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SUMMARY

This thesis focuses on developing new engineering knowledge essential for durable
materials for sustainable packaging applications using renewable biopolyimess.
includecellulose, extracted from plants, and chitin, sourced from mushrooms and food
waste like crustaceaxoskeletoa These natural polymers can form strong, high
performance films but are limited by moisture sensitivity and brittleness. Through chemical
modification, compositional design, and controlled processing, this work demonstrates
how their barrier and mechanical properties catubed to control and improvebarrier

and mechanicglerformanceof renewable polymers

Chapter 2 presents a fully biodegradable multilayer structure composed of a
cellulose nanocrystiathitin nanofiber (CNCChNF) coating on paper laminated with
poly(hydroxyalkanoategPHA). The design leveraged the oxygen barrier of COIINF,
the mechanical support of paper, and the moisture resistance of PHA. The most effective
configuration, achieved through doudieled PHA lamination, protected the hydrophilic
coating from humidit and achieved barrier performance comparable to petretesed

plastics ke poly(ethylene terephthalaté}ET) andpoly(ethylenePE.

Chapter 3 explores a crosslinked chitagdgtnic acid bentonite (ChCATBNT)
blend coated on PHA to improve barrier and mechanical performance without lamination.
Crosslinking reduced water upt ake, and th
strength resulting in a biebased material that maintained strong performance even after

mechanical deformation.
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Chapter 4 introduces a singbeyer approach using microfibrillated celluloge
CNC (MFCi CNC) blends treated with atomic layer deposition (ALD) of aluminum oxide
(AlOx). The ALD process rendered the films more hydrophobic without compromising
mechanical integrity, producing a singéyer biodegradable barrier film that eliminates

the need for complex multilayer systems.

I n Chapter 5, pol y (| a-caprolactone) RCH))werd P L A)
fabricated using 3D printing and evaluated under various printing conditions using a high
throughput mechanical characterization system (HTMECH) alongside conventional
uniaxial testng. HTMECH enabled rapid screening of tensile properties and effectively
captured trends related to material composition, layer thickness, and extrusion temperature,
aligning well with traditional testing results. This chapter demonstrates HTMECH as a
promising tool for accelerating the design and optimization ofHaised 3DBprinted

materials.

Overall, this thesis establishes a framework for developing sustainable, high
performance packaging materials by integratingld@eed polymers, nanomaterials, and
scalable processing strategies. The findings highlight how careful design of structure,
chenistry, and processing can produce materials that meet performeqaieements.
Collectively, these results contribute to advancing biodegradable alternatives to petroleum
based plastics and provide valuable insights for future development of renewable,

recyclable, and compostable packaging systems.
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CHAPTER 1. INTRODUCT ION

1.1 Plastics waste problem

Packaging plays a critical role in maintaining the quality and safety of perishable and
sensitive products such as foods, pharmaceuticals, electronics, and other consumer goods.
Plastics account for more than 50% of the materials used in the packagirey (Raglre
1.1).! These plastics are primarily derived from fossil fuels, ammewable resource that
contributes significantly to environmental impacts during both extraction and processing.

It i s estimated that plastics gesannualy,e ar ot

representing about 3.3% of global emissibns

Global consumer packaging market

In units sold
5% -
5% Other ‘

Paper

33%
Flexible
plastics

10%

Paper
containers

(1)
11% 2%

Foil plastics

Source: Citi Research, Flexible Packaging Association

Figure 1.1 Global consumer packaging market.



Commercial packaging plastics are typically made from polymers such as
poly(ethylene terephthalate) (PET), polyamides (PA), poly(ethylene vinyl alcohol)
(EVOH), polystyrene (PS), polyethylene (PE), and poly(vinylidene dichloride) (PVDC).
These polymers argidely used due to their mechanical strength, barrier performance, and
low production cost. To be effective, packaging material must resist the permeation of
gases such as oxygen and water vapor. However, most of these polymers provide a barrier
against aly one of these gases. To overcome this limitation, they are often combined into
multilayer plastic (MLP) structures, where each layer contributes either oxygen or moisture
resistance. MLPs can contain ugbtstacked layerfswith thin adhesive "tie layers" applied
between them to prevent delamination. Tie layers, typically composed of polymers, enable

adhesion between otherwise incompatible materials (Fig@ye 1

While tie layers are essential for MLP integrity, they create significant challenges
for endof-life management. Recycling of MLPs is particularly problematic because
plastics must typically be separated by type due to differences in solvent compaiiluility
thermal stability. For MLPs, this requires delaminating each layer, which is technically
difficult and resource intensive. Chemical separation methods often rely on solvents to
selectively dissolve titayer adhesives, but mass transfer limitations rmimat large
volumes of solvent are required. Thermal separation methods attempt to melt adhesives or
polymer layers, but differences in thermal transition temperatures among the constituent
plastics often result in one layer degrading while another soffare to these technical
and economic barriers, MLPs are rarely recycled at scale and are most often disposed of in

landfills as a cossaving measure.



water barrier, heat seal
conventional adhesive

C T EOH | oven barer

conventional adhesive

print layer, water barrier

Figure 1.2 Example of multilayer plastic structure used in typical packaging.

According to a study by the Organization for Economic-dperation and
Development (OECD), the amount of plastic waste is projected to triple by 2060,
increasing from 353 million tonnes in 2019 to over 1 billion tonnes over the next 40 years.
Approximatelytwo-thirds of this waste is expected to come from packaging, consumer
products, and textiles. Figute3illustrates the projected amounts of recycled, incinerated,
landfilled, and mismanaged plastics over this period. These projections assume population
growth and improvements in recycling. Despite increases in recycling and decreases in
mismanaged plastics, roughly 50% of the plastics produced are still expected to end up in
landfills. Most of these landfilled plastics are Amindegradable and will pass in the
environment for centuries, potentially contributing to air and water pollution, releasing
greenhouse gases such as methane, and posing risks to both human and ecological health.
Therefore, alternative solutions must be explored to addressdbal gllastic problem,
including the use of sustainable and biodegradable polymers as replacements for

petroleumbased plastics.
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Figure 1.3 Plastics waste projections.

1.2 Renewable Plastic alternatives

Cellulose and chitin are the most abundant polysaccharides on earth, with an
estimated world production of 1810 tons per year each® Cellulose is a homopolymer
of glucose found in plants and bacteria, while chitin is a copolymeramidy/lglucosamine
and glucosamine residues typically found in the exoskeletal structure of crustaceans,
insects, arthropods, and some mushrooms. Both have t s t hat -d44e | i nk

glucosidic linkagesKigure 1.3.
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Figure 1.4 Molecular structures of a) cellulose, and b) chitin.

Wood is the main source of cellulose and is comprised of a multilayer hierarchical
structure which has both crystalline and amorphous regibigairé 1.5. Crystalline
cellulose has cellulose polymorphs (1, 11, 111, 1V). Where cellulose | is the synthetic textile
fibers! Cellulose 11l can be formed from cellulose | or Il via ammonia treatments and
subsequent thermal treatments can be used to form cellul§s€&lulose Il is the most
thermodynamically stable polymorph; however, cellulose | is the most abundant form in
nature, as it is the primary structure synthesized by plants and®abgdlellose can be
extracted from wood through either mechanical or chemical pulping methods. Chemical
pulping is the most widely used approach, typically yielding approximatelp520
cellulose with high purity due to the effective removal of lignin andibelinloses'® In
contrast, mechanical pulping can achieve yields of up to 98%, although the resulting pulp
retains substantial amounts of lignin, hemicellulose, and extraétiv@ace isolated,
cellulose can be further processed into a range of length scales, from microcellulose to
nanocellulose, each exhibiting distinct physicochemical characteristics such as

crystallinity, as shown in Table 1.1. These structural differencesmtkikey functional



properties, including barrier performance, optical behavior, and mechanical stretgth

Figure 1.6 illustragsthe size and morphology of cellulose at various processing stages
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Figure 1.5 Hierarchical structures of (a) wood® and (b) crab shells'



Figure 1.6 SEM images of a) WF b) MCC, c) MFC and TEM images of d)NFC e)

CNC. Adapted from Moon et al®



Table 1.1 Summary of particle sizes and crystallinity of wood fiber (WF), plant fiber
(PF), microcrystalline cellulose (MCC), microfibrillated cellulose (MFC),

nanofibrilated cellulose (NF), cellulose nanocrystals (CNCs).

Particle Length Width Height Crystallinity  Ref.
Type (Hm) (hm) (nm) (%)

WEF and PF >2x10P 215 x1¢ 215 x1¢P 43/ 65 8
MCC 1i5 1i5x1¢ 115 x10 80i 85 8
MFC 05106 1Gr 100 1Gir 100 511 69 8
NFC 0.52 4i 20 41 20 54 815

WEF and PF are large particle forms of cellulose and are used to make products such
as paper, textiles and biocompost&dicrocrystalline cellulose (MCC) is produced
through the acid hydrolysis of wood fibers and is widely utilized in the pharmaceutical
industry as a tablet binder, as well as in the food industry as-adlmsie bulking agent.
Microfibrillated cellulose (M) is obtained by mechanically refining wood pulp and is
commonly employed as a rheology modifier and thickening agent in food, cosmetic, and
other formulatiorbased applicatiofREF]. Nanofibrillated cellulose (NFC) is like

microfibrillated cellulose (MFC); however, the fibrillation process yields much finer



fibrils, closely resembling the elementary fibrils formed during the natural biosynthesis of

cellulose in wood and plants.

Cellulose nanocrystals (CNCs) are produced by the acid hydrolysis of wood fibers,
plant fibers, MCC, MFC, or NFC, resulting in rike or whiskershaped crystalline
nanoparticled”® During this acid hydrolysis the amorphous regions of cellulose are
degraded leaving behind the crystalline region producing highly crystalline form of
cellulose as seen in Table 1.1. Sulfur acid is typically used in this process and as a result
diester sifate groups remain on the surface of the CNCs giving them a negative charge on

the surface.

The primary source of chitin is the exoskeletons of crustaceans; however, it is also
widely present in the cell walls of most fungi, certain mushroom envelopes, green algae,
and yeast$® 2! The exoskeleton of crustaceans is composed of approximatiey 30
proteins, 3050 % calcium carbonate and phosphate, aii@@28b6 chitin, with proportions
varying depending on speci&s?® Like cellulose, chitin exists in several polymorphic
f orms, -cWwi t h nchite rbeing fhe two predominant crystalline structures,
exhibiting orthorhombic and monoclinic unit cells, respectidéy t h i r echitihhor m, 9
i s generally consi der ea@ n dchiintratherdharuar destinct c o mb i
allomorph?32° The b-chitin is commonly sourced from squid pens and can be converted
t o-chiin through alkaline treatmefit 26 The U-chitin is the most stable and abundant
polymorphic form of chitin; usually isolated from the exoskeleton of crustaceans, yeast cell

walls and arthropods cuticté.



Chitin can be transformed into chitin nanofibers (ChNEw)ough various
processes, including adimhsehydrolysis, mechanical grindingnzymatic treatmerand
high-pressure homogenizatiéh3® During this process chitin is deacetylated, where the
acetyl group is cleaved from the polymer chain leaving a primary amine via base
hydrolysis. When over 50% of the acetyl groups are removed, chitin becomes soluble in
acidic media and is known as chigm?! Chitin, like cellulose, can be observed in the
hierarchical arrangement of a crab's exoskeleton, which also exhibits both crystalline and
amorphous regions within the nanofibrils of chitiiigure 1.5. ChNFs are bundled chitin
chains embedded in the matrix of protein and calcite, with a diameter and lengitanél2
300 nanometers, respectivefy Chitin can also be processed into Chitin nanowhiskers
(ChWs)by varying reaction conditionshich have a smaller diameter and higher degree
of crystallinity than ChNF$2 Figure 1.7 illustrates the morphological differences between
ChNFs and ChWs, with ChNFs exhibiting greater lengths and a higher tendency for fiber
entanglement compared to the shorter, more individualized CWien dispersed in an
acidic medium, ChNFs and ChWs form stable suspensions and acquire a positive surface

charge due to the protonation of primary amine groups generated during deacetylation
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Figure 1.7 SEM images of a) Chitin nanofibers (ChNFs) and b) Chitin nanowhiskers

(ChWs). White scale bar represents 1 um. Adapted from Tran et &f

Paper based packaging has long been used as a plastics alternative in a variety of
packaging applications, including food containers and shipping maf@ritssidvantages
stem from biodegradability, recyclability, low manufacturing cost, and renewable
sourcing, making it an attractive sustainable option compared to petrdienved
plastics3® Despite these benefits, paper cannot yet compete with conventional plastics in
terms of barrier performance and mechanical strength. Because of its inherently
hydrophilic and porous nati¥epaper based packaging is only useful in applications where
protection against gases or moisture is not critical. Upon exposure to water, its mechanical
strength decreases shaf)yvhich significantly increases the risk of failure when carrying
loads. For packaging of sensitive goods, where it is essential to block the transport of
oxygen and water vapor, paper performs poorly, as its porous nature allows high gas
diffusion. For paer to be more widely utilized in packaging, it must be combined with
additional materials that can mitigate its inherently poor barrier perform@ueent

paperbased packaging is often backed with a moishauier layer to alleviate its inherent
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sensitivity to water. However, these layers are typically achieved through coatings or
laminations with nofwrenewable and poorly biodegradable plastics such as polyethylene
terephthalate (PET) and polyethylene (PE). While effective in improving barrier
pefformance, such petroleubased layers diminish the environmental attractiveness of
paper by rendering the packaging unrecyclable. To address this limitation, renewable and
biodegradable alternatives such as polyhydroxyalkanoates (PEEYs)be usedas
moisture-barrier layersYet, while PHAs can effectively block water vapothey do not
sufficiently address oxygen permeability. Therefore, these materials must be combined
with other biederived components to achieve fully functional, biodegradable, and

renewable packagingeeds.

1.3 Bio-based sustainable packaging

While cellulose and chitin alone have limited utility for packaging applications,
promising results have been achieved when they are processed into their respective micro
and nanomaterials. Studies have shown that cellulose nanocrystals (CNCs) and chitin
nanofibers (ChNFs) exhibit excellent oxygen barrier properties due to their high
crystallinity and strong interand intramolecular hydrogen bonditfy** Their nanoscale
dimensions allow for dense packing during film formation, which further reduces oxygen
permeability. However, despite their impressive oxygen barrier performance, these
materials by themselves are not yet suitable for practical packagplgadions. As
discussed earlier, effective packaging materials must combine strong oxygen and water
vapor barrier properties with adequate mechanical durability. Polysaccharides such as
cellulose and chitin, in isolation, primarily offer oxygen barrigmdtionality but remain

limited in both mechanical strength and water vapor resis{@atde 1.2)
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Table L2Oxygen permeability (OP), water vapor
modulus (E), ultimate tensile strength (UTS), stain at break (FSpdtoleumbased

polymers (poly(propylene) (PP), poly(ethylene) PE, poly(vinylidene chloride) PVC,
poly(ethylene terephthalate) PET, ethylene vinyl alcohol (EVOH), and poly(vinyl alcohol)
(PVA)) and biebasedpolymers(cellulose acetate (CA), cellulose nanocrystals (CNCs),

chitin nanofibers (ChNFs), poly(hydroxyalkanoates) (PHA)and poly(lactic acid)

(PLA))used inpackaging*?>!

oP WVTR E
i i UTS
Polymers (cm*& m/2?m ( g A mil/ FS %
(MPa)
day/kPa) ay) (GPa)
PP 5001000 0.20.4 0.41.7 24-41 100700
PE 5002000 0.52 0.1-0.3 8-34 100-800
PET 1050 0.52 2.814.1 48-172 60-500
PVDC 0.1-3 0.1 0.30.5 24-110 250
EVOH 0.01:0.1 1-3 1.03.7 55-60 250-270
PVA - - 0.7 48 220
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Table 1.2 continued

CA 520-1500 10-90 2.7-3.0 14-75 1555
CNCs 18 12 15 41-99 0.6.0.9
MFCs 3 9 - - -
ChNFs 2 - 4.3 39 0.13

PLA 5,000 2 38-140 5-10 4-7

PHA 105120 1 - - -

ChNFs and CNCs are semicrystalline polymers, consisting of both ordered
(crystalline) and disordered (amorphous) regitrté However, during their extraction and
processing, much of the amorphous fraction is degraded, resulting in a higher proportion
of crystalline domainsThe amorphous regions in a polymer matrix are primarily
responsible for imparting flexibility, allowing the material to stretch and deform without
fracturing. Consequently, the high crystallinity of ChNFs, and especially CNCs, results in
the formation of Httle films.>® This brittleness arises from the tightly ordered arrangement
of polymer chains, which restricts mol ecul

absorb and dissipate energy, ultimately causing fracture upon mechanical Bieess
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chemical structures of cellulose and chitin are illustrated in Figure 1.4, highlighting the
abundance of hydroxyl groups along their polymer backbones. These hydroxyl groups
confer strong hydrophilicity, rendering cellulesend chitinrbased materials susceptible to
water uptake and swelli§ This swelling disrupts the tightly packed molecular
arrangement, thereby diminishing their barrier performande® effectively improve
barrier performance, it is essential to develop a deeper understanding of the fundamental

factors that determine whether a material functions as a good or poor.barrier

1.4 Fundamental Factors Governing Barrier Performance

As previously discussed, an effective packaging material must limit the permeation
of gases such as oxygen and water vapor. This raises an important question: what intrinsic
and structural factors determine whether a material functions as a good or pwo® ba
Oxygen barrier performance is governed by the transport behavior of oxygen molecules
through a film or membrane. To enhance barrier performance, the residence time for a gas
molecule to penetrate the matemalist be increased. Gas transport in pay systems
generally follows two fundamental mechanisms first described by Thomas Graham:
solutiori diffusion and poridiffusion.®® " In dense polymeric systems, such as barrier
films and membranes, the solufiatiffusion mechanism predominatéhe transport of
gas molecules through a homogeneous polymer system proceeds via three steps: (1)
sorption of the gas at the upstream surface, (2) diffusion across the film thickness, and (3)

desorption at the downstream surféEigure 1.8)°
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Figure 1.7 Schematic of solutiondiffusion through a polymer film.

The driving force for a molecule trossa film is typically a pressure gradient,
which corresponds to a difference in chemical potential between the two sides of fiie film
Transport across polymer films can be described by Fickian diffusion when the time
required for the gas to reach equilibrium is shorter than the characteristic diffusion time. In
this regime, both diffusivity and solubility are governed by the intrinsipgnties of the
polymer €.g.free volume, segmental mobility, polarity) and by the attributes of the
penetréing gas (molecular sizéy % The gas permeability (P) in a polymer system can

then be defined as the product of the gas solubility (S) and the gas diffusivity (D):

0z "Y(1)
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Diffusion is the most dominant mechanism for gas transport through a polymeric
system and can be described using Fickos fi

as a constant proportionality among the diffusive flux (J) and the concentredidierg

(—) through the film (equation 2¥.
0 0—(2)

For a film of known thicknes§él), under steadgtate conditions and assuming

constant diffusivity, the flux can be approximated as
o 0L

Gas permeabilityP) is then expressed in terms of the measured flux and the applied

pressure gradient

by 5@

Where QSTP is the gas flow rate at standard temperature and pressure , A is the
effective film area, and &P is the presst

permeability in a polymer film is commonly calculated using equatioris (4).>®

The relationships presented in Equations (@) highlight the critical role of
diffusivity in determining gas permeability. Diffusivity can be defined as the rate at which
particles, mass, or heat spread through a substance under a concentration gmadient.

polymeric films, diffusivity is influenced by several factors, including polymer
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morphology (e.g., porosity and free volume), penetrant molecular size, temperature, and

pressure, which can either enhance or hinder molecular trafi$fort

High-performance oxygen barrier materials such as ethilemd alcohol
(EVOH), poly(vinylidene chloride) (PVDC), poly(vinyl alcohol) (PVA), cellulose, and
chitin exhibit relatively high cohesive energy densitigth can be attributed to strong
hydrogen bondin§* This strong intermolecular cohesion promotes dense molecular
packing and reduces free volume and porosity within the film. As a result, gas molecules
are forced to traverse a more tortuous path, effectively reducing diffusivity and thereby

lowering overdlgas permeability.

Water vapor permeability (WVP) can be described using similar theoretical
frameworks as oxygen permeability, most commonly the soludiffasion model.
However, in the case of water vapor transport, the chemical nature of the @blymer
particularly its polaty and affinity for wated plays a much greater role than for ruolar
gases such as oxygetf’ Highly polar or hydrophilic polymers tend to absorb water,
increasing sorption and thus enhancing overall permeafil®pnversely, hydrophobic

polymers suppress water uptake and reduce the driving force for ditfdsion

Common moisturdarrier materials such as poly(ethylene terephthalate) (PET),
polypropylene (PP), polyethylene (PE), and poly(vinylidene chloride) (PVDC) are all non
polar and highly hydrophobic, resulting in low water sorption and therefore excellent wate
vapor barrier performan® Studies have shown that the water vapor transmission rate
(WVTR) through these hydrophobic polymers is typically one to two orders of magnitude

lower than that of more polar materials such as polyamides or cellulose derivatives,
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illustrating the critical role of polymer polarity in governing moisture transjoft
Therefore, to have effective biodegradable and recyclable barriers material, an approach is
needed that can moisture have a high cohesive energy while maintaining mechanical

properties.

1.5 Thesis scope

This thesis aims to design renewable and durable packaging materials that minimize
the transport of oxygen and water vapor molecules while improving mechanical strength.
The approach taken is to relate the structural, physical, and chemical properii@s of b
based materials to their barrier performance and mechanical stability. Through this
relationship, sustainable materials can be developed with barrier properties comparable to

those of petroleurbased plastics.

In this work, cellulose and chitin at various length scales were employed to enhance
barrier performance, while poly(lactic acid) (PLA) and poly(caprolactone) (PCL) were
used to improve mechanical strength. These materials were selected for their natural

abundance and biodegradability.

Chapter 2 examines the design of a pd@msed coating by addressing the
challenges of using cellulose nanocrystals (CNCs) and chitin nanofibers (ChNFs) in
packaging. A paper substrate was combined with poly(hydroxyalkanoates) (PHA) to
provide mechanicalupport and moisture protection. Chapter 3 explores the role of
substrate surface interactions and the enhancement of mechanical strength. In this study,
CNCs were removed, and chitin was chemically modified through deacetylation before

being coated onto monporous PHA substrate. A simple chemical crosslinking reaction
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and the addition of bentonite (BNT) clesas used téurther improved moisture resistance.
Chapter 4 focuses on designing a biodegradable cellbksed film with superior barrier
properties compared to leading petrolebased oxygen and moisture barriers, achieved
through atomic layer depositiofALD) of aluminum oxide. Chapters 5 investigate the 3D
printing of biocbased polymers such as PLA and PCL, employing a-thiglughput
mechanical screening method to assess the effects of printing conditiorecbannal
performance. Finally, Chaptérconcludes with a perspective on the design ofbdaised

materials and provides an outlook on the remaining challenges in advancing this field.
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CHAPTER 2. HIGH BARRIER PERFORMING MULTILAYER
PAPER COATINGS BASED ON CHITIN T CELLULOSE BLENDS

ON POLY(HYDROXYALKANOATE).

2.1 Introduction

Packaging plays a critical role in protecting and preserving the integrity of the
materials it contains. Petroledbased plastics have become ubiquitous in packaging
applications due to their excellent barrier performance, mechanical strength, and low cost
of production. However, their complex multilayer constructions often make recycling
challenging, resulting in low recyclability and the accumulationoef biodegradable
waste in landfillsS> ”® In response, there is growing interest in paped fiberbased
packaging®, which offers advantages such msyclability andbiodegradability* To
overcome this, paper has traditionally been laminated or coated with materials such as
polyethylene (PE), polypropylene (PPET, styrenebutadiene (SB), polyvinyl alcohol
(PVA), or fluoropolymers toeduceits moisture, grease, and gesnsport propertie¥: '

’® However, once these materials are adhered to the paper substrate, recyclability and
biodegradability are significantly reduced, leadingtal of life sustainabilitghallenges
similar tothose associated with conventional plastic packagifitis situation highlights
the need for alternative barrier coatings and laminates that can provide both oxygen and
moisture protection while maintaining the environmental benefits of fdagsad

substratesTherefore, a sustainable alternative is needed that can provide the same barrier
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functionality as petroleurbased liners while preserving the biodegradahditthe paper

substrate.

Among the most promising candidates for such applications are naturally abundant
biopolymers, which can be processed into functional coat@®gjtulose and chitin are the
most abundant polymers on edff? with annual natural production of %0
10'%(cellulose) and 16-102 (chitin) tons per yeaf 8! Cellulose processed into cellulose
nanocrystals (CNCs) via acid hydroly8isind chitin can be transformed into chitin
nanofibers (ChNFs) via base hydroly$i$* CNCs and ChNFs films have been shown to
have excellent oxygen barrier properties due to their high crystallinity and strong intra
sheet hydrogen bondirt§ Despite the excellent oxygen barrier properties, CNCs are
mechanically wedk and both CNCs and ChNFs very sensitive changes in relative
humidities (RH§2 which can drastically alter gas barrier properties. To help improve the
mechanical properties CNCs can be blended with ChNFs and be made into films but the
mechanical strength is still heavily dependent on the €d¢@centration. Teeduce the
impact ofbrittlenesghese materialsan be made thinnérrough coating bysing methods
such as doctor blade, spray, wire rod or slot die coating. One issue that arises from these
thin coats is that they are more susceptible to tearing, therefore a flexible substrate is needed
for support. Studies have used cellulosic matedalsoatings on flexible substrates such
as cellulose acetate (CA), poly(lactic) acid (PLA), poly(ethylene) terephthalate (PET) and

paper to improvéarrier performance anechanical stability of the coatingfs®¢28

In this work CNCs and ChNFs were coated on paper to improve its oxygen barrier
performanceTheoxygen permeability@P) of the coatings on paper was tested at 0% RH

to establish baseline understanding of performaAcpoly(hydroxyalkanoates) (PHA)
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film was used as the water barrier layer by laminating it on ceat@dncoatedaper. The
OP, NWVTR and mechanical properties of thdaminated paper samples were then

measuredt elevated humidities

2.2 Materials/Methods

2.2.1 Materials

NexCoat® smart paper (80 gsm) from Koehler Paper SE was used in this work.
The paper had a clegoated top surface (TS) and a stacolated reverse surface (RS).
Coatings were deposited on the etaated side, which allowed for better wetting between
suspension and surfacghitin nanofibers (ChNF) wepurchasedrom Sugino Corp (SFo
20005), and the supplied ChNF suspension contained 5% mass solids in water. Cellulose
nanocrystals (CNC) produced by sulfuric acid hydrolysis were provided by the U.S.
Departnent of Agriculture (USDA) Forest Products Laboratory and the CNC suspension
contained 10.6% mass solids in water with a 1.06 wt % of sulfur cdrdasatbn the dried
CNC. For this work the CNC andh@IF suspensions were diluted to 7 wt % and 4 wt %,
respectively with deionized water PHA films were sourced frorthe Mars Research

Institute.

2.2.2 SuspensioPreparation

The diluted suspensions of CNC and ChNFs were blended together using a
magnetic stir bar at 1000 rpfor 20 mins. The CNCs and ChNFs were blended at ratios
of 1:1.5, 1:2, and 1:2.5 (ChNF: CNC) where the ratios are based off the dry mass of the

polymers in suspensioffhese ratios were selected because Satam et al. demonstrated that
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increasing the chitin nanofiber (ChNF) content enhances mechanical properties while

causing minimal to no loss in barrier performafice.

2.2.3 Film Preparation

For comparison to coating results, figanding films were cast usifighNF and
CNC suspensions blendatimass ratios of 1:1.5, 1:and1:2.5 ChNF:CNCBIlends were
diluted to 1wt% using deionizedvater and cast into a 100 mm diameter petri dish.

Suspensions were left to dry uncovered at room temperature for 6 days.

2.2.4 Coating procedure

The paper was coated using a wire bar coater (K Control Coater Model 101). AK
bar #2 rod wire witha diameter of 0.15 mmata coating speed of 5.5 m/min and coating
gap of 350 um were used for the entirety of this wédk. suspension blends used for
coating had a solids content of 5.4 wt %teri®l ratiosdescribed aboveere coated on the
paper andeach layer was either dried on the stage of the wire bar coateP@tf6010
min or ovendried using a convection oven (Yamato DKN602C) at temperatur&8Qof
°C, 150°C, and 200C for 5 min before the deposition of another laydrcoated samples

were then placed in a desiccator at 12% RHLfdaybefore testing.

2.2.5 Lamination of coated paper

The coated paper was laminated using a polyhydroxyalkanoate (PHA) film. The
paper was either sandwiched or single side laminated with PHA ubea pressGarver

4386 at 150°C for 2 mins at a pressing pressuré&a0 kPa
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2.2.6 Imaging

Scanning electron microscop8EM) images were taken using a Hitachi SU8010
with an operating of voltage and amperage -di05kV and 5pA, respectivelySamples
were sputter coated using a ggldlladium mixture with a coating thickness of 6 nm. Cross
sections of samples made by soaking sampledHaxane for at least 30 minutes followed

by submerging them in liquid nitrogen for 5 minutes then cradkinging forceps.

2.2.7 Barrier testing

The thickness of tested samp¥easmeasured using a micrometer (Coolant Proof
Micrometer Series 293) in at least five differensipionsfor each sample. The OP values
were measured using an &Xan 1/50 (MOCON) and C230M (LabThink) instrument at
23°C and relative humidities (RH) of 0%, 50%, and 7%%r. example, initial assessment
of coated paper without PHA lamination was performed at 0% RH, to develop a baseline
understanding of the humidigensitive coatings. OP values for PH#ainated samples
were measured at both 50% and 75% RIN.TR values were measured using a
PERMARTAN-W 1/50 instrument (MOCON) at Z& and 50% and 75% RH where the
dry side was set to 5% RN-WVTR values were calculated by multiplying WVTR values

by the samples thickness (mm}.least 2 samples were used for each measurement.

2.2.8 Mechanical testing

The mechanical properties of the films were measured using ahrmighput
mechanical characterization (HTMECH) instrument which applies biaxial tension on the

sample with an indentéf.In HTMECH testing, freestanding films clamped along a
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circular edge were indented out of plane using a hemispherical probe connected to a force
sensor. This loading generated radial and azimuthalaime stressegFigure 2.11)

consistent with welkstablished analytical and numerical modélsdentation depth was
determined from the constant deformation rate (10 mm/s) and elapsed time. The measured
normal force was converted to anplane force using the film angle calculated from the
indentation depth and hole radius. Stress was then othtaynéividing this inplane force

by the initial supportedared ©~ x (r adi us ) . Straif wan cakculated byt hi c k
translating the normal displacement into radial deformation and normalizing by the initial

film radius. The ultimate tensile strength corresponded to the maximum stress observed in

the stresistrain curve® ENREF_91For mechanical testing at least 6 measurements

were made for all samples and a statistical evaluation was performed uses. a t

2.2.9 Chitin characterization

The degree of acetylation (DA) of ti@hNFwas determined using solgtate'3C
NMR spectroscopy on a Bruker AVIHD 300 MHz spectrometer, operating ath
frequency of 200 MHzChNFs suspension was dried and crushed intona@anddried
at 60 °C for 24 h, then packed into zirconia rotors. Spectra were acquired under cross
polarization magieangle spinning (CRMAS) conditions at a spinning speed of 10 kHz,
with 2,000 scans collected per spectrum. The DA was calculated from theersigtal
intensities by integrating the CC6 carbon resonancesfks) and the methyl carbon of

the acetamide groupc{ls) according to the equation DA =k / (Ic1.ce). %2 %3

2.2.10 Viscosity measurements
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Viscosity measurements of the ChNF:CNC 1:2 blend (5.6 wt %), ChNF (4 wt %),
and CNC (7 wt %) suspensions were performed using a HAAKE RheoStress 600
rheometer. Each suspension was subjected to shear rates ranging from 1001tis 2000

25 °C.

2.3 Results and Discussion

When blended and processed into freestanding films, the ChNF:CNC blends were
transparent and showed no noticeable visual differences among the different ratios (Figure
la c). The coated paper samples appeared similar to the uncoated neat paper; however,
when laminated with PHA, the paper samples became more transparent compared to both
the uncoated and coated papers (Figutedi €). This increase in transparency suggests
that during the lamination process, Plg@netratedhe paper matrix, thereby alteriitg
optical appearand® a more transparent appearamEeaimilar observation was reported
for cellulose derived from bamboo: when impregnated waithepoxyresin, the material
became more transparéf€illing the pores with a material of higher refractive index than

air reduces the refractiwedex contrast, eliminates air gaps, and suppresses light scattering,

thereby increasing ®he material s transpar
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Figure 2.1 Images of freestanding films of ChNF:CNC blends of a) 1:1.5, b) 1:2 and

RER—\

c) 1:2.5 ChNF.CNC mass ratio and d) neat paper, e) paper coated with 1:2
ChNF:CNC blend and f) coated paper with 1:2 ChNF: CNC blend laminated with

PHA. Scale bar : 2 cm.

The ChNF:CNC blend ratios of 1:1.5, 1:2, and 1:2.5 were selected because previous
work demonstrated that compositions within this range yieltedptimal balance of
mechanical properties with similaxygen barrier properti€8 The 1:1.5, 1:2, and 1:2.5
ChNF:CNCblends had OP values of 7.7, 4.2, and 21.1 cm3-um/m?2-day-kPa, respectively
(Figure22a).Neat paper had an OP value ekeseeding
results suggest that the 1:2 ratio represents the optimal ChNF:CNC composition for
minimizing oxygen transmission in this system. To further understand why the 1:2 blend
yielded the lowest OP value, density measurements were conducted. The egsaledr
that the ChNF:CNC 1:2 films had the highest density among the tested ratiosZIable

indicating that this composition promoted the efficient packlogng film formation,
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which is known to reduce diffusivity of gases in polyméngreby enhancing thexygen

barrier performanc® Satam et al. observed a similar trend, wtaechitin film with the
highest density exhibited the lowe3P among their series of filnfS.To understand the
influence ofdryingat elevated temperatures, which is important to scalability of the coating
processcoated samples were also dried at 100 °C, 150 °C, and 200 °C. Samples dried at
100 °C achieved the lowest OP value of 1.1 cm3-um/mz2-day-kPa, with OP increasing at
higher drying temperatures (Fige 2.2b). Studies using similar cellulosic materials as
coatings on substrates such as CA have reported an opposite trend, where oxygen
permeability decreased with higher drying temperattireBhis improvement was
attributed to an increase in the degredharification. One key difference betweeneth
presentwork andthe priorstudiesaboveis the coating solids concentration: in earlier
works, concentrations were typically below 2 wt%, whereas in this work the concentration
exceeded 5 wt%Chang et al. investigated the film formation of CNCs at concentrations
ranging from 2 wt% to 10 wt% and drying temperatures between 20 °C and 80 °C and
observed that film defects became increasingly prevalent at higher concentrations and
elevated drying t@perature$® CNC suspensions often form liquid crystalline or
nematic/tactoid phases as concentration increases during evapdt&mncodlike or
anisotropic particles, achieving ordered packing (nematic or cholesteric) requires both
alignment and sufficient space and mobility for rotational and translational
rearrangement$® When rapid solvent removal drives the particles too close together
before this alignment can occur, frustration arises, leading taligised domains, void
formation between misfit particles, and localized strain within thefili! These defects

can lead to poor film formation, resulting in diminished barrier performance at higher
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drying temperaturesSimilar phenomena likely explain the diminishing barrier properties
at higher drying temperatures observed here kaghlights the critical role that solids

concentration plays in governing drying behavior and film formation.
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Figure 2.2 OP of a) ChNF:CNC blends at various mass ratios coated on paper dried
at 60 °C and b) ChNF:CNC 1:2 blends at different drying temperatures. Test

conditions: 0% RH and 23 °C.Data that have different letters (a versus b) represent

statistical significance ofp < 0.05
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Table 2.1. Density measurements of frestanding films of ChNF: CNC blends at
various mass ratios. Differentletters (a versus b)jepresentstatistical significance of

p<0.05

ChNF:CNC w/w  Density (g/crd)

1:1.5 1.48 + 0.04
1:2 1.53+0.08
1:2.5 1.46 + 0.04

The mechanical performance of uncoated paper, coated paper, asthfrdiag
films of ChNF:CNC blends with various mass ratwsre investigated (Figure?.3).
Uncoated paper exhibited the highest ultimate tensile strength (UTS) and strain at break
(SB), while freestanding films consistently displayed the lowest vall@sestanding
films of CNCs and ChNFs have been shown to exhibit poor mechanical propepiies
work 8192 |n contrast, paper coated with ChNF:CNC blends exhibited significantly higher
mechanical properties than freanding films, closer to the values of uncoated paper. In
addition, o statistically significant differences in UTS 8B were observeds a function
of ChNF:CNCmass ratiosfor either the coated paper foee-standingfilms. Compared
to freestanding films, oating on paper allows for thinner filnasid the net structure has

improved UTS and SBThese results indicate that paper functions as an effective
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reinforcing substrate, providing mechanical stability to ChNF:CNC blends without altering
the relative performance of different blend ratiBarta et al. observed a similar effect
when nanocellulose suspensions were coated onto paper, with the paper acting as a
supportive substrate that enhanced the mechanical properties compared to neat

nanocellulose film&°3

(a) Freestanding film |(b) Coating
25 a ) a
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T 5
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Figure 2.3 Mechanical properties of uncoated paper compared with: (a) frestanding

films of ChNF:CNC blends and (b) ChNF:CNC blends coated on paper. The lower
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and upper boundaries of the shaded regionsepresent the 25" and 75" percentiles,
respectively. The median is shown as a haontal line. Different letters representp <

0.05.

For the remainder of this work, coatings were made using the ChNF:CNC 1:2 blend
ratio, with two coating layers applied and a drying condition of°@0Because the CNC
and ChNF oxygen barrier coatings are known to be sensitive to huffidtwe have
explored the performance of the coated paper when also laminated with PHACHh®s.
strategies to reduce the moisture sensitivity ofdzised materials include crosslinkitig
chemical functionalizatio®’® and the incorporation of nanoparticle additi¥&dHowever,
lamination was selected as approachthat does not require chemical modification or
additional components in the coating suspensidre PHA possesses meaningful water
vapor barrier propertiésand may also contribute towards a heat sealable fun€féh.
Coated and uncoated sheets of paper were laminated using PHA at a pressing temperature
of 150 °C and a pressure ®20kPa(Figure2.4a). To evaluate the effectiveness of PHA
as a moisture barrier, the OP and\AW/TR of neat PHA, laminated coated paper, and
unlaminated coated paper were measured at 50% RH and 23 °C. Neat PHA and
unlaminated coated papddl() had OP values of 118.1 and 16r83-um/m2-day-kPa,
respectively (Figur@.4b), indicating that even without the moistymetective PHAayer,
the coatng still possessesuperioroxygen barrierproperties tharPHA at 50% RH
However, the OP at 50% RH of coated paper was elevated by a factor ~4 of compared to
the OP at 0% RH. To address the humidity sensitivigted paper was laminated in two
configurations: PHA in contact with tHeNC-ChNF coating (coated side) and PHA in

contact with the nowoated side. The coatsttle and noftoatedside samples had OP
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values of 23.9 and 10.8 cm3-um/m2-day-kPa, respectively, with the esided
configuration showingarger standard deviation than the uncoatiee PHA lamination.
While the reasons for these differences are uncliay may related to potentidhmage

to the coating during laminatipwhen the PHA is in direct contact with the coating during
the thermal exposurd-or example, there areubstantial differences IWTS and SB
between freestanding films of the coating and the neat paper (Figue Compaed to

the UL sample(OP = 16.2cm3-um/m2-day-kPja the noncoatedside laminatiorhad a
reduced OPof 10.8cm3-um/m2-day-kPa, indicating that PHA helped protect the coating
from its moisture sensitivityTo investigate the effects of fully encapsulating the sheet,
coated and uncoated paper samples were laminated on both sides witfhizH¥as done

to construct a material design that mimics real packaging, where a mdatuex layer

is typically applied to both side¥he doubldaminated coated paper had an OP value of
3.0 cm3-um/m2-day-kPa, while the doutiéeninated uncoated paper had an OP value of
40.0 cm3-um/m2-day-kPa. These results show that coated paper laminated on both sides
provided the lowest OP valuef all samples measured at 50% Rbut they also
demonstra that while lamination improves barrier performance, the ingais still
essentiato reducing OPIn comparisonChen et al. conducted a similar double lamination
on a CNC film using PLA as the laminate and moisture barrier, which resulted in an order

of-magnitude reduction i®P at23 °C 50% RH.!!

Similar to the OP measurements, th&\N'TR measurements were done on PHA,
coated, uncoated, laminated, and dodéleinated samples at 28 and 50% RH (Figure
2.4c). PHA, a watetbarrier material, had an-WVTR of 1.1 g-mm/mz2.day, while the

unlaminated coated paper had alevatedN-WVTR of 24.1 g-mm/m?-day Single
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laminations of PHA on coated paper, applied to either the coated side or theated
side, had NWVTR values of 4.0 and 3.4 g-mm/m2.day, respectively. Siagle
lamination reduced the -WVTR of the coated paper, with the nooatedside
configurationachieving the lowest value. Thigrallelsthe OP results, whepdacing the
PHA on the uncoated side of the paper led to better barrier performatnes fully
encapsulateavith PHA on both sidesthe coated and uncoated samples hat/\\I'R
values of 1.41ad 1.6 g-mm/mz2-day, respectively, whislereonly slightly higher than that
of neat PHA(N-WVTR = 1.1 g-mm/m2.day Since the coating did not significantly
contribute to the moisture barrier in this case, PHA waptineary contributor to the N
WVTR, resulting in similar moisture barrier propertiesgardless of which side was

laminated
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Figure 2.4 a) Schematic of lamination process of coated paper with PHA, pxygen
permeability (OP) and c) Normalized water vapor transmission rate (NWVTR) of
neat PHA, paper coated with a 1:2 blend of ChNF:CNQnlaminated (UL ), with PHA
laminated on the coated side of the papelLCS), with PHA laminated on the non
coated side of the paperl(NCS), coated paper laminated with PHA on both sides
(LBS) and paper with no coating with PHA laminated on both sidesy{CLBS). Test

conditions: 50% RH and 23 °C.Different letters representp < 0.05.
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To further investigate the effectiveness of PHA as a moisture blayesr samples
were tested at an elevated humidity of 75% RH (Figure 2.5). Neat PHA showed a slight
decrease in OP from 118 to 16®3-um/mz2-day-kPan going from 50% RH to 75% RH,
respectivelyMartinezSanz et al. observed a similar phenomenon for PHAs, where OP
values decreased at higher humidities and attributed it to a reduction in oxygen solubility
caused by the occupation of free volume by water molecules at high water ativity
Increasing RH from 50% to 75% caused the OP of the unlaminated coated sample to rise
dramatically from 16.2 to 48D cm3-um/m2-day-kPa, confirming its high moisture
sensitivity. In contrast, doublaminated coated paper showed only a modest increase from
3.0 to 6.7cm3-um/m2-day-kPa, and douldmminated uncoated paper increased from 40.0
to 64.7cms3-um/mz2-day-kPa, demonstratitfge moisture protection provided by PHA: N
WVTR values showed a similar trend to that of OP measurements, wRargTR
increased at higher humidities (Figure 2.3tHlA exhibited a slight increase inWVTR
from 1.1 to 1.5 g-mm/m2.day, while tHéL coatedpaper value doubled from 24.1 to
48.2g-mm/m2-day when RH increased from 50% to 7B%ublelaminated samples of
coated and uncoated paper, like OP trends, exhibited a modest incread&/inRfrom
1.4 to 2.7g-mm/m?2-day for coated samples and from 1.8.8g-mm/m2.day for uncoated
samplesThese results indicate that while the PHA layer provides protection to the OP
values under elevated humidity, the combidedVVTR and OP performance requires
contributions from both the PHA and CNC/ChNF layers, which act somewhat
independently to achieve the dual barrier properfiesspite the increases in both N
WVTR and OP at elevated humidity, tdeublelaminated samplesf coated papestill

exhibited values comparable to or lower than those of PET, which typlas an N
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WVTR of 0.5t0 2 g-mm/m2-day and an OP of ®50 cm3-pm/m?2-day-kPA® The double
laminated samples also exhibitedP Qvalues lower than those dPE (50012000
cm3-um/m2-day-kPa) anBP 600' 1000 cm3-um/m2-day-kPa); however, theiWMVTR

was still higher than that of PP, which typically ranges from 0.2 to 0.4 g-mm/nf€.day
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Figure 2.5 a) OP and b) NWVTR of laminated and unlaminated (UL) coated paper

at 50 % and 75 % RH at 23 °C. Refer td=igure 4 for definition of the layer colors

2.4 Conclusion

This study demonstrates that blending ChNFs and CNCs at a 1:2 mass ratio produces
dense coatings with excellent oxygen barrier performance when applied to Paper.
served as an effective reinforcing substrate, providing mechanical stabilityré&dettneely
wealker ChNF:CNC films. The optimized blend achieved an OP otfin3:pum/m2-day-kPa

at 0 % RH; however, the OP increased to 16.2 aB@ dh3-um/m2-day-kPa when exposed

39

LBS

UCLBS



to 50 % and 75 % RH, respectivel vy, highl i
Laminating the coated paper with PHA effectively mitigated this moisture sensitivity

while improvingwater vapoibarrier performanceSingleside PHA lamination improved

both OP and NWVTR, with better performance when the PHA was appicethe non

coated side of the papédfully encapsulating the coated paper with PHA on both sides
yielded the lowest overall OP (3.0 cm3-um/m2-day-kPa at 50 % RH and 6.7
cm3-um/m2-day-kPat&/5 % RH) and reducedWV TR t o values close to
g-mm/mz2.day). These results demonstrate that while PHA primarily governs moisture
protection, the ChNF:CNC layer remains critical for achieving high oxygen barrier

performance, with each layeontributing independently to the dual barrier functionality.

Thiswork outlines a practical pathway to create hpgrformance, bidased barrier
papers by combining ChNF:CNC coatings with PHA laminates. The resulting multilayer
design matches the oxygen and moisture barrier capabilities of conventional plastics like
PET, paitioning it as a strong sustainable alternative for Hgexteration packaging

solutions requiring dual protection.
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Figure 2.6 NMR spectra of ChNFs.
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Paper

| Coating

Figure 2.8 SEM images of the top view of a) Uncoated paper and b) paper coated with
1:2 ChNF:CNC blend and the crosssection of ¢) Uncoated paper and paper coated

with 1:2 ChNF:CNC blend.
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Figure 2.9 SEM images of crosssection of coated paper laminated with PHA at

various magnifications.
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CHAPTER 3. MECHANICAL AND BARRIER ENHANCEMENT
OF POLY(HYDROXYALKANOATE) FILMS WITH CH ITOSAN-

MINERAL COATINGS

3.1 Introduction

PetroleurAbased plastics are widely in packaging used due to their low
manufacturing cost, versatility and strong mechanical propétfiéhese plastics are
typically derived from polymers such as poly(ethylene terephthalate) (PET), polystyrene
(PS), polyethylene (PE), and ethylémmyl alcohol (EVOH), all of which exhibit very
low biodegradabilityunder environmental condition¥ However,in packagingthese
materials are notoriously difficult to recycle due to the complexity of multilayer structures
and the use of adhesives that hinder separation during reprocéssitany of these
multilayer packaging have a large carbon footprint and contribute to environmental
challenges because they often end up in landffi$}’ To address this issue, there is a
need for alternative materials that retain the advantages of petrblesed plastics while
also being biodegradableenewably sourcedand support multilayer recyclingi et al.
demonstrated that PET films coated with renewable, biodegradedyigen barrier
materialsmight be successfully recycled: the Hiased coating was removed during

washing, reapplied, and maintained its barrier performance with minimal redt/ction.

Chitin and chitosan are promising alternative to conventional barrier plastics
because of their low excellent oxygen transmission €igosan is watesoluble form of

chitin with a degree of acetylation less than 50 % makiigHowever,c hi t osanéds
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hydrophilic functional groups make it highly moisttgensitive, and water uptake at
elevated humidity disrupts hydrogen bonding and reduces barrier perforhrambés
limitation can be mitigated by chemical crosslinking, which decreases hydrophilicity and
i mproves moi sture resistance, thereby help
humid conditions!® *2°While chemical crosslinking enhances the barrier performance of
chitin films by reducing moisture sensitivity, it often introduces brittleneg$" making

the material more prone to cracking under stress and thereby limiting its utility as-a stand
alone packaging material. This drawback can be mitigated by applying chitin as a thin
coating on a flexible substrate, which allows stresses to dissipageatiectively across

the supporting material and improves the overall durability of the barrierf@tudies

have also shown that incorporating nanoparticles or mineral fillers into polymer matrices
can significantly enhance their mechanical streagith barrier performand®y improving

stress transfer, reducing crack propagation, and reinforcing the polymer n&tétk.

Zheng et al. reported that incorporating BNT into cellulose nanofiber (CNF) films
enhanced both oxygen barrier and mechanical perforntdhderefore, BNT was
selected as a filler in this work to reinforce the chitased coatings and improve their
mechanical strengtlBNT compositions were selected based on the findings of Zéeng
al., who reported that cellulose nanofibbientonite (CNFBNT) composites achieved
maximum mechanical strength at 30 wt% BNT, with reduced performance observed at
higher loadings (45 wt9BNT). Consequently, compositions below this threshold were

chosen in the present wot¥

I n this paper we explore a combination

(PHA) was selected as the substrate becaus
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and favothablre ewafelrda heorutgihe PHA i s a flexible
|l ow water vapor transmission rate, it cannoct
oxygen barrfEhermpefopreetielsitosan w&harrneorp
|l ayer in the f orChodeah waa ss wrsfeadc ea ncdo acthiemg c al |
CAt hrough a condensation reaction, a modi f
transmission rate (WVTR) and th&taedyesenham:
shown that CA can serve as an effective cr

chitosan AHmoavteivregs od¢ r ocshsol fi bnekai nn lpe adlesc rtem s e i

mechani callo satdrderegstsh.t hi s | imitation, system
with CA have been explored, as BNT can act
weakening typically &Lausoeinatl gd wihthecmaoesin

on TCABNT coatings applied to PHA for barrie
PHA, <chitosan, CA, and BNcdoatkiarkeg cembpaeetiot

and to examinesthreefsfsmectbhanheakr Tdaev aleuatpa of

e fects of mechanical stress on barrier per
tests to simulate the mechanical def or mat i
handl i ng, and consumer us e, foll aowedncley b
retention. This approach provides insight
under realistic service conditions.

3.2 Materials

Chitin powder was obtained from Afla Aesar. ACS reagent grade citric acid (CA)
monohydrate, Bentonite (BNT) clay (mean particle size ~5 um ) and galactic acetic acid

were obtained from Sigma Aldrich. PHA films were obtained frivlars Advanced
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Research Institute Sodium hydroxide pellets (NaOH) were obtained from VWR

International.

3.3 Methods

3.3.1 Chitin deacetylation

A 40 wt% NaOH solution was prepared by dissolving 228.6 g of NaOH pellets in
343 g of deionized water in a 1 L roubdttom flask. The mixture was stirred fori 2B
min until fully dissolved and transparent. Subsequently, 16 g of chitin powder was added
to the NaOH solution under magnetic stirring to form a suspension. The flask was fitted
with a reflux condenser and placed in an oil bath maintained atL&60°C. Once the
suspension began boiling, the reaction time was initiated and maintained fét Thb.
end of the reaction, the suspension was quenched immediately with deionized water to
terminate theeaction The resulting mixture was passed through a 45 um staistiesk
mesh, and the retained chitin solids were washed repeatedly with water until the pH of the
filtrate matched that of the wash water. A final washing step was performed with deionized
water.The washed solids were then dried in a conventional ovéh°&t for 12 16 h.The
dried chitin powder was redispersed in deionized water undgnatic stirring. Acetic
acid was added to adjust the pH to ~3. The resulting solution was prepared to a final solids

content of 0.5 wt%.

3.3.2 Chitin solutions/suspensions preparation

Chitosansuspensions were prepared dgdingcitric acid (CA) and/or bentonite

(BNT) into a 0.5 wt% chitosan solutioBuspensions were mixed using magnetic stir bar
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with a mixing speed of 250 rpm for 30 ming.he concentration of each additive was
expressed as XX wt%, calculated relative to the dry mass of chitin present in the solution.
For example, a@bkcriptiono f10GA 0 i nd i 0wttt €A was dddet with respect

to the chitin content.

3.3.3 Coating method

Polyhydroxyalkanoate (PHA) films were secured flat ontnch rectangular glass
slides using thermal tape. To imprd®E A surface wettability, the taped films were treated
in adigital UV ozone machine (Novascdny 5 min prior to coatingChitosan blends were
coated onto PHA films using a doctor blade at a coating speed of 5 mm/s, a gap height of
1.5 mm, and a stage temperature of 60 °C. After coating, the films were dried in an oven
for 10i 12 hours. Only a single coating layer was appieedach PHA filmHeattreated
(HT) films were placed in an oven at 120 °C for 2 hours following the initial drying at 60

°C.

3.3.4 Chitin characterization

The degree of acetylation (DA) of the chitin samples was determined using solid
state’>C NMR spectroscopy on a Bruker AVAHD 300 MHz spectrometer, operating at
a'H frequency of 200 MHz. Powdered samples were first dried at 60 °C for 24 h, then
packed into zirconia rotors. Spectra were acquired under-pab@szation magiangle
spinning (CPMAS) conditions at a spinning speed of 10 kHz, with 2,000 scans collected
per spectrunfFigure 39). The DA was calculated from the relative signal intensities by
integrating the CllC6 carbon resonances{ks) and the methyl carbon of the acetamide

group (kna) according to the equation DA =%k / (Ic1.ce). 92 %3
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3.3.5 Thermal Analysis

Differential scanning calorimetry (DSC) was performed on PHA films using a DSC
3+ instrument (Mettler ToleddJrigure 3.8) Samples were scanned fréd®0 to 180 °C at
a heating rate of 20 7@in. Heat flow values were recorded from the first heating cycle.
Thermogravimetric analysis (TGA) was conducted on chi@ih films using a TGA/DSC
3+ system (Mettler Toledo). Samples were first heated from 25 to 60 °C and held
isothermally at 60 °C for 2 h to remove residual moisture. They were then heated from 60
to 120 °C and held at 120 °C for 2 h to simulate thermal treatment, followed by a final
heating ramp from 120 to 700 °C. All heating steps were carried out at a constant rate of

20 °dmin.

3.3.6 Mechanical testing

The mechanical properties of the films were measured using ahnmighput
mechanical characterization (HTMECH) instrument which applies biaxial tension on the
sample with an indenté?.Samples were tested with an indenter diameter of 500 um,
testing radius of 15 mm and puncture speed of 10 mm/s, with the coated side being
punctured first. For mechanical testing at least 6 measurements were made for all samples,

and a statistical evadtion was performed using dest.

3.3.7 Barrier testing

The thickness of tested sampleasmeasured using a micrometer (Coolant Proof
Micrometer Series 293) in at least five differensipionsfor each sample. The OP values

were measured using an &Xan 1/50 (MOCON) and C230M (LabThink) instrument at
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23 °C and relative humidityRH) of 50% WVTR values were measured using a
PERMARTAN-W 1/50 instrument (MOCON) at 2& and 50%RH where the dry side

was set to 5% RHN-WVTR values were calculated by multiplying WVTR values by the
samples thickness (mm)lhe barrier properties of tHeA-BNT coated PHA films were
evaluated in two configurations: uncurled and curled. Uncurled samples remained flat prior
to testing, whereas curled samples were wrapped aroB8crandiameter rod with the
coating facing outward and stored in this configuration for 24 h before teStiagurling
method was adapted from ASTM F392/F392M (Standard Practice for Conditioning
Flexible Barrier Materials for Flex Durability) but modified to use a cylindrical rod in place

of the Gelbo shaft?®

3.3.8 Imaging

Scanning electron microscop8EM) images were taken using a Hitachi SU8010
with an operating of voltage and amperage -405kV and 25uA, respectivel\samples

were sputter coated using a gglalladium mixture with a coating thicknesstafim.

3.4 Results and Discussion

Deacetylated chitin used in this work was found to have a degree of acetylation
(DA) of 7 % (Figure3.9), classifying this material in this work as chitosan. Chitosan can
be defined when chitin has a DA value less than 50 % making it a-sadtdirle form of
chitin under acidic condition$®Neat PHA films were transparent in appearance; however,
incorporation of cliosanfilms imparted a noticeablerownishcoloration (Figure3.1).
Similar browningeffects have been reported in the literature for both elahd chitosan

based films upon dryintf® 3 With the incorporation of BNT and CA, the films more
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closely resembled the transparent appearance of neat PHA, exhibiting less yellowing than
those coated with clusanalone. Upon heat treatment, however, all films except the neat
PHA developed a more pronounced brown colorafitnis browning can be explained by
Maillard-type reactions, in which the amino groups of chitin react during heating to

generate chromophores such as melanoidins, which are {oaaned pigmentss!
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Figure 3.1 Optical images of nonrheat treated (HT) samples of a) Neat PHA, b)
Chitosan coated on PHA, c) 10 CA 15 BNT chitosan blend on PHA, d) 20 CA 5 BNT
chitosan blend on PHA, e) 30 CA 10 BNT chitosan blend on PHA and HT samples of
f) Neat PHA, g) Chitosan coatd on PHA, h) 10 CA 15 BNT chitosan blend on PHA,
i) 20 CA 5 BNT chitosan blend on PHA, j) 30 CA 10 BNT chitosan blend on PHA.

Scale bar represents 2 cm.
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Thermogravi metric analysis (TGA) reveal
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Figure 3.2 a) Oxygen permeabiliiy (OP) and b) Normalized water vapor transmission
rate (N-WVTR) of chitosar/CA blend coatings on PHA with and without heat

treatment (HT). Samples were tested at 5% RH at 23 °C.

OP and NWVTR measurements were performed on chiteBBIT (Chi BNT)
blendsthat were coated onto PHAvith and without HT to investigate the influence of
mineral content on barrier performance (Fig8t8). BNT compositions were selected
based on the findings of Zhemyg al, who reported that cellulose nanofibkkntonite

(CNF BNT) composites achieved maximum mechanical strength at 30 wt% BNT, with
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reduced performance observed at higher loadings (45 ®144). Consequently,

compositions below this threshold were chosen in the present'tfork

Both norHT and HT rat PHA films exhibited the highest OP1#2 and118
cm3-um/ma2-day-kParespectivelycompared to the GBNT-coated sample3.he addition
of BNT significantly reduced the oxygen permeability (OP) of both neat PHAlatoban
coated PHA, yielding values of 2.4, 4.0, and 2.6 cm3-um/m2-day-kPa for the 10 BNT, 15
BNT, and 30 BNT coatings, respectively. Zheng et al. reported a similar trend for cellulose
nanofibrils blended with BNT{CNFBNT), where the incorporation of mineral fillers
loweredthe OTR from 19.7 to 10.5m3/m2-day?® After thermal treatment, however, the
OP of the CEBNT films increased to 5.1, 5.9, and 3.9 cm3-um/mz2-day-kPa for the 10 BNT,
15 BNT, and 30 BNT coatings, respectively. These results indicate that while BNT
effectively enhances oxygen barrier performaitsegontribution diminishes slightly after
thermal exposurdyut the effect becomes less pronounced at higher mineral loadings.
WVTR results revealed that the addition of BNTctotosandid not improve the moisture
barrier performance of PHA; there was no significant difference\WW\KI'R between the
Chi BNT coatings and neat PHA (~1.1 g-mm/mz2-day), regardless of heat treatment. These
findings suggest that BNT provided no overall enhanceniie water vapor barrier
properties, as the values remained comlplarto those of theeatPHA films. Zheng et al.
reported a similar observation for CNBNT films, noting no significant change in WVTR
with increasing BNT conterit® The inherent hydrophilicity of bentonitenay promote

water sorptiorthuscounteradhg improvements in water vapor barrier performahi¢é=>
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Figure 3.3 a) OP and b) NWVTR of Chitosan-Bentonite (BNT) blend on PHA with

and without heat treatment (HT). Samples were tested at 50% RH at Z&.

To investigate the mechanical influence of CA and BNT as an additive; coatings of
these materials blended with chitosan were coated on PHA with and without thermal. Neat
PHA exhibited the highest ultimate tensile strength (UTS) and strain at break comapared
the CRCA and ChBNT blends coated on PHA (Figure 4). Coabdend samples showed
an order of magnitude reduction in strain at break relative to neat PHA. Specifically for

Ch-CA blends, the mechanical properties before HT did not change significaittly w
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increasing CA content; however, after HT, both UTS and strain at break were reduced by
approximately half. This decrease may be attributed to crosslinking between chitosan and
CA induced during thermal exposure, which could embrittle the coating and wigaken
mechanical performance. Other studies have also reported that polysaccharide films
incorporating CA exhibited a reduction in ductility as the CA content increé&sé&d.**?
Ch-BNT coatings exhibited mechanical properties similar teG2hbefore HT. After
thermal treatment, the mechanical properties ofBOH coatings remained largely
unchanged compared to their Al counterparts and displayed higher UTS and strain at
break than the heatreated CHCA coatings. These results indicate that Bb&sed
coatings are less susceptible to thermally induced changes in mechanical strength

compared to CICA coatings.
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Figure 3.4 a) Ultimate tensile strength (UTS) and b) Strain at break (SB) of a neat
PHA film, PHA coated with chitosan, PHA coated with chitosarcitric acid (Ch-CA)
blends and PHA coated with chitosarbentonite (Ch-BNT) blends. Different letters

represent p < 0.05.

Chitosanbased blenslcontaining CAand BNTwerecoated onto PHA, with CA
included to enhance barrier performance and BNT to provide mechanical reinforcement
The barrier properties of the blends and neat PHA were evaluated in two configurations

uncurled(as coatedand curledas described previoushy simulate the mechanical stresses
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commonly encountered during manufacturing and consumer use (Biguré&Neat PHA

films showed no significant changes in OP (~Xb&-um/m2-day-kPaand NWVTR
(~1.1g-mm/mz2.day values before and after curlingimilar to the singleomponent Ch

BNT and CRCA systems, neat PHA exhibited the highest OP in both configurations
compared with the GRA-BNT blends.For the uncurled samples, OP ane\iWV/TR
decreased with increasing CA content, with theGZRBNT blend containing 30 wt% CA
and 10 wt% BNT exhibitig the lowest values, having an OP of 0.5 cm3-um/m2-day-kPa
and an NWVTR of 0.6 g-mm/m2-daySince the ChCAiIBNT blends exhibited lower
barrier properties compared to the singtenponent ChCA and CHRBNT coatings,
curling durability studies were conducted only on the ©&i BNT coated sample§Vhen
curled, the OP values increased compared with their uncurled counterparts, and the
magnitude of this increase grew with higher CA content, except for tHeACBNT 10

CA 15 BNT blend, which showed no significatitange after curlingFor example©OP
values increasefiom 1.4 to 20 cm3-um/mz2-day-kPa for the 20 CA 5 BNT blend and from
0.5 to 3.9 cm3-um/m2-day-kPa for the 30 CA 10 BWFWVTR values for the uncurled
samples decreased with increasing CA content. Upon curliWgVNR increased, though

the changes were smaller than those observed for OP. SpecificAl/ TR increased
from 0.8 to 1.1 g-mm/mz2-day for the 10 CA 15 BNT blend, from 0.7 to 0.8 g-mm/mz2-day
for the 20 CA 5 BNT blend, and from 0.6 to 0.9 g-mm/m?2-day for the 30 CA 10 BNT blend.
Lu et al. reported a similar obseation for thin barrier films placed in a curled configuration
for an extended periodt a 10 mm radius of curvature, which showed an increase in
WVTR.13%¢ They attributed this rise in permeability to the formation of pinholes and

microcracks. In the present work, although permeability increased after curling, the

63



materials still maintained excellent barrier performance, indicating that any defects formed
were limited and had only a minor impact on overall barrier effectiveresshe case of

the CRCA-BNT 30 CA 10 BNT blend, despite the increases in barrier performance, curled
samples still exhibited OP and-WVTR values better than neat PHA. These results
demonstrate that these blends still possess excellent barrier poparteare still
comparable to petrolewmased plastics such as PET (OP =d0B-um/m2-daykPaand N

WVTR = 2g-mm/m2-day*® and PE (OP = 500m3-um/mz2-day-kPa@and NWVTR = 0.4

g-mm/mz2-day*® after being exposed to mechanical stresses.
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Figure 3.5 a) OP andb) N-WVTR of Chitosan-Citric Acid - Bentonite (Ch-CA-BNT)

blendson PHA before and after curling. Samples were tested at 50% RH at 28.

The mechanical properties of the -CA-BNT blends coated on PHA were
evaluated at various compositions (Fig@r@). Neat PHA exhibited the highest ultimate
tensile strength (UTS) df9 MPa, followed bychitosancoated PHA all0 MPa. The Ch
CA-BNT coatings showed UTS values®MPa for 10 CA 15 BNT, 4 MPa for 20 CA 5
BNT, and 3.1 MPa for 30 CA 10 BNT, indicating a decrease in UTS with increasing CA

content. Neat PHA also had the highest strain at break (52.8 %), which dropped
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substantially after coating with the @A-BNT blends. Strain at break values were 4.3 %

for chitosan 4.1 % for 10 CA 15 BNT, 4.9 % for 20 CA 5 BNT, and 3.6 % for 30 CA 10

BNT.

Strain at break, %

Figure 3.6 a) UTS and b) SBof neat PHA, coating of blend ofchitosan-citric acid-

bentonite blends on PHA with heat treatmen Different letters represent p < 0.05.
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3.5 Conclusion

This work demonstrated the successful design of biodegradable barrier coatings by
combiningchitosarcrosslinked with CA and reinforced with BNT on PHA films. Thermal
crosslinking improved the oxygen and moisture barrier performance, with optimal results
achieved at moderate CA contents. The addition of BNT further enhanced oxygen barrier
properties andnechanical stability, though its hydrophilicity limited improvements in
water vapor resistance. Thei@AI BNT coatings maintained strong barrier performance
after curling, showing durability under simulated handling stresses. Importantly, the
optimized coatings achieved OP aneMiWW/TR values comparable to petroletased
plastics such as PET and PE, demonstrating thdidsed coatings can deliver competitive
barrier performanceven after some form of mechanical stres3és work showshat
chitosanbased composite coatings represent an effective, sustainable alternative to
conventional plastics while maintaining biodegradability and compatibility witlalsieal

packaging processes.

67



3.6 Appendix
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Figure 3.7 TGA of a) chitin, citric acid, chitin -citric acid (Ch-CA) films are various

CA content with no heat treatment and CR30CA film with heat treatment, b) Ch-

30CA held at 120°C for various times, and ChR30CA film with and without heat

treatment.
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Figure 3.10 SEM images of a) Cross section and b) Top view of PHA film, c) Cross
section and d) Top view of chitosan coated on PHA, and Top view of e) GBCA-
10BNT on PHA, f) 30CA on PHA and g) 30 BNT on PHAScale bars represent 50

pm.
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CHAPTER 4. HIGH BARRIER PERFORMANCE CELLULOSIC

FILMS ENABLED BY ATOMIC LAYER DEPOSITION

4.1 Introduction

Packaging materials play a critical role in protecting products from gas permeation,
moisture ingress, and physical damage. Conventional packaging is typically produced from
petroleumderived plastics, which are noanewable and nebiodegradable and thefore
often accumulate in landfills at the end of their life cyéfeAs a sustainable alternative,
bio-based materials such as cellulose, particularly in the form of cellulose nanocrystals
(CNCs) and microfibrillated cellulose (MFCs), have been investigated for use in
packaging:3*13® CNC and MFC films exhibit excellent oxygdxarrier propertie§* 14 an
essential feature for extending product shelf life; however, both are highly sensitive to
humidity,1** *42which severely degrades their barrier performance. CNC films also tend to
be mechanically weak because of their high crystallinity, which makes them prone to
cracking and subsequent barrier failure, whereas MFC films are mechanically stronger due
to theirlower crystallinity**® To improve mechanical performance, blends of CNC and
MFC have been explored, combining the stiffness and barrier potential of CNC with the
toughness of MFCVarious strategies have been investigated to reduce the moisture
sensitivity of cellulose, including chemical crosslinking, hydroxyl functionalization, and
physical coating with hydrophobic layefd. However, these approaches have notable

limitations: chemical modification can embrittle cellulose and reduce mechanical integrity,
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while physical coatings can complicate recycling by creating multilayer structuresithat

bedifficult to separate.

In this work, & alternative strategy involves using atomic layer deposition (ALD)
to deposit a nanometric aluminum oxide (AJ@oating on CNCMFC films. This thin
inorganic layelincreasesurface hydrophobicity, significantheducesoxygen and water
vapor transmissionates and mitigates the humidity sensitivity of the cellulose network
without introducing complex multilayer separation challenges. Addated cellulose
films represent a promising pathway toward sustainable, biodegradable packaging
mateaials that combine strong barrier performance with improved durability, offering a

viable alternative to conventional petrolednased plastics.

4.2 Materials and Methods

4.2.1 Materials

Cellulose nanocrystals (CNCs) produced by sulfuric acid hydrolysis were obtained
from the U.S. Department of Agriculture (USDA) Forest Products Laboratory, with the
supplied suspension containing 10.6% solids by mass in water. Microfibrillated cellulose

(MFCs) was provided by Suzano Co. as a 4.4% solids suspension in water.

4.2.2 Film preparation

Both CNCs and MFCs were diluted to 1 wt% suspensions using deionized water.
The CNC suspension was mixed for 5 min at 300 rpm using a magnetic stirrer, while the
MFC suspension was mixed for 5 min at 1000 rpm using a drill fitted with an impeller

blade. MFEC:CNC blends ranging from 100:0 to 80:2@ass ratiosnvere prepared by
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combining the 1 wt% suspensions at a mixing speed of 1000 rpm for 5 min. The mixed
suspensions were then cast into 100 mm diameter polystyrene Petri dishes and left to dry

uncovered in a cabinet under natural airffow4-5 days or until film was visibly dry.

4.2.3 Atomic layer deposition

Atomic layer depositioALD) was done in a static pressure reactor using trimethyl
aluminum(TMA) and water.Reactions were done at 80 °C with a background pressure of
1 mTorr and TMA dose pressure of ~0.2 Torr and water pressures of 0.4TMorwas
held for a 5 min exposure, th@umped and purged with nitrogelWater was then held
for 5 min and pumped and purged with nitrogen. One to fifty cycles of the TMA/water

dosing process were investigated.

4.2.4 Barrier testing

The thickness of the tested samples was measured with a micrometer (Coolant
Proof Micrometer, Series 293) at a minimum of five different positions for each sample.
For all barrier testing, samples were masked with aluminum fdiat@an exposed test
area ranging from 1.98 to 5 cn@xygen transmission rates (OTR) were determined using
a C230M (LabThink) instrument at 23 °C and 50% relative humidity (RH). OTR values
were converted to oxygen permeability (OP) by multiplying the OTR by the sample
thickness |im) and dividing by the partial pressure of oxygen (101.3 kPa). Water vapor
transmission rates (WVTR) were measured using a PERMATRAN50 (MOCON) at
23 °C and 50% RH, with the dry side set to 5% RH. Normalized WVFR/{N'R) values
were calculated by mupblying the measured WVTR by the sample thickness (rBiaxyier

data in this work represents at least 2 different samples measurements.
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4.2.5 Mechanical testing

The mechanical properties of the films were measured using ahnmighput
mechanical characterization (HTMECH) instrument which applies biaxial tension on the
sample with an indentéf® For mechanical testing at least 6 measurements were made for

all samples, and a statistical evaluation was performed usitesa t

4.2.6 Contact angle

Contact angles were measured using a goniometer (Riamé&40439) where 20ul
of DI water was dropped on MFC:CNC films. Each data point represents 3 measurements

that were taken for each sample.

4.2.7 XPS

Prior to measurement, cellulose films were placed in a vacuum chamber at 120 torr
overnight to dry. Additionally, the films were placed in the XPS loadlock chamber for ~ 1
h prior to transfer from analysis chamberray photoelectron spectroscopy (XPS)swa
done using a Thermo Scientific&l pha system wit h Xaaysooroeo c hr on
(1487 eV) having a 60° incident angle and 90° emission collection angle. Survey scans
were collected at a step size of 1 eV. 2 survey scans were obtained for eaeh Sjmget
resolution scans were collected at a step size of 0.1 eV with 10 scans for each spectra.

Adventitious carbon (248.8 eV) was used as the charge reference for the analysis.

4.3 Results and Discussion

4.3.1 Atomic layer deposition of alumina onto cellulose films
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Figure4.la shows the XPS survey spectra for a MERC film untreated (black)
and one exposed to 10 cycles of TMA (red). The clear Al peak near 75 eV in the 10 cycle
curve shows clear deposition of Al from the ALD treatment. Figutl shows the hies
Al 2p spectra for a film exposed to 10 cycles of TMA. The spectra contains a single peak
centered at 74.43 eV. Prior literature has shown that the Al 2p spectra of AIOx presents as

a single peak despite being a 2p spectra where you mkpietct peadsplitting. 146 147
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These same studies have foute Al 2p peak for AlQto be around 74.5 eV, giving very

strong indication that the Al present is in the form of an oxide.

(a)

Intensity, a.u
z

_—__J\_A——-L A&__
0 50 100 150 200 250 300
Binding Energy, eV

Figure 4.1 XPS survey of MFC:CNC 90:10 film a) Untreated and b) Treated with10

ALD cycle treatment.

Freestanding films of MFC:CNC at a mass ratio of 90:10 exhibited a transparent
appearanceith a slight haze before and after ALD treatm@igure4.2). Films prepared

at other mass ratios showed a similar visual appearance to the 90:16vdaraiter ALD
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treat ment . Showing that ALD treatment didn

of MFC:CNC films.

Figure 4.2 Optical image of MFC:CNC 90:10after a) 0 ALD cycles and b) 10 ALD

cycles. Scale represents 2 cm.

4.3.2 Cellulose ilm composition optimization

Oxygen permeability (OP) and nor-mali ze
WVTR) measurements were conducted on MFC: C
95:5, 90:10, and 80: 20, each subjected to
CNC contAemt tareat ment on( Biadg@roePr meearsfuo re maemd
indicated that ALD treatment |l ed to a redu
films, whereas the other composiRdlolnswienxghi
ALD treaMmE€EnCNCt ®&: 5 and 90:10 films showe
freato 0.3 cmjLOm/ mjLdayLkPa and from 2.0 t
The observed reductions are attributed to

coating, which minimizes swelil ieng adnd demon
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t hat ALD treatment enhanced the hydrophobi ¢
in water ¢ Frtlanst wandl ehii gher CNC content ex
values, with the exception of the MFC: CNC

content in the series. This | ack of 1 mprove
perf or mam chReingstdadhreeher e bot h the UTS and SB va
MFC: CNC 80: 20 film compared to the neat MF
more susceptible to cracking during handl:i
OP val ues obstehrevendo rree |l naetcihvaenitcoal |y stabl e f

content s.

Before ALD treatment, the MFC:CNC films showed little to no difference-in N
WVTR values among the compositions, except for the 90:10 blend, which exhibited the
lowest NWVTR of 3.8 g-mm/m2-day. After ALD treatment, a substantial reduction-in N
WVTR was obsrved for all compositions: the 100:0 blend decreased from 9.0 to 0.2
g-mm/mz2.day, 95:5 from 8.3 to 0.2 g-mm/m2-day, 90:10 from 3.8 to 0.1 g-mm/m?2-day, and
80:20 from 8.8 to 0.1 g-mm/m2-da@onsistent with the OP observations, the reductions
in N-WVTR can be attributed to the enhanced hydrophobicity imparted by the ALD
treatment ALD treatment has been shown to significantly improve the water vapor
transmission rate (WVTR) of polymer films. Korkmaz et al. conducted ALD of; Al®
freestanding poly(lactic acid) (PLA) films and reported that a 10 nm coating reduced the
WVTR from 150 to 4.9y /m2-day**° Among the compositions, MFC:CNC 95:5 and 90:10
films exhibited the lowest NWVVTR values after 10 ALD cycles, with the 90:10 blend
demonstrating the best overall barrier performance, achieving the lowest combined N

WVTR and OP valueslhe ALD treatment enhances the hydrophobicity of the films by
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reacting with the free hydroxyl group8present on the MFC and CNC surfaces, thereby
reducing their susceptibility to moisture. CNCs possess a significantly higher specific
surface area compared to MEC providing a greater number of reactive sites for the
aluminum precursor to interact with during deposition. Consequently, increasing the CNC
content promotes more extensive surface modification and improved hydrophobicity. This
effect likely explains whythe MFC:CNC 90:10 films exhibited more improvedarrier

performance compared to the 95:5 composition.
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Figure 4.3 a) OP and b) NWVTR values at various mass ratios of MFC:CNC for O

and 10 ALD cycles at 50% RH and 2%C.

4.3.3 ALD cycling optimization of MFC:CNC films

As previously mentioned, the MFC:CNC 90:10 composition exhibited the best
overall barrier performance after 10 ALD cycles. To further investigate the effect of ALD
cycle number on barrier performance, this composition was selectéuidstudy. The
optimal number of ALD cycles was therefore determined using MFC:CNC 90:10 films, as

this formulation provided the most favorable balance between OP AN¥TR values
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(Figure4 4). OP values decreased by an order of magnitude following ALD treatment, with

a noticeable reduction from 2.0 to 0.3 cm3-um/mz2-day-kPa after just one cycle. The lowest
OP value (0.1 cm3-um/m2-day-kPa) was achieved after 10 cycles, followed by a subsequent
increase to 0.3 cm3-um/m2.day-kPa at 20 cycles. This increase can be attributed to the
decline in mechanical strength observed in Figstewhich likely made the film more
susceptible to microcracking or handling damage, resulting in highgalD®s A similar

trend was observed for-M/VTR, which decreased with increasing Allbmber oftycles

before rising again at 20 cycldsorkmaz et akreported a similar trend for thicker ALD
coatings on PLA filmsthatincreasing the AlQlayer thickness from 10 to 20 nm led to a
slight increase in NWVTR from 4.9 to 5.3 fin2-day, which was attributed to the formation

of microcracks in the thicker coating that facilitated moisture permetifion.

The NWVTR values for 1, 5, 10, and 20 cycles were 2.7, 0.4, 0.1, and 0.2
g-mm/mz2.day, respectively. The increase WINVTR at 20 cycles can be attributed to the
same reduction in mechanical integrity that led to higher OP vdlgseases in the-N
WVTR values can be attributed to the increased hydrophobicity of the films following
ALD treatment. Contact angle measurements revealed that after only a single ALD cycle,
the films exhibited water contact angles greater than 90°, tifica transition to a
hydrophobic surface (Figue5). A material is generally considered hydrophobic when a
water droplet does not spread on its surface, corresponding to a contact angle greater than
90°.1%2 Contact angles of the films increased with the number of ALD cycles, with the 20
cycle sample exhibiting the highest value of 105°. However, despite its higher

hydrophobicity, the 2@ycle film did not show the lowest-WVTR, indicating that while
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surface hydrophobicity is an important factor, other structural or morphological properties

canalso influence water vapor transmission.

Overall, these results indicate that 10 ALD cycles on the MFC:CNC 90:10 films
provide the most optimal balance, yielding the best combined oxygen andvajpoer
barrier performancéNotably, the MFC:CNC 90:10 film with 10 ALD cycles achieved OP
and NWVTR values that are comparable to, or even exceed, those of several polymers
commonly used in packaging applications, such as poly(ethylene terephthalate) (PET) (OP
=10 cm3-pum/m2-day-k& NWVTR = 0.5 g-mm/m2-day), ethylene vinyl alcohol (EVOH)

(OP = 0.1 cmium/mz2-day-kPa; NNVVTR = 0.5 g-mm/m2-day), and poly(vinyl chloride)
(PVC) (OP = 20 cm3-pum/m2-day-kPa;-WVTR = 1 g-mm/m2-day}® These results
demonstrate that ALD can be effectively implemented as a surface modification technique
for cellulosic materials to redu€P and NWVTR, thereby enhancing their suitability for
packaging application®espite the presence of an Al@yer, studies have shown that
cellulosebased materials retain their biodegradability after ALD treatn@rdng et al.
reported that cellulose fabrics coated with up to 10 ALD cycles of Ai&e still able to
undergo enzymatic degradation, indicating that the thin conformal coating did not inhibit

the material & biodegradability
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Figure 4.5 Contact angle of MFC:CNC 90:10 films at various ALD cycles.

To investigate the effects on ALD on filmechanical propertieMFC:CNC 90:10
films were evaluated at varying numbers of ALD cycles (Figh)teThe UTS results
showed that tensile strength increased with ALD cycling up to 10 cycles but decreased
beyond 20 cyclesThe SB data revealed a slight increase in elongation at break from O to
5 cycles, followed by another slight increase from 5 to 20 cycles. Overall, the number of
ALD treatment cycles had no major influence on SB values. A compavhbrvation
was reported by Li et al , omtohcellulase manofibeld Al O
(CNF) and observed no significant change in elongation at break as the number of ALD

cycles increased from 0 to #$ The mechanical data shows that ALD treatment especially

in the case of the 10 cycle films showed no deterioration in mechanical perforifaese.
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results demonstrate the effectiveness of the ALD treatment in enhancing the barrier
performance of MFC:CNC films without causing a significant compromise in their

mechanical strength.
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Figure 4.6 a) UTS and b) SBof MFC:CNC 90:10 films at various ALD cycles.

Different letters represent p<0.05.
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4.4 Conclusion

Freestanding MFC:CNC films demonstrated that composition and ALD treatment
both play critical roles in determining mechanical and barrier performance. Among the
compositions studied, MFC:CNC 90:10 films exhibited the most balanced mechanical
properties, cmbining the highest tensile strength and elongation. ALD treatment improved
barrier performance without compromising mechanical integrity or optical clarity. The
optimal condition was achieved at 10 ALD cycles, where OP atfWR values
decreased by an aer of magnitude compared to untreated films. Excessive cycling (20
cycles) led to slight deterioration, likely due to reduced fdtrength Overall, the
MFC:CNC 90:10 film with 10 ALD cycles achieved combined oxygen and wateor
barrier properties comparable to or surpassing those of conventional packaging polymers
such as PET, EVOH, and PVC, demonstrating its strong potential as aaistdiarrier
material for packaging application¥hese results highlight the promise of combining
polysacchariddrased composites with nanoscale ALD coatings as an effective strategy for
designing higkperformance, biodegradable alternatives to petrolbased packaging

films.
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4.5 Appendix

50
(a) b
1 36.0
40 -
1]
a
% 30 a ] L 215
| 192
U)h 216
l_ 20_ R E—
- 1
10
) c
3 51 a 4.1
2 |
e 3.1
_CZU 44 a
> L 26
—
0 34
T | b
c.| =
T2 15 L
@
0 T T T T
100:0 95:5 90:10 80:20

MFC:CNC wt%
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CHAPTER 5. MULTI -MATERIAL 3D PRINTING AND HIGH -
THROUGHPUT EVALUATION OF POLY(LACTIC ACID) /

POLY(CAPROLACTONE) FILAMENTS

5.1 Introduction

Fused Filament Fabrication (FFF) of muliaterials is a promising method of
integrating the functional properties of two dissimilar materials into a single component. It
allows design flexibilities, customization and minimal material wastage, which maike i
effective technology for prototyping and plastics manufacturing compared to traditionally
used methods like injection molding, especially during the early stages of product
development. As a result, muthaterial FFF 3D printing (MM3D) finds widesae
applications in the biomedidat®®®, electronic®’1>° and aerospaé® industries to print
parts having varied physical properties, such as biodegradability, conductivity, rigidity, and

strength in different sections of the epalrt.

Multi-material FFF printing, however, results in poor interlayer bonding between
different materials, leading to reduced mechanical strength of thpaghdompared to a
singlematerial print, limitingMM3D in largescale manufacturing for printing fully
functional endparts. Several studies have evaluated the effect of interlayer bonding on the
mechanical properties of materials printed by using MM3D. Yin et al. found that an
increase in the build plate t@@rature, extruder temperature and print speedroprove
the tensile strength of MM3Bamples of acrylonitrikbutadienestyrene (ABS) and

thermoplastic urethane (TPU) because of increased interfacial bonding between the two
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materialst®! Lopes et al. reported that MM3@f either poly(lactic acid) (PLA) and TPU

or PLA and poly(ethylene terephthalate) (PET) have a lower mechanical strength compared
to single material prints, owing to poor chemical affinity between the mat&iasher
studies evaluated the effect of using different interfacial geometries on mechanical
properties of multmaterial parts. Ribeiro et and Dairabayaeva et al. found that a T
shaped interface results in a higher tensile strength of FRlA MM3D samples compared

to samples printed using a fateface (planar) interfact? %4 Frascio et alalso report

using a Fshape interface between PET and PLA helped improve the tensile strength of the

multi-material samplé®®

It is therefore important to understand how differences in material chemistry and
physical properties affect the mechanical performance of the-matgrial sample and
how the print conditions and interfacial geometry can be optimized to enhance the
interfacial bonding. The studies mentioned above use traditional mechanical testing
methods such as uniaxial tensile testing on-lblige samples. These methods, however,
can be timeconsuming for rapid prototyping and quality assurance during manufacturing,
paticularly for evaluating the mechanical performance when materials, geometry or
printing conditions are changed. High throughput mechanical characterization (HTMECH)
has beenusedas a tool to support traditional testing by enabling more rapid determination
of tensile properties of polyméitms and3D-printed material$*> 166 67 The instrument
uses an instrumented indenter to deform samples biaxially (normal to the sample plan) to
obtain yield strength, tensile strength, impact energy and percent elongation dt*break.
Shoukat et al.reported the use of HTMECH to obtain the tensile properties of

poly(carbonate) (P@ased multimaterialdog-bone samples produced by F¥FIt was
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shown that HTMECH can detesimilar changes in tensile strengils traditionally used
uniaxial methodglue to alterations imterfacial bonding as a function of the extrusion
temperature. However, the efficacy of hitfinoughput methods baot been evaluated for
multi-materialparts printed using materials having very different thermal propdriitgs

work, we adopt HTMECH to screen the mechanical properties of Mptaided samples
prepared using PLA and PGInd evaluate HTMECH property correlatioftiwuniaxial

tensile test results when extrusion temperature, layer thickness and material composition

are changed.

We utilize PLA and PCL, which each find widespread use commercially including in
the medical industif®'’, because of their biodegradability and biocompatibility. PLA,
however, is a rigid and brittle material, properties that limit its use in-beadng
applicationst’2 PCL, on the other hand, is a softer material with a low moddiigence,
various studies investigating the physical and mechanical properties of PLA and PCL
blends have been conductéd®® which show combining the two materials together
resulted in blends with improved impact strength and elongation at break compared to
PLA while having sufficient mechanical strengtf 1’° Despite numerous reports on the
preparation and characterization of PLA and PCL blends, very limited literature exists on
the 3D printing of multimaterials using these two materials. Lin et al. used MXBRint
PLA-PCL multimaterial sample¥! A singlelayer temperaturadjusting transition
method was used to deposit the first layer of PCL at a higher temperature than the rest of
the PCL layers at the interface between PLA and PCL. This method resulted in enhanced
interfacial bonding at the PLA and PCL interface, and égadigher tensile strength. This

study however, used ASTM based uniaxial tensile testing to determine the tensile
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properties at various interfacial bonding temperatures studied. The objective of the present
work is to utilize HTMECH to study the tensile properties of PLA and PCL MM3D

samples.

5.2 Materials and Method

5.2.1 Materials

Commercially available PLA and PCL filaments are used. PLA (Raise3D Premium
PLA, 1.75 mm diameter) is obtained from 3D Universe. Two different compositions of
PCL, both from 3D4Makers, are used: 97% PCL (Facilan Ortho, 1.75 mm diameter) and

100% PCL (Facdn PCL100, 1.75 mm diameter).

5.2.2 Characterization: Thermal and Rheological Properties

Differential Scanning Calorimetry (DSC) was used to determine the glass transition
(Tg) temperature of all materials using a TA instruments DSC2500. For 97% and 100%
PCL filaments, the temperature was first increased to T6@t a rate of 10C/min,
maintained at 150C for three minutes, cooled 60 C at a rate of B-/min, and finally
heated back to 15 at a rate of 1&/min. For PLA, the temperature was first increased
to 250 C at a rate of 10C/min, maintained at 25 for three minutes, cooleéd 25 C at
a rate of 5 C/min, and then heated back to 238D at a rate of 10C/min. TheTywas

determined from the change in slope of the second heating cycle.

For rheological characterization, an ARES G2 pargllate rheometer was used to
obtain the viscosity of all materials in the linear viscoelastic region (LVR). The filaments

were pelletized and dried overnight at a temperature ofCs9Microinjection molding
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(Xplore) was used to prepare circular discs of 25 mm diameter at a melt temperature of 115
~C for 97% PCL and 100% PCL, and 21D for PLA, a mold temperature of 3C and a
pressure of 6 bars. The discs were dried atB6vernight and were subsequently used in

the parallelplate rheometer under a nitrogen atmosphere and 1 mm gap. A strain sweep
was used from 1% to 100% at a melt temperature of & PCL and 210C for PLA

and a frequency of 10 Hz to obtain a strain rate within the LVR. A straini&% was
observed to be within the LVR and was therefore selected for the frequency sweep tests. A
frequency sweep was then performed at this strain rate between 1 Hz and 50 Hz at a melt

temperature of 115C for PCL and 210C for PLA using a gap of 1 mm.

A Dynisco LCR7000 capillary rheometer was used to obtain the viscosity of all
materials at high shear rates. Both PLA and PCL pellets wedrigatovernight at 55C
and were subsequently used in the rheometer. A melt time of five minutes was used for
both PLA and PCL to allow the pellets enough time to be in the melt state before starting
the experiment. Three dies with length to diameter ratio of 5, 15 and 30us&dleto
perform the Bagley and Rabinowitsch corrections to correct for the entrance iand ex
pressure drop, and obtain the true shear rate, respectively. A melt temperature®f 210
and 115 C was used for PLA and PCL, respectively, and shear rates betweeth 808 s

8000 s' were used to obtain the viscosity.

5.2.3 FFF 3D Printing

While the goal of this work was to evaluate the mechanical properties elnotheg
samples printed according to ASTM D638 Type VgeometiyASTM D63 8: St and

Met hod for Tensil e Rmuttiymateritlidogo®ne sampld3lcaamott i ¢ s 0
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be printed directly in a laydsy-layer fashion in th& direction, as the curvature of the
dogbone cannot be designed laysrlayer. Therefore, rectangular samples were first
printed in theZ direction, using alternate layers of PLA and RBL% or 100%)and laser
cutting was used to obtain the dbgne samples. This method has previously been used
by Coogan & Kazmer to obtain ddipne samples from rectangular samples, where it was
observed that laser cutting does not affect the mechanical perforniditede printed ABS
samplegCoogan and Kazmer, 201 A FlashForge Creator 3 P8D printerwas used to
print multi-material rectangular samples with dimensions 63.6 mm by 40 mm by 1 mm
consisting of alternate layers of PLA and PCL in Zhdirection. PLA was printed as the
first layer. A schematic of the rectangular sample is shown in Figlr& he rectangular
samples were subsequently cut using a 75 W Epilog laser cutter at 50% speed, 75% power
and 5000 Hz frequency to obtain ASTM D638 Type V-thoge specimens for uniaxial

tensile testing and HTMECH alyais.
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printed in the Z direction, followed by laser cutting of dog bone test specimen)
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methods, relative to the multimaterial layers in the print direction Z, and the width
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During duadextrusion FFF printing, both the extruders were heated to their
respective printing temperatures; however, while one of the extruders was printing, the
second extruder was inactive which can result in filament drooling from the inactive
extrude. To ensure the drooling filament was not deposited on the sample as the inactive

extruder starts printing, a wall was printed around the sample at a margin of 1 mm from all
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sides of the sample allowing the extruder to deposit any drooling filament on the wall,

rather than on the sample.

PLA and PCL singlenaterial rectangular samples (63.6 mm by 40 mm by 1 mm) were
also printed in th& direction with the same print conditions as the raulditerial samples
to compare the mechanical performance of singgg¢erial and multmaterial samples. A
wall was printed around the singieaterial samples as well. The print conditions used to

print sngle-material and multmaterial samples are shown in Table 1.

Table 5.1 Print conditions used for PLA, PCL (97% and 100%) andPLA + PCL

Print Set PLA PCL PLA + PCL
Layer thickO. 2, ( 0. 2, 0 0. 2, 0. 3,
Extruder G 190, 100, 1210 for PLA,

190 for PLA,
Bed temp@)r: 30 30 30

Print spee 5 5 5
Road width 0.5 0.5 0.5
Cool ing fan 100 100 100
Wall speed 10 10 10

5.2.4 Mechanical Characterization

5.2.4.1 Uniaxial Tensile Testing

An Instron 68S@5 with a 500 N load cell and pneumatic grips was used for
uniaxial tensile tests. A grip pressure of 6 bars and a strain rate of 1. mm/min are used for

all the samples. For each print condition, five specimens were tested.
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5.2.4.2 HTMECH Testing

The HTMECH instrument, as developed by Sormana et al. was used to determine the
tensile properties of the singheaterial and multmaterial dogoone sample¥?® The
instrument has been used previously to determine the tensile propertiessiafrédiag
films'4% 166 and FFFprinted material$’, where a hemispherical indenter makes contact
with the sample normal to the sample plane, inducing biaxial strain in the sample plane.
The force required to puncture the sample vea®rded andubsequently converted to
stress. HTMECH was used here to determine the tensile strength of 3D printed single
material and multmaterial dogbone samples as a function of 3D printing conditions and
volume composition of the filament. The HTMECH testssverc onduct ed usi ng
radius indenter and an aluminum bracket wi
at a testing speed of 10 mm/s. For each pri

trends obtained are compared with xrahtensile test results.

5.3 Results and Discussion

5.3.1.1 Thermal and Rheological Characterization

The filaments were characterized by using DSC, a pafdfi&éd rheometer and a
capillary rheometer to determine thermal and rheological properties required to evaluate
their influenceon structuraland mechanical properties of MM3D, compared to single
material prints. From DSC (Figure S1), the glass transition temperagref 97% and

100% PCL filaments-63 C) was observed to be the same and lower thafgthePLA

(607C).
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The rheological properties of both filaments were measured using a pplatiel
rheometer to obtain the viscosity at low shear rates (1 Hz to 50 Hz) (Big@ajeLike the
Tg measurements, no difference was observed in the viscosities of 97% PCL and 100%
PCL, whereas PLA was observed to have a higher viscosity than both compositions of
PCL. A capillary rheometer was used to obtain the viscosity of PLA at high shear rates
(300s'i 8000 sY). The viscosity of PLA after the Bagley and Rabinowitsch cdoest
shown in Figuré.2b, was observed to decrease as the shear rate increased, as is expected
in a typical capillary rheometer test. However, the higreguency viscosity of PCL could
not be measured with the capillary rheometer owing thitfeviscosity and sticky nature
of the PCL melt, which restricted the movement of plunger in the barrel, causing the force

sensor to reach its maximum limit.
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Figure 5.2 a) Viscosity of PCL and PLA filaments obtained using paralleplate

rheometer and b) Viscosity of PLA obtained using a capillary rheometer

5.3.2 Mechanical Properties of PLA, 100% PCL aAdA + 100% PCL

The mechanical properties of singteterial and multmaterial samples were

determined by using uniaxial tensile testing and HTMECH analysis, and the trends
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obtained from the two methods were compared. Layer thickness and extrusion temperature

were changed to studlye effects of 3D printing conditions on the mechanical behavior

5.3.3 Effect of Layer Thickness

Three different layer thicknesses, 0.2 mm, 0.3 mm and 0.4 mm were used to print
the singlematerial and multmaterial rectangular samples by using an extrusion
temperature of 210C for PLA and 115C for 100% PCL. An increase in layer thickness
resulted in a decrease in the tensile strength for all of the materials, a trend observed with
both uniaxial tensile tests and HTMECH (Fig&8). This trend agrees with previous
studies of singleomponent FFF materials, which report that a decrease in the layer
thickness resulted in improved interlayer bonding and hence, a higher tensile strength.
Coogan & Kazmepbserved that smaller layer thicknesses for ABS samples allowed for
better contact between subsequent layers, resulting in improved interlayer bonding owing
to the larger aspect ratio of thinner layE¥sAdditionally, it was shown that a smaller layer
thickness required a higher deposition pressure during extrusion, leading to a higher
interlayer bonding strength. Fang et al. also reported a similar'fféihdias observed that
an increase in layer thickness resulted in a decrease in bond width of polycarbonate
samples, resulting in reduced contact between the layers and hence, a lower tensile
strength. Liaw et al. observed that an increase in layer thiskedso poor mechanical
performance of poly(ether ether ketone) (PEEK) because of the formation of larger sized
voids that led to poor interlayer bondifff.In a previous studyShoukat et alobserved
with uniaxial testinghat a decrease in the layer thickness resulted in a uniform fracture
surface after tensile testing which explained the improvement in the tensile strength of PC

based samplées’
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Figure5.3 also shows that PLA had the highest tensile strength whereas the multi
material samples had the lowest strength. The same trend has been reported in a previous
study for PLA and PCL®! This can be explained by the differences in the thermal and
rheological properties between PLA and PCL, as demonstrated in Figures S1 and 2,
respectively. As explained by Lin et &CL prints at relatively low temperatures, which
arenoét hi gdntaiethe®lLAqibovetitoglass transition temperature (26D at
the interfacdor asustained period dime, resulting in poor interlayer bondift.Because
of a high tensile strength of PLA, it could not be tested using HTMEGé&Ipeak force
exceeded the maximum allowabl&herefore, Figur®.3b shows the tensile strength of
100% PCL and PLA + 100% PCL only. The tensile strength obtained using HTMECH was
lower compared to the uniaxial tensile test results. This is because of the difference in the
mode ofdeformation and stress distributibetween the two testing methods. HTMECH
uses an indenter tip contacting the center of the sample that concentrates stress at the
contact area. The sample defoforesxially andthe stress distribuseand decreases outward
in theZ andY directionsaway from the indenter tip. This is in contrastuitoaxial tensile
teststhatresult inuniform uniaxial deformation of the samplalong theZ direction in this
cas@. As a result, a lower tensile strengtholsservedvhen usig HTMECH. Therefore,
the objective of this study was to demonstrate a qualitative correlation between uniaxial
tensile testing and HTMECH results, rather than obtaining a quantitative agreement

between the two methods.
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As observed from Figur&.3, a good correlation was obtained between both
methods as the layer thickness was changed. In fact, the relative change in tensile strength
as a function of thickness is about the same for uniaxial versus HTMECH for the multi
material samples. Fexamplegach method yields about ~3@kécrease tensile strength
comparing 0.2 mm to 0.4 mrayerthickness. On the other hand, the relatieereasén
tensile strength as material type is charfgech neat PLAto neat PCL, and tBLA + PCL
multi-material, is much greater for HTMECH than for uniaxial. For example, at the 0.2
mm layer thicknessthe reduction in tensile strength in PCL versus the-PCA multi-

material is ~50% for HTMECH versus only 30% for uniaxial.
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UNIAXIAL

Figure 5.3 Tensile properties of PLA, 100% PCL and PLA + 100% PCL printed using
different layer thicknesses obtained using a) Uniaxial Tensile Tests and b) HTMECH

analysis. Extrusion temperatures were 210C for PLA and 115 C for 100% PCL.

The samples from both HTMECH and uniaxial testing, at all layer thicknesses,
failed along the PLA + PCL interfaces where the material dissimilarity creates weak areas.

Figure5.4 shows both views of the PLA side of the interface (Figbrés, b, d) and an
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example of the PCL side (Figusedc). The difference in the two interfaces is evident by
the presence of ductile strain and failure for the TQ#?CL, and absence of ductility for
PLA.

PLA (210°C) + 100% PCL (115 °C)

Uniaxial, LT=0.2 mm Uniaxial, LT=0.4 mm

HTMECH, LT=0.4 mm

Figure 5.4 SEM images of fracture regions of PLA (210C) / 100% PCL (115 C)
multi -materials from Uniaxial (a and b) and HTMECH (c and d) test methods,
illustrating their similarity. The view is of the x-y crosssection of the dog bone looking
into the z (print) direction. Samples with two layer thicknesses (LT) in theZ direction

are compared: 0.2 mm (a and c) and 0.4 mm (b and d).

100% PCL exhibitedignificant permanent deformatiamder both uniaxial and
HTMECH testing, which can be attributed to its rubbery natdosvever, for HTMECH,
the failure zone clearly occurs as a puncture around the indenter tip, as opposed to a

separation along the entire interfacial area as in uniaxial testing. For exammasd
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localized stresgxistsaround the contact area of the probe tip, which can cause plastic
deformation®if the material yields, which is likely for soft PCAnother feature of Figure

5 illustrates an additional complexity of using HTMECH to probe MM3D mateFRajsre

5b (0.4 mm thicknessghows a puncture occurring directly through a print line, whereas
Figure 5d0.2 mm thicknesgjisplays a puncture both between and through the print lines.
This suggests that as the layer thickriesseases belothe size of the indent¢d.5 mm)

the failure modenay increasingly includpunctuesbetween the print lineis addition to
directly through themBoth of these effects (plastic deformation at tip contact and
combined throughand betweetline failure) might alter the sensitivity of the HTMECH
method as materials with different susceptibility to plastic deformation are probed.
Although both methods did result in approximately the same change in tensile strength as
a function of thickness in Figurg.3, HTMECH showed a larger change in strength

between PCL versus PLA + PCL.
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100% PCL (115°C)
Uniaxial, LT=0.4 mm HTMECH, LT=0.4 mm
(@) ' e ¥

Figure 5.5 SEM images of fracture regions of 100% PCL (115C) from Uniaxial (a)
and HTMECH (b - d) test methods. The view is of the crossection of the dog bone
looking along the z (print) direction. Three layer thicknesses (LT) are compared: 0.2

mm (c), 0.3 mm (d) and 0.4 mm (a and b).

5.3.4 Effect of extrusion temperature

We studied the effect of printing temperature on the tensile strength and interlayer
bonding of singlenaterial and multmaterial samples (Figurg6). For PLA, extrusion
temperatures of 19GC and 210 C were used, whereas for 100% PCL, 10tGand 115C

were used. All samples were printed using a layer thickness of 0.3 mm.
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Figure 5.6 a) Tensile properties of PLA, 100% PCL and PLA + 100% PCL printed
using two different extrusion temperatures obtained using a) Uniaxial Tensile Tests

and b) HTMECH analysis.

As observed in Figur®.6, an increase in extrusion temperature resulted in an
increased tensile strength for uniaxial tensile testing for 100% PCL, PLA, and RQA

PCL, but for HTMECH testing there was no statistical difference in tensile strength at
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higher extrusion temperatures. The uniaxial testing results can be explained by the
improved interlayer bonding resulting from better chain mobility and enhanced
intermolecular diffusion at a higher extrusion temperature. Similar results have been
reportedpreviously in the literature. Liaw et al. observed an increase in the flexural strength

of PEEK as the extrusion temperature was incre&édthis was attributed to a decrease

in the viscosity of PEEK at a higher temperature which results in better wettability between
the layers. It was also noted that higher temperatures lead to increased chain entanglement
and diffusion and hence, improvedarayer bond strength. Fang et(@®anget al, 2020)

reported an increase in the tensile strength of PC as the extrusion temperature was
increased, since the layers have more time above the glass transition temperature before
solidification, allowing more time for bond formation with subsequent layersngddi
stronger interlayer bond&® Similarly, Lin et al. utilized a singlayertemperature
adjusting transition method to obtain improved interlayer bonding between PLA and PCL
multi-material sample¥! In their study, a single layer of PCL was printed at a higher
temperature at the interface between PLA and PCL, than the rest of the PCL layers. As a
result, improved bonding was achieved between PLA and PCL because of better
intermolecular diffusion at a highearhperature. Vaes et al. also report a similar result and
note that a higher extrusion temperature can cause remelting of the interface, resulting in

better interlayer adhesidf®

Figure5.7 shows SEM of the uniaxial and HTMECH fracture surfaces dPtife
+ 100% PCL samples printed at the two extrusion temperatures used in the mechanical
results of Figuré.6. The HTMECH samples shothe PCL side of the interfacial failure,

with more tearing and 6stringsdé6 of the hig



samples showvthe PLA fracture surfacea result ofsampleselection for SEM analysis
Examples of each type of fracture surface can be found in our more general collection of
SEM images (supplementary informatiofi)l. of the multimaterial samples, whether from
uniaxial or HTMECH, show that fracture occurs between different layers, i.e., RLfe

+ PCL interfaceThere is no significant difference in the morphology of fracture surfaces
that would suggest why the trends observed with extrusion temperature with HTMECH
and uniaxial do not align for the muhiaterial samples. The HTMECH results for the
extrusion tempeture studies have a larger standard deviation than the uniaxial results, and
this limitation in the precision of multhaterial measurements may explain the difference

in observed trend between HTMECH and uniaxial for the effect of extrusion temperature.
We suggest that the greater precision (lower uncertainty) observed for neebgared

tothe PLA + PCL blend is related to the ability to detect effects of extrusion temperature
on the relatively softer and more rubbery PCL than in the fmaterials that also contain

stiff, higherTy PLA. A similar effectis presentedn the next sectiofor extrusion effects

for thePLA + 97 % PCL.It is also important to note that the uniaxial results indicate an
increase in the extrusion temperature resulted in amynor increase in tensile strength

of all materials; for example, for the PLA + 100% PCL samples the tensile strength
increased from 7.79 MPa to 9.86 MPa whereas for 100% PCL strength increased from
11.33 MPa 14.42 MPa. Such a slight increase was tadl torbe detected by HTMECH.

This can be explained by the cooling time associated when printing these samples. As
mentioned in sectio®.2.3, a wall is printed around all samples to prevent drooling material
getting deposited on the sample itself. Thaleto cooling of the already deposited layers

and even when the extrusion temperature is increased, no significant change in interlayer
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bonding is expected when the next layer is deposited. The cooling time fomnmatstiial
samples is more significant compared to neat materials, as for thenmatdtiial samples

the extruders need to be changed from one extruder printing PLA to omegoiGli_. This

also explains why mulmaterial samples have a lower tensile strength compared to neat
materials. A similar observation was reported in a previous study with polycari@sae

materialst®’

PLA + 100% PCL (LT=0.3 mm)

Uniaxial, PLA (190°C); 100% Uniaxial, PLA (210°C); 100%
PCL (100 °C) PCL (115 °C)

HTMECH, PLA (190°C); 100% HTMECH, PLA (210°C); 100%
PCL (100 °C) PCL (115°C)

Figure 5.7 SEM images of fracture surfaces oPLA + 100% PCL multi-material
samples from uniaxial (a, ¢) and HTMECH (b, d) test methods printed at two
extrusion temperatures. The view is of the crossection of the dog bone looking into

the z (print) direction. LT is 0.3 mm.
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5.3.5 Mechanical Properties of PLA, 97% PCL and P76 PCL

A similar methodology was followed to obtain the tensile properties of 97% PCL
andPLA + 97% PCL using uniaxial tensile tests and HTMECH analysis. We compared
the effect of material composition and presence of additives (97% and 100%) on the tensile
properties of singlenaterial and multmaterial samples printed with different layer

thickneses and extrusion temperatures.

5.3.6 Effect of Layer Thickness

Figure5.8 compares the uniaxial tensile test results with HTMECH analysis when
layer thickness was changed. Like 100% PCL, three different layer thicknesses (0.2 mm,
0.3 mm and 0.4 mm) were used to print all materials using an extrusion temperature of 210
~C for PLA and 115C for 97% PCL. A similar trend was obtained for the 97% PCL and
PLA/97% PCL samples as was observed in the previous section using 100% PCL and
PLA/100% PCL. Owing to insufficient interlayer bonding when a larger layer thickness is
used the tensile strength was observed to decrease for all sample types. Additionally, no
significant differences were noticed between 97% and 100% PCL, and60% PCL
and PLA97% PCL samplesgzor example, at a layer thickness of 0.2 mm, tensile strength
was observed to be 15.3 MPa for 100% PCL and 16.1 MPa for 97% PCL using uniaxial
testing.This can be explained by the similar thermal and rheological properties of 97% and
100% PCL filaments which lead to a similar interlayer bonding strength for bothiahater
compositionsFigure5.9 shows the fracture surface of the 97% PCL samples obtained after

either uniaxial Figure 59a) or HTMECH Figure 59 b-d) testing. The morphology of the
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fractured surface was observed to be very similar to 100% PCL samples, aligning with the
similar tensile strength for both materidis.a previous study 97% PCL and 100% PCL
werealsoobserved to have similar properti€éin that study, however, only one printing
condition was used to compare the two compositions and HTMECH analysis was used on
a film geometry, rather than on dbgne samples. In this study, our objective was to utilize
HTMECH analysis on defpone samplesyhich is the most used sample geometry for
tensile testingd TMECH analysis (Figur&.8b) also demonstrated that an increase in layer
thickness causes a decrease in the tensile strength for all materials, resulting in good

correlation with the uniaxial tensile test results.
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Figure 5.8 a) Tensile properties of PLA, 97%% PCL and PLA + 97% PCL printed
using different layer thicknesses obtained using a) Uniaxial Tensile Tests and b)
HTMECH analysis. Extrusion temperatures were 210 C for PLA and 115 C for

100% PCL.
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97% PCL (115°C)
Uniaxial, LT=0.4 mm HTMECH, LT=0.4 mm

HTMECH, LT=0.3 mm

Figure 5.9 SEM images of fracture regions of 97% PCL (115C) from Uniaxial (a)
and HTMECH (b - d) test methods. The view is of the crossection of the dog bone
looking along the z (print) direction. Three layer thicknesses (LT) are compared: 0.2

mm (c), 0.3 mm (d) and 0.4 mm (a and b).

5.3.7 Effect of Extrusion Temperature

Figure5.10shows the tensile strength results obtained for samples printed using 97% PCL
as the extrusion temperature increased using a layer thickness of 0.3 mm. For uniaxial
tensile tests, alight improvement in the tensile strength was observed as the extrusion
temperature increased owing to better interlayer bonding at high temperatures. Here as well
no significant difference was observed between the 97% PCL and 100% PCL compositions
for both unaxial and HTMECH testsFor the multimaterial sampledecause of cooling

of the layers, the change in tensile strength for uniaxial tests is also minimal to be captured

by HTMECH. It only changes from 8.9 MPa to 10.0 MPa when the temperature increases.
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Figure 5.10a) Tensile properties of PLA, 97%% PCL and PLA + 97% PCL printed
using different extrusion temperatures obtained using a) Uniaxial Tensile Tests and

b) HTMECH analysis.
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5.4 Conclusions

It is important to rapidly assess how the mechanical performance depends on print
conditions and interfacial geometry. We recently reported the use ofthrmighput
mechanical characterization (HTMECH) to evaluate the tensile properties of FFF
materials. Here, we assessed whether HTMECH can detect changes in mechanical
properties in MM3D materials composed of poly(lactic acid) (PLA) and poly(e
caprolactone) (PCL). HTMECH was successful in detecting similar changes in tensile
strength as conventional uniaktesting in most cases, but not in others. For example,
HTMECH results were correlated with uniaxial methods for detecting differences in
strength as a function of material composition (singlersus multimaterials), layer
thickness, and with a few egptions, of extrusion temperature. HTMECH can be a useful
method for assessing MM3D printing, but the relation of probe geometry with material

composition and part layer design must be considered in interpreting data.



5.5 Appendix

5.5.1 Thermal Analysis
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Figure 5.11 DSC results obtained for a) PCL (100% and 97%) and b) PLA

5.5.2 SEM Images of Fractured Surfaces obtained after Uniaxial and HTMECH Tensile

Testing
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PLA (210°C)

Uniaxial, LT=0.2 mm Uniaxial, LT=0.3 mm

Figure 5.12 SEM images of fracture surfaces of PLA from uniaxial testing printed at
extrusion temperature of 210C at various layer thickness (LT).The view is of thex-

y crosssection of the dog bone looking into the (print) direction.

PLA (190°C)

Uniaxial, LT=0.3 mm

Figure 5.13 SEM images of fracture surface of PLA from uniaxial testing printed at
extrusion temperature of 190C at 0.3 mm layer thickness (LT).The view is of thex-

y crosssection of the dog bone looking into the (print) direction.
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100% PCL (115°C)
Uniaxial, LT=0.4 mm HTMECH, LT=0.4 mm
IR e 2 : Z

Figure 5.14 SEM images of fracture surfaces of 100% PCL from uniaxial (a) and
HTMECH (b, c, and d) test methods printed at extrusion temperature of 118 at
various layer thickness (LT). The view is of thex-y crosssection of the dog bone

looking into the z (print) direction.
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100% PCL (100°C)
Uniaxial, LT= 0.3 mm HTMECH, LT= 0.3 mm

Figure 5.15 SEM images of fracture surfaces of 100% PCL from uniaxial (a) and
HTMECH (b) test methods printed at extrusion temperature of 100C at 0.3 mm
layer thickness (LT). The view is of thex-y crosssection of the dog bone looking into

the z (print) direction.

PLA (210°C) + 100% PCL (115°C)

Uniaxial, LT=0.2 mm Uniaxial, LT=0.4 mm

HTMECH, LT=0.3 mm HTMECH, LT=0.4 mm

Figure 5.16 SEM images of fracture regions of PLA (210C) / 100% PCL (115 C)
multi -materials printed at various layer thicknesses from Uniaxial (a and b) and
HTMECH (c, d and e) test methods. The view is of th&-y crosssection of the dog

bone looking into thez (print) direction.
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PLA (190°C ) + 100% PCL (100°C)
Uniaxial, LT=0.3 mm HTMECH, LT=0.3 mm

Figure 5.17 SEM images of fracture regions of PLA (190C) / 100% PCL (100 C)
multi -materials printed using 0.3 mm layer thickness from Uniaxial (a) and
HTMECH (b) test methods. The view is of thex-y crosssection of the dog bone

looking into the z (print) direction.
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97% PCL (115°C)

Uniaxial, LT=0.4 mm HTMECH, LT=0.4 mm

Figure 5.18 SEM images of fracture surfaces of 97% PCL from uniaxial (a) and
HTMECH (b, c, and d) test methods printed at extrusion temperature of 118 at
various layer thickness (LT). The view is of thex-y crosssection of the dog bone

looking into the z (print) direction.
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97% PCL (100°C)
HTMECH, LT=0.3 mm

Uniaxial, LT=0.3 mm

Figure 5.19 SEM images of fracture surfaces of 97% PCL from uniaxial (a) and
HTMECH (b) test methods printed at extrusion temperature of 100C at 0.3 mm
layer thickness (LT). The view is of thex-y crosssection of the dog bone looking into

the z (print) direction.
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PLA (210°C) + 97% PCL (115)°C

Uniaxial, LT=0.2 mm Uniaxial, LT=0.4 mm

HTMECH, LT=0.3 mm

Figure 5.20 SEM images of fracture regions of PLA (210C) / 97% PCL (115 C)
multi -materials printed at various layer thicknesses from Uniaxial (a and b) and
HTMECH (c, d and e) test methods. The view is of thg-y crosssection of the dog

bone looking into thez (print) direction.
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PLA (190°C) + 97% PCL (100°C)

Uniaxial, LT=0.3 mm HTMECH, LT=0.3 mm

Figure 5.21 SEM images of fracture regions of PLA (190C) / 97% PCL (100 C)
multi -materials printed using 0.3 mm layer thickness from Uniaxial (a) and
HTMECH (b) test methods. The view is of thex-y crosssection of the dog bone

looking into the z (print) direction.

5.5.3 Mechanical Properties of PLA, 100% PCL and 97% PCL nméterial dog bone

samples for Uniaxial and HTMECH testing.
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(d)

Figure 5.22 PLA tensile testing for Uniaxial and HTMECH dog bone samples
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