrix chains and the crystalline cellulose chains on the surfaces of
MCC structure becomes much stronger via the functional anhydride group of MA
copolyrmer compatibilization. Therefore, as will be given in the following section,

PLA/gMA/MCC 3 specimen obtained the highest mechanical properties.
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Figure 3.2 SEM fractographs showing dispersion state of MCCs in PLA matrix
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Figure 3.3SEM fractographs showing interfacial morphology between the PLA

matrix and MCC fillers
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3.1.3 Modulus and Strength of the PLA/MCC Biocomposites

Effects of MCC content and MA compatibilization on the strength and modulus of
PLA was investigated by tensidests and also by thrgmint bending tests. Figure
3.4 gives -Ateasnbecatvesssamdci Dl exuurvels

specimens separately, while TablEeo 3arnd t a

ATensi |l e SHtor echgtt iy mitneendsi on test s; and v

Modulus Erey) © and fAFI| e xSueh) ol dRttreemgtnred ( by be
Furthermore, influences of different amount of MCC and MA compatibilization on

the modulus and strength values of the biocompositealsmeevaluated in Figures

3.5. Note that the data for the PLA/gMA/MCC 3 specimen irxtares of the Figure

3.5 was simply designated as fAigMAO.

It is known that elastic modulus and strength of the composite materials basically
depend on the decreasetlie mobility of the macromolecular chain structure of the
matrix polymer, and the degree of the load transfer from the matrix to the rigid and
strong filler material. Of course for these strengthening mechanisms to operate a
sufficient degree of interfadidonding between the matrix and the filler would be

necessary.

37



120 ! | I | | |

100

Tensile Stress (MPa)

:
120 T T T T T T
100 - -
g
g 80 - -
[}
w
o 60 - —=—PLA 7
) —e— PLA/MCC 1
T 40 —a— PLA/MCC 3 -
x —v— PLA/MCC 5
E 50 —e— PLA/MCC 7 -
—«— PLA/gMA/MCC 3
0 | | | | 1
0 1 2 3 4 5 6 7

Flexural Strain (%)

Figure 3.4 StressStrain curves of the specimens obtained during tensile -poth8

bending flexural tests
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Table 3.1Tensile ModuluskE), Flexural ModulusErey), Tensile Strengthgrg and

Flexural Strengthl(zey) of the Specimens

Specimens E (GPa) Erex (GPa)  Urs(MPa)  Uriex (MPa)
PLA 2.85N0 3. 60N0.58.6N197. 9N
PLA/MCC 1 2.57N0 3. 90N0.54. 6N097. 7N
PLA/MCC 3 2.72N0 4.02N0.57.5N298. 3N
PLA/MCC 5 2.68N0 3.93N0.56.5N195. 7N
PLA/MCC 7 2.62N0 3.82N0.55. 7N094. 6N

PLAlgMA/MCC3 2. 86 N0 4. 22N0.58.8N0104.5

Under tensile loading, Figures 3.4, 3.5 and Table 3.1 show that modulus and
strength of PLA decrease slightly with the incorporation of MCC fillers. Because,
due to the weaker interaction between the polylactide chains and the crystalline
cellulose chainstensile loading leads to higher level of separation between the
matrix and the filler. On the other hand, after maleic anhydride compatibilization,

Table 3.1 indicates that the decreases in the tensile modulus and sfiEesatitl;<)

are recovered, i.e. values BfandUrs of the neat PLA specimen are almost equal to

the values of the PLA/gMA/MCC 3 specimen.

Under flexural loading, Figures 3.4, 3.5 and Table 3.1 reveal that modulus and
strength values of the PLA/MCC biocomposites Idooe higher than that of the
neat PLA. Because, during flexuralpdint bending tests, lower half of the cross
section of the bar specimen is under tension, while upper half of thesesn is
exposed to compressive forces. Therefore, in the conneeside of the specimen,
separation at the interface would be hindered, leading to better load transfer

mechanism from the matrix to the filler.
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It is seen in Figure 3.5 and Table 3.1 that flexural modugs,) of all PLA/MCC
biocompositess higher than that of the neat PLA. Since the specimen with 3 wt%
MCC has the most uniform distribution in the matrix, the increase iEdhevalue

iIs 12% in the PLA/MCC 3 specimen. After MA compatibilization, due to the
increased level of hydrogen bondg between the polylactide chains and the
crystalline cellulose chains, the increase Hyex becomes 17% in the
PLA/gMA/MCC 3 specimen.

Flexural strengthlzey) Of the neat PLA was kept in the specimens with 1 wt% and

3 wt% MCC contents, but slightly decreased in the biocomposites with 5 wt% and 7
wt% MCC due to the certain level of agglomeration. However, MA

compatibilization increasedirex of PLA from 97.9 MR to 104.5 MPa, i.e. an

increase of 7%.

3.1.4 Ductility and Toughness of the PLA/MCC Biocomposites

In tension tests apart from modulus and strength values another measurement is the
amount o f pl astic strain formed unt il
measur ement i s considered as dAductil ity
amount of pananent plastic deformation occurred up to fracture of the specimen.
Figure3.4 shows that tensile stresfrain curve of neat PLA specimen is very linear

with very little amount of plastic strain. On the other hand, when MCC particles were
added the stresstrain curves become ndinear possessing large amounts of plastic

strain.

In this study ductility values of the specimens were determined as % final strain at
break @) from their tensile stresstrain curves. Figur8.4 and Table3.2 show that
ductility of all PLA/MCC biocomposites are much higher than for the neat PLA. The

best improvement is again with 3 wt% MCC, increasing@halue from 3.48% up
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to 6.03%, i.e. an increase of 73%. After MA compatibilization, that increaseeseach
to 82%.

Table 3.2Tensile Strain at Brealg) and Fracture Toughnesds, andG,c) of the

Specimens
Specimens U (%) Kc( MPad Ge(kJ/im?
PLA 3.48N( 3.43N0 5.44N0
PLA/MCC 1 5.47N: 3.79N0 6.55NKN0
PLA/MCC 3 6. 03N: 4.20K0 7.10K0
PLA/MCC 5 5.17N¢ 3.66N0 5.59KN0
PLA/MCC 7 4.93N( 3.48N0 5.52N0

PLA/gMA/MCC 3 6. 33N 4.92K0 8.43NKN0

Since the most significant deficiency of the biopolymer PLA is its inherent
brittleness, toughness is the kpyoperty to be improved for many engineering
applications. Therefore, in this research, influences of MCC content and MA
compatibilization on the toughness of PLA
tests. Because, fracture toughness is the most impotbaighness parameter

required in structural engineering applications. This test basically measures ability of

the materials to resist initiation and propagation of cracks. In this study, fracture
toughness tests wer e ev alhtansty Faadoricnd t @mdns o f

ACritical Strai gc)EhewaglyueRe.l ease Rate (
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Figure 3.5and Table3.2 indicate that fracture toughness values of the PLA/MCC
biocomposites are better than the values of the neat PLA. Because, rather weaker
interfacial attraction between the matrix and the filler leads to improved efficiency of

the basic composite toughegin mec hani sms of fAoduetbdo nlde aaxdyion
to lower crack propagation rate. Due to its uniform distribution, again PLA/MCC 3
specimen had the highest improvements; compared to neat PLA the increases in the

values ofK,c andG,c were 22% and 31%, spectively.

After MA compatibilization, i.e. better interfacial attraction, another composite
toughening mechanism defined as fAcrack b
particle also become operative leading to decreased crack growth rate. Thésefore,

the PLA/gMA/MCC 3 specimen, the increasesKig and Gc values become as

much as 43% and 55%, respectively.

3.1.5 Thermal Properties of the PLA/MCC Biocomposites

Thermal properties of the biocomposites were first investigated by conducting DSC
analysesFigure 3.6 shows first heating thermograms of the specimens, while Table
3.3 tabulates important transition temp
mel t iTOT O0Tw) (, Afent hal pies of me i, andhl, and c
and al sat ApeysX)adf the spedmens ohltainedy lusing the

following relation:

@ ——— P T (3.1)

In this relation, @A represents melting enthalpy of 100% crystalline PLA

determinedas 93 J/g in the literature [FAvhile wp 4 represents weight fraction of
the matrix PLA.
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Figure 3.6 First heating DSC thermograms of the specimens

Table 3.3 indicates that MCC content and MA compatibilization have almost no
influence on the glass transition, cold crystallization and melting temperatures of the
PLA matrix. Ty of the matrix and biocomposites appear ab6%, while values of

Tc are inthe range of 12023C andT, are at around 15051°C.
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Table 3.3Transition Temperature3{, T., Tn), Enthalpies@ kK, gp H) and Crystallinity Percen¢) of the Specimens During First

Heating

Specimens Tg( AC T;( AC Tn( AC) okh(J/g) oH @J/g) Xc (%)
PLA 65 120 151 16.2 1.2 16.1
PLA/MCC 1 65 122 151 15.3 0.7 15.8
PLA/MCC 3 65 124 151 15.8 0.9 16.5
PLA/MCC 5 64 123 150 15.6 1.1 16.4
PLA/MCC 7 64 122 150 15.9 14 16.7
PLA/gMA/MCC 3 64 123 151 18.9 0.6 20.3




Similarly, the crystallinity amount of the matrix and the biocomposites were around
16%. The only significant difference was the higher crystallipgscent (i.e. 20%) in

the biocomposite specimen having MA compatibilization. Because, after the
improvement of the interfacial bonding between the matrix and the filler, MCC
particles could act as nucleation agents leading to higher level of the crattailiz

of the PLA matrix.

Thermal degradation behavior of the biocomposites were also investigated by
thermogravimetric analysis (TGAs given in Figure 3,Avhile thermal degradation
temperatures determined were tabulated in Tadleln this tableTso, T100andToso,
represent thermal degradation temperatures of the biocomposites at 5, 10 and 25 wt%
mass losses, Whil€nhax represents the temperature at maximum mass loss. It is seen
that since polylactide and cellulose have similar thermal degradatgesathere

was no significant change in the thermal degradation temperatures of the PLA/MCC
biocomposites.

Table 3.4 Thermal degradation temperatur@se, Ti00, 259 Of the specimens at 5,
10 and 25 wt% mass losses and the maximum mastetapgratureTmay

Specimens Tsoe ( A C Trom( AC Tase ( ACTmax ( AC
PLA 330 340 352 367
PLA/MCC 1 326 337 350 366
PLA/MCC 3 332 342 353 366
PLA/MCC 5 331 340 351 363
PLA/MCC 7 329 338 349 362
PLA/gMA/MCC 3 331 341 352 366
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Figure 3.7 Thermogravimetric curves of the specimens
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3.2 Effects of Accelerated Weathering

Consequences of each accelerated weathering period on the neat PLA and its 3 wt%
MCC biocomposite specimens were investigated by comparing the changes in the
crystallinity, color, molecular weight, chemical structure, mechanical properties and
thermal behaor of the specimens as discussed successively in the following

sections.

3.2.1 Changes in the Crystallinity

It is known that [6870] t he most stable crystal structur
phasegivingX ay di ffraction peaksofi®Bandi8d di fferen
from (110)/(200) and (203) planes, respectively.

The bottom curves in Figure 3.8(a) and (b) are theyXdiffractograms of the
injection molded neat PLA and its 3 wt% MCC biocomposite specimens,
respectively. It is seen that theserves have no sharp crystallization peaks, they
have only very broad halo representing the amorphous structure of PLA. Because,
PLA has very slow crystallization rate; thus, due to the very fast cooling rate during
injection molding, macromolecular chaird PLA have no sufficient time to
crystallize.

On the other hand, after each accelerated weathering period, Figure 3.8(a) and (b)
showthatallXxr ay di ffractograms have very sharp pe;
locations of 16.3 and 18.7. Because,UV irradiation cycles of accelerated

weathering take place at@for 8 h, which provides sufficient energy and time for

the PLA chains to crystallize.
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3.2.2 Changes in the Color

Color change is a significant problem in the outdoor use of polymeric components.
Changes in the color was first evaluated by comparing the photographic images of
the neat PLA and its 3 wt% MCC biocomposite specimens after each accelerated
weathering perid. Figure 3.%howthat neat PLA specimen looks colorless, i.e. very
transparent due to the high degree of amorphous structure. Because, as discussed in
the above section, very fast cooling rate of injection molding will not allow PLA

chains to have conforational ability for crystallization.

Figure 3.9 also shows that after only 50 h accelerated weathering; the color of the
neat PLA specimen became white due to the certain level of cold crystallization
process occurred during weathering. It can be skanhthere was no significant
change in the white color of the PLA specimens after weathering periods of 100 h,
150 h and 200 h.

When 3 wt% MCC was added into PLA matrix, Figure 3.9 shows that biocomposite
specimen has a kind of glossy creamy color. Aetach accelerated weathering
period, the slight changes in the color of this PLA/IMCC specimen was especially in

the form of loss of glossy character.

Secondly, a quantitative color change evaluation was conducted by comparing the
CIELAB color space paramsisL*, a*, b* and the total color difference parameter
LE* of the specimens before and after each accelerated weathering period. Table 3.5

tabulates these data determined by diffused reflectance analysis (DRA).
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Figure 3.9 Photographic imageshowing slight changes in the color of the neat PLA

and its MCC biocomposite specimens after each accelerated weathering period
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Table 3.5 indicates that changes in the color parameters (especfalpnd
consequentlygp E)* take place between thenweathered specimens and 50 h
accelerated weathering specimens. Further accelerated weathering periods resulted in
only very slight changes in these color parameters. Thus, it can be said that visual
color changes in Figure 3.9 are in accordance witlgtiaatitative color parameters

given in Table 3.5

Table 3.5CIELAB color space parameteis*( a*, b*) and color change difference
(p E)*values of the neat PLA and its 3 wt% MCC biocomposite specimens before

and after each accelerated weathering period

Specimens L* a* b* aE*
PLA 16.71 -0.31 -0.64

PLA-50h 22.49 -0.48 -3.26 6.34
PLA-100h 23.22 -0.29 -3.05 6.94
PLA-150h 2241 -0.37 -3.71 6.47
PLA-200h 22.38 -0.24 -3.93 6.55
PLA/MCC 26.53 -0.65 -0.16

PLA/MCC -50h 35.31 -0.71 -1.10 8.84
PLA/MCC -100h 37.92 -0.82 -0.95 11.42
PLA/MCC -150h 38.96 -0.71 -1.76 12.53
PLA/MCC -200h 39.52 -0.65 -1.64 13.08
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3.2.3 Changes in the Chemical Structure

Before IR spectroscopy, static light scattering (SLS) spectrometry was used to
determine the level of chain scission in the PLA matrix after each accelerated
weathering period. Figure 3.10 reveals drastic decrease in the weight average
molecular weight (M) of the RLAA matrix due to the chemical degradation via
photolysis and hydrolysis. It is seen in Figure 3.10 thatd¥lunweathered PLA
matrix (3.7x10) decreases to 1.3x1@fter 100 h accelerated weathering, and drops
down to 0.8x10 after 200 h. As will be discsed in the following sections later,
these drastic drops in Mof PLA matrix after each accelerated weathering period

resulted in certain level of reductions in the mechanical properties of the specimens.

3.756
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20| .

M, (10° g/mol)

Lo 1.319 2
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Figure 3.10Drastic decreas@ the weight averageolecular weight of the PLA

matrix after each accelerated weathering period
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Then, changes in the chemical structure of the neat PLA and its 3 wt% MCC
biocomposite specimens after each accelerated weathering period were compared by
ATR-FTIR analyses as shown in Figure 3.11(a) and (b), respectively. It is known
that PLA structure is identified basically by five characteristic IR ban@ls41, 49,

57]; which were all in accordance with the IR bands observed in this study. These
are: GC stretching at 867 cm C-O stretching peaks 4079, 1126, 1181 and 1264

cm?, C-H deformation peaks a377and1452 cnt, C=0 ester carbonyl groups at

1748 cmt', and GH stretching at 2853, 2924 &m

It has been discussed that the main degradation mechanism of UV irradiation is
known as fAphotolysiso | eading-OtammdC@chain
bonds of the PLA ester backbone structure by absorption of a photon [16, 47, 48].
Therefore, afteweathering, intensities of these IR bands are decreased as seen in
Figure 3.11.

Apart from photolysis, another consequence of UV irradiation discussed is the
Aphokodati ond that might result in first
subseqgant degradation into carboxylic acid and ketone end groups having C=0
bonds [16, 47, 48]. Therefore after weathering, it is discussed that intensity of that IR
band either increase or shift to lower wavenumbers. Figure 3.11 indicates that
especially afte200 h of accelerated weathering, there is substantial increase in the
intensity of C=0 bond, and also shifting from 1748"cm 1729 crit. Moreover, it

is also discussed thaE-O stretching peaks might also shift to lower wavenumbers.
Figure 3.11 revealthat these € shifts observed after 200 h wérem1079 to 1064

cm?, from 1181 to 1158 cih and from 1264 to 1258 ¢hn
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Figure 3.11ATR-FTIR spectra of the specimens before and after each accelerated
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Besides UV radiation at 70, another important step during accelerated weathering

tests was the humiditycondensation) steps at 80 Apart from swelling and

plasticization, the main degradation mechanism of humidity is defined as

Ahydrol ysi so. |t I's known that hydrol ysis &
especially in the €@ bonds of te ester struare of PLA [47, 4957]. It was also

indicated that, just like photoxidation, hydrolysis might also lead to formation of

carboxylic acid and ketone end groups. Therefore, changes in the IR spectrum of the

specimens due to hydrolysis would be very simibethe changes discussed above.
3.2.4 Changes in the Morphology

Changes in the fracture surface morphology of the specimens were evaluated by
comparing the SEM images of the fracture surface of fracture toughness test
specimens before and after eamdtelerated weathering period as given in Figure
3.12. It is seen in Figure 3.12(a) that neat PLA specimen before weathering has very
smooth brittle surface while Figure 3.12(b) shows that PLA/MCC biocomposite
specimen before weathering has rather dudiiéeture surface with randomly

distributed MCC particles.

Due to severe chemical degradation in the structure of the specimens, Figure 3.12
indicates that during each period of accelerated weathering there are extensive
number of deep dimples, cleavagesd acracking on the fracture surface of the

specimens.
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3.2.5 Changes in Mechanical Properties

Changes in modulus and strength of the neat PLA and its 3 wt% MCC biocomposite
specimens was investigated by tension tests and also by three point bending tests.
Figure 3.13 and 3stlrda igifov eaxiidrsan s asMemoesstsu re s
respectively, while Table3abul at es val ueskE)of amTeMdJiens

Strength§tg) 0 determined by tension t &g)®; and

and AFIl exu$ga)l 0 Sd ateenrgmihgtests. Forthernmoee nnfluemces

of accelerated weathering periods on the modulus and strength values of the
specimens are also evaluated in Figure 3.15.

Table 3.6 and Figure 3.15 indicate that elastic modulus @®athd Ere,) values of

neat PLA and its3 wt% MCC biocomposite increase after 50 h of accelerated
weathering. For instance, the increas€&dp values for neat PLA is 27%, while it is
14% for the PLA/MCC biocomposite. As discussed above, the reason for these
increases is the increased crystallinity of the PLA matrix. Because, unweathered
injection molded PLA structure is mainly amorphous. Duringathering, UV

irradiation cycles at AT resulted in cold crystallization of PLA chains.
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Table 3.6Tensile Modulusk), Flexural ModulusEgex), Tensile Strengthgrg andFlexural Strengthf(HeX) of the neat PLA and its 3

wt% MCC biocomposite specimens before and after each accelerated weathering period

Specimens E (GPa) Erex (GPa) Urs(MPa) Oriex (MPa)

PLA 2. 85N0 3.60N0O0 58. 6N1 97.9N1
PLA-50h 2.89N0 4.58N0 51. 6N1 93.0N1
PLA-100h 2.86N0 4.51N0 39. 1KN0 82. 8N0
PLA-150h 2.73N0 4.21KN0 29.5N1 57. 7N2
PLA-200h 2. 43N0 4.12N0 22.8N1 52.3N0
PLA/MCC 2.72NK0 4.02N0 57.5N2 98. 3NO0
PLA/MCC -50h 2.98N0 4.59N0 64. 3N1 107. 6K
PLA/MCC -100h 2.86N0 4.53N0 59. 1N1 91.5NKN0
PLA/MCC -150h 2. 69N0 4.38N0 51. 0KO 83. 7NKR09
PLA/MCC -200h 2.61KN0 4.27N0 43.7N3 75. 0NG6




However, accelerated weathering beyond 50 h, chemical degradation due to
photolysis, photexidation and hydrolysis was more dominant than the stiffening
action of the crystallinity. Therefore, both elastic modulus valie@and Erey)
decreased gradually. For example, after 200 h, compared to the highest values of 50
h weathering, the decreases Hpex values were 10% for PLA, and 7% for
PLA/MCC specimens. On the other hailghex values after 200 h were still more

than theErex values of the unweathered PLA and PLA/MCC specimens.

In terms of strength (botbirs and Ure,), Table 3.6 and Figure 3.15(a) show that

increase in the crystallinity was not sufficient to keep the strength values of the
unweathered neat PLA specimen. Severgoas of chain scission resulted in the

gradual decreases of strength values after each accelerated weathering period. At the

end of 200 h total accelerated weatheriig,of neat PLA decreased 61%, while this

decrease illlpex Was 47%.

In the specimemf PLA/MCC biocomposite, Table 3.6 and Figure 3.15(b) this time

show that after 50 h accelerated weathering, there are certain level of increases in the
values of strength; such as 129 and 10% inllze,, respectively. These increases

were not just bnefits of higher crystallinity, but also due to the additional composite
strengthening mechanisms That i s, Afdecr e
transfero from the PLA matrix to MCC r €
accelerated weathering, dease of N of the PLA matrix was dominant leading to

gradual decrease in the strength values. At the end of 200 h weathering, compared to

unweathered PLA/MCC biocomposite, btk andUge, decreased 24%.

65



Figure 3.15Effects of each accelerated weathering period on the mechanical

properties of the specimens: (a) neat PLA, (b) PLA/MCC biocomposite

66













































