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ABSTRACT

EFFECTS OF GLASSFIBER CONTENT, 3D-PRINTING AND
WEATHERING ON THE PERFORMANCE OF POLYLACTIDE

Var s, SakiaxDeniz
M. S., Department dfletallurgical and Materials Engineering
Supervisor: ProfDr. Cevdet Kaynak
SeptembeR017, 116 pages

The purpose of the first part of this thesis was to investigate how optimum mechanical
properties (strengtmodulustoughness) of inherently very brittle polylactide (PLA)
could be obtained by reinforcing witk-glass fibers (GF) and blending with
thermoplastic polyurethane elastomer (TPU). Composites and blends were
compounded by twhscrew extruder melt mixing, while specimens were shaped by
injection molding SEM analyses revealed that 15 w@&kreinforcemetsand 10 wt%

TPU domains, aloner together, coulde uniformly distributed in thd®LA matrix

leading to significanimprovements irproperties Mechanical tests indicated that use

of TPU blending alone resulted in enormous increases in the ductilitfractdre
toughness values, while GF reinforcements led to significant increases in strength and
elastic modulus values. When GF and TPU were added together, it was observed that
crack deflection, debonding and fiber paiit toughening mechanisms d&F
reinforcementswere as effective as the rubbtyugheningmechanism of TPU
blending.Additionally, DSC thermograms revealed that crystallinity amount of PLA
would be increased almost two times due to especially heterogeneous nucleation site
actions of GF reiforcenents and fine sized TPU domains.

In the second part of the thesis, the purposeéavesmpare performance BL.A based
materials shaped by the traditional injection molding technique versysiBihg

additive manufacturing. Comparisons were perfaimot only for neat PLA but also
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for its TPU blend andGF reinforced composites. Performance comparison of the
injection molded and 3Mprinted specimens were especially conducted to compare
their mechanical properties (strengtiodulustoughness) by teils, flexural and
fracture toughness tests. Other comparisons such as their-ima@&rappearances,
fracture surface morphology and thermal behavior were also performed by
photographic images, SEM, DSC and TGA analysis. It can be concluded that use of
3D-printing in the shaping of neat PLA and PLA/TPU blend was generally very
beneficial; on the other hand, due to the differences in the orientation of the GF
reinforcements, there could be certain reductions in the mechanical performance of
PLA/GF and PLA/TRJ/GF composite specimens.

The objective of the last part of this thesis waexplore the degree of improvement

in the resistance of biodegradali®A structure against atmospheric weathering
(outdoor) conditions when reinforced with only 15 w@k. For this purpose, both

neat PLA and PLA/GF composite specimens were exposed to accelerated weathering
conditions of both UMrradiation and moisture cycles in accordance with ISO 4892
standards for various periotlé 400 hours. Many characterization tecfues revealed

that the alterations in the structure and properties of the specimens were due to the
drastic decrease in the molecular weight of the PLA matrices via chain scission
reactions. It was observed that reductions in the mechanical properteyifstr
modulustoughness) of the neat PLA were much more critical compared to the
reductions in the PLA/GF composite. For instance, the reduction in the tensile strength
of the neat PLA specimen was as much as 92%; while that reduction for the PLA/GF
specinen was only 34%. Because, inorganic strong glass structure of the GF
reinforcements having almost no chemical degradation during weathering periods kept

their actions in the composite strengthergtiffeningtoughening mechanisms.

Keywords: Polylactide Glass Fiber, Thermoplastic Polyurethane Elastopmgction
Molding, 3D-Printing, AcceleratedNVeathering
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¥Z

CAM ELYAF MKKTARARI GI KBIDE kEKKLLENDKRMEN
ATMOSFERKK YAKLANDI RMANI N POLKLAKTKTKN P
ETKKLERK

Var s,SakiaDerd
Y¢ ksek Meitsad nusr,j i ve MaB%leaqnm¢ M¢ihendi s
Tez Y°neticisi: Prof . Dr . Cevdet

Eyl ¢ I|,11@89ayta7

Bu tez -alékmasénén birilké&r éibffedzegnenglansg N am
polilaktitin (PLA)Ecc am el yaf |l ared({ GEy ekl get akvimpel a

el ast omer (TPU) il e harmanl anarak -opti mt
mo d-pkluk)n a eldéee di | ebiareacé¢jeirmakt er. Kompozitl
vidal é& ekstr¢gder kul |l anleé agp g mumerelsriyex k  kar

enjeksiyon kal éplama y°nt emiajiélrd eéke kai 1%41er
takviyelerininv e aj ér | e k - an &y © & TyRBly ariida RLA matrisinde
homojenolarakd ajJ €l abi | di kP eekrtdel h ety & ¢ adény lea e

ol dukl aréné or tvMeykaanit &€k aremsé« teer, t ek baké
s¢nekli k ve kérélma tokluju dejerlerind
takviyelerinin ise mukavemet tvékleadraastn &d
ol dujunu g°%stermi ktir. GF ve TPU bDbirlikt

sapmasé (crackeldegdafl eayi ®nmasematdeloendi ng)
out) toklaktéerma mekani zmal arénémt @mma z -
(rubber toughening) mekani zmasé kadar et
termograml ar e, °czellikle GF takviyel eri
heterojen -ekirdekPleAdnemckrigs tbp & keasrmeak @
ikikatartt erdéejéné ortaya koymuktur.
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Bu tezini ki nc i bhedefy) ns¢en ¢ ngel eneksel enjeksiyon ka
Kekil | emldA rbhalzeimélerin3By azécé / ekl emeléd cretim

performanséneéd k& ak &ledmk e smahlatiPalLrA yialimé zcea] i |

zamandalPUh ar ma @6Fet avkev i y el i kadenpy a p. &tjastyenti € 1 n

kal eépl ama ve 3D yazeéecel miekk nnkmemnel erlien kpeekri
karkeél aktérmal ar é& - ekme, eP mel wek#nlkkeé r €1 ma t
°© z el | mukaveenetno d-tokluk)i - i n y alpi€jlemre kktaerrk €1 akt ér mal ar
makr o g°°r ¢ng¢m, ker el ma vy ¢fzoetyoig rmaofrifko | go®jri¢snit ¢vle
SEM, DSC ve TGA anali zISemiu-i lcctRLA @K : elsl ekt ir
PLA/ TPU har mgmalzace itekmi3ID ile kekillendir me
iy S 0 n u:-GFaakviyelegeinh d iojriy ant asyonundakise far kIl él e
PLA/GF ve PLA/TPU/GF kompozit numureelk i n me k ani k dapelidif or mans | a
d¢k¢wllaarbiin di ji gzl emlenmi ktir.

Bu tezin sonaikedhd @ mpdRFi d e t akvi ywmzueudi | mi kK biy
bir polimerolanP L Abynw@meé s € n é ny aaknaypaksdrewr d kdayanékl él ej e
gel i kme der ecresiBui aasadh RPLUA&/e PHA/IGE Rompozit

numuneleri, ISO 4893 st andar t | armeamU¥ irradyagyomnhern tlea r a k

nemd°® ng¢ il eenéaaml anya&ux léd imé & umd4d@dsasd kadar maruz

berakel M@kt @amnél an bir-ok karakterizasyon te

°czelli bl eadepda&i k|l i kIl er reaksiyonlaé nedeniylePLK e si | me
matrisinin mo | e k ¢ | ajeerdmeljié n dakd¢ylnearkd eam d éj éné ort
koymuxktur . P LndekiGd-¢, K k ekdnipyoasafl RL A' n én mekani k
°©zel | ikk [makavemedrod;, €okluk) d ¢ K ¢ K4 @k | daha kritik ol d
g°%zI| enmi k tsafARLAn ¥munredg s inmukavemetindekieazalnta92'ye

kadar- € k méRLAk/@6Fmumunesi - i n bu a®%&ad4 ma;sadegrk, i nor ¢
g¢ -1 ¢  claémedeniglepGF takviyeleriatmosfe i k yakl andér ma d°ng
séraseéenda neredeyse hi - ki myasal bozunmay:
g¢-lendirme ve toklaktérma mekani zmal aréndak
Anahtar Kelimeler: Pol i | akt i t , Cam Elyaf, Termopl asti

EnjeksiyonmDKakéept@mbied méaxndAt mosferi k Yaxkl|l andeé
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CHAPTER 1

INTRODUCTION

1.1 Polylactides

Engineering polymers both thermoplastics and thermosets haveabaan pilace of
many conventional metallic and ceramic materials day by day due tdotheireight
and ease of processing. Nonetheless, since many of these engineering polymers are
petroleumbased, polymer industry has encountered some problems namielyitiff
in access to petrochemical resources and rising [dsfEhis sitwation creates a need
for development of bidased polymers classified as biopolymers. Polgfitic acid),
also termed polylactide (PLA)Figure 1.1) is today one of the most significant
thermoplastic biopolymer with aliphatic polyester structé® first time in 1845 by
Peluoze a low molecular weight PLA was produced via the condensatictactid
acid (LA) and continuous water remdyvhaowever, it was not commercialized at that
time until 1990sIn 1992 Cargill Inc. was patenteda continuous procedss obtain
high molecular weight PLA from the direct riogpening polymerization of renewable

LA obtained from corn star¢chand the first industrial PLA production plant was

founded in 20022].
CH3 @) CH,
O OH
HO o)\ﬂ/
O CH; |, O

Figure 1.1 Chemical structure of PL{3]



The main constitutionalpart of the polylactide macromolecule is lactic acid. Due to
the chirality of lactic acid,there are two enantiomers of lactic acid, nameladtic
acid and Blactic acid.These twasomers could produce three distinctive foigngen

in Figure 1.2 optically active L,L:lactide and D,Blactide and optically inaiste D,L-
lactide fneselactide), as well ashe mixture of L,L-lactide and D,Hactide having
50/50ratio calledracemiclactide. Polymerization of these forms creates the poly(L
lactic acid) (PLLA) which is a senurystalline material, poly(Bactic acd) (PDLA)
which is a crystallizablenaterial, andmesePLA which is amorphous product of

polymerization oimeselactide[4].

0] O
HO\)J\ HO
r~ "OH \l)J\OH
CHs CHa
L-Lactic acid D-Lactic acid
0 9] O
J\ CHg J.H/CH3 O)%/CHa
- o) o) O
Hsc‘ HSC Hsc)\ﬂ/
O 0] O
L,.L-Lactide D,L-Lactide D,D-Lactide

(meso lactide)

Figure 1.2 Stereoisomers of Lactic Acid]

PLLA is the most available type commercially used in the packaging, automobile
interiors, electronicsasesetc. On the other hanthr the applications necessitating
higher mechanical performance, or higher thermal/hydrolytic stalalitgrt from the
compaitesmaking;the stereocomlexatioof two different enantiomers (PLLA and
PDLA) are the effective approaches used for obtaining-pegformance PLA based
materials. Because the same enantiomers (PLLA and PLLA, or PDLA and PDLA)
have weaker interactionsyhereas, in stereocomplexation, there is very strong
interactions between PLLAnd PDLA polymeric chains resultingy improved

performance of polylactidgb].



During synthesis of PLA, high purity monomers are required becausenploeities

cause the reduced polymer qualfyunctional groups likbydroxyl and carboxytan

be regarded as impurities. In the preseoic@ydroxyl functionalitiesalthough the
polymerization rate riseghe molecular weight is reduced and molecular weight
distribution of the final product is broadened. On the other hand, the presence of
carboxylic functionalitiesmakes cmplex with thecatalyst resultingn decreased
polymerization rate; however, molecular weight of the final product is not aff@&ited
There are mainly 4 different synthesis routes of PLA given schematically in Figure
1.3.

H
HWOH HaCWOH 3
HO HO

0 0 Oligomerization
1 D-Lactic acid L-Lactic acid g
Direct :

condensation . CH
polymerization =3
4 1 2 E o
: HO :
,(-:'HS i ’ H20 (0] éHa
F - i Low molecular weight prepolymer
o | | Azeotropic  iw=1000-5000 ’
HO T + | dehydrative
O CHs } | condensation Depolymerization
Low molecular weight prepolymer :
Mw = 1000 - 5 000 : CH;
: NGNS
Whole cell | H
biocatalysis | Hiny
: (6] 0
Chain Yy HyC
coupling meso-Lactide
agent CHs
z Ring-opening
HO 0 G polymerization
> H (metal catalyst)
0 CH, (biocatalyst)

High molecular weight polymer
Mw > 100 000

Figure 1.3 Main synthesis routes of PLIX]

The first rout e tdicectcoydensatiogps i g me Pilrduteilis o b & e (
in Figure 1.3) which is the cheapest route and yielding low molecular weight products.

Properties araleficient for most applicatiog therefore, by using chain coupling
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agents (anhydrides, epoxides or isocyanates) the higher molecular weight products are
acheved. Yet, this creates a need for purification step to remove the unreacted
coupling agent§7].

fAzeotropic dehydratie condensation polymerizatioms another route which yields
diredly high molecular weight PLAroute 2in Figurel.3). The process comprises of
the elimination of the condensation watef lactic acid, then the addition of high
amount of catalyst and diphenyl ester, and heating up the mixture to reflux46h30

at10AC. Lastly, purification process of PLA
[7].

Today, the most preferred route to produce high molecular weight polylactide is the
A r ropeging polyme i z at i o roagte 3inFiGuPe)1.3)( In this process, first of

all a low molecular weight prepolymer is produced by oligomerization, and then this
prepolymer is depolymerized into dehydrated cyclic dimers to obtain lactides (3,6
dimethyt1,4-dioxane 2,5-dione) which is the starting material of ROFhis crude
lactide contains high amount of impurities causing low molecular weight products with
high racemization. Therefore, before polymerization lactide is purified and by ROP
the high molecular weightlRA is obtained®6, 7].

Thel ast hotegdllei @& eva t rauteyl Biguse @.3) {s a relatively new process
andcontinueto progess. In 2008 a new lactapelymerizing enzyme was discovered.

This enzyme creates a lactide enrich polymer, a PLA homopolyther

Semicrystalline PLA has quite remarkable mechanicgbgntes compared to many
common use polymers such as PE, PP, PS and PET. Thanks to its Young's modulus,
for example, it is an alternative to genewak polymers in applications such as short

time packaging processes. In addition, environmental fiyengrofile,
biocompatibility, suitability to be traditionally processed, and relatively affordable

prices are the reasons for increased use from day to day.



1.2 Glass Fibers

In composite industry glass fibers have been used for a variety of application by using
different fabrication technologies. The first use of glass fiber was in ancient Egypt to
produce containers grawingglass fibers frona hot glassMore recently, in 1930s

the first continuous glass fibers were produced forhigh temperatureslectrical
equipment From then on, glass fibers havecbme widespread in many industries,
namely electrical, automoty aviation, civil, etc[8]. There are several types of glass
fibers available which havelifferent chemical compositions related desired
properties. The classificati@themeof glass fibers is given in Figuredlwhile their
chemical compositions are givanTablel.1 asdefined inthe American Society for
Testing and Materials (ASTM) D578: Standard Specification for Glass Fiber Strands
and International Organization for Standardization (ISO) 2078: Te3l#ss- Yarns

- Designation.
Classification of glass fibers
and their physial properties
[\
4 "3 w
Classification [ Physical properties ]

. J
' * N W N

A glass —>[ Higher durability, strength and electric resistivity
\ > J
e w “ ¢ Y

C glass —)[ Higher Corrosion resistance
. w > ¢ J
{ D glass —)‘ Low dielectric constant
, L y v

E glass 4)[ Higher strength and electrical resistivity
- e
) v A v .

AR glass 4)[ Alkali resistance

R glass >| Higher strength and acid corrosion resistance
, ¥ \ v

S glass 4)[ Highest tensile strength

.9 olase ;s 204

§-2 glass Bl High strength, modulus and stability

Figure 1.4 Classification and physical properties of glass filj&}s



The most commonlysed glass fiber in industry isd@tass fibers de to its availability

and lowcost. Aside from its brittlenests,has very higleffectivetensile strength, i.e.
approximatelyl700 MPa. Although the bulk glasses suffer from the microscopic

surface defectscting ascrack initiation and propagation sites resulting lower

strength glasses in fiber formisave very low possibility of defects (due to their low

volume under load); thus, thegn reacimuchhigher strength level$loreover, their

surfacesarecoated (sizedjo keepthemaway the damageShe fsi zeo i s applie
the surface of the glass fibers just afteirtbgit from the bushings. Sizingaterialis

an aqueous solution containing a polymeric birtdeprotect against the frictioof

other fbesdur i ng processing, and a coiulpdnend@. agen
While the organic part of this molecule makes bonds with the polymeric matrices,

silane part attaches itself to glass fiber sudaadng as a bridge betweehe glas

fiber andpolymeric matrice$9].

To produce glass fibers, the batcbntaining the ingredients of desired glass fiber
composition given in Table 1.1, is transferred to the heated furnace to melt. During the
motion of the molten glass along a channel, it starts to cool down. Once the molten
glass reaches the multiple foretsawhere it gets ready to fiberize with multiple
fiberizing positions, fibers are pulled through microscopic orifices which located on
the metal bushing. Pulled from the bushing out fibers are fast cooled, gathered, and
sized. If the fibers ar® be usd in continuoudorm, they fed to a winder; otherwise,

i.e. short glass fibers, they fed to a chop[i®]. These processes are illustrated
Figurelb.

Table 1.1 Chemical compositionsf glass fiber types wt% [8]

Type SiO2 Al203 TiO2 B203 CaO MgO NaO K20 FeOs
E-glass 550 140 02 70 220 10 05 03 -
C-glass 64.6 4.1 - 50 134 33 96 05 -
Sglass 65.0 25.0 - - - 10.0 - - -
A-glass 67.5 35 - 15 65 45 135 3.0 -
D-glass 74.0 - - 225 - - 15 20 -
R-glass 60.0 24.0 - - 90 60 05 01 -
EGR-glass 61.0 13 - - 220 3.0 - 0.5 -
Basalt 520 17.2 1.0 - 86 52 50 10 5.0
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Figure 1.5 Typical dass fiber productionoute[11]



After the production of continuous glass figehey ardransformednto severaforms

according to theicomposite application€Commercially important glass fibéorms

are

1 Rovingis a single large strand compdsaf packs bstrands wound of a cylinder.
Multi-end rovings aresed in the production of bath tubs, shower trays, and many
marine products by sprayp fabrication procesandseveral glasber reinforced
polymer automobile parts produced by sheet mgldcompound. On the other
hand, singleend rovings are used to produce structural composites parts such as
tanks and pipes via filament winding and pultrusion.

1 Woven rovings a form of fiberglass rovings weaved into fabric. This is used in
glass fiber einforced polymer products manufactured by panel molding and hand
lay-up processes.

1 Mats can be continuous or chopped strand mats fohert glass fibers are
randomly bound onto a belt or chain by a chemical binder to produce chopped
strand mats; simildy, if the continuous fibers are used to bind onto belt or chain,
continuous strand mats are produced.

1 Combination of a mat and woven roviigya recent product used for specific
purposes obtained by lp process of alternating fiberglass mat and wove
roving layers.

1 Textile yarnsare produced from fine fiber strands by-@iying on the forming
tubes.

1 Chopped strandéshort glass fibersnanufactured by eithevet forming or direct
chop processes shown in Figureblin the wet forming process, webrining
packages are firstly dried. Theéhesepackages are gathered and fed to a chopper.
Chopped fibers are screened and packaged to ship. On the other hand, in direct
chop process, wet strands formed at the bushing are directly chopped after the
sizing. Then chopped fibers are gathered, dried, screened and packaged to ship.
These products are mostly used for thermoplastics in injection molding industry.
However, they can also be used for reinforcing tlueseis in bulk molding

compound$11].



1.3 Thermoplastic Polyurethane Elastomers

The very first homogenouselastomeric materialdaving the processability of
thermoplastics was the thermoplastic polyurethafdJjTelastomers. The production

of TPU elastomers pioneered thising trend ofthermoplastic elastomerd 2].
Nowadays, the TPU elastomers has been widely useduiomotive interiors,
footwear, flexible hose and tubingellphone buttons, closures, seals antihgs,
adhesives, cable jacketing, sport and leisure items, textiles and textile coatings,

photovoltaic cell encapsulation, and wastewater treatment equipgteit3].

Thermoplastic polyurethane elastomare lnear, block copolymersonsisting of
alternating soft segment (long chain diols) and hard segntiistscyanates and shert
chain extendgrasgiven inFigure 16. The majority of the elastic properties of TPU
elastomersre due to the soft segments which act as an elastomeric matrix; while the
roles of thehard segmentare crosslinking, and reinforcing as fillesdditionally,

this crosslinking is noa chemical crosslinkinglhe action of heat or solventsn

break down the crosslinks the hard segments, but this effect is recoverable by
removing the heat or solvefi?].

(|:|) /CH:C{-i CH:C!\-I ﬁ (IJI CH=CH CH:CI\-| ﬁ
0 CHTCHQ}(O—C—N—C\\ /C—-CHQ—C\\ //CE C—N-N-C l\‘l c\\ /8=CHaCy //C--NH—CO
Vs H CH-CH CH-CH HH H CH-CH CH-CH
x= about 40 or so urethane "
VAN
isocyanate alcohol
MWWN=C=—0 HOww
| 1 \ )
Soft Segment Hard Segment

Figurel.6 Chemicalstructure ofTPU elastomers

The secret of the remarkable mechanical properties and the thermoplastic nature of
TPU elastomers is the micro phase separation of the soft and hard segments due to
incompatibility at room tempetare resultingn a nanoscale texture formed by soft

and hard domain43]. In the hard segments crystallization is observed to some gxtent

in addition, he polarity and melting temperature of soft segments is lowethbaof



the hard segments significantly. These factors are the driving force of the phase
separation. Above the melting temperature of hard segments, a homogeneous viscous
melt is obtainedvhich enableprocessabilityon the other hand, as it cools to room
temperature, soft and hard segment domains are regained leading to elastic properties
(Figure 17) [12]. This phaseseparated morphology originate® thigher toughness

and tensile strength than that of other elastomeric materials having covalent crosslinks.
Moreover, lacking of the chemical crosslinking results in processability via extrusion,

injection molding, compression molding, €tt4].
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m H\‘.‘".:':\ @ heating J—- /
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cooling —_ I \ e
/I~ \
solidified state molten state

Figure 1.7 Graphical illustration othe morphology of TPU elastomers

1.4 3D-Printing

3D-Printing technology isa form of additive manufacturinglefined as the
transformation of a digital model of an object in the computer media into a real product

by adding a proper material layley-layer[15]. In Figure 18 [16] the evolution of this
technology in timeandalsofuturistic expectations are givemhe first patented 3D

printer wasmvented in 1986 by Charles Hull, which wesmed as Stereo Lithography

(SLA). Afterthatin 1989 Fused Deposition Modellingo
Sinteringo logieS Wwede) develepeddtnaor t i ng f r omap200 7,
Mo v e memhith@vasan open source low cost 3inter trend introduced by Dr.

Adrian Bowyer, spread to the worlRepRap is based upon the FDM process which

produce its own componetb replicate iself. Since the expiration of the patents of

10
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FDM and SLS technologies 2014 3D-printing hasbemme more and more popular
as prototyping and manufactng technique in various sectasgiven in Figure 12,
the results of the survey conducted by the katimg research company IDC
(International Data Corporatiprshowing the market distribution of 3@rinting use
in 2016[17].

3D printing technology can be categorized into three ro@issesand their subgroups
asl i sted in Figure 1.10. The first one 1is
In this process, the 3D object is manufactured in a laying down fashion by fusing a
thermopasti ¢ materi al | ayer by |l ayer. Secol
process photo curinaction ofUV blue light is usedo transform a of liquid thermoset

resininto solid 3D objects. On the other handthed Sel ect i ve Laser Sin
processpowders of a metal, & ceramicor analloy asfirst layer layingthin layes

aresintered selectively. Aftesintering thecompletely, another powder layer is spread

and this process continues until the 3D object is forfh8H According to a survey

conducted bySculpteg a French 3Eprinting company, and published orbes an

American business magazjngiven in Figure 1.11the most preferred 3Printing
technologies irthe world by 2016 were Selective Laser Sintering (SLS) and Fused
Deposition Modelling (FDNI by 38% and 31%, respectivdio].
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Figurel.10 Classification of 3BPprinting processs
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Figure 1.11 Preferred 3Etechnologies, as of early 20[119]
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The FDM method has the highest potential for final product production compared to
other Adlitive Manufacturing{AM) technologies. In thiprocess as shown irFigure

1.12, a thermoplastic filament material is smoothly passed through the extrusion
system and then softened in the heater core to a temperature above the melting
temperature, then the fluidized material is pushed out of the noezd and
solidification takes placdayer by layer This head system operates by computer
control, creating thevall of the objet and therfilling the innerpartin each layef20].
Today, as the filament raw materiédds FDM processmanythermoplastics such as
PLA (polylactide), ABS (acrylonitrilbutadigne-styrene), PC (pobarbonate) PA
(polyamide)etc. are usedAccording to the latest data reported in July 2027
(Figure 1.B), anong these thermopliéss, PLA and ABS filaments dominatie
market Since PLA is producedfrom renewable sourcebke corn starch its
sustainabilityand environmentally friendlypaturemakes it stath out against other
petroleumbased alternativedn addition, PLA hadower melting temperature than
ABS; therefore,it allows less energyonsumptionduring production and higher
dimensional stabilitpreventing warping. All these advantageskethe PLAthe most

preferred filament material in 3printing market.

Tube
Print Head
\ Material
Feeder
O
[ ]
Hot End —>
C@
Model —>
I—
[ Filament
Heated Bed

Figure 1.12 Schematic representation of the FDM prodés
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Figure 1.13 Thermoplasticifamentmaterialsused in FDM process by July 2017
[21]

In the polymer industry, s known that for the fabrication of thermoplastic parts the
most advantageous production technique is flgecmoldingdue to its rather low
labor cost, high design flexibility, and high product quality with tight dimensional
control This technique consists of basicall
Acoolingo; where t he tomedldicleséd npld tayitynleythe i s i |
action of pressure leading to solidification of the polymer melt into a rigid s
component. On the other hand, shaping of polymer parts with injection molding
requires high initial cost of tooling and machinery. Thane for the small batch size
production, the overall manufacturing cost could be very high. Moreover, the molds
should withstand soseveral typesof loads and pressures to provide high
reproducibility of the component. Thus; mold design features, mdtthgarocesses,
molding equipment and part design are all very critical to assure quality and
reproductivity of the polymer parts; which all result in significant cost increase for the
small batch size productioin this respect, shaping by 3Winting taday appears to
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be an alternative. 3pr i nting technol ogy, al so called
Arapid pr ot o t-densiongldCAD nuodeéas a confpenerd to produce it
layerby-layer. In the FDM technique, 3Bprinters generally use thermopiast

filaments which can easily melt and then solidify to fabricate the model. Contrary to
traditional subtractive manufacturing techniques;@ting is not only faster and

cheaper, but also there is no loss of material.

1.5 Weathering Mechanisns of PLA

It is known that almost apjolymeric materials are susceptilidetheUV radiation of
sunlight leading to certain level of changes in the chemical structure of their
macromolecular chains, such abkain scissions in the backbone, crosslinking,
oxidation, bonl cleavageresulting in discoloratigror decreased viscosity, molecular
weight, mechanical strengthnd increased brittlenesslowever, PLA has more
delicacy compared to other polymers due to its biodegradable nature. This sensitivity
gains acceleratiom the outdoor applications baase of the very high UV irradiation
energy of the sunTherefore, PLA needsresistance to all types of weathering

degradation duringtructuraloutdoor applications.

According to the literature, the firphotalegradation mchanisnmproposed folPLA
via UV irradiation wasi phaolysiso by McNeill and Leipef22]. They indcated that,
just like the thermal decomposition mechanigthA decomposes by UV irradiation
atthe GO bond of ester linkagesspecially at the broken bopdsitionfi bas shown
in Figure 1.1423].

T s s
—O0—-C—-C+0-+C—C— ——» —0O—C—C—0¢ + C—C—
] hv Rl T
H O H O H O H O
a b

Figure 1.14 Typical photolysis reaction of PLE3]

16



After that Ikadg24] proposedanother mechanism for thmhotodegradation of PLA.
They attributedtheincreasechumber ofC=C double bonds and OH grougeenn IR-
spectraafter weathering téhe random main chain scissiogcurring especially by
Norrish type Il reactiorgiven in Figure 1.1523]. It can be seen that although the
decomposition mechanisms are different, the products of the reactions are the same.

Norrish type II .
GHa 0 s 0 fHa 0
CH. _O.__ .C CH. _O___.C CH. .0 -C
< e e ~o7 T TCFINCHT N0 - - ‘(f + CH ~o”
O  CHs o\H,'c:H2 O., CHa

Figure 1.15 Typical Norrish type 1l reactiomf PLA [23]

Moreover, Janorkagt.al.[25] proposed twanoremechanisms for the UV irradiatien
inducedphotadegradation: photolysis and photooxidatieactionsasgiven inFigure

1.16 [23]. During the former reaction (ghotolysisin C=0O backbone causes the
dehydrogenation, while in the latter (b), hydroperoxide derivatives are formed and
followed by decomposition into carboxylic acid and diketones. tist does not
explainthe increasedumber ofC=C bondsn IR spectra after weatherimgproposed

by Ikada[24].

Mechanism A

C|:H3 ?H3 CIIH3 ?Ha gHg ?H3
—0-C—C—0-C—C— > TO7¢—C¢-0- +-C—C— ———= —O=(=G=OH + Ho—C— (@

TonorT v [T P

HO HO H O H O H H O H O
Mechanism B

(|:H3 CH; o cle3 C|)H3 C|2H3 CHs
—0-C—C-0-C—C— ——t» —0—C—C—0—C—(C— —» —0—C—C—OH + C—C— (b)

In ] hv [ | I [ non

H 0 o] OOH 0O 0

Figure 1.16 Typical thotolysis (a) and photooxidation (lBactionsof PLA [23]

In addition, the moisture uptake from the environment causes hydrolyses in the ester
linkages. PLA is much more sensitive to hydrolysis in humid or agueous environments
compared to for example PET. The hydrolysiactionof PLA is a twastage reaction

as given in Figure 1.1[25]. It starts with the water intake causing the random chain
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scission in the amorphous region of the polyester chains. Because the amorphous parts
are more susceptible of the humidity due to easeabérpenetration in unorganized
parts. Abovely the hydrolysis accelerates. Ortbe most of the amorphous parts are

degaded, the second stage of hydrolysis starts at the crystalling2&rts

CH; ?Ha '|3Ha
mo_?_i..lzl;_o»_cl;_g:ﬁ:"_'&_?_ﬁm + H0
H 0. :,Q..y.j H O

Intra- or intermolecular
esterexchange

Cyclic oligomers

Figure 1.17 Typical hydrolysis reaction of PLA25]

It should be also pointed out th#die decreased molecular weight and the plasticizing
effect of the water uptake restit the increased mobility of chains and ultimately
degradatiorinduced crystallization during weatherinBecause as the degradation
proceeds, the chains become short enough to rearrange spatially of the amorphous
parts in crystalline regior23].
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1.6 Literatur e Survey

1.6.1 Studies on theEngineering Performance ofGlass FiberReinforced and

Thermoplastic Elastomer Blended PLA

In the literature, it was observed thia¢ majority of the studief27i 38] did notuseE-

glass fibers; instead, they used phosphate glass fibers. Betteusemposition and
structure of bne and phosphate glass are similar #re main purpose of these
biomedical studies was to develop a biodegradable and biocompatible implant material
via tissue engineering. Th@grticularlyinvestigatehebone fixation which would be
bio-absorbable witout any harmful or toxic effect; arthvea slow degradation rate

that allows slow transformation of load to bone to hédiese tissue engineering
studies were focused on the quality of the interface between phosphate glass fibers and
PLA matrix, cytecompatibility and mechanical properties of the composites, and the

levels of degradation and retention of these properties imggro conditions.

The studies reported imtdrature on the use of-gass fiber (GF) reinforcement of
PLA seems to be verynhited. In one of these studies, Let al. [39] used GF
reinforcemerg not for neat PLA, but for a PLA/PC (70/30) blend. Compounding of
PLA/PCwith 10, 20, 30 wt% GF was done by melt mixing via tsgrew extruder.
Mechanical tests of the injection molded specimens indicated that 30 wt% GF
reinforcement resulted in 84%, 738d 200% increases in tensile strength, flexural
strength and notched Izod impact strength, respectively; while ductility of the blend

decreased by 71%.

Similarly, Lu et al. [40] used 5, 10, 20, 30 wt% GF reinforcements for the blend of
PLA/HDPE (60/40). It was found that addition of 30 wt% GF resulted in 75% increase
in tensile strength of the blend, whitadecreasests impact strength and ductilityy

57% anml 83%, respectively.

In the work of Hudat al.[41] use of 30 wt% GF in PLA matrix, again via twsarew

extruder compounding and injection molding shaping; tensile strength and flexural
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strength were increased by 28% and 10%, respectively. In additastic ¢ensile
modulus, flexural modulus and notched Izod impact strength values were also raised
by 145%, 152% and 53%, respectively.

In another similar study, Jaskiewieral.[42] found that tensile modulus and notched
Charpy impact strength of PLA having 30 wt% GF were 188% and 531% hingimer
that of neat PLA, respectively.

Literature survey indicated that in order to overcome inherent brittleness of PLA,
rubber toughening could be used. In this respect, researches especially focused on the
blending of PLA with an elastomeric materiakhuas natural and synthetic rubbers

[43i 46] and also thermoplastic polyurethane elastomer (TTRT)63]. These studies
generally revealed that, due to the effective rubber toughening mechanisms, significa
increases in toughness and ductility would be attaioedoursewith certain degree

of losses in strength and modulus values of PLA.

1.6.2 Studies on the3D-Printing of PLA and Other Polymers

Today, 3Dprinting techniques arparticilarly used in the mduction of health care
and medical devices, while their useother sectorgre rapidly emerging in other
sectors. According to the analysts Shanler and Basilte from an American
research company Gartner, additive manufacturing teaba will reach a peak in5
10 years in both automotive and aerospace industries. Similarly, analyst Cgt@leer
from Deloitte LLP reported that by 20250, end product production by giinting

technologies will amplify in all industries.

Consequently, academic researches on the use of various thermoplastic polymers in
3D-printing techniques are also emerging. On the other hand, literature survey
indicated that, apart from the biomedical field, the number gbBiting studies about
polylactide (PLA) based materials were not more thatotéime best of our knowledge
These stud[651 72] particularlyinvestigate the effects of the process parameters of

3D-printing on the mechanical amdherproperties of PLA blends and composites.
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If 3D-printing methods would be considered as an alternative shaping technique, then
the properties of samples shaped by-ginting and conventional injection molding
technique sbuld be compared. Howeveoyr literature survey revealed that there
seems to be only four studig&8i 76] comparing the behavior of certain thermoplastic
specimengnot PLAbasedshaped by 3Eprinting and injection molding.

In the first one, Franchetét. al.[73] performed a comparative cost analysis of 3D
printing and injection molding f@®wenvario
pointso of batch sizes above which injec
concluced that 3Bprinting type additive manufacturing was only cost effective for the

small batch sizeroductionsi.e. approximately 200 units

Huberet. al [74] investigating the magnetic hysteresis behavior ofp8ibted and
injection molded polyamide 11 (PAl&ampledilled with isotropic NdFeB powder
revealed that layered structure of the-Bbnted samples have no adverse effect in

terms of isotropy.

In the study of Milleret. al. [75], thermoplastic polycarbonate urethane (PCU)
specimens were shaped by both injection molding angr@iding to compare their
mechanical properties. They indicated that due to proper printing parameters and high
toughness of PCU; tensile, compressive, shear and fatigue strength of pnietad

samples were matched with the injection molded samples.

Weng et. al. [76] compared the tensile mechanical properties of neat acrylonitrile
butadiene styrene (ABS) and its 1, 3, 5 wt% montmorillonite (MMT) nanocomposite
specimens shaped by gBinting and injection molding. They indicated that tensile
strength and modulusf ahe 3Dprinted samples were all lower than the injection
molded ones. For instance, tensile strength ofpBBted ABS samples was 45%
lower, while 3Dprinted ABS/5 wt% MMT nanocomposite was 39% lower. Possible

reasons of these reductions were also dsed in the manuscript.
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1.6.3 Studies on theWeathering Performance of PLAbased Materials

Poly(L-lactic acid), simply known as polylactide (PLA) is recently becoming one of
the most important thermoplastic biopolymer having aliphatic polyester structtire tha
could be polymerizedrom fully renewable resources. It has already found large
application areas in the field of textile, food packaging, and biomedical sectors. Today
it is being considered to replace traditional petroldaased engineering
thermoplagts in theoutdoorstructural applications such as in automotive industry. In
these applications, the performance of PLA based materials including its blends and
composites should horoughlydetermined not only for standard conditions but also

under degadative weathering conditions.

In the literature, there are several studies investigating the effects of either natural
weathering conditions or accelerated weathering conditions for neaft/”7L86], for

PLA blendg[87i 91], and br micro or nanepatrticle filled PLA compositef@2i 114].

Some of these researches exposed onlyircAdiation, some of them only moisture;

but in the najority of these studies accelerated weathering conditions of both UV
irradiation and moisture were applied together in consecutive cycles.

These studies generally revealed that prolonged weathering conditions could be very
deteriorative in the properties PLA based materials. They indicated that reductions

in the many properties of the specimens were due to the degradation mechanisms of
UV radiation in the form of photolysis via Norrish Il type phaileavage or
photodegradation reactions; and also, ttuéhe hydrolysis reaction of moisture, all

leading to significant levels of main chain scissions in PLA matrix.

It is known that for structural engineering applicatiohgaditional thermoplastics are
normally reinforced with Eglass type fiber (GF)einforcements; therefore, PLA
should be also reinforced with these fibers in order to gain sufficient stremogthlus
toughness values to be used in these structural applicdtiahs. literature, there are
certain number of studig89i 42, 115, 116]investigating the increased mechanical
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and other properties of PLA with GF reinforcemddnfortunately none of them
explored the influencesf weathering conditions on thesemposites.

1.7 Purposeof the Study

Although compared to other biopolymers PLA has rather higher level of mechanical
and thermal properties, this is not the case if cGmegb to conventional engineering
thermoplastics. Therefore, mechanical properties of PLA; not only strength and
modulus, but due to its inherent brittleness, toughness should be also improved. It is
known that strengthening of polymer matrices can be waetieby fiber
reinforcements, while toughening can be achieved by elastomer blending.

In order to compare mechanical behavior of PLA with traditional engineering
thermoplastics, it would be wise to consider effects of fiber strengthening and rubber
tougheaning together. However, to the best of our knowledge, there is no study reported
on the effects of both GF reinforcement and TPU blending, yet. Thereforisthe
purpose of thighesiswas, as the first timén literature to investigate not only
strenghening level of PLA with increasing GF reinforcement content but also
toughening level of PLA by TPU blending with and without GF.

Since biopolymer PLA is considered as a significant alternative for the petroleum
based thermoplastics not only for biafieal applications, but also for structural
engineering applications; it would be very crucial to compare the mechanical
performance of PLA based samples shaped byp@@ing and the conventional
injection molding. However, to the best of our knowledbere seems to be no study
cited in the literature. Therefore, teecondaim of thisthesiswas, as the first time, to
compare mechanical performance of neat PLA, glass fiber (GF) reinforced PLA and
thermoplastic polyurethane elastomer (TPU) blended PloApkss shaped bgD-

printing and injection molding.

For the long term outdoor structural applications, the performance of the polymer

matrix composites should be determined under various weathering conditions.
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Although there are a few studies investigatimg mechanical and other properties of
PLA/GF composites under normal conditionswever, to the best of our knowledge,
none of them explored the influences of weathering conditions on the behavior of
PLA/GF compositesTherefore, lhethird objective ofthisthesis wa, as the first time,

to investigate engineering performance of PLA and PLA/GF composites under
outdoor conditions via exposing different periods of accelerated weathering conditions

of both UV-irradiation and moisture cycles.
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CHAPTER 2

EXPERIMENTAL WORK

2.1 Materials Used

In this study, PLA matrix material was commercialalctic acid type polylactide

supplied from NaturePlast (France) with an extrusion grade (PLE 001). As it is
indicated in its techniclad5 Al tan ds hdeeegr,a d e
range -50AR@O0AIts melt flow indexgifilange a

min, as well as a density of 1.25 gfem

GF reinforcement used wasdass type chopped fibers (CamElyaf Glass Fiber,
PBT2) with the averageleigt and di ameter of 4.5 mm and
producer indicates that fibers have silane sizing compatible with thermoplastic
polyesters of PBT and PET.

As the rubber toughening agent, polyurethane type thermoplastic elastomer was
chosen. ThisTPU (Interplast, Epaflex EL 392 A 25) has a density of 1.19 k§/dm
hardness of 93 Shore A, tensile strength of 40 MPa, and elongation at break of 550%.

2.2 Compoundingof PLA with GF and TPU Elastomer

Composites and blends of PLA with GF and TPU were allgpru c e d -bcgew At wi n
extrusion mekc 0 mp o u n d ialabgratorysize dguipment. As the first step, PLA
powders and TPU granules were-gred for 15 hours and 4 hours, respectively; in a
vacuum oven &0cC. Then according to the formulation, PLA, @kd TPU particles

were premixed manually, and these mixtures were melt compounded via Rondol

25



Microlab 300 laboratory size (D=10 and L/D=20) tvaorew extruder. Typical
temperature profile used from feeder to die werecIlT®c-180c-175¢145C, while

thetypical screw speed used was 75 rpm throughout the compounding stage

In the first part of this thesi&F reinforced PLA matrix composites were produced
with the loadings of 5, 10, 15 and 20 wt%. These composites were designated by using
the foPWaGF @,f xilemtesavt% of GF used. In the case of toughening
with TPU, blending was applied only with 10 wt% TPU; because in the former study
of our groud117] conducted for aitferent grade of PLA, use of 10 wt% TPU resulted

in optimum toughness values almost without any decrease in the strength values. This
specimen is designated as PLA/10 TPU. As would be discussed in the following results
and discussion section, since uselbfwt% GF revealed the optimum mechanical
properties; use of TPU blending with GF reinforcement was applied only with this GF
content. Thus, this specimen is designated as PLA/10 TPU/15 GF.

2.3 Shaping by Injection Molding

Before shaping of the test specimséoy injection moldinggontinuous strandsoming
out from the twinscrew extruder digvere cut into 23 mm granules busing afour-
blade cutterThen,pellets weralriedfor 15 hours in a vacuum oven at60 Standard
sized specimens required for tegtiand analyses were mshaped via laboratory
scale DSMXplore Micro injectionmolder. Typical barrel and mold temperatures used
were B0C and 38C, respectively; while the melting time in the barrel was
approximately 7 minutes, with the subsequent tistep pressuréme profile
determined a&3 bar for4 s,13bar for 5 s, and 12 bar for 5 s.

In the secondpart of this thesisni order to differentiate these specimens shaped by

i njection mol di ndMo awa si tuaslei-td, PsAlGFM, xP LoAf
PLA/TPU-IM, PLA/TPU/GFIM.
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2.4 Shaping by 3DPrinting

Before shaping of the test specimens by@ting; continuous strands coming out

from the twinscrew extruder die were carefully air cooled and wound on empty
filament spools keeping their diamespproximately as 2 mm. Then, these filaments

were used to shape test speci mens via U
Deposition Model ipiintergldis an bperivspurce gogeeequipent

with changeable nozzles and many process parambtebsiild chamber size is 223

X 223 x 205 mm; while the nozzle2Ghdldui l
and -15000 WC, respectively.

After drawing the standard size geometries of the test specimens by a CAD software
(SolidWorks), Cura 2.3.slicing software of the printer was used to generateds

of the specimen geometries. Since the printer used is an open code equipment, there
are so many software parameters to be used. Ith#ss the most important software
parameterswere deterrimed after several trials to get the optimum mechanical

properties of the specimeriBhe parameters used are tabulateTable2.1.

On the hardware of the 3printer, the nozzle diameter and temperature were chosen
as 4 mm and 180U0Q,her ebsupielctt ipvlea tye wwhsi | et

were printed in a Alaying down fashiono
Again, in thesecondart of this thesign order to differentiate these specimens shaped

by 3D-printing, this timean italics u f f BDO ovfa st u s e3®,,PLA/GF8D, PL A
PLA/TPU-3D, PLA/TPU/GF3D.
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Table 2.1 The most important 3fprinter software parameters chosen in this study

Parameter o Used
Parameter Definition
Name Value

The height of each layer in mm. Higher valt
Layer Height produce faster prints in lower resolution and v 0.06 mm
versa.
The thickness of the outside wall in horizon
Wall Thickness direction. This value divided by the wall line wid 0.6 mm
defines numbeof walls.
The thickness of the top and bottom layers in

$Eﬁ:/k8noetgm print. This value divided by the layer heig 0.72 mm
defines the number of top/bottom layers.
Infill Density Adjust the density of infill of the print. 100%
Print Speed The speed at which printing happens. 50 mm/s
Travel Speed  The speed at which travel moves are made. 120 mm/s
Print Cooling The fans improve the print quality on layers w Yes
short layer times and bridging/overhangs.
BRIM adds a single layer flat area around the k
Build Plate of your model to prevent warping. RAFT add:

thick grid with a roof below the model. SKIRT Skirt
a line printed around the modbljt not connecte«
to the model.

Adhesion Type

2.5 SEM Analyses

In order to observe morplogy of all specimen groups terms of distribution of GF
and TPU domains in PLA matrix and the interface between,tseanning electron
microscopyanalysis(SEM) were carried out for the gold sputtered fracture surface of

thefracture toughness specimseunder FEI Nova Nano 430.

2.6 Mechanical Tests

In order todeterminethe mechanical performance alf the specimengroups first
their strength and modulus values were determined both evithion testaccording
to ISO 5272 standardand also withflexural tests in terms of thrgeoint bending
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according to ISO 178 standard. These tests were carried out under 5 kKN Instron 5565A
universal testing systerApart fromtension andlexuraltests fracturetoughness tests

were also carried out toompareKc ard Gic fracture toughness of the specimens.
These tests wemonducted for singledgenotchedbending specimeraccording to

ISO 13586 standard under Instron 5565A system. Notches arntfggies on the
injection moldedspecimens were created by Ceast Natchystem as defined in the
standardFor each specimen grougll mechanical tests were repeated 5 tiraasd;the

properties were determined as the average values including their standard deviations.

2.7 Thermal Analyses

In order b determinethe thermalbehavior of all specimen groupdifferential

scanning calorimetry (DSC) analyseere conductedlhe heating profile used for the
materialswas8 0 A t o 220AC wi t h 1DB@ 0 BExstar systeamt €  u n
In addition to DSCfor thedetermination bthe thermal degradation temperatures of

all specimengroups thermogravimetric analys€3GA) werealso carried out.This

time the heating profile was 30A to 550A

2.8 Weathering of PLA and PLA/GF Specimens

Outdoor perdrmance of neat PLA and PLA/GF composite specimens were measured

by usingQ-LAB QUV/se model accelerated weathering test syst€he weathering
conditionsappliedwere in accordance with the Cyaleof the SAE J2020, ASTM

G15405 and ISO 4893 standardsFluorescent lamps (UVB13) with 0.49 W/rA
irradiance (at 310 nm) were used with cy
by 4 h dark condensation at 50AC. These
specimens attached to the test panels withouirdagruption. Effects of accelerated
weathering were investigated feix periods: 50, 100,30, 200 300 and 40Mours

Specimens for each period were designate®la&-x h or PLA/GFx h, where x

denotes th accelerated weathering period; e.g. PA0®h aad PLA/GF400h.
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Effects of each period of accelerated weathering opéh®rmancef the neat PLA
andPLA/GF composite specimens were investigated by comparing the changes in the

results of the following tests and analyses conducted.

2.9 Characterization for the Changes After Weathering

2.9.1 Changes in the Color

After each accelerated weathering period, not only visual but also quantitative
inspection of changes in the color of the specimens were carriedisudlinspection
was madeby photographing the ingegs of the weathered specimens and comparing

their color with the unweathered one.

The quantitative analysis for the color change was cordumt determining the
CIELAB color space parameters (L*, a*, b*) of the specimens before and after each
acceleratd weathering period. For this purpose, diffused reflectance analysis (DRA)
was utilized via DRA unit of Agilent Cary 60 UVis spectrophotometer in accordance
with CIE 1976 standards.

2.9.2 Changes in the Chemical Structure

In this respect e first analysisvas to observe the decreases in the molecular weight
of PLA matrix after each accelerated weathering period. For this purpose, static light
scattering (SLS) spectrometry (Malvern G@Swas conducted to determine the
weightaverage molecular weight ()of the specimens by using the results of Guiner

plots of four different concentrations of PLA samples dissolved in chloroform.

The second analysis was attenuated total reflecttooeger transform infrared
spectroscopy (ATHTIR) to observe the changes tihe chemical bonds of the
specimens after each accelerated weathering period. Spectra were taken via ATR unit
of Bruker ALPHA with signalaveraged 32 scans at a resolution of 4 evithin the

wavenumber range of 400 to 4000tm
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2.9.3 Changes in the Morpholoy, Mechanical and Thermal Properties

The alterations in the fracture surface morphology, tensile strength and modulus,
flexural strength and modulus, ductility, fracture toughness, transition temperatures
along with the thermal degradation temperaturesnedt PLA and 15wt%GF
reinforced PLA composite specimens before and after each accelerated weathering
period were assessed by SEM analyses, mechanical tests and thermal aaslyses

explained in detaihbovein theSections 2.5, 2.6 and 2.7.
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CHAPTER 3

RESULTS AND DISCUSSION

As stated before, since this dissertation has three different parts, their results are
presented and discussed successively in the following three subsections.
3.1 Effectsof GF Content and TPU Elastomer Blending

3.1.1 Distribution and Morphology of GF and TPU in the PLA Matrix

Even distribution of the fiber reinforcements is one of the key factor to obtain enhanced
mechanical properties of polymer composites. Thus, SEM analysis on the fracture
surfaces of fracture toughness testcgpens were conducted first to obsethe
effects of silane sized GF content in the neat PLA matrix, and then also in the matrix
of PLA/TPU blend.

Lower magnification SEM images in Figu®l shows that 5, 10, 15 wt% GF
reinforcements were rather unifioly distributed in the neat PLA matrix. On the other
hand, use of 20 wt% GF content resulted in decreased uniformity of GF distribution;
thus, as would be discussed in the next section, with this content, mechanical properties
started to decrease. Figu84 also indicates that there was no uniformity problem of

15 wt% GF distribution in the matrix of PLA/10 TPU blend.

It is known that due to the immiscibility of TPU and PLA, when blended they lead to
a twophase structure, where round shaped TPU donfiainsin the matrix of PLA.
Since these TPU domains are micron sized, it was possible to observe them only in the

higher magnification SEM images of FiguB2. Due to the certain degree of
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compatibility between PLA and TPU domains, Fig@t2 also showshat micron

sized TPU domains were also uniformly distributed in the PLA matrix. The reason of
this partial compatibility is the certain interactions between the carboxyl, hydroxyl end
groups and ester carbonyl groups of PLA and polar groups of the hanerssgof
TPU.

Figure32 al so shows that there wereouwtedg tafin | ev
GF reinforcements in each matrix. As would be discussed later, these phenomena lead

to additional toughening mechanisms.

3.1.2 Effects of GF and TPU on the Stength and Modulus of PLA

Tension tests and thrgmint bending tests were conducted to investigate the effects
of GF reinforcement and TPU blending on the strength and elastic modulus of PLA.

Whil e 0t extsridienostawerswse s-stama ddrdvexurafil speeism

are given separatelyin FiglB88, t he val ues o7 o0f Taenrds iflTee nSti rl een

Modulus€) 0 det er mi ned thev atl eunessi corf the$tedxuraand St r e
and AFIl ex uEm) 0 Mbatud rummi n e slarebal) tabolated thiTablg t e st

3.1. Moreover, influences of increasing GF content on the strength and elastic modulus

values of PLA/GF composites were compared in Fi@#e Additionally, effects of

TPU blending with and without 15 wt% GF reinforcementtangtrength and modulus

values are alscomparedn Figure3.5.

Figures3.3, 34 and Table3.1 simply show that use of GF reinforcement was very
effective to improve strength and modulus values of PLA matrix. Because, it is known
that strengthening in aaposites is induced basically by the decreased mobility of
macromolecular chains of polymer matrix, and the applied load transfer from the
matrix to the reinforcement material. The necessary condition for these strengthening
mechanisms to be effective lsetpresence of sufficient degree of interfacial adhesion
between the matrix and reinforcement surfaces; which was achieved by the use of

silane sized GF reinforcements.
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Figure 3.1 Low magnification SEM fretographs showing distribution of GF in the
matrix of neat PLA and PLA/TPU blend
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PLA/10 TPU/15 GF

SR p o o R

Figure 3.2 Higher magnification SEM fractographs showing micron sized TPU
domains and interfacial debonding andut of GF reinforcements
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It is seen that increasing GF content increases teﬁ&ﬂ)ea(nd flexural strengtl‘ﬁ@ex)

of the PLA matrix up to 15 wt% GF. In this compositidmcreases irthrs and Uriex

were 32% and 21%, respectively. Above this composition, i.e. 20 wt% GF, as
discussed in the previous section, due to the decreasedflewgloom distribution of

GF reinforcements, strength values decreased slightly, but the values were still much

higher compared to the strength values of neat PLA.

In terms of elastic modulus values both tensile moduli)sagd flexural modulus
(Erex), increasing GF content resulted in again very significant increases in the
modulus values of neat PLA. This time 15 wt% GF resulted in 48% and 100%
increases in the values BfandEriex, respectively. Due to the very efficient stiffening

action of GF reinbrcements, use of 20 wt% GF increased modulus values even more.

The main reason to blend rather brittle polymers with thermoplastic elastomers is to
i mprove their ductility and toughness.
action of especiallgoft segments of thermoplastic elastomers, strength and modulus
values of the polymer matrices decreases. Thus, Figu&s5 and Tabl&.1 indicate

that use of 10 wt% TPU blending resulted in @é6reasem both tensile and flexural
strength valuesyhile the decreases were 13% and 16% in the tensile and flexural
modulus values, respectively. However, it was observed that when PLA/10 TPU blend
was reinforced with 15 wt% GF, then all these reduced strength and modulus values

were recovered to above thalues of neat PLA.
Therefore, it can be concluded that use of 15 wt% GF reinforcement resulted in

optimum increases in the strength and elastic modulus of not only neat PLA but also
PLA/10 TPU blend.
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Table 3.1 Tensile Strengthl(rs), Flexural Strengthlriex), Tensile Modulus (E),
Flexural Modulus (Eex) of the Specimens

Specimens Urs(MPa) Urex (MPa)  E (GPa)  Eriex (GPa)
PLA 58. 6K 97.9N 2.85N1 3. 60N
PLA/5 GF 62.7K 109.5 3.34N' 4 66N0O0
PLA/10 GF 71.6K 114.0 3.70N1 5. 69N
PLA/15 GF 77.3K 118.2 4.21N1 7. 20N/
PLA/20 GF 76. 0K 104.4 4.35N1 7. 98N/
PLA/10 TPU 53.4K 88.9N 2.49N' 3. 03N

PLA/IOTPU/A5GF 64. 4K 99. 7N:. 3. 80N/ 4. 69 N
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Figure 3.5 Effects of TPU blending on the strength and modulus of the specimens

with and without GF reinforcement
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3.1.3 Effects of GF and TPU on the Ductity and Fracture Toughness of PLA

Besides modulus and strength values, tension test gives information about the amount

of plastic strain formed until fractur e, i n
regarded as Aduct i I3B indicates ahfit tensdet serasHaia |l s . Figur
curves of neat PLA and PLA/GF composites were all rather linear having a plastic

strain of around 5%, i.e. there is no significant contribution of GF in the ductility level

of PLA matrix.

Figures3.3, 3.6, 3.7 and Table.2 show that when PLA matrix was blended with 10
wt% TPU, due to its elastomeric nature, % strain at brealtoJX%alue increased

enormously up to 18%, i.e. the improvement in ductility was more than three times.

The most important shortcoming of polylactide is its inherent brittleness; therefore, for

most of the engineering applications enhanced improvemémighness is essential.

Consequently, in this study, fracture toughness tests (one of the most important

parameter required for structural engineering applications) were conducted to

investigate influences of GF reinforcements and TPU blending on thbness) of

PLA. Results of this test, measuring the ability of the materials to withstand crack

i nitiation and propagation, were evalwuated i
Factor Kc) 6 and ACritical StGcadn vEhaegny Rel @gase
Figures3.6, 3.7 and Table3.2.

SEM images in Figur8.2 indicated that smooth fracture surface of neat PLA with
very little plastic deformation lines transformed into rather rough fracture surfaces
after both GF reinforcing and TPU blending. Téfere, Figure 3.6, 3.7 and Tabl&.2

show thac andGic fracture toughness values of neat PLA increased considerably.
It was observed that compared to the neat PLA the use of optimum 15 wt% GF content

resulted in increased fracture toughness valaeslé&o inKic and 11% inGic. These

improvements were due to the wklown toughening mechanisms of fiber
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reinforcements defined as ficr acokutdoe f laelclt

leading to decreases in the propagation rates of cracks.

Figures3.6, 3.7 and Table3.2 also indicate that the highest improvement inKhe

andGic fracture toughness values of neat PLA were achieved when blended with 10

wt% TPU, the increases being as much as 103% and 74%, respectivelyefbhis

efficient toughenirg mechanism due to the use of elastomeric materials is called
Arubber tougheningo or Ashear yieldingo,
deformation before fracture. As shown in the SEM image of the PLA/10 TPU (Figure

3.2), very rough fracture swates around the micron sized TPU elastomeric domains
represent large amount of plastic deformation which could absorb the energy required

for crack initiation and also crack growth leading to fracture.

When PLA/10 TPU blend was reinforced with 15 wt% GiFjs seen that the
performance of rubber toughening mechanism decreases substantially; however, the
Kic and Gic fracture toughness values of this composition were still very high

compared to neat PLA, and close to PLA/15 GF composites.

Therefore, it ca be concluded that, although blending of neat PLA with 10 wt% TPU
resulted in enormous improvement ic and Gic values, use of 15 W GF
reinforcement with and without TPU resulted in similar level of increases. This means
that, if the increases obtaohén strengthmodulustoughness values of neat PLA by
the use of optimum 15 wt% GF reinforcement were sufficient for an application, then

there would be no need for an additional blending process with 10 wt% TPU.
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Table 3.2 Tensile Strain at Breald) and Fracture Toughnedsi¢ andGic) of the

Specimens
Specimens Bt (%) Kic( MPaa G (kJm?
PLA 4. 88N0 3.43N0 5.44N0
PLA/5 GF 5.81N0 3.87N0 6.39N0
PLA/10 GF 5.57N0 4.18N0 7.07NO
PLA/15 GF 5.24N0 4.16N0 6.96N0
PLA/20 GF 4. 79N0 4.12N0 5.55N0
PLA/10 TPU 18. 07N 696N0.1 9. 46N0

PLA/10 TPU/15 GF 4.21N0 4.85N0 6.84NO0
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3.1.4 Effects of GF and TPU on the Thermal Behavior of PLA

The first technique to investigate thermal properties of all specimessDSC
analyses. Thermograms of the first heating of the specimens were given inF8gure
while the important transition temperatures; i.e. glass transitity), (cold
crystallization T¢) and melting Tm) temperatures, were tabulated in Tah&togeher
with the enthalpy of meltingsgHm) and enthalpy of crystallizatiorsddc) including
percent crystallinityXc) of the PLA matrix. The relation used in calculation of percent
crystallinity is given below; wherep_a is the weight fraction of the PLA matrix and
aHmUs the melting enthaipof 100% crystalline PLA determined as 93 J/g in literature
[118].

@ % p T (Equation 1)

It was observed that use of GF reinforcement resulted in no significant influences on
the transition temperatures of PLA. Figl8® and Table3.3 reveal that transition
temperatures remained in the narnamges of 6& 5 U CTg,fLA81 2 2 U Q. afido r
1481 5 0 U CI'm. Userof TPU blending resulted in similar effects except certain
decreases iific levels.

On the other hand, use of GF and TPU influenced enthalpies&btlandad.) of

the PLA significantly which was reflected in the very high increased level of the
crystallinity (Xc) of PLA. For instance, Tabl@3 reveals that use of 15 wt% GF with
and without TPU increased crystallinity amount of neat PLA from 3.84% to 6.59%

and 7.34%, respectively; thigtan increase of almost two times.

As the second technique, thermogravimetric analyses (TGA) was conducted to
determine the thermal degradation temperatures and %residue of each specimen. TG
curves were given in Figu9, while the data determined kegabulated in Tablg.4

asTsy, T10sandTosy representing the degradation temperatures at 5%, 10% and 25%
mass losses; afthaxrepresenting the temperature at maximum mass loss. In the table

%r esi due of each speci men ddedeTaeBhed at

revealed that use of GF reinforcement and TPU blending had no significant
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contribution to the thermal degradation temperatures of PLA, while the %residue

values were basically consistent with the GF content of the specimen composition
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Figure3.8 First heating DSC thermograms of the specimens
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Figure 3.9 Thermogravimetric curves of the specimens
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Table 3.3 Transition Temperature3{, Tc, Tm), Enthalpiesd H, oo H) and Crystallinity PercenkXg) of the Specimens During DSC First
Heating Profile

Specimens Tog( AC Tc( AC Tm( AC phh(I/g) pH/G)  Xc (%)
PLA 63.4 1180  148.4 7.58 4.01 3.84
PLA/S GF 65.2 116.3  148.6 25.2 19.9 6.45
PLA/10 GF 65.7 120.3 1498 22.6 17.1 6.57
PLA/15 GF 65.4 1222 149.4 17.1 11.2 7.34
PLA/20 GF 65.3 121.9 1501 15.6 10.3 7.12
PLA/1OTPU 65.4 98.5 150.2  27.9 24.3 4.30

PLAIO TPUIS GF ¢, 4 1042  149.4 15.9 11.3 6.59




08

Table 3.4 Thermal degradation temperatur@s:, Tio% T25%) Of the specimens at 5, 10 and 25 wt% mass losses, the maximum mass loss

5500C

temperatureTmay and %Resi due at
Specimens Tswe( AC Tiow( AC Tasw( AC Tmax( AC%Resi due
PLA 330 340 352 367 105
PLA/S GF 327 337 350 366 4.55
PLA/10 GF 332 342 354 367 10.21
PLA/L5 GF 331 342 355 368 14.97
PLA/20 GF 332 344 356 368 20.96
PLA/1OTPU 320 332 349 369 1.82
PLAIOTPUILS GF - 505 315 335 359 16.85




3.2 Effects of Shaping by 3DPrinting

3.2.1 Comparison of the Appearance and the Fracture Surface Morphology of

the Specimens

Comparison of the macro level appearances of the injection molded apdn3&
specimens were conducted by taking their photographic images. BigQneveals

that generally therevere no significant differences in their macro level appearances.
The most noticeable difference was, contrary to thepBbted neat PLA, injection
molded PLA appeared to be very transparent. Because it is known that PLA has very
low melt crystallizatiorrate, in which its macromolecular chains do not have enough
time to crystalize due to the very high cooling rate of injection molding resulting in a

highly amorphous structure.

As would be discussed in the thermal behavior section, due to the lowegoane
during 3Dprinting, the neat PLA specimen had higher level of crystallinity. Moreover,
due to the N45U printing orientation,
structure. In fact, this slightly textured structure was sensible by a fimgeh on the
surfaces of all 3Bprinted specimens. Therefore, because of the scattered light
transmission resulted from the more crystallinity amount and textured structure, 3D

printed neat PLA specimen appeared to be opaque.

Then, the differences indcture surface morphology of the injection molded and 3D
printed specimens were investigated byWB&nalysis as given in Figures 3.4ahd

3.12. Figure 3.1Ehows that there were no significant differences in the rather smooth
fracture surfaces of the infetly brittle neat PLA specimens and the rather rough
fracture surfaces of rubber toughened PLA/TPU specimens. Thus, as will be discussed
in the next section, no significant differences were observed in the mechanical
properties of the injection molded aB®-printed specimens of both neat PLA and
PLA/TPU blends.
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Figure 3.10 Photographic imagesomparing the macro level appearances of the
specimens shaped by injection molding and@Dting
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However, fkgure 312indicates that there were significant differences in terms of the
orientation of the GF reinforcements in the fracture surfaces of injection molded and
3D-printed specimens of both PLA/GF and PLA/TPU/GF.

It is seen that almost all GF reinforcents were aligned perpendicular to the fracture
plane of the injection molded specimens. Because, during injection molding pressure
is applied parallel to the longitudinal direction of the test specimens leading to

alignment along this direction.

During3D-pr i nting, since the equipment scans
angle directions, Figure B shows that, in the 3printed specimens of PLA/GF and
PLA/TPU/GF, some of the GF reinforcements were oriented to the fracture plane with

+ 4 5 U, someoif theewereoriented with-4 5 U .

Therefore,as will be discussed in the riesection, due to tlse differences in the
orientation of theGF reinforcementssignificant changes were observed in the
mechanical properties of the injection molded andp8idted specimens with GF

reinforcements.
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Figure 3.11 SEM images comparing the fracture surface morphology of the PLA and
PLA/TPU specimens shaped by injection molding anep@8Dting
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Figure 3.12 SEMimages comparing the fracture surface morphology of the PLA/GF
and PLA/TPU/GF specimens shapediggction molding and 3Eprinting
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3.2.2 Comparison of the Mechanical Properties of the Sgcimens

In order to compare strength and elastic modulus values of the injection molded and

3D-printed specimens, both tension tests and tho@at bending flexural tests were
conducted. Whislte aitn®n ciulrer estsraendgvas®fl exur al s
all specimens are given in Figuréd3and3.14 r especti vely; the val u

Strength§t9) 0 and ATendB ol deMedmi ned( by tension te:
AFl exur abrsSd reamd t mF I( eExe)roa ld eMoedrumblingwest by be

are compared in Tab85. Moreover, influences of injection molding and-gbnting
shaping process on tensile and flexural strength values were compared irBFi§ure

while tensile and flexural modulwsilues were compared in Figure 3.16

These figures and Table 3riicate that for the specimens of neat PLA and PLA/TPU
blend, there were no influences of the injection molding anep@ming shaping
processson their strength values; because it was seen thatdygtnd Sriex values

of these specimens are almost equal.

Moreover, for these PLA and PLA/TPU specimens, elastic modulus valuesEboth
andEriex) of the 3Dprinted specimens were slightly higher than the injection molded
specimens. For example andEriex of the 3B printed speicnens were both 9% higher

for neat PLA; and 4% and 13% higher for PLA/TPU blend. These higher modulus
values could be due to the stiffening action of the slightly textured structure formed
duringN45(raster angle orientatiasf the 3Dprinting.

On the ¢her hand, Table 3.8lso shows that for the GF reinforced specimens; there
were significant reductions in the strength and elastic modulus values of their 3D
printed specimens. For instance, the highest reduatiaihe strength and modulus of

the PLA/GFspecimens wer82% in Sriex and 41% inEriex; While reductions for the

PLA/TPU/GF specimens were 30%%1sand 20% irE values.
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Table 3.5 Comparison of the Tensile Strengtr§), Flexural StrengthUgiex), Tensile ModulusE), Flexural ModulusEriex) and Fracture
ToughnessKic andGic) of the Injection Molded and 3Brinted Specimens

LS

Specimens Urs(MPa) Urex (MPa) E(GPa)  Eriex (GPa) Kic ( MP a & Gic (kJ/m?)
PLA-IM 58.6N 97.9N 2.85N 3. @0N 3. 43N0 5. 44N
PLA-3D 58. 4N 97. 24 3.11N 3.93N 5.030.20 7. 32N
PLA/TPU-IM 53.4N 88.9N 2. 49N 3. 03N 694014  9.46W0.61
PLA/TPU-3D 52. 3N 88.3\1.5 2.59N 3.42N 8.740.14 11.30\1.43
PLA/GF-IM 77.3N 118.2 4.21N 7.20RKR 4.168Q0 6.96N QL1
PLA/GF-3D 52. PR 80.31N 3. 75N 4. 25N 3.2mM0.20 6.37ND.29
PLA/TPU/GF-IM 64. 4N 99. 7N 3.80N 4. 69N 4.830.15 6.84\0.12
PLA/TPU/GF-3D 45.21.3 80.6\3.2 3.0N0. ¢ 383N0. : 5.700.37 8.84\D.23
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Figure 3.13 Comparison othe tensile stresstrain curves of thmjection molded
and 3Dprintedspecimens
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Figure 3.14 The comparison of th8exural stressstrain curves of thamjection

molded and 3Bprintedspecimens
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As discussed in the SEM morphology analysé®ve, the main reason for these

reductions could be due to the very different orientation of GF reinfencesmbeing

almostall parallel to the longitudinal axis of the injection molded specimens leading

to highly effective load transfer mechanism for strength and stiffening mechanism for

modulus. Inthe 3 r i nt ed s4PJe coirmeennst,e dN GFesultedinnf or c e me n

decreased level of strengthening and stiffening mechanisms.

Since PLA is an inherently brittle biopolymer, measurement of its toughness becomes

crucial. Thus, in order to compare fracture toughness values of the injection molded

and 3Dprinteds pe ci me n s, Critical &fress InbepsityhFacfoKic) 6 and
ACritical Strai Gc)Em ewaglyu eRse | veearsee drReatteer nii ned,
Table3.5and Figure3.17. It is known thaKc andGic values basically indicate the

ability of materias to withstand crack initiation and propagation.

Table 3.5 and Figure 3.how that both fracture toughness values of the8ted

neat PLA and PLA/TPU specimens were again very beneficial compared to their

injection molded specimens. The benefitthaKic andGc values of neat PLA were

47% and 35%, respectively; while these benefits were 26% and 19% for the PLA/TPU

specimens, respectively. This behavior could be again due tddthié t ext ur ed
structure of the specimens leading to additional toughey mec hani sm of Acr

deflectiondo in the textured body.

However, for the PLA/GF compositegsa€ture toughness values of tBB-printed

specimens were slightly lower compared to their injection molded specimens. Because

crack deflection mechanism atthds0 or i ent ed GF r-mitingf or cement s
woul d be | ower compared to 90U oriented GF r
means that perpendicular GF reinforcements to the crack propagation plane would be

much more effective in crack deflectiand crack bowingnechanisms
In the PLA/TPU/GF composite, fracture toughness values of thgriBiied specimens

were again beneficial compared to their injection molded specimens. This time the

benefits of 3Bprinting were 18% irKic and 29% inGic. Becaise in this specimen,
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reduced crack deflection toughening effectiveness wibU oriented
reinforcements were recovered by the enormous level of rubber toughening

mechanism of TPU domains in the matrix.

Finally, in order to reveal %Benefits and %Retilons in the mechanical properties of
the 3Dprinted specimens compared to injection moldetks Figure 3.18 was
constructed. It can be concluded that use ofp8Dting in the shaping of neat PLA
and PLA/TPU blend was generally very beneficial; on ttreeiohand, due to the
differences in the orientation of the GF reinforcements, there could be certain
reductions in the mechanical performance od PLA/GF and PLA/TPU/GF.
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Figure 3.15 Comparison of the teile strength and flexural strength of the injection
molded and 3Bprinted specimens
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Figure 3.16 Comparison of the tensile modulus and flexural modulus of the injection
molded and 3Bprinted specimens
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