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Abstract

All-cellulose composites (ACCajegaininginterestasrenewable material

alternatives to traditional fossil fuel derived compositegontrast to traditional
composite materials, whereby the matrix and reinforcing components are formed
from different materials, ACCs feature matrix and reinforcing components
comprising entirely othe renewable biopolymetellulose The ACCs studied and
discussed throughout this thesis were produced via a partial dissolution method,
using alternating textile layers otleer cotton or regenerated cellulose fibres and an
interleaved cellulosic film immersed in solvent solution, and heating them under an
applied pressuré&.he solvent used was a mixture of the ionic liquithyl-3-
methylimidazolium acetate ([C2MIM][OAc]) combined with a-solvent dimethyl

sulfoxide (DMSO).

Firstly, for the ACCs based on the cotton textile layers, the addition of the
interleaved film was found to contribute to a significant improvement in interlayer
bonding when compared to processing without the film, as quantified by peel
strength measuremenWith an optimised [C2MIM][OAc] and DMS@atio of

80/20 Young6s modul us wazaGPatmp.2+dD2 &ka afdr o m
peel strength reached as high as 9173N/m. The increased interlayer adhesion
was additionally found to improwniformity between longitudinal and transverse
mechanical propertieQptimizationof the processing variables for protugACCs
was carried out usingaistical design of experiments (Do) full factorial design
(2% was appliedo explore he effects of dissolution temperatupegssureand time

on ACC mechanical propertieshich were then optimised usifgsponseéurface

Methodology (RSM)Ar el ati onship between Youngods
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conditionswas reveale@nd used to identitgptimumprocess condition to
maximise this propertylemperature and time settings ofLP@ and97 minutes
respectivelywere identifiedfrom whichaYoungdés moduwass of 3. 3
predicted to yieldin-lab validationsamples were found to exhibit a very similar
Youngods mo fuaa@Ps, coafirming theladequacy of the predictive
model.Theoptimized samples had an average tensile strength and peel strength of
72+ 2 MPa and 811 + 160 N/m respectively, as well tsvaurabledensity

resulting from excellent consolidation within the material microstructure.

ACCs were then produced using a regenerated cellfilmeebasedextile, Tencel,

and DoEwas agairapplied to investigate the effect of process conditains

temperature, time, af@€2MIM][OAc] concentrationas well ashe benefits of the

interleaf film. A full factorial screeninglesignwasexpanded to aentral composite
facecentred CCF)designwhich captured thprocess using thiE#m more strongly

It was found that the film remained in between the textile layers, rather than

penetrating through tHére assembly, as observed in previous work on cetton

based ACCs, offering insights into the structural differences between Tencel and
cotton.Multi-response optimizatiodedtoa pr edi cti on f or Young«
strainto-failure to be obtainedAn optimized processing temperature of 30 °C with
70%IL/30% DMSOwas i dentified to yiekta a Youn
failure of 5.3 GPa and 3% resgctively. Inlab samples wemnadeandfound to
exhibit a Youn g écsfaillumootldor W2sGPa and 3.80t3fba i n

respectively
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Chapter 1.

Introduction and Literature Review

1.1 Introduction

All cellulose compositesACCs) have attracted significant attention within the
researcltommunity in recent years as sustainable alternativiesttoleumderived
materialg1-6]. Unlike traditional composites that comprise different material
components, both matrix and reinforcing components of ACCs are made entirely of
cellulose, anaturally occurring biopolymer witimtrinsically good mechanical
propertieq7, 8]. This onecomponent system negates the need for prior separation
when considering endf-life processing3, 5, 9] In addition to possessing excellent
mechanical propertigg, 10]and thermal stabilit{5s], cellulose is renewable and
biodegradablél, 5, 11] making it &avourablechoice of polymewith regard to
sustainable materiatievelopmentTheuse of renewable or waste biomass is of
particular importancevhen addressingiimate change and resource scarf3tyl2

14] andthere is an eagerness to deypedastainable materials that can better support

a circular system.

The motivation of this thesis lies in advancing the development of sustainable
materials through resouregficient methodologies and paving the way for the use
of recycled textiles in the production of truly circular composite materials. This is

achievedoy addressing the challenges in developing ACCs to optimise their
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mechanical performance and exploring the use of different cellulose sources. The
work initially begins with the use of native cellulose (cotton), and then shifts into the
use of regenerated cellulose (Tencel) to demonstrate the potential foldeasesl

regenerated fibres to be used in ACCs.

1.2 Cellulose

Cellulose is a biopolymer composed of carbon, hydrogen, and oxygen &t@ms

the primary component in the walls of plants calislalsoproducedoy living
organisms such dangi, bacteria and algg&5-17]. The structureof celluloseis

shown inFigurel-1, along with the conventional numbering of the carbon atoms
the ring.Therepeat unigligns with the nomenclature conventiamigthe

International Union of Pure and Applied Chemistry and the International Union of

Biochemistry and Molecular Biolog 8].

6GH,OH 6CH,OH
HO e = (0] OH
HO 3 1 3 1
OH 6CH,OH OH
n-2
Non-reducingend  Repeated unit Reducing end Repeated unit

Figure 1-1. Cellulose structure. Credit: French AD (2017) Glucose, not
cellobiose, is the repeating unit of cellulose and why that is important. Cellulose
24:46054609:4605[19]

The polysaccharide structure comprises a linear unbranched chia@beglucose
uni ts, | i nk edglycosidicecovhlentbonid$9-21f [n dther words,

the carbons at positions 1 and 4 are involvettie links between unifd5]. This
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chain consists of martyydroxyl groupsavailable to formhydrogen bonds (H

bonds)

At the molecular level (< 1 nmhydroxyl groups on the chains fointrachain H

bonds with hydroxyl groups on the same chain, making the chain strong and rigid
[22, 23]. At the intermolecular level (~ 1 nm), interchairbdnds are formed
betweerthe hydroxyl groups of neighbouring chains. Cellulose 1 is the name given

to the crystal structure of native celluld26] in which the interchain hydrogen

bonding between chains described above is such that the chains are aligned parallel

to each othej21, 24, 25]as shown irFigurel-2.

Cellulose I

------- Intrachain bonding

------- Interchain bonding

Figure 1-2. Intrachain O(3)-H¢ O(5) and O(2)}H¢ O(6), and interchain O(6)
Hé O(3) and hydrogen bonding network present in native cellulosel. The red
numbers refer to the carbon atoms position, and the respective oxygen atoms

involved in the bonding.

From hereflat sheetsare formedhat stack into a crystalline arrangement to form

microfibrils (~ 5nm), held together by intersheettidnds and van der Waals
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bonding[12, 26, 27] Larger structures (~1000 nm) can then form fromubdles of
microfibrils which are highly orientated he structure of cellulose at different

length scales is illustrated Figurel-3.

Molecular (< 1 nm) Intermolecular (~ 1 nm)
k == OH— OHr ===t OH
[2= $oo\ OO L N
| 4o \oH SNEHD Hewrs 7 XL OH.._ . S |
£ ; o ; Microfibril (~ 3-5nm) |
----o»-;»f\ . H.‘;) PHizen oh»f\ -
ol OHemes OH—, oA O HO L O
P o o »L//O """" £ - 4‘"‘0"‘/’\/ 0 - T e R O e R
o gt i’w‘_\o/ O/W»@O """ + HO \OH._\_ = "-vau S S
"""" Ho” o / ~ HO OH..._. ol 5
OH "

| Longitudinal cell / fibre
(~ 25,000 nm)

Figure 1-3. The structure of native cellulose at various length scaleand levels of

organisation from molecular to fibre scale.

Whilst cellulose loccurs naturallyand cannot be producdticanundergo
processindgrom which additionatrystalline forms gllomorph3 emergeThe most
technically significanallomorphis Cellulose || generatedia chemicaktreatment of
cellulose Isuch as mercerisation solvent dissolution ancegeneratiorfelaborated
onin sectionl.2.2. Onenotable difference in structure between cellulose | and
cellulose Il isseerat the intermolecular levethere the cellulose chains foita
bonds with each other to forsmeetsX-ray studies owmellulose llhave indicated
thatthe chainsare aligned anfparallel to each othecontrary to thearallelpacking
that exists ircellulose I[25]. It has been suggestétht precipitation from solutions

of disordered chains accounts foistantiparallelarrangement, howeveremical
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treatment undergone by cellulose | (for example, mercerisativolves swelling

rather than any change in molecular orientafidn 25} As such, it is not fully
understood how the treatment of cellulose | (with its parallel alignment) gives rise to
the antiparallel structure in cellulose 1Additionally, strong intermolecular bosd

are preseribetween cellulose Il sheatshich are not present oellulose 1[27].

Instead, a combination @feak dispersion forces and weak CHhydrogen bonds

link the sheets togeth§&7, 28] Cellulose Il is a more thermodynamically stable
allomorph tha cellulose, and as such the conversion back to cellulose | is not

possiblg/15]. Figure1-4 outlines the hydrogen bonding presentétiulosell.

Cellulose II

------- Intrachain bonding

------- Interchain bonding

Figure 1-4. Intrachain O(3)-H¢ O(5) and interchain O(6)-H¢ O(2) bonding in
Cellulose 1l. The red numbers refer to the carbon atoms position, and the

respective oxygen atoms involved in the bonding.

In addition to the crystalline forms of cellulose | and cellulosedllulose

compriss amorphougnoncrystalline)regions[15, 20] These amorphous regions
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existalongsidethe crystallineregionsand are such that tlgducose chains are not

arranged as they are in cellulose | and cellulose II, rather, they are disordered.

1.2.1 Cellulose fibres and structure

Cellulosebasedibrescan bebroadlycategorised asative fiatura), and maamade
Nativefibressuch as cotton, flax, jute and hewomginatefrom thevarious
celluloseproducingparts ofcertainplantspecieg17]. Whilst predominantly
cellulosic, thesdbres are notcomprisedf 100% cellulose, instead thégrm from
a mixture of cellulose along with hemicelluloskgnin, andcomponents such as
pectin proteinsand waxe$17]. The percentage content of these components varies
among different fibressome of which areemoved prior to being spun into a yarn
that can then be woven into a textBast fibressuch as flaxhemp and ramiare
found attheplantstem andseed fibresuch as cottoare produced on #seed of
various plant$29]. Structurally, theseativefibres are essentially elongated cells
from thevariousparts of the plantor example the majority of plants fibres are
elongated cellsf sclerenchymgaa plant tissue found thhe nongrowingparts of the

plant such as the plant stems that provetasctural support to the plaj30].

Plant cells typically have a primary wall (P), anth&kersecondary cell wall (S)
consisting of three sulayers (S1, S2 and SR)7] as shown irFigure1-5 which
depicts a cotton fibre. An outer layer of waxasctinsand fats surrounds the P and
S layers, and the centre of the cell is known as the luiitencellulose fibrils in the

walls are embedded in lignin and hemicellukse



Lumen

Secondary
wall

Primary
wall

Outer layer
(pectins, fats, waxes)

Figure 1-5: Structure of a plant cell exemplified by cotton fibres. The primary
cell wall (P) consists of less aligned fibrils, the secondary waltmprise layers
S1 and S2with helically orientated fibrils. The fibrils in S2 are orientated more
in the direction of the overall fibre direction.

The majority of fibrillar material is contained in the secondary wall and thus, it is the
most important wall for determining the fibre mechanical and physical properties
[31]. Here, the fibrils are arranged helically and the angle with respect to the overall
fibre direction differs between the stdyers, and this is specific to the fibre type

[17, 31, 32] Cottonfor examplejs asingle, unicellular extension of the epidermis
cells that grow on the surface of a cotton §&&d 30, 33] This elongated cell is
considered one of the simplest and largest of all plant[@dl]s The fibrils present

in cotton fibres become more aligned towards the inner layers of the cell wall, with

the primary wall consisting of less aligned fibifiBd].
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1.2.2 Man-made cellulosic fibores (MMCFs)

As mentioned briefly in Sectioh.2, native cellulos€cellulose ) can bechemically
treated to forncellulosell throughtreatment with concentrated alkaline solution, or
asolvent dissolutioprocesg34], the latter of which isitilized in the production of
manmade ellulosic fibresftMMCFs) such asiscoserayon andyocell. Viscose

rayon is the most widely known MMCEF, produced via&coseprocessin the
Viscose processyood pulp derived cellulose sseeped in sodium hydroxide

form a slurryof alkali celluloseTheslurry is pressed to drain out tagcess sodium
hydroxide andstored toallow the oxygen in the air to oxidise The alkali cellulose

is then derivatisedsing carbon disulphid®e form a cellulose xanthatehich can

then be dissolved into a solutiilm whichtheviscosefibres arespun[35]. Here,

the cellulose is chemically modifiedipr to dissolution, to a form that can be
dissolved ina specific solvenOver the years alternate routes to producing MMCFs
have been developed including tigecell process where fibres are produced via
direct dissolution of wood pulp in-Nethylmorpholine Noxide (NMMO),

eliminating the need for derivatisation as required byvikeoseprocesg36]. The
namedy o c e hol genericallygiven tofibres produced via this route as well as
the process itse[B7] and furthermorehas been defined by the Federal Trade
Commissioras a cellulosébre that isprecipitated from an organic solution in

which no substitution of the hydroxyl groups takes place and no chemical
intermediates are formdd8]. Tencelis atradenamefor lyocell fibresoriginally
producedby UK based manufactur€@ourtauldsin2 000, t he companyos
division was sold tc.enzing AGwho maintained the trade nafencel for their
lyocell fibres[38]. Since commercialisation in 199¢ocell fibres have gained
popularity as an alternative MMCF, with a growth rate predicted to exceed that of

viscosen the near futur¢39].



Regenerated cellulo8es the term given to fibres produced via derivatisation, that

is, where cellulose is dissolved in a solvent, chemically modified, and subsequently
precipitated out into a form that can be spun intorainuous filament to produce a
fibre[40]. However, itisnbuncommon t o see the term Ore
fibres produced via direct dissolution, where no chemical modification has taken
place.Regeneratetibresare made up of multiple flaments, bundled together to

form afibre that is then woven into textile form. The filament cross section is
largelycircularand smoothi38, 41, 42] allowing them to pack together closely

This contrasts witlthat in a native yarn such as cotton, which is made up of many

bundles of irregular shaped cottiiores [41, 43}

1.2.3 Cellulosic textiles

Both natural and mamade ellulosc fibresfeatureextensivelyin the textiles

industry. The most welknown native fibre used in textilés cotton,which

accounted for nearly a quarter of the total fibre production in 892 In the

context of MMCFs, tpbal production has more than doubled over the last 20 years
from 3 million tonnes to 7.2 million tonnes, accounting f&6 &f total global fibre

consumptior{44].

Native fibres ardunded together ahmechanically spun to produce yamasich
areused to form textlesT he ter m o6yarndé, however, is
referring to MMCFs at the same scdlnce spun into continuous filamentisey
areinsteadeferred to asfibresd These ative yarns and mamade fibres are then

woven into a textile structure.
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1.2.4 Cellulose in the materials industry

In addition to the textiles industrgellulosehasapplicationgn the materials

industry, for example,lbx, hemp and wood fibres have been used in combination
with synthetic, fossil derivedolymers to form biecomposite materials. These are a
development from traditional composite materials where the reinforcing component

(such as carbon or glass, for example) is replaced with a natural fibre.

To truly harness the potential of biopolymer such as cellukgdpring ways to
developbio-composites that are independent of fedsilived componen{g5] is an
area worth exploringSectionl.3 explores composite materials frotmotha
traditional(non-biobased) point of view as wel§ @evelopments into biobased and

single-polymer composite materials.

1.3 Composite materials

Composite materials contain two or more different component materials, and by
combining components that have different properties it is possible to create
something with improved, or enhanced propeid€s. In general terms a composite
consists of a continuous phase known as the matrix, which surrounds a dispersed
phase known as the reinforcemeéddmposite materials can provide enhanced
performance above that of plastics alpid, and do so by combining a base
polymer with a reinforcing component such as a fibrammthepolymer.There are
different methods that can be used to form composites, and the method applied

typically relates to the kind of reinforcement used. This can include reinforcement in
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the form of particles or fibres or creating structural reinforcement from layers of

different material$48, 49]

Polymersreinforced usindibresare known asibre-reinforced compositg(FRCs),
whereafibre is added to create material that has increased strength, or capability to
withstand increased loads. FRCs,the matrix component is the polymand the
reinforcement is the fibréA polymer may exhibit aesirable strength and low
density, but due to its low modulus may lack strength osstiffness needed for a
particular application. In this case, the additioffilafes such agjlass or carbon
would produe a compositenaterialwith enhanced propertig¢S0]. One of the first
fibres usedo create FRCwas glasswhich when added to a polymepould create a
lightweight material with high strengfbl1]. Carbon fibres are used frequently in
composites to provide stiff yet lightweight alternatives to mé¢&ls There are
many dher synthetic fibres used composite material$or examplearamid fibres,
polyethylene, and different variations of glass fibiigse use of natural fibre

reinforcemerg such as cellulosic fibresill be discussed later in the chapter.

1.3.1 Composite manufacture

In traditional fibre reinforced composites, there are many different fabrication
technologies that can be applied to achieve structure and thickreessposite
materials One way involves using a ppeeg, which is a sheet made by
impregnating an arrangement of fibres with resin. Theppeg is then consolidated
and cured using pressure and HBa}. A variation of this involves the use of fibres
arranged ira sheet or woven structukaown as a dry préorm, which is then

enclosed within an impermeable membrane under va¢b8jnResin is then
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injected into the enclosure which impregnates theqma, and this is known as
vacuum assisted resin transfer moulding (VARTMommon construction in
composite forming is known adaminate produced by stacking multiple layers
together The layers comprise unidirectiolyabrientated fibre reinforcemetitat are
then stacked according to the requirements of the matd@iakselayers areeferred

to as plies or lamingeand thes arean example ofmulti-layered compositgg9].

1.3.2 Composite Properties

Achieving good mechanical properties in composites relates to how an external load
is carried throughout the composite structared in particularthe reinforcing

component from whickhe strengtitomes fron{49]. This force is applied initially

to the fibres that lie closest to the surface, then transfers from fibre to fibre via the
matrix. The interface is therefore extremely important to ensure that this load
transfer can occur and the fibre reinforcement can be effectively ufifidédAny

voids or lack of adhesion at this interface will reduce the efficiency of load transfer,
and subsequently reduce the ability of the material to withstafdatresulting
formulation and properties of a composite are heavily influenced by the properties of
the individual componen{$5]. Both reinforcement and matrix components
independently contribute their own properties, and their contribution is typically
determinedoy the respective volume fractions which are present in the composite

[56].



-13 -
1.3.3 Textile composites

As mentioned in the previous section,fwens can take the form afsheet or
woventextile structurethe latter producing materials often referred to as textile
compositesResearch into textile composites has grown over the past few decades,
drawing on many fundamental concepts within the disciplines of textile technology
and materials scien¢g7]. The flexibility of woven textiles mearbatthey can be
shaped intdhreedimensional structures, as well as offer structural advantages and
increased composite mechanical propef®&3. Textile structures can be considered
a hierarchical system where ttextile is formed from yarns that are themselves

formed from fibreg59].

There are two main structlrcategoriesised in the textiles industry, woven and
knitted.A woven structure is formed from warp and weft yarns which are interlaced
perpendicular to each othi@0]. The warp yarns are stretched in parallel on a loom
and held under tension, and the weft yarns are run over and unuaattd€ in a
direction perpendicular to the warp yariberearea multitude of different ways

the weft fibres can interlace the warp fibres, leading to different structures being
formed.Plain weave, satin weave, and twill weaare he most common types of
woven fabrics found in fashidb9]. Because the fibres can have a differerplame
arrangementhe properties of textile composites can be anisotropic, i.e. differ

between the warp and weixes.

Fibre and yarn propertiesin be highly influential in determining the properties of
thetextile they are used to cred®&0]. Fibre properties depend on intrinsic factors

such a molecular weight and crystaientation for example These fibreproperties
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and the processing by which they are spun into yarns will in turn influence the yarn

propertied60, 61]

1.3.3.1 Fibre orientation

It is generally understood that fibre orientation plays a crucial part in optimising the
tensile propertiesf composites materia[62]. For instance, innidirectional
compositeswhere the fibres argraight, andiligned in one directiorthey exhibit
excellent tensile properties in the longitudinal direction of the fibres. There is,
however, a drawback to unidirectional aligned reinforcement fibres where properties
are significantly weaker in the transverse direction, due to fibre aligratergjust

one axis.

The orientation of fibres on two axes in the case of a woven fabric can provide more
balanced properties in the fabric pld68]. The use of woven textiles as a

composite preform provides yarn orientation in two directions owing to the
interlaced ends (warp yarns) and picks (weft yarns) aligning perpendicular to each
other, thus providing a (0°, 90°) orientation. It can be saatetbre, that the warp
yarns contribute to the longitudinal properties of a woven textile, and the weft yarns
contribute to the transverse proper{@4$]. In manywoven structures, particularly
commercial clothing textileghe warp yarns typically have a higher tensile strength
than weft yarn$65]. As more tensions placed on the warp fibres during the

weaving procesdabrics typically have more warp yarns per unit area than weft
yarnswhich can increase strengttronger fibres may also be used to make warp
yarns to ensure they withstand the weaving prodéss.imbalance cabhe more

pronouncedf there is an unequal numberydrns in thevarp and weftlirections
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Textiles used for industrial applicatiotypically use balanced fabrics, where there
is an equal number of warp and weft yg68], and yarns are chosen for

performance and strength

When studying woven structutasis usefulto be aware othe arrangement and
configuration of the weft and warp yarns within a unit length of fabric. This involves
parameters such as yarn count, linear density, crimp, and yarn s@loifigyhich

can contributéo the resulting physical and mechanical properties of the fg@fjc

Yarn crimp occurs through thieterlacing of warp and weftarnswithin the fabri¢
leading to a portion of the yarn orientating out of the-tlimensional textile plane
[68]. The yarrbecomes wavy as it passes over and undeyatgendiculayarn,

and thisis generally more pronounced in the weft yafiidmp can be quantified in
terms of the crimp ratio, which is the ratio of the yarn length to the cloth length, as

shown inEquationl-1

Equation 1-1
51 0l B o "Od QERD i €
I Qi ———ex s .
@ aQECK 08 O

A yarn with a crimp ratio of above one will be longer than the length of fabric it
forms in the same direction, and high crimp ratios will contain more yarn across the

length leading to increased density and thickness.

The yarns within different weaves will exhibit different levels of crimp which in

turn will affect the thickness of the fabft9]. In plain weave, for example, a single
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weft yarn will pass over and under one warp yarn, and thus the interlacement is at
maximum. The crimp ratio of the yarns is therefore higher than that of satin weave,

where four or more weft yarns pass over four or more warp y88hs

W

»
>

Y )

Crimped length (length of fabric)

Y
Y

Extended length (length of yarn)

Figure 1-6. Schematic showing the length of a crimped yarn and its extended

length.

The fabric weaving processeates more alignment in the warp yarns as they are

held under tension, and thiseans that warp yarmgpically havea lower crimp

level than the weft yarn#\s such fabric tensile strengthntypically be perceived
ashigher in the warp direction than the wiggb, 67] When applying load to a

textile, the initial load is used in straightening out the yarns, leading to reduced
tensile properties in the direction of the weft yd6%#. The strength of the textile

will be transferred to the composite it reinforces, and so strength may not be equal in

these directions.

The portion of yarn that passes over a given set of transverse yarns in known as a
float, and twill and satin weaves, for example, exhibit higher floats. Fabrics with
yarns of a higher float offer a fabric

lower float[60], and so the unidirectional strength is provided by yarns with less
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crimp, and continuity acrosslongerportionof the fabric in a given plan€&abrics
with longer floats can offer increased fabric strength and this is utilised in both
fashion and materials design. Twill, for example is used in fashion to make sturdy

denim products, and is also used in carbon fibre comp¢8Qgs

1.3.4 Natural Fibre Reinforced Composites (NFRCs)

As alluded to earliefsRCs ardaypically reinforced withsynthetic fibres such as
glass, carbon, aramid and KeWl@0]. Despite thesuitability of these fibreto carry
load and provide excellent properties to the compositaldhkiee to seek out more
environmentally friendlyeinforcement$as led ta growing interest in the
development of natural fibre reinforced composites (NFRCS), often shortened to
NFCs.Here,a polymeric matrix encases a natuate, rather than a synthetic one,
and cellulosidibressuch as flaxhemp and kendfavegarnered considerable
attention[71-73]. Whilst the mechanical properties of natural fibrestgpecally not
as favourablas synthetidibres, in some applicationthey are able to competa
specific propertieswing to theircomparativelyreduced densitjl4, 70, 74, 75]
Flax, for exampleis used as aalternative to glasibresto reinforce materials used
by the automotive industriji4, 74, 75] Despite the benefits of using natural fibres,
NFRCsare revethelesamixed component materials with a synthetic polymer
matrix and so the difficulty in recyclingemains Additionally, there is always a

challenge in creating a strong bond between the fibre and matrix phases.
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1.3.5 Single Polymer Composites

Whilst consideration of the fibre component of composite materials is important in
the context of cellulosic fibrehe matrix component is of equal importance to
achievethe desiredalance ofaterialproperties The matrix component can take
many forms in addition to polymers, for example, metals, and ceranoagver,
polymers are most common matrix materials for compopl&sand is of

particular relevance within the scope of this wdrke matrix component of NFRCs
commonly comprise thermoplaspolymerssuch as polypropylene (PP) and

polyethylene (PE) or thermoset such as epoxy [&8in77]

One of the key challenges in composite production is making sure the individual
components can truly combine and enhance one another, and this is highly
dependent on the interfacial bonding that occurs at the interface between matrix and
reinforcement. Focomposites with chemically different components this bonding is
difficult to achieve and additional components need to be added such as surfactants
or coupling agentg/4]. The reduced adhesion at the interface between matrix and
reinforcement phases can lead to reductions in mechanical performance as well as a
risk of water uptake that will negatively affect the properties of the comyjdske

56]. The heterogenous natureaofraditional mixeematerialcomposite adds

complexity to the recyclability of the material, as the two components will need to

be liberated from each other before they can be rugéd

These consideratioried to the development of the singlelymer composite, where
apolymersuch as synthetic polypropylene (R&¥msbothmatrix and
reinforcement phaseslere, the surface of an orientated polymer fibre is selectively

melted under the application of héatform the matrix fractiorthrough a process
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termed hot compactidi’9]. Thisresulsin a materiacomprising two chemically

identical phasethatcanbe recycled easier after use.

Natural polymers such as cellulose couldubed for both reinforcement and matrix
as an alternative to fosslerived polymers such as PP. The concept of using the
same material for both component phases has been used in the development of
homogeneous, natural polymer composites such-aglallose composites (ACCs)

which will be discussed in the next section.

1.4 All cellulose composites (ACCs)

ACCsare a type of biocomposite where both the matrix and reinforcement are made
of cellulos€g[7, 8]. This is a mona&component composite whereby the reinforcement

is provided by the inherent high strength of cellulose and held together by a
cellulosic matrix.This overcomes thissue faced witlheterogeneous composites,
wherepoor interfacial bondingnd inefficient stress transfer canse between

chemically incompatible components, 80, 81] Thehomogeneous nature af

ACCsis comparable to that ginglepolymer compositementioned in section

1.3.5 thekey difference being that AC@e®mprise a natural polymer, rather than a
synthetic oneThe preparation of ACOsas first reported in 2003F], and there has

been much interest in the area since.

As thematrix and reinforcing componenasechemicallyidentical, they will bond
well to oneanother[8], and this means that tirgerface can be reduced or even
eliminated entirely7, 82]. Thisreducethe need for extra treatments or added

components used to reduce the interfacelcan lead to composites with increased
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mechanical performand@, 8]. The term composite can still be used however,
because despite the components being chemically identical, there can be a
significant difference in structural and physical morphology between the two phases

[8, 46]

1.4.1 Formation of ACCs

The formation of the matrix fraction within the singlelymer composite is

achievedoy meltingthe surface of orientated polymer fibf&9]. Cellulose
howeverdoes not melf7, 83-86], andso the use of a dissolution process is required
to generatea matrixphasdrom it. The continuous matrix phase of A&C can be

made by dissolving cellulosic material to form a solution that can surround and hold
the cellulosic fibres that provide reinforcement. This was first demonstrsitegl a
two-step dissolution process where cellulosic fibres were dissolved in a solvent to
form a solution into which further cellulosic fibres were immeirgédas illustrated

in Figurel-7. The dissolved cellulose regenerates to farcellulose limatrix

around the additional fibres, cresg a composite of regenerated cellulose Il around

native cellulose | fibres.

e
N~  [=\a0 - &

Fibres Complete . ;
Dissolution Cellulose Fibres omposite

Figure 1-7. Two-step method for forming ACCs.
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A onestep process was latgroposed bysindl et al.[8], whereone cellulose
source(microcrystalline cellulose (MCC)yyaspartially dissolved, allowing ito
form both reinforcement and matphasesn theresultingACC. On coagulation
and solventemoval, thalissolved fraction formed the matrix componéedyving
the undissolved fraction available to servehasreinforcemeniThe principle 6
partial dissolutiorater inspired the concept &felective disse@ingbthe surface of a
cellulosic fibre[87, 88] The dissolved outer layéorms the matrix phase after
coagulation)Jeavingthe inner core undissolved serve as reinforcementhishas
al so been refesetedti v el@4 and sandweiding8el,n 6

and is illustrated ifrigure1-8.

Figure 1-8. One-step method for preparing ACCs.

The advantage dhesingle componenpartial dissolution method ighat it isless
susceptible to thehenomean of differential shrinkag¢84, 90] which can occur

during dissolutiorand regeneratio Celluloseis susceptible to swelling which can
occur when put into contact with a compatible solvent that can dissolve it. The
solvent works its way into the cellulose structure and initiates the breaking of certain
hydrogen bonds in more accessible reg{®i$. The bonds break and the solvent

fills the space, pulling the chains away from each other, causing the cellulose to

effectively 6swell 6. This swelling can
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the dissolution leads to a mix of dissolved and undissolved sections of cellulose
which will swell to varying amounts.ifferential shrinkage can then occurihg
regeneratiormue tothe differences in swelling which causes voids to develop

between the matrix and reinforcement sect{84$.

Cellulose can be dissolved with, or without prior modification, the details of which
are discussed more in sectib®, however, on contact with a suitable solvent,
dissolution occurs through a similar set of stages as observed for most polymeric
systemg92]. The polymer network initially swells, allowing the solvent to diffuse

into the polymer and polymer chains to disentangle and move into the solvent. After
thedissolutionprocesssolvent removal is carried out in a bath containing ar anti
solvent which essentially breaks the bonds formed during dissolution between the
solvent and cellulose. Here, new hydrogen bonds are formed between the cellulose
chains, resulting in the format of the cellulose Il allomorpf20, 28, 93] This

process is often referred to as coagulal@®) 9496] and common coagulants used

are watef95, 97, 98] ethano[96], and methandl7, 88].

1.4.2 Cellulose sourcs

Early literature on the subject of AC@svolvedthe use of cellulosat the nanoscale
(~1-100 nm) as the reinforcing component, for example M&®9], and
microfibrillated cellulose (MFC)80, 100] andmanycellulosicsources have since
been usetb generate theeinforcing and matrix componentegarding the two
step method, gamatrix has been formed fronatural sources such lasaft pulp[7]
andfilter paper{11]. In the onestep method, atural ®urces used to form both

matrix and reinforcement include nanowhiskd®1], filter paper[82], flax [97],
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and ramie fibre§102], as wellasmanmade cellulosébressuch asinidirectionally

alignedlyocellfibres[87] or lyocell fibresmade into nhonwoven mafg7].

Native fibres

The composition of natural fibres can influence the way they interact with a solvent
during dissolutionwhich will influence how they remain in the final composAs.
mentioned in sectioh.2.], the surface of native fibres consistsadéss orientated
crystalline region, with regions of higherientationtowards the centreCellulose

fibres typically have five identified modes of dissolution depending on the quality of
the solvent system us@ll], which involve swelling and ballooning of the fibres.

This, however, refers to the dissolution of cellulose fibres which are at a scale of
approximately 125 microng27, 103] Cotton yarns for example, are made up of
individual bundles of fibres, each bundle comprising many elementary cotton fibres.
These bundles are twisted to form the cotton yarn used in textiles which, at a larger
length scalé300-500 microns)swelling and ballooning mechanisms are not

observed.

The use of cotton in ACC productitiasnot been quite asommonas other natural
fibresand this is possibly due to the fact that the primary use for cotton fibres is
established within clothing and textiledthough the reinforcement potential of
cotton has been investigated within polymer compogli@4], its use within ACCs

has not yet been thoroughly explored. Nevertheless, there has been some studies
involving cotton fabric with promising observations, for example there is some
evidence to suggest that cotton fabric can exhibit superior tensile pes@ertl can
maintain a higher elongation to break than wood timber irphegsed composites

[105].
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Man-made / regeneratefibres

Regenerated fibres can provide an effecteiaforcement as fibre. Indeedt has

been shown that ACCs produced udiyagell fibres for example can exhibit better

tensile propertie6 Yo ung 6 s mad GPaward tensfle strengeh of ¥4

MPa)than ACCs prodcedfrom natural flax flore§ Youngdés madul us of
GPa and tensile strength® + 2 MPa)[97]. The use of regeneratédresin ACC
productionwas first demonstrated through the partial dissolutidgaafell fibres

using NMMO[88], the solvent used in the productionyaicell fibres from wood

pulp (as discussed in sectidm?.?.

The production process can influence the properties and morphology of different
MMCFs, which in turrwill affect the mechanism of how they will dissolvean
solvent.Lyocell fibres, for example, produced via direct dissolution in NMMO,

have been shown to have notably different structure and properties to traditional
regenerated cellulosic fibres produced via the derivatisation dvilseeseprocess

[106, 107] A dry jetwet spinning process is employedyncell production, where

a spinning dope is prepared from the dissolution of wood pulp in an NM/st@r

mixture, and subsequently extruded into a precipitation bath at elevated temperature
through an air gafiL06]. The coagulated cellulose fibre will then typically undergo
washing, drying and any peseatments. The stages of processing can each

contribute to the final structure and properties of the fibre.

It is largely understood thatocell fibres possess a skoore morphology107-
111] The core consists of highly oriented, elementary fibrils of cellulose II

crystallites in a parallel arrangement, connected in the fibre direction by amorphous
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regions as well as elongated vojd&, 109, 111] This core is the origin of the high
orientation possessed lyocell, surrounded by akin layer being of a lower

orientation This skin layehas been described as two distinct-lyers consisting

of a thin, sempermeable outer skin of low orientation, and a porouszoit with

more orientated cellulose chaidi®8, 109] This seemingly heterogenous structure,
however, has not been observed to provoke any significant differences in dissolution
behaviour. Indeed, it has been suggestedybatll fibres possess a more

homogenous structure thaiscoseand Model[108], resulting in a uniform

dissolution in solvent from the skin to the c{té0, 112]

1.4.3 Textile reinforced ACCs

There is growing interest in the use of textiles made from cellulose sources such as
cotton[81, 98, 105) andregenerated cellulesmost frequently Rayof84, 96, 113

115], andlyocell [116]. Among the methods reported, partial dissolutba textile

in solvent[84, 98, 113has been demonstrated, akin to the-ste@ process, as well

as combiningextiles witha predissolved cellulose solutidi15] asthe twostep

method.

1.4.4 Challenges in ACC formation

Most studies have so far producedadllulose composites in film form with
thicknesses varying from G2mm, and b broaden the range of potential

applications of these composites it would be necessary to look at producing thicker,
more threadimensionaktructureg§112]. Thiscan be ahallengeascreaing a solid

threedimensional structure from a liquid requirtee liquidto be cast in a mould.
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When producindACCs, the liquid solutiorformed after dissolution is composed of
cellulose and the solvent. The solvent mustdmeovedso that the dissolved
cellulose can coagulate and regenerate to form the composite, and so the final

volume of solution available to be put into a mould will be reduced.

The use of textiles offsia route to overcome thighere thickness could be iltitby
stacking layers of textiles together, a concept not unlike the formation of laminate
structuresn traditional composite manufacturimgentioned earlie Inspired by the
lay-up method used in traditional infusisased composite formati¢48], the
production of ACC laminates with thicknessed @#2.3 mm have been
demonstratedsing a variation o ARTM known assolvent infusion processing
(SIP)[84, 113] where ayers ofviscoserayontextile were assembled inside a bag

held under a vacuum, into which the solvent was introduced

Whilst the use ofextilescanhelpbuild thickness in ACCghe issueof void

formation in layered assembliemmains a challengbat must beddressed to

improve performance and widen the practical applications of ACTCA. It is

crucial forthereto be excellent adhesion between the matrix and reinforcement
phase®f a composite materitéd achieve alesirablebalance of mechanical
propertiesHaving chemically identical matrix and reinforcing phases allows ACCs
to overcome the issue of poor bonding at the fibegrix interface, however,

obtaining strong interlayer bonding between the textile layers still requires sufficient
matrix to be produed. It is well understood that sufficient matrix formation can
support a strong fibrenatrix interface and help to efficiently transfer external loads

to the fibres, thus getting the best out of the prop€dii@2]. This is also the case in
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traditional laminate constructions, where thin sheets are stacked together to achieve

the desired thickness.

Thetwo-step process route relies on complete dissolution of the cellulose material,
and as sucharge amounts of solvent are needed which can elevate costs
considerably. It is important to note that although-step method can offset this

with reduced solvent use, the volume fraction of the reinforcing component must be
sufficient to avoid the redirtg the properties of the outcome AQI17]. This is

because the dissolution itself creates significant change to the cellulose physical
state. In the twstep method, fresh fibres are added to the dissolved solution and
can therefore contribute their high strength without modification. By siurjettte

entire starting material to dissolution in the case ofsiap partial dissolution, the

fibre reinforcement within the composite will need to undergo a sufficient amount of
dissolution in order to create enough matrix to bind the undissolved fimgether.

This will reduce the volume of undissolved cellulose remaining within the

composite which will ultimately affect the properties.

Producing sufficient matrito bond the fibres together is of further crucial
importance whempplied to laminate ACC constructiohsyeredcomposite

structures are susceptible to delaminafik8] which can be caused by inter

laminar voidsand insufficient bonding between the layddsspite attempts to

create laminate ACC structures, avoiding the formation of voids between layers is
still a challengd84]. Theonestep partial dissolution methedquires balancing the
productionof sufficient matrix materialalong withlimiting fibre dissolutionto

ensure thdéibres canadequatelyeinforcethe composite.
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Obtaining adequatmatrix andreducing voids is particullr challengng when

using textile structuregnda reason fothis can be suggested by looking at how
bonding is achieved when thermoplastic polymer fibres are selectively melted
duringhot compaction. Here the outer skin of each polymeric fibre is selectively
melted, which on cooling forms the matrix phase of the single polymer composite
[119]. The fraction of melted polymer, however, is not always sufficient to
adequately bond layers of woven polymer filaments, owing to the pockets of space
that exist between the individual textile layers, due to the textile surface roughness.
More material igherefore needed to produce a matrix that can achieve adequate
bondingin the intratextile layer, as in the absence of this, delamination can occur
[113]. A similar situation can be attributed to the partial dissolution of cellulosic
fibres within a textile, where a layer of dissolved material around each fibre surface
is produced, forming the matrix to aid fiet@fibre bonding. The amount of

cellulose that can be dissolved is highly influential in determining the matrix

fraction of the resulting compositg4].

1.5 Interleaf films in ACC production / Novel ACC developments

Recently a method of forming ACCs has been presented that can potentially
overcome the barriers associated with poor bonding and inadequate peel strength,
offering potential to create thraimensional structures. This patenf&l7]

technique combines the advantages of the one andtdpamethods by reducing the
amount of solvent needed whilst still achieving an adequate ratio of matrix and

reinforcement to bond fiy.
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Here,an interleaved cellulose filis placedbetween layers of woven cellulosic
textile in a modified partial dissolution proce$be keyelementof this method ist
the preparation stagand theformation of apre-formedstructure created from
layers of two cellulose based materials; a cellutbsised fabric and a film of
regenerated cellulog&17], akin to the twestep method described previousine
incorporation of a chemically identical interlayer film to achieve sufficient matrix
has been previously reported with regard to thermoplastic single polymer
composite$119], resulting in increased interlayer strength without requiring
significant reduction in the fraction of reinforcing fibrés.s suggested théte
placement of matriforming material irbetween the textile layecan targematrix
production to where it is needed the most; the interlayer regions which can be a
weak point in multiple layer composites. THigenimproves interlaminar adhesign
whilst limiting overall fibre dissolution, allowing the mechanical properties of the
textile reinforcement to betilised more efficientlyThis structure is partially
dissolved in solvent where the outer layers of both cellulose sources are dissolved to
form the matrix in the same way as described previoAdtgr dissolution the
cellulose undergoes regeneration by washing in a coagulant bath to form the

composite.

Cellulose textile Partial All-cellulose
and film stack dissolution composite

Material 1: Cellulose Fabric Material 2: Cellulose Film
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Figure 1-9. ACC formation using layers and partial dissolution

The resulting composite comprises a structure of three distinct plhasgsown in
Figurel-10:
1. A matrix of cellulose Il ancamorphous cellulose formed from the dissolved
outer surface athe cellulosic textile and film
2. Reinforcement phase of undissolved fibres fromctikilose textile made
up of cellulose | and a small fraction of amorphous cellulose.
3. Undissolved film comprising regenerated cellulose (cellulosédirlly, the
thin (~20mm) interlayer film completely dissolves and so is then

indistinguishable from the dissolved outer layers of the cellulose source.

1 - Matrix of cellulose II and amorphous
cellulose formed from the dissolved outer
surface of the cellulosic textile and film.

2 - Reinforcement phase of undissolved
fibres from the cellulose textile made up of
cellulose I and a small fraction of
amorphous cellulose.

3 - Undissolved film comprising
regenerated cellulose (cellulose II).

Figure 1-10. ACC layers after dissolution process. The image to the left
represents the crossectional view of layers within the ACC, and a larger view
of the layers is shown to the right.

Bondingbetween the textile layers improved using this method and this is because
the two phases at the interface are chemically compadivieg to partial

dissolutionof two cellulosicmaterias. The matrix is formed from the dissolution of
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both materials, creatinganemicallycompatible phase of cellulose. Many layers can
be built up for dissolution allowing thicker composites to be produediwith the
strong internal structure present, they are more able to withstand the strain and
stresses incurred dog processes such as moulding. This creates light, stiff and
strong materials that cdoe shaped into thredimensional objectfl17]. The
advantage ofisingtextile pre-forms in ACC preparation allows the resulting
material to possessséructuralform without the need farasting which would be

required when free floating fibres are added to a cellulose so[atlGi

This method offers a way to overcomine challenge opartial dissolution described

in sectionl.4.4 where producing sufficient matrix for the compositay mean a
compromise with the amount of reinforcing filfractionremaining to give the

ACC strengthThe addition ofa cellulose film layer between fabtayersleads to

the generation of adequate fibre and matrix components to support interlaminar
bonding, in a singlpolymer composition that supports interfacial compatibility.
Improved strength can be achieved with the film reinforcement to offset the loss of

fibre volume thatriseshroughpartial dissolution.

1.6 Cellulose solvents

As mentioned previously, celluloseust be dissolvenh a solventather than melted
to produceACCs|7, 8]. It is known that cellulose is insoluble in water and many
organic solverg[91, 120] andthereasongor this have beewidely debatedn

literature[20, 121, 122]
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The underpinning concept of dissolution mechasteses that for two given
components, if thenixed state is o& lower free energy than tkeparate phases,
dissolution will occuf121]. Dissolution may still be too slow, however, requiring
heating or agitationyhichis easier for low molecular weight (1solutes. In the

case of polymers, achieving fast dissolution is still difficult, and this relates to the
multi-step process of polymer dissolution. Initially, the solvent diffuses to the
polymer surfacecausing the outer layer to swell, and the polymer transforms into a
getlike medium. The polymer chains will thetart to move ird the bulk solvent
solutionwhich can be a slow pross because before they can move, they must first

disentangleThis process is even slower for sernystalline polymers like cellulose.

In early literature, on&requently cited notiomo explain cellulose solubility was
related to the extensive networkinfermoleculathydrogen bonding withiits
structure, and the understanding that an effective solvent needs to befabily to
break these bondandthenform newhydrogenbonds with the solutg 20, 121,

123, 124] However, this alone did not fully explain why some solvents could
dissolve cellulose while others could neor examplecellulose is not soluble in
water, and fnce solubility is often determined by a solvent's ability to form
hydrogen bonds, one might expect cellulose to dissolve in water, given water's
strong hydrogen bonding propertiés this is not the casé& soon became clear that
the mechanismsurrounding cellulose solubility and the structure of cellulose itself
warranted new perspectivesain thediscovery of new cellulose solverji1]. In
2010, Bjorn Lindman proposed that other factors, particularly hydrophobic
molecular interactions, also play a role in cellulose's solubility, challenging the
previous theory that focused solely on hydrogen bondigj). The Lindman

hypothesis, as it has come to be kng®2b], discussesheamphiphilic nature of
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cellulose amphiphilicbeingatermgiven tomolecules that have bopolar

(hydrophilic) and nospolar fydrophobig¢ regions Amphiphilic polymerstend to

organize themselves into structufednations when placed in a solvesnich as

water, a proces&nown as setassemblylt is suggested thahé hydrophobic sides

of cellulosewill stick togetherin an aqueous environmekdweringits solubility in
agueous environmenfis21]. TheLindman hypothesis hdseen challenged

however with suggestions thaéhe dissolution behaviour of cellulose twker
potentiallyinfluential factors[125]. For instanceit has been proposed thhaet

interaction between hydrogen bonds, Van der Waals forces, and hydrophobic effects

should be considered duritige dissolution process.

Whilst the complexity otellulose dissolution isvidentandour understandintar

from complete thereare several wellocumented cellulose solvents in use that we
have a good understanding dhe two main types of solvents for cellulasa be
characterized by the way in which they achieve dissolution, and these are known as

derivatizing and norderivatizing solvents.

1.6.1 Derivatising solvents

Derivatizing solvents work by modifying the cellulose at a molecular level to
produce an intermediate that can then be diss¢h&). By interacting with its
hydroxyl groups, it forms a cellulose derivative whiafter dissolutionis either
used as the derivative, or chemicalbnverted back to cellulos€éhe chemical
conversiorprocesss known as regeneratidgt24], the termused to describe fibres

producedhough dissolutiofbased processes as discussed in settiba
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TheViscoseprocess was one of the first commercial applications of cellulose
derivatives, producingiscosefibresmentioned previouslyin this processellulose

is reacted with carbon sulphide to produce cellulose xanthate which can then be
dissolved in sodium hydroxide. In this processuiseoses then converted back to
cellulose and spun into fibres using sulphuric acid and zinc sulphate. This process is
complex in terms of the steps required to create the derivative and consequently
revert it back to cellulee. Severaktepsare requiredbefore dissolutiopand the

chemicals required to chemically modify cellulose and convert it,lwackead to

the creation of unwanted basedrpductg84]. In addition to this, a large amount

of solvent is required to achieve this modification and produce the deri{B2i6k

1.6.2 Non-derivatising solvents

Non-derivatizing solvents are able to directly dissolve cellulose without any
intermediate derivation step46], and theydo this by breaking the hydrogen bonds
within the cellulose supramolecular structure, so that new hydrogen bonds can be
made with the solverjit27]. These can also be referred to as direct solvents, and
there are many examples of such solvents being used to produce ACCs, the most
commonsolventsbeing N,Ndimethylacetamide/lithium chloride (DMAC/LICIN-
methylmorpholineN-oxide monohydrate (NMMQ)ynd lonic Liquidg7, 8, 11]

Some of these nederivatizingsolvents will be discussed in moretdil in the

following section.

The first ACCs were produced using a DMAC/LICI solvent sy§tgimThis is an
example of a nowlerivatizing direcsolvent howeverjn this systenthe cellulose is

not converted into a soluble derivative prior to dissolutinsteadthe cellulosas
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Oactivatedo N3] Celubse fibres arespaedatedusieg water,
acetone and DMAE7, 8, 87]after which the fibres can then be immersed into the
solvent.The reasoning behind this activation step relates to the mechanism of
cellulose dissolutiomvhich, as mentioned previouslyas been discussed

extensively throughout literatu@0, 91, 123, 124]it is understood that one of the
factors influencing ellulose dissolutiois the breaking ofiydrogen bonds between
the cellulose chainallowing the hydroxyl groups to subsequently make new
hydrogen bonds with the solveitthas been suggested that this is linked to
swelling mechanism that cellide undergoes during dissoluti¢ph24] which
influences the accessibility of the hydroxyl groups present in its structure and their
subsequent availability make bonds with the solvgii8]. The abundance of
strong hydrogen bonding between cellulobains makes this a challenge for any
solvent system, and the activation step initiates swelling via the breaking of these
bonds, making them available to bond with the solvent molef32¢sOnce

activated, the cellulose can then be dissolved using DMAc/Ii@&.DMAc forms a
complex wit lithium, releasing chloride as anion that can readily interact with
hydroxyl groupg127]. Dissolution of cellulose using the DMAC/LICI system can be
carried outat ambient temperatures howembe process can be lengthy, with up to
12 hrs before formation of compositgd. Additionally, DMAc andLiCl together

form a toxic combination that is both volatile and corro$i@, 129] and these

health and safety concerns are a barrier for its industrial potential.

NMMO is adirect solvent used in the industrial productiotyofcell fibres and is
considered a more environmentally sound alternativiee Viscoseprocesg130],
mainly because it is netoxic, biodegradableand can be recycled up to 99in

industrial processs[36]. NMMO is amphiphilic, supporting the theory that



-36 -

cellulose is also amphiphili{@31], and has high dissolution capacity for cellulose
[132]. Although the use of NMMO has seen industrial success for fibre production
there are still challenges in its yuseach as the high costs associated with the process
[133]. In addition to theeconomic drawbacks, there are some safety concerns that
relate back to the chemistry of the process reactiids. reactions such as

oxidation and fregadical generating homolytic fissions can lead tepbyducts that
cause NMMO degradation, as well as chemical alteration of thg3#ilpTo avoid

this, large amounts of stabilizers are needed which increase cost and complexity of
the proces§l32]. Other heterolytic reactions can occur which cause the temperature
to increase uncontrollably, known as o0tfF
particularly dangerous to control. In addititrthis, the cellulose itself can degrade
which ultimately affects the properties of the ensuing matdnighe case of the

lyocell process the fibre produced can be discoloured and suffer from fibrillation
which ultimately affects the dying capabilitigls34]. It is therefore important to
carefully consider the solvent to be used for cellulose dissojuti@nsure the
properties of the cellulose can be maintained. Consequtrghg is an interest in
looking for alternatives to NMMO as a solvent for cellulosic materials for fibre
production[83]. The use ofl,5diazabicyclo[4.3.0]noib-enium acetate

([DBNH]OAC) for examplehas been reporteas a less harmful solvent to convert
cellulosic material into regenerated fibres for spinjit®p]. [DBNH]OACc belongs

to the family of chemicals known as ionic liqui@sd heir potential for cellulose

dissolution will be discussed in more detaithe next section.
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1.7 lonic Liquids

lonic Liquids (ILs) are saltaith a wide liquid rang¢80, 136] composed of a
combination of one anion and one catidhe term ionic liquid is given to salts with
relatively low melting points, but more specifically below 100187], existing as

liquids at comparatively low temperatures, and can also be referred to as room
temperature ionic liquids (RTIL$)138]. They are stable at high temperatures and

have low vapour pressurgis39], meaning that they typically have low volatility

and have been seen as favourable alternatives when compared to traditional volatile
solventq123]. ILs have also been shown to be highly effective at dissolving

cellulose, with dissolution capacities comparable to NMNIZE].

Owing to the vastombinations of cations and anions that can be present, it is
possible to form an IL for a specific purpose, such as to increase the yield of a
particular reaction. ILs are therefdrghly tuneable and have been labelled as
'‘Designer Solvent$140, 141] Many ILs have been found to have strong dissolving
power with regard to cellulossnd areable to form fully dissolved solutiongith
cellulose concentrations of ) wt.% with eas¢127]. At 10 %, a viscous liquid
crystal solution can be formed, and this has potential for high strength materials

applications if the crystallinity can be retained in the solid $12€|.

The combination of cation and anion within an IL is important in determining
whether a particular IL will dissolve cellulose. It has been found that imidazolium
andpyridinium based ILs witlthloride[123] [Cl], or acetatd142] [Ac]", anions

can dissolve up to 2% w/w cellulosg127]. The ability of ILs to dissolve cellulose
comes primarily from théydrogenbond accepting ability of the anions, and so the

choice of anion is particularly important factor. Chloride and acetate ions are
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strong hydrogetibbond acceptors (HB$), capable of achieving the initial bond
breaking stepThisallows direct dissolution of cellulose without prior

derivatization.

Another distinct advantage with using ILs with these anions is that there is no need
to activate the cellulose as in the case for DMAC/LICI. With the DMAC/LICI system,
the chloride ion needs releasing first, which occurs after the DMAc has formed a
complex with the lithium atom. The concentration made available, however, is not
sufficient to break the hydrogen bonds between the cellulose chains and this means
that preactivation is needed as mentioned previol&B7]. In ILs, the HBA ion is
already free and does not need a second compound to facilitate its. ltdease
concentratiorcan be three times as much as from the DN system (20%
compared to 6.%) [127]. At these concentrations, the anions can break the
hydrogen bonds holding the cellulag®ains together and further neakew bonds

with the hydroxyl groups. The cation is favousatlisplaced by the cellulose

hydroxyl groups which then forsmew bonds with the anidi42].

1.7.1 1-Ethyl-3-methylimidazolium Acetate

ThelL used in this works 1-Ethyl-3-methylimidazoliumAcetate([C2MIM][OAc] ),
often abbreviated to EMIMAGC2MIM][OAc] hasan imidazoliurabased cation,
and an acetate anion, anas been found to mne of the most efficient solvents for

cellulose[143], capable of dissolving up to 28 w/w cellulosg142].
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Figure 1-11. Structure of ionic liquid 1-Ethyl-3-methylimidazolium
([C2MIM][OAc] ). Right: 1-Ethyl-3-methylimidazolium cation Left: acetate

anion

1.7.2 Use of Dimethyl Sulfoxide as a cgolvent for EMIMAC .

ILs typically possess high viscosity, which increase further when introduced to a
polymer such as cellulog&44]. This poses a significachallengefor dissolution,

as increased solvent viscosity can restrict mass transport and subsequently limit the
amount of dissolution that can oc¢i5]. To overcome this, esolvents have been

used to modify the viscosity of ILs and improve cellulose dissoliid6, 147]

Dimethyl sulfoxide PMSO) is produced as a bgroduct from the production
process used to make paper frammod pulp[148]. It is a colourless, aprotic solvent
often cited in literature as a-smlvent that, when mixed with Ilte dissole

cellulose canreduce ILviscositywithout compromising its ability to form solvent
solute bonds with cellulog&44, 149, 15Q]lt is also acknowledged as having the
ability to improve the solvation power of llasndthere are different reasons behind
this cited in literatureOne reason relates to its ability to reduce IL viscosity which
assists mass transpfté5], this has likewise been related to hbDMSO can

modify the diffusion coefficients of the &ions[149]. This makes it an ideal
choice over cesolvents such as water that interact with the IL, and interrupt the

solutesolvent interactions required for dissolutid45].
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1.8 A design ofexperiments approach to optimise ACC processing

parameters.

From a sustainable manufacturing point of view, finding a balance between product
functionality and process feasibility is extremely important to ensure the best quality

product can be achieved whilst minimising costs and processing[tiBiHs

It is well known that processing parameters play an important role in the resulting
properties of composite materifds2, 153] indeed manyndustrialsystems

comprise multiple factors that may influence the required output.

In the production oACCs, for examplethere variablesuch agprocessindime,
temperaturgand pressuteas well asolvent compositioand raw materials.
Understanding theelationshipdetweerthese variousystemfactors anda given
output,as well as the interactiohetween factoroftenrequires a systeatic
approach to experimentation to analyse all possible combinatiding most time
efficient way.A systematic approach manning appropriate experimsrtan
provide a rich source of informatipand helpunderstandinghe complexity of a

given system seelass ofa daunting taskL54].

Design of Experiments (DoE) is a powerful and vesitablished statistical approach
to process understanding, improvement and optimisation, and offers a route to
obtain a large amount of insightful information with a relatively small amount of
experimentaéffort [154-159]. It allows multiple influential factors to be analysed

simultaneously, whilst keeping the total number of experimental runs to a minimum
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[154, 156158, 160] DoE is often to referred to as statistical experimental design
[159, 160]where probabilities are applied to experimental data rather than theory
[154, 159] and factors are analysed in terms of their statistical significance to a
given systenp156]. In otherwordsPo E doesnét rely solely
assumptions of predictigrand instead, interpretse dataobtainedfrom

experimentaising statistical principles and probabiliti€ecisions are datdriven

based on empirical evidence rather than just theoretical mé@etar combinations

are chosen such that a rich amount of information can be obtained about a given
process or system, to ascertain the significance of each factor or factor combination
on a particular respon$&56, 159] A great deal of insight can be gained from a
carefully structured set of factor combinations, allowirtgractionsbetween factors

to be identified, andonclusions to be drawn about ihBuenceof factorson a

specific output paramet§t54, 156, 158]

1.8.1 Benefits of DoE

DoE offers a more desirable route to process understanding than traditional trial and
error or onefactorat-atime (OFAT) methodswhereall factors are fixed except for

the one being varigd 58-160]. Once optimized, this factor is fixed for subsequent
experiments where another factor is then varied, and the process continues until all
factors have been optimizgth5, 156, 158]In addition tobeng time-consuming

and resource heaythis approacis unable to differentiate between the inherent
variati on i n rgemuise iriprolieenents mthe s/seirtputsiass,d

158]. Noise factors are difficult to avoid or contrahd n the absence of systematic
planning with OFAT, there is less control over the process conditions, and so it is

harder to know for sure if notable changes in the response are exclusively due to key
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factors, and not simply a consequence of uncontrollable fi&6¢ Consequently,

the quality of information generated from OFAT may not be sufficient for the
desired objectiv§l55], and additional experiments may be needed which
contributes to extra time and resource [U$8, 154] Figurel-12 shows an
experimental design space for a system with three factors and the runs involved in
an OFAT design, as compared to whaymcal DoE study may look likeThe runs

in the OFAT cube are closely related to each other, with little information available
for other regions of the cube. With a DoE study, the entire domesas®nably

coveredby the experimental rgn

Factor B

Factor A

OFAT

Figure 1-12: Distribution of experimental runs in OFAT compared to DoE.

Additionally, in the absence of a pptanned set of experiments, the ability to truly
optimise a process usinget®FAT approach is inhibited by researcher bias and
initial decisions driving the starting point of factors to fix, and those to [\i&,

158]. In DoE, all experimental runs are established at the beginning, rasimer th
being built upon throughoutVith a welldesigned experiment, there is no initial

bias driving how and what runs are conducted, allowing for optimum conditions to
be found that may not have been thought of bdfts6]. Factors are evaluated

independently of each other whilst being systematically varied at the same time as
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otherg[154]. Singlefactor (main) effects can be identified, as welkgsergistic
effects between factorghich otherwise might be missadth an OFAT approach

[155, 156, 158]

The insights gaineftom DoEcan lead to improvements in product quality,
performance and consistency, and minimize risks that could potentially reduce costs
[160, 161] Sustainable manufacturing is becoming increasingly important within

the research field and more decisions are being needed with respect to green
processing156]. Understanding processes better can help to reduce waste and
improve resource efficiency, making it desirable for future innovations and product

development.

1.8.2 Applications of DoE

DoE has been used widely across the pharmaceutical industry to optimise product
formulations and improve product qual[tys4, 162164]. The versatility of DoE,
however, allows its applications to extend into a wide range of industries such as
food productior{165], steel processing.66, 167] biomass extractioji57, 168]

and biofuel productiofiL69]. In addition tosimply reporting thepplication of DoE,
these exampldsighlights the benefits of the approach over the traditional OFAT
methods for examplan reducing costsef running multiple experimen{463], and
supporting the application of statistical analysis at the planning stage of research

obtain the most appropriate data for analjst3, 167]

In the materials industry, the use of DoE has laggliedto optimise composite

performance in various manufacturing processes such as resin transfer moulding
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(RTM) [170] and heat press formirj53, 171] Composites with traditional
reinforcements such as carbon fifit&0] and glass fibr¢l72] have beestudied as
well as naturafibre reinforced composites (NFRCs) reinforced with flB%3], coir
[173], and kenafl71, 174] It has been possible to optimise continuous factors such
as fibre content through the application of DoE, a task thetugh OFAT, would

have required a larger experimertiatden[171, 173] Hot compaction is used

widely in composites productidia75] whereprocess factors such ssnperature,
pressure, and timean benfluential in the resulting mechanical propertj&s3,

172]. It hasbeen the subject of several experimental design studies with respect to
the production of composites comprising wood/rujb@6], glass/PH172],

flax/PLA [153], and kenaf/PIPL71]. These studies highlight the ability of DoE to
identify significant process paramet@rsnaterialananufacture, where there are
many to choose fronDneof the mossignificant benefd of DOE over OFAT
however s in its ability to identify interactionsetween factorthat would not be
identified as easily through OFATor examplein the manufacture of woedibber
composite panelsteractions between pressing time and temperatmeboard
density have beedentifiedthrough the use of Do|.76]. The identification of
significant interactions has helpptedictive models to be developedhe

machining of stedll67], andgreateiprocess behavioumderstanding to be gained

in the manufacture dfax/PLA [153], and kenaf/PIPL71] composits.

DoE canplay a crucial role iraccelerahg process understandimg the materials
industry, particularly in the field ofavel materiadevelopments such as ACCs
whereinsights are only just developingowever, @spite the growing interest in
applying DoE to the manufacture of composite matetialspplication in the field

of ACCs is in its infancy, with only two known reported stud®&sl77]to the best
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of availableknowledgelt is, therefore, worthwhile to investigate the applicatén

DoE in this work and develomsightsthat can contributeo the field of ACCs

1.8.3 Statistical analysis

In statistical DoE thaim is to generate a numerical model that describes the
relationship between the response variable of interest, and the input factors that were
varied in each rufil61]. The primary tool for analysing data from designed
experiments is linear modelling, a statistical technique used to understand
relationships between variables, however, this is not limited to data following a
perfect straight lingl59]. Linear models assume a straidjne relationship in the

sense that as one variable changes, the other variable changes in a consistent way.
is generally accepted that linear models can desgrévgy/industrial processes and
systems within a specified range of conditiddsre, thebehaviour is assumed to be
smooth enough to be sufficiently described by a Taylor polynamiathichdata
analysisin DoOE is base(ll59], where a response variable Y is written as a linear

combination of the factors X1, X2éXi é fc

In linear modelling, the wagiresponse Y changes in relation to adjustments in

fitting parameters (experimental settingses not depend on the values of those
parameterghemselves, making the response predictable as the parameters change
[159]. Multiple linear regression is the term used when there are more than one
explanatory variable (factor) influencing a given respghS6]. This contrasts with
modetbased DoE Wwich usesomplex equations to describe systems that are not

straightforward (no#inear models).
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The response variable is written as a product of each significant systemEactor.
factor in the model has a numerical coefficient that is solved by applying least
squares analysis. A simple linear model with only first order (main effects) would
have terms for each single factor only, whereas second order terms such as two
factor nteractions or quadratic (square) terms would have more terms. The final
model will contain only the statistically significant factors as identified from

statistical analysisf their significance using Analysis of Variance (ANOVAB6].

1.8.3.1 Analysis of Variance (ANOVA)

ANOVA is awidely usedstatistical method used hypothesis testingp compare

the means of different groups to find out if they are significantly different from each
other[160, 178] It works onthe principle of the law of total variancen which the

total variancewithin a data setan be separated into componeaetating to different
sources of variation; the sum of squares between grandghe sum of squares
within groups[160]. Here,the sum of squares betwegmups relates to explained
variation due to factoeffects, and the sum of squares within groups relates to
unexplained variatiodue to random erroithere are many different types of
ANOVA techniquesand the appropriateness of one type over another will depend
on the specifiscenaricandthe way the study is designflZ9]. ANOVA can be
applied to complerxperimental desigrenddatasets and as such is usedDoE to
determine théevel of significance omultiple factoran affectingparticular

response variabld 54, 178] Whenapplied to a Doljenerated data set, ANOVA
presentsa set of valueand test statistics to helgentify the factors that have the

most influence on theesponse
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Sum of Squares (SS)

This isameasure ofariation relating talifferent components of a modébr
exampleeachfactor or combination of factofsvithin groups) and \ariation in the
data that camot be explainedbetween groupsAdding all theSS values together
results in theotal SS (also known ahe ptal variancgwhich isameasure of how
different the data points in a data set are from each dthisris oftenpresenteds
anAdjustedSum of Squares (AdjSS) whichis independent of the order in which
the factors are added to thdel As such, itallows the unique contribution of each

factor (ndependent of other factor®) be identifiedand interpreted

Degrees of freedom (DF)

This is e number of independent values that can vary. For example, in a data set of
10 values with a given mean, all but one value has the freedom to be any number,
but the final value is fixed so that the sum of the data divided by the number of data
points equbs the meari180]. EachSS value will have a specific Dfepending on

theterms involvedandfor n experimental runshe total DRs n-1[178].

Mean Square (MS)
MS iscalculated by dividing the sum of squares (SS) by the degrees of freedom
(DF), for each respective component of the mollés a measure of average

variability.

F-value
This is a test statistibhat helps determine whether the relationshigb@uata are
strong oweak[160] andis calculated by dividinghe MS of the respective

component by the M8f theerror (the averagdifferencebetween predictedhd
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measured values in the moddf)}compares how much derivedmodelcanexplain
the variation in the dataompared to how mudhcannot explainA higher Fvalue
suggests that the mod=nexplain the datavell, whereas a lower-Falue means

the model ray not be very useful.

P-value

Thisis atest statistithatindicakesthe significancef afactor and the probability
that there are no significant differences betwibersettings of each factain other
words,it assesses the likelihood thudttainedresultshappened by chance, rather
thanby a real effectThe Rvalue is calculated using thevialue within a given
significance level, usually 0.0B8. P-value under 0.0%dicates that the results are
unlikely to be due to chance, suggesting that the observed effect is likgli/aejal
A high Rvalue ( > 0.05) indicates that the observed effect may nsighéicant,

and the results are more likely to be due to chance

Factors arelisregardedased on their significance to the response vatiabig

only the significant factors are included in the final mod@lbe model not only

provides information on the factors influencing the process, but it also helps to
describe the interactions between factors and highlight any conflicting factors
present in the process can be identified and marfa§é&d 181] The suitability of
thefinal model can be supported by lookingta coefficient of determination,’R
which is an indicator of how well the experimental data fits the model and how well
the variables in the model can explain the variation in the[tléfa 182] It ranges

from O to 1, where 1 indicates that the model explains all the variability, and 0
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indicates that it explains none of the variabilifjis value alone, howevds not an
adequate indicator of a good regression madet can be inflated with increased
number of variables in the model, so it good practice to look at this alongside the
adjusted, and predicted coefficients of determination, knoviRf@g and Fpreg
respectivelyR?agj reflects the number of variables in tedel ands an

adjustentof R?to prevent it from increasing just because merms are added. It
can be useful in assessing how much of an impact the numteemshas on the fit

of a model, and whether it might be overfit. If there is a notable difference between
R? and Rg), this is another indication that there are insignificant terms in the
model[160]. R%preq provides a useful measure of how well the model obtained can
predict responses for newnseerdataand is calculated by removing each
observation in the data andestimating the model equation. Theastimated

model is then used to predict the response of that removed observation.

1.8.4 Experimental runs and design space

The first step in a DoE driven study is to generate a set of experimental runs for
which to perform experiment$hereare different ways to approach experimental
design deperidg on the desired objectives, whether it be to screen multiple factors,
optimise a process or make predictihis8], for example. Wilst different designs
candiffer in the information they can provide, they all share similar characteristics.
A series of experimental runs or tests are planned, where eaisharaombination

of all input factors at varying settings (also referred to as levels), and the upper and
lower limits of these levels are kept within the boundaries of the degape also

known as the experimental domaiine experimental domaiis the region of

experimental analysis specified at the initiabsof planningl55], confirming the
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boundaries within which to maintain factor levdigperimental rungan be
visualizedas points within that spadecated according to the factor combination
andspecific to the desigilCommonly used design points in experimental designs
includecentrepoints,factorial points, and axial point&€entrepoints(CPs)are
included inmostdesigns antle at the midpoint of all factor rangegpically
replicatedprovide a balanced estimation of error and assessment of repeatability
[155, 159] Factorialpoints(also known asornerpoints)are located at the extreme
levels of all factors and atgpically used in factorial designs. Axial poinso
known as star pointgreused to estimate curvature through quadratic effects
response surface desigi$8, 160]and areypically located aexpanded
boundaries of the factorial space, ths ttan vary depending on the desiga (
elaborated on in sectidn8.6later). The number of axial points used in a design
equal the number of factors multiplied by tyi®0, 183] For a system dahree

factors, tle experimental domainan be visualized in terms of cuag shown in

Figurel-13.

®
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Figure 1-13: Geometry ofa 3-factor experimental domainshown as a cube, with

some commorpoints defined byfactor combinations.
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Choosing an appropriate design space is a key element of-desalhed set of
experimental runs that can provide the most informdfiéd]. A balance must be
struck between opting for a design spkrge enough to avoid missitige optimum
conditions[155], whilst remaining within an acceptable range to allow ease of
operation, avoid any loss in product qualjit$5, 161] The runs are designed such
that the factors are varied simultaneously ensure that on analysis, the most

information can be drawn from thdtb9, 164]

1.8.5 Types of design

As mentioned previously, a major advantage of DoE is the ability to gather a lot of
useful data on a process with a relatively small amount of experimentation and
obtain statically powerful experiments that can give the best qualitylde#th That

said, the number of runs must be sufficient to obtain the data required, and this will
vary depending on th@esignemployed.There arenanytypesof design from which

a series of experimental runs can be generated, and the choice of design will be
driven by theobjectives of the workandknowledge othe system under

investigation Broadly speaking, designs can be categoisesgd on two goals:

screening and optimisation

1.8.5.1 Screening designs

Screening desigrarea usefulstarting point teefficiently gain informationabout a
systemand ascertain an appropriate experimental dofdéuh, 159] Theycan be
beneficial at the early stages of new product development to help screendadtors
their relative influencen a specific respongelentifying the most important ones in

a cost and timeffective way[155, 156, 158]Screening designs can model first
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order main effectd.e. main effects and interactigred there are various methods
such as definitive screening designs (DSD), Pladkettmen and factorial designs.

Within the scope of this work, factorial designs will be discussed in more detalil.

1.8.5.2 Full factorial designs

Full factorial designs are commonly used as a screening[§&@jeand have been
applied to the exploration of different materials in the composites industry to explore
responses such as mechanical propgtigs], impact behavioufl82], and
machinability[174]. A full factorial desigrconsists of factorial pointsvhere
experimental rungarecarried out at all the highekvel settings, all the lowest level
settings, as well as combinations of both, allowing all possible combinations of
factors and levels to be tesfd®5, 159, 16Q]This helps to assess the feasibility of

the extreme conditions of a process and confirm that the design space within which
they lie is acceptablén addition, center points (CPaje typically included in the
factorial designFigure1-14 shows the full factorial design domdor atwo-factor

factorial designandthreefactorfactorial design.

(a) (b)

@ Factorial points

Center points
. 8
s x8
5 Q.y
.

'S
FactorA © Factor A

Factor B
—
Factor B

2-factor full factorial 3-factor full factorial
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Figure 1-14: Geometry of a two-factor (a) and three-factor (b) factorial design

spaceand associated experimental runs.

As well as maireffects, @ploring interactions between factors can be done using a
factorial design approach, which allows you to understand the causal relationships of
several continuous factors in a process system and makes the most efficient use of
the data collectefl60]. Factorial designs are good for exploring continuous factors

as priority is assigned to the higdnd lowlevel settings, rather than investigating

several discrete values within a rang

Factorial designs are named as such based on how the number of required runs is
calculated, for exampla system witlM factors each with k levels would need M =

LX runs. The most common factorial design is th&agtorial used forfactors with

two levels Figure1-14(a) andFigure1-14(b) are &2? and2®factorial desigs,
respectivelyExperimental data from a full factorial is fitted to linear modith

main effects and interactions, where the predicted mean response ' uyiable

written as a linear combination of the factors. The model is shotire Equation

1-2 belowfor M number of independent factddb9], where x, and xx; denote the

linear and interaction terms of the independent factor variables, and the coefficients
determined when fitting the model for the intercept, linear and interaction terms are

represented bio, b, and bij, respectively.

Equation 1-2
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Full factorial designs are better placed for systems with only a small number of
factors, as the numbef experimental runs required increases considerably as the
number of factors increases, rendering it unfea$ills, 159] For the same

reasons, twdevel factors are preferred, and whilst it is possible to conduct factorial
designs for multievel factors, the number of required runs would increase
significantly and be impractical for many industrj&S5, 159] Whilst it is possible

to explore interactions between factors, the strength of factorial designs lies
primarily in estimating linear main effects and this is due to the experimental runs
being based on upper and lower limits and a single centre[h8#it They are,
therefore, less powerful for estimating higher order effects such as quadratic effects
[158, 174, 184hnd so ifcurvature is suspected with a system, further
experimentation is recommended after initial screening of the design space such as

utilising response surface methodology (RSM).

1.8.6 Response surface methodologfRSM)

Factorial and screening designs are powerful tools for understanding a pratess an
identifying key influential factors, but their estimation power for effects beyond first
order can be limited. An optimum response may lie in a region that has some
curvature and so to estimate higher order temitis more confidenceRSM is often
applied to obtain a second order model where all terms can be estjir&ieii86]

RSM isan approach that allows the estimation of second order (quadratic) effects
through the inclusion of additionekperimental rungithin the experimental
domain[159, 185, 187]These designs are useful if curvature is suspected within a
system, that a full factorial design cannot accurately estimatdaetibrial points

alone. With the ability to estimate curvature, response surface models have some
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predictive power, making them ideal for optimisatjab9, 177, 188jhich can be
extremely beneficial for understanding systems that may have more than one area of

optimum response as a result of different combinations of factor redi&®e

RSM models are based on a polynomial model which is essentially the linear main
effects model with added interactions and quadratic tEt68. The response

surface model is shown the Equation1-3 belowwherex? denotes the additional
guadratic term of the independent factor variables bamelpresents the coefficients

determined when fitting the model for quadratic terms.

Equation 1-3

Crucially, numerical factors need to have more tfnamlevels for an RSM model to

be able to predict quadratic effefi&9, 185] For systems with a small number of
factors, RSM is appropriate choice of approach, but beyond 6 factors, and RSM can
become difficult to implement owing to the increased number of runs required

[188]. Typically, a response surface design is applied after an initial screening stage
has been used to locate an optimum region. RSM can then provide the best estimate
of key factor interactions. It can, however, be applied as a main step for systems

with a smé number of factors to start with.

Central Composite Designs
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There are different ways approach RSM desigdepending on the system under
investigation Central composite designs (CCD), are a popular form of response
surface methodology (RSM) proposed by Box and Wilson in 1B%2]. As

mentioned irsectionl.8.4 factorial desigrtan beaugmented througtine addition

of axial pointspositionedat adistance Eom thecentreof the experimental space
[189]. Axial points are typically positioned to ensuogatabilityin the design

whichis a desirable property for response surface desRptatabilityallows the
variance of predicted responses at points within the design space to be consistent
and stabl¢160]. In other words, a rotatable design ensures that the variance of
predicted responses is the same at all points at an equal distance from the centre.
This means that no area of the design space is inherently more uncertain than
another, and the uncertainty predictions is constant, irrespective of where they are
in the design spac&he value oUis typically determined based on the number of
factors in a design and the requirements of the desigeneral rule of thumto

maintain rotatability is to dac u | as shewnWEquation1-4 [160].

Equation 1-4

6 06a0RIMODO &i0Rh T

Figurel-15shows three common CCDs and the positions of the various points in
the design space for twlactor designs, and thrdactor designsThe original form

of the central composite design is the central composite circumscribed §6G@)

in Figure1-15 (a) andFigure1-15(d). A CCCis a five-level rotatabledesign where
theaxial pointsextend beyond the original limits set by the full factoaiadi

establish new extrensettings for the factors under investigatj89]. For

example, if the distandeom thecentreof the design space {4l or-1 for each
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factor, then an axial point would be larger thdror less thanl. The advantage of
this type ofdesignis that the original runs from a full factorial can be preserved and

used in the design, provided the design domain haseswialteredfollowing the

full factorial screening.

Two-factor central composite designs:

a==1

(a) Circumscribed (CCC) (b) Face-centred (CCF) (¢) Inscribed (CCI)

@ Factorial points (= 1)

Factor B

Center points (0)

Factor A @ Axial points (+ @)

Three-factor central composite designs:

(d) Circumscribed (CCC) (e) Face-centred (CCF) (f) Inscribed (CCI)

Figure 1-15: Various types of central composite desig(CCD) for two factors (a-
c¢) and three factors (df) including the central composite circumscribed (&(d),
central composite facecentred (b),(e) and central composite inscribedc),(f). The
yellow dots represent the centre points (CP)f each design, andhe red dots
represent theaxial points added to a factorial design to form the CCDThe blue
dots represent the corner (factorial points) of a factorial design



-58 -

Whilst useful for exploring a wider experimental space, it is not always appropriate
or possible to extend the original factor limits. For example, if the new extreme
settings were impractical for a particular process or might cause quality degradation
[189, 190] A way to overcome this would be usingiaacribed central composite
design (CCIYFigurel-15(c) andFigure1-15(f)), where each factor has five levels,
and the upper limits of the original full factorial represent the limits of the CCI
design. This createsratatabledesign where th&ace of the original factorial space
defines new boundaries at which the ap@ihtsare positioned, and as such, a new
(smaller) factorial design is essentially created within this new boundary. This
means that the extreme settings of the original factorial design are not exceeded,
avoidng any loss improductquality from unsuitable process conditida89]. This

does however, mean that the only runs preserved from the full factorial are the

centre points.

Another form of central composite desigrhe facecentred central composite
(CCF)shown inFigure1-15(b) andFigure1-15(e). CCFdesigns are a type of
response surface design that are made up of factorial points, centre poiatdabnd
points, meaning they can build on existing factorial desigtise samevay that

CCC designs ea whilst preserving thapper and lower limits of theriginal

factorial desigrike the CCI desigado. In CFF designg' =+ 1, and as sucthe

axial pointsarelocated at the centre of each face of the design cube apace
combination of one extreme and two midpoints of the other faj@®ig. This type

of design maintains each factor at 3 levels; however, the position of the extra points
doesprovideinformation to explore second order effe@se key limitation with

this approach, however, is that the positioning of the star points in a CCF designs

deems the design naotatablejn thatall points in the design are not equidistant
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from thecentre As mentioned previouslyotatabilityis desirable t@nsure
congstentvariance of predicted responsagad so in the case of CCF, there may be
regions of the design space thanrage uncertain than otteeit is, however, an
efficient way to gather additionaiformationbeyondthat provided by théactorial
design With only thredevels, this desigis arguably less susceptible to errors
associated with thexecutionof additionalfactor settingdeyond the original three

andit is often easier tanaintain three levels in practi¢e60].

1.8.7 Optimisation and Validation

As mentioned previouslyhe application of DOE can lead¢éohanced process
understandinghrough identification of significant factors and their interactions, and
the effect they have on a specific respofi$e relationships between factors and
responsearerepresentethroughnumerical modedas discussed i8ectionl.8.5

and Sectiorl.8.6 obtained througtheanalysis of experimental datBhe predictive
modelobtained from an RSM stagan be usetb predict the factor settings

required to optimise the respori$&8, 192]

Thedesirability function is a mathematical approach used in optimisation, whereby
thevalue ofresponse variable is transformed intscalefreevaluereferred to as
desirability[192, 193] Thisv al ue essentially O6scoreso6 t
1, where 0 ixompletely undesirable and 1 is fully desirafilee best process

conditions are identified to optimise thesponse and obtaindasirability function

close to 1the objective for optimisation being to maximise, minimise, or meet a

target value for a responf94]. The concepif desirability was first proposed by

Harrington in1965[195], for single objective optimisatigrandlatermodified by
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Derringer and SuicfiL96] for the optimisationof multiple responsesvhere a
compromisemaybe needetb ensure both responses adequatelyptimised to
achieve overall desirabilitjd 93]. This means that thsignificanceof manydifferent
variablescanbe balancedvhich allows more control over the region between 0 and
1, rather than having emphasis on the extreme desirability values of Owahith,
would be difficult toachieve for multiple rgonses with varying dependencies on

significant factors.

Theuse oD e r r i degirahility inctiorhas beemsed to suppodptimisationin
the productiorof sugar[194], bioplasticd157, 197] andconcretg198]. With

regard to the field of bioplasticgsiusen optimisng formulatiors for produdng
alginatebasedcompositdilms has been reportdd97]. Usedin combination with
RSM, an optimum combination of additiveoncentrations asidentified to optimise
Yo ung o6 s ,resaltthg ihalginatefilms with barrier and mechanical properties
comparable to commerciBlDPE, PET and PLAIlms. Desirability analysis cahe
particularlyusefulwhen applied tosystemscomprising multiple continuous process
variablesfor example gxtraction processdbatcan involve multipleextraction
parametersavingsignificant effects oextractquality. The yield and purity of
sodium alginatextractedrom seaweediomasshas been optimisagsingRSM

and Derringerslesirabilityfunction, leading to improved process efficiency and
processinderstandingll57]. Desirability can also support economic considerations
in manufacturing, for exampiea the optimisation of concrete performance from
analysis of mixture compsitions. Here,a number of desirable optioase generated
on which cost analysis can be performieelpingto balance cost and performance

[198].
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Depending on whether a resporses to be maximised, minimised, or matched to a
target value, various functions can be applied to obtain the desirability function,
di(f 7 For exampleto maximise a responsgquationl-5 canused to calculate
desirability for each responge, whereT; and L denote théarget valugthe upper

limit in this case) and lower limaf the measured responses, respectively.

Equation 1-5
Q¢ Ow 0

Overall desirability, Os calculatedoy combiningeachindividual desirabilly using

the geometric mean as showrHquationl-6, where k is the number of responses.

Equation 1-6

(0] QOoQo8 Qb

Theapplication of DoE methodology &sworthwhile endeavoun the development
of ACCs With a wide range of process factors that could influence the properties of
ACCs, it is of interest to explore whether DoE can supfpG& optimisation and

accelerate understandinghaw to prepare these materials.

1.9 Summary

ACCs have the potential to provide sustainable alternatives to manydessid

composite materialfhrowever, adiscussed in this chapie¢here aresome
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challenges when it comes to accelerating the developmémts# materials

Primarily the performance of ACCs must compete with existiaterialsand this
includes finding ways to enhance mechanical properties and achieve strong bonding
within the material structure. Secondly, it is necessary to look at accelerating
research and development to allow ACCs to be optimised across multiple process

and material &riables in the most resource efficient way.

This thesis intends to address the above challenges, with an investigation into the
use of cellulos#ased textileand interleaved cellulosic filma ACC preparation,

and an exploration into the use of experimental designawa efficientalternative

to traditionaliterative, OFATmethodsThere is potential for the resulting properties
of ACCs to be tuned through the variatiorsef/eral factorpreset in the

processing systenT his includeglissolution conditions such as time, temperature
andpressire,the solvent configuratioms acombinationof IL and DMSQ andraw

materialparametersuch agextile fibre sourceand theuse of interleaf filrs.

It is of interest texplore whether an optimum combinatiorpobcessonditions

can be foundising an iterative experimental approach, and ib& Btrategycan

help reach the sanm®nclusionsorimprovedoutcomesnore efficiently.lt is also

of interest tanvestigateACCs production usinglifferent cellulose sourcefyr
examplewhen usingextiles made fromvirgin plant fibores compared to regenerated
fibres, and find ouif they optimise differently, and how the optimum samples

compare between the tvgources.
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1.10 Thesis plan

This work focusesesearcton the following aspects:
I.  The use of interleaved films to enhance interlaminar bonding in ACCs
produced from woven natural cellulosic yarns (cotton).
II.  The application of DoE to optimise ACC processing produced from woven
natural cellulosic yarns (cotton).
lll. A DoE investigation intolte preparation of ACCs using woven regenerated

cellulosebased textilegTencel)

The remaining chapters are structured as follows:

Chapter 2 outlines the core experimental methods employtedns of the ACC
preparation methqdhCC mechanical testingnd characterisation of prepared
ACCs.The stages of analysis involved in performitafistical design of

experiments islsoincluded in this chapter

Chapter3 builds on existing ACC knowledge aedplores the benefits of using an
interleaved cellulose film in combination with cotton textiles to produce ABCs

key aim of this study is to independently validate the patented process described in
sectionl.5, and explore the benefits when applied to cotton texflelent
configuration and the use of DMSO in conjunction vVAZ2MIM][OACc] is

additionally studied

Chapter 4uilds on the cottotrased ACC system and applies DoE methodology to

the ACC processs a route to process understanding and optimisation.
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Chapter 5 explores the processing of ACCs using Tencel tgxtilduced using
regenerated cellulosic fibres. DoE is applie@xplore the processing conditions as

well as the use of the interleaf film.

Chapter 6 summarises the research outcomes and key findingswbth The
wider implicationsof the workare also discussed, along wahiggestedlirections

for future workregardinghow ACCs could be positioned within a circular economy.
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Chapter 2.
Experimental Methods

2.1 Materials

For the work conducted @hapter 3commercially available bleached 18®cotton
with a plain weave obtained from Oh Sew Crafty, Kidderminster, WH§ used as
the cellulosidextile precursor. Theextile had an arealensity of 136 g/rhand a

thread count of 120 in both directions.

For the work inChapter 4bleached 1006 cotton with a plain weave was used as
the cellulosic textilgprecursorpurchased from Minerva fabrics, UKhe textile had

an areal density of 13§n? and a thread count of 120 in both directions

Regenerated cellulose (Tencel) was used fwtbrk conducted irChapter 5
purchased from Ecological Textiles, Netherlands. fEiéle had an areal density of

140 g/nt and a thread count of 14 both directions

Natureflex 23NP cellulose film supplied by TRetamura Group, was used as the
cellulosic interleaf layefor all the studies in this thesasd has a thickness 08 2

pm. The films were supplied containing small amounts of additives that were not
removed prior to processinig;is assumed thdahese additivedo notdisturb the
dissolution processonic liquid [C2MIM][OAC] with a purity of 095 % was
purchased from Proloniand cesolvent dimethyl sulfoxide (DMSO) with a purity

of 099.9% was purchased from Fisher Scientific.
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2.2 ACC Processing

ACCs were prepared by introducing a solution of [C2MIM][OAc] and DMSO to a
layered stack of cottoor Tencelfabric and Natureflex film, and heating under
pressure in a laboratory heat prélse stack consisted oo layers of textile with a
single layer of interleaf film in betwee8quares otextile and film were cut and

sized to produce ACGH dimensions 10 cm x 10 crSolvent was applied to the

first textile layer using a brush, after which the layer of cellulose film was added and
pressed down. The second textile layer was then added and the remaining solvent
applied. Each textile layer was treated with equal amourgsleént to ensure even

distribution of the solutiorA schematic of the process is shownFigure2-1.

/7
Layered Stack / / IL/DMSO™
solution

IL/DMSO —»

Partial
" dissolution ’
at 100°C - . :

and 2MPa

Textile

Cellulose
Film

Washing / Coagulation
for 20hrs

Hot Compaction

IL/DMSO —» R HEAT ‘
Textile ‘

Drying
at 125C
and 2MPa
for 1hr

All-Cellulose Composite

Figure 2-1: Schematic outlining the various stages in the manufacture of ACC

samples usingextile and cellulosic film layers.

Textile layerswere cut and weighed to obtain an overall mass of cellulose to be

processed, and the mass of solvent solution to apply was then determined and
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expressed as a solvent to cellulose (S/C) weight ratio. The solvent solution
comprised @ombination ofonic liquid [C2MIM][OAc] and DMSQ and the
percentage by weight of [C2MIM][OAdh DMSO was determinedccording to

each chapteifo summarise for clarity, the percentage by weight of [C2MIM][OACc]
in DMSO wasfixed at 80% fotthe first part olChapter 3andfor the work of

Chapter 4 For the second part Ghapter 3and the work oChapter 5the

percentage by weight of [C2MIM][OAc] in DMS@asvaried(betweer?0 %and

80 %). Further details are provided in the experimentaltdrs.

The layered stack was then placed in a laboratory heatgiresaperature and
pressure settingss determined in the subsequexperimental chaptgrand left for

a variety of processing timeSurther detail®f each experimerdre provided in
eachchapterAfter dissolution the samples were placed in a coagulation bath of
distilled water at room temperature and left¥800 minutesZ0 hour$ to remove

the solvent. After coagulation and solvent removal, the stacklaeasd in the heat
press once more to be dridthe drying stage was fixed at a temperature, pressure,
and time of 125 °C, 2 MPa and 60 minutes respectively, in accordance with initial

development of the procefkl7].

2.3 Characterisation

2.3.1 Mechanical Testing

The ensile strength (ASTM D184@ndYoungdés modul usfthe ASTM D
ACCswere evaluated using an Instron 5584 univeesstlmachineTo determine

Youngds modul us samptespécienens of Width Ssmimraedrag t h
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centralgaugdength of 30 mm were tested using a crosshead speed of 10 mm/min.
Two smallsheets of silicon carbide papeemg placed around the grip sitestod
specimen to avoid any slippitgtween themecimenand the gripsFive specimens
were cut from eachompositesamplefrom whichan average value and
corresponding standard error could be calculdte@hapter 3andChapter 4
cottonbased ACCChapter Sspecimens were cuttmstrips for testingwhich was
appropriate to allow the specimens to break in the cdrréChapter Svhere
Tencelbased ACCs were producedjumbbelishged specimemas used

Samples were cand testedh the warpdirectionin all experimental chapters,
however, dditional samples were cut and tested in the weft direati@hapter 3
Data from the tensile test is presented in the form of load and displacement from
which stress and strain can be calculateidgEquation2-1 asEquation2-2 as

shown below

Equation 2-1

_, 0 D€l
a 61 ¢4 DO G £

Equation 2-2

... OO0 QEYO@ER
Yi BrQE —0—
01 QQOHOS@EN0 & a

The crosssectional area of the test specimen was determined by measuring
thicknessand widthusingRS PRO digital caliper For unprocessegarntesting, the

crosssectional area of the yarn was determined usingéees of the yaralong
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with thedensity of celluloseThe density of cellulosis reportedrom previous
literatureto be between 1:4.5 g/ccfor plant fibreg199]and1.530 g/cc for

cellulose 11[200].

From hereastressstrain plotwasproduced r om whi ch Youngds mod
strength and straito-failure weredeterminedas shown irFigure2-2. To

summarise, the gradient of the initial linear section of the sstesis plot

det er mi nes Yo u n/gsiham), and Tensile steengtbet mavensus

stress to which the specimen was subjected to. Strdailure is determined from

the extension at the point of specimen bréakaverage and a standard error was
determined for each set of five measuremergasile tests were conducted at room

temperature and relative humidity of approximately 50 %.
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n

Stress (MPa)
L )
> S

—
o

Stress

Young's modulus= -
= Strain

[TV

0 0.02 0.04 0.06 0.08 0.1 0.12
Strain

|
|
|
|
|
v
4 014

| Strain-to-failure |

Figure 2-2 Stressstrain plot from which mechanical properties are determined.

2.3.2 PeelStrength Test

Peelstrengthis ametricused to measure the level of adhesion betw&€e@ layers

in laminatematerialsand is testethrough a Tpeel testiccording to the British
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Standard ASTM D1876@eel strength is calculated as the average("C der unit
width (W) required to separate bonded materials, at an angle of separation of 180
degrees. The unit of width refers to the bonded region between the materials, and

thus the width of the speciméeingtesed

Equation 2-3

00 QI GWAI PED & O U

’;‘-Q-Q““ ) BG T ™ A TR T
0 ao i G 0% QM 0 Od Qb

An Instron 5584universal tensile testevas used tevaluatepeel strength, using
specimensf width 10 mm and a length of 80 mand teshg at a speed of 80
mm/minas specified by the standard (the test should take 1 minute in Adital).
specimens were tested in the longitudinal direction, parallel to the direction of the
warp yarnsPrior to the dissolution process, a thin layer of foil was placed in
between the two textile layers at the edge to provide an unbonded region from which
to start the peel testhe lengthof sample andssociatedbad toseparate the layers
was recorded, anthé measured peel force was averaged between 20 mi6@nd
mm on the sampl Peel strength ressilire presenteds an average force for a one
metre bonded widtitOnespecimerwastested for each samplkgrosswvhichthe mean
and standardeviationwere calculatedPeel tess were conducted at room temperature

andrelative humidity ofapproximatelys0 %.
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Figure 2-3 A typical peel test plot of loadversus extension showing the region
from which to take the average value of peel strengtim N/m (shown as vertical
dashed red lines at 20 mm and 160 mmJhis typical result was for a 10mm wide
sample giving an average peel load @67+ 61 N/m.

2.3.3 Density Measurements

Densities of the optimised ACCs were determined using a gravimetric method
ThreeACC specimens were cut and measured uaifgS PRO digitataliperto

obtain accurate width and length measurements. Using thickness measurements as
described above, specimen volume was calcufatied toweighing to obtain

density measurements of the ACTs.ensure accuracy in the density

measurements, éispecimens were taken fraimee different points within the ACC
sample and dimensions were measured at three different points along the length and
width. From previous literature, the absolute density of plant fibres is reported to be
between 1.4L.5 g/cc[199], the density of cellulose Il is estimated as 1.530 g/cc

[200], and bulk density of amorphous cellulose has been reported to be.3g4éc
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[201]. It was therefore proposed that a value ofglcs would be used for the

density of the cellulose components within the ACC, for comparison purposes.

2.34 Optical Microscopy

Surface images of the prepared ACC samples were obtained using a Swift 350B
optical microscope in transmission mod@&. Olympus BH2 microscope in

reflection mode was used to observe the esessions of the prepared ACCs, and
measurements of composite thickness were taken from these images using ImageJ.
To allow a clear image to be obtained, samples were embedded in epoxy resin and
polished. To ensure a consistent and representative view of each sample was
obtained, multiple images were collected and dsedeasurements. An average

value for thickness and corresponding standard error was calculated for each ACC

sample from six measurements.

2.3.5 X-Ray Diffraction (Digital)

Quantitative analysis of crystalline structure was condutiedighX-Ray

Diffraction (XRD).ABr uker D8 Di ffractometer with n
radiationwas usegdrunningscans irGonio (BraggBrentano) mode to get a

diffraction pattern2’ line scans were run from°3o 70 with a step changef

0.013¢ Datawereanalysed n t h e 25Yo 3fF asrthg mosbirftense peaks in
crystalline cellulosare foundoelow 30°[202]. Samples were scanned in their solid

form to perform the analysis on the most representative version of the ACC

structure, and to avoid any potential degradation or crystal modification that might

arise through grinding. To ensure a homogenous representativze sample was
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seen, the sample stage was spinning at 2 revolutions per s8pactnens were cut
from three different locations within the sample to allow average values and a
corresponding standard error to be calculatée. intensity of signal obtained at
each2 d lug was collected from which a plot could be mad2 afersus intensity

as shownn Figure2-4.

(200)

Raw Cotton
=)
<
>
*5 (110)(1p0)
c
(]
IS

|
0 10 20 30
2 dA

Figure 2-4 X-ray diffraction profile obtained from a scan of raw cotton textile

Each peak in a diffraction profile refers to théfraction of X-rays by the crystal
lattice of a given materiatorresponahg to specific plane in the crystal lattice
Knowledgeof peak positions for the components under analirsesefore, is
required to analyse the obtained diffraction patterns from XRhis work,
cellulose |, cellulose Il and the amorphous compoasnbfprimary nterestandthe
peak positions of cellulose I, Il crystals, and amorphous cellulose are well

documented as follows. Cellulose | is known to show peaks &t 146.8, 20.6
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and 22.4and cellulose Il has peaks at 12.4°, 20.2° and Z1G8, 203]
Amorphous cellulosbas aroad peakocated around 18203, 204] It is worth
noting thatthe 20.6 peak for cellulose 1 is only observed in ground samtes

does not appeam the eqator if the sample is orientateds is the case for this

thesis[205].

Depending on theellulosesource however,a mixture ofthese polymorphsay be
present in thebtaineddiffraction profile The profile shown ifrigure2-4 from raw
cottonfor examplejs formed from the individual peaks for cellulose | and
amorphouglomainscontained in native cellulog&7]. These cmmponentseed to

be isolatedo be analysed effectivelyand as such a deconvolution method was used
[103]. Deconvolutionis atechniqueused toseparate overlapping signals (in this
case, peaks) so that the individual components of the specimbrisafated and
identified with more clarityUsing the above knowledge of peak positions,
estimated fractions of cellulose I, cellulose Il and the amorphous component were
calculated usinghis method where the sub peaks$ each allomorph are fitted to a

Gaussian curve.

(a) (b) (c)

(200)

Intensity (A U)
Intensity (A.U)
Intensity (A.U)

10y (110) (020)

10 15 20 25 30 5 10 15 20 25 30 5 10 15 20 25 30
20(°) 20(9) 20()

Figure 2-5 Peaks in isolation for amorphous (a), cellulose | (b) and cellulose 11 (c)
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A least squares approach was employed to fit the data to the peziisioke I,
cellulose Il and amorphous cellulossing thé 2d locations as outlirstaboveas a
guide with an allowancef £ 2 ° at either sideo aid the best fitPeak heights and
widths were left unconstrained, howeyerak width was singlevaluecommon to
all peaksUsing this information for the individual peaks, th@imum fitof the
peakscould bedeterminedy fitting the data to a combination e&ch allomorph in
superposibn. With the peaks now isolated, the estimated fractions of each
allomorph could then be determinédgure2-6 shows a deconvoluted diffraction
profile of an ACC comprising a combinationa#llulose I, cellulose Il and

amorphous cellulose.

Intensity (A.U)

2d (°)

Figure 2-6 Example of a deconvoluted diffraction profileof cellulose I(orange)
cellulose 1l (green)and amorphous(red) peaks.The dashed black line represents

the measured dataand thesolid black line represents the resultant fit.
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2.3.6 Viscosity Measurements

Viscosity measurements of the [C2MIM][OAc]/DMSO mixtures were taken using
an Anton Paar MCR 302 Rheometath a plateplate geometryat 25°C and 100

°C. Data wereobtained in the form ofiscosity-shear flowcurvesfor each mixture
under investigationto provide a profile of how the viscosity of the mixture changed
with shear rateAll mixtures under investigation exhibited Newtonian behaviour
indicated by @orizontalline on the flow curvefrom which amaverage valuér
Newtonian viscosity wstaken Two measurements were taken to obtain an average

and corresponding standard error.

2.4 Experimental Design

Chapters 4 and &xplore the application cfatistical design of experiments (DoE)

to gain further insight into thACC processandattempt to identify any relationships
betweerprocess conditions and ACC mechanical properfiedescription of the
stages involved in applying DoE methodology is provided belimtails of the
specific designs used are provided in the relevant experimental chapters, but the

following section outlines the methodology.

The first stage of experimental desigas to establishthe experimental design space
andthevariables to investigaténdependent variablgseferred toasfactorsin this
thesig, and the dependant variagleeferred to asesponsesrhe upper and lower
limits of each factowere chosenbased on knowledge of tipgocessandto ensue
the quality of the ACC is not compromisdthis involved some initial sampling of
ACCs to determine an appropriatgion at which ACC quality remained

acceptable, and further details are included in the subsequent chapters.
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appropriate desigwaschosen from whiclthe experimental runsould be designed
with each experimental rubeinga combination of each facta@nce a full data set
was collected, a table was created for each experimental run including processing
factors and measured response which could then be analysed.factors were
explored for both Chapters 4 and 5, #mas Uwas determinetbr rotatabilityas

1.68.

24.1 Statistical Analysis

The software package Minitab was used to generate the designs and corresponding
experimental runs, as well as conduct statistical analysis on the experimental data
obtainedLeast squares regression was used to fit a linear model to the experimental
data, providing estimates of the effect of each factor and factor combination in the
form of coefficients. This model essentially provides a prediction for the response
based on thfactors involved and their effect. ANOVA was then applied to the

results of thdinear regression to calculate the variation in the data and test for
significance of each factor and its interactions. A backward elimination approach
was applied, whereby all possible factors and factor combinations were included
initially in the model itting. The factors deemed insignificgptv al ue O 0. 05)
through the ANOVA were then disregarded, and linear regression applied to fit a
new model. The process was repeated until a model was generated that included

only significant terms.

An evaluation of test statistics was then performed to confirm whether the derived
model wasmeaningful.This includes the Fvalue to assedsow well the factor or

factor combinationsf themodel can explain the variation in the responst higher
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values being a marker that it can do this well. pfvaluefor each factor/ term in the
modelassessshow significant each factor,ignd if it has had a real impact on the
response.A p-value below 0.05 indicates significance of a factor or factor

combinations.

The goodness of fit of the model to the experimental data was assessed from
calculation of coefficient of determination? @82, 197, 206]This was supported by
calculation of adjusted coefficient of determinatiorf.dg, used to validate the
strength of model with respect to the number of model terms. The predictive power
of the resulting model was gauged through calculation of predicted coefficient of
determination, Rpreq)[157]. The value oR?is expressed aadecimal between 0 and

1, representing the percentage of data that the modekpéain For examplean R?

of 0.21 would mean that 26 of the data can be explained by the model.

When applying least squares regression, it is important to be aware of underlying
assumptions, for example, the assumption that residuals (errors) are normally
distributed andhaveno obvious patternar structure between therfhis can be

validated during the statistical analysis through observation of residual plots such as
normal probability plots and residual histograms, for example. A key assumption to
be aware of is that the independent variables are truly independemdtand

correlated in any way. Hulticollinearity exists between two or more variables, the
regression model cannot distinguish their individual effg&6]. In many
thermodynamic systems, temperature and pressure are inherentlyftinkgedmple
throughthe ideal gas lawn the context of this work, ACC processing is carried out

using heat press which functions as an open system fawtoes oftemperature
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and pressure can be controlled independently. Whilst a relationship may exist
between these variables in other settings, the ability to adjust them separately
ensures that multicollinearity is not a significant isStteregression model

therefore can still provide meaningful insights into the individual effects on the

output variable

2.4.2 Optimisation and Validation

Derringers desirability functiof196] (as introduced in Sectidh8.7) wasused to
identify the optimum process conditions to yield the most desirable resftnse.
optimisationapproactcan be applied wheoptimising on a single responstkey
interestasconductedn Chapter 4and ishighly beneficial for multiple response

optimisationexplored inChapter 5

Using the obtained modelaehtheoreticakresponsei, (obtainedfrom all
experimental runsyasconverted inta desirability functiondi(? 7% Recall from
sectionl.8.7, that d(f %sis a value betweed and 1 and a theresponse mowe
further away from the goati(f #sgetscloser to ODesirability functionfor each
theoreticakresponsé i was calculated usingquation2-4, where T and L denote
the upper limit and lower limibf the measured responses, respectivetiependent

variable (factor) settingsere then chosen to maximise the overall desirability, D

Equation 2-4

ww 0
Y O
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The desirability function was determined using the Mingafiware;however, lis
approach can beonducted usingxcel To set up the calculation arsdlidify the
understandingExcel was used simulateouslpngside MinitabFrom this, a
desirable set of processing conditions was determined along with a predicted

response.

Experimental samples wepeepared athe processing conditions identified during
the desirability analysis. unpairedstudent #testwas used to compare theerage
response from thim-lab samplewith the predictionto determine whether the
difference between the two responses was statistically significant drcnodnduct
a student-test, the meaf® and standard deviatiq®D) of the experimental
sample datarecalculatedThet-statistic is then calculatextcording tdequation

2-5, wheregg is the model prediction andin the number of experimental runs.

Equation 2-5
O 31 D S~
“Y'@e

A t-distribution table can then be consulted to locate the criticallie associated
with the degrees of freedo(@F = n-1), for thedesiredsignificance levelln this
work, a significance level of 0.08as usedIf the calculated4value is morg¢han the
critical value, this indicates a significant difference between the experimental
samples and model prediction. Conversely, the difference can be deemed

insignificant if the calculatedvalue is less than the critical value.
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Chapter 3.
Useof interleaf films in the production

of all-cellulosecomposites

3.1 Introduction

As describedn Chapter 1 manufacturing avell-bondedACC from woven textile
layers requires two distinct regions of matxregion withn each textildayer to
bind all the yarns together, and a region between each layer to biagi¢he
togetherTheapproach used in this workvolves the partial dissolutioof theyarns
within atextile. This method isdealfor producing thematrix within each textile
layer, as the distances between each yarmalagively small andcan be filled
easily and the oneomponent nature of the AC@nds itself to good adhesion at
the fibrematrix interfa@. Achieving sufficient bonding betweethetextile layers
however can bemorechallengingwhen onlypartially dissolving the yarns. The
unevensurface ofatextile layerrequires significantly more matrix fdl the space
between two adjacent layers achieve adequate bonding. It is, therefore, of
interest to explore how the matrix fraction can be increas#ds regionto enhance

interlaminar bonding.

The following chapter seeks to validate the patented m¢1iaqd for adding an
interleaf film for ACC productiomescribed irsectionl.5 andascertain how the
addition ofthefilm benefits the mechanical properties of ACCs produced using

cotton textilesThere are threparts tathis chapters outlined below
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Comparison oACCs prepared with and without film.

Here,the patent claimare validated, anthe effectiveness of the interleaf film when
placed between two layers of cotton text@ssessedCCs are producedith and
without film, at fixed process conditiongasing varied amounts of solvent solution
Solvent to cellulose (S/C) weight rati® variedto establish the most preferable
solventquantityto usethatallowsit to distributeeffectivelyinto the textile layers.

The percentagaveight of[C2MIM][OAc] with DMSOiis fixed at 8(0%.

Addition of DMSO iffC2MIM][OACc] .

The percentage weight of [C2MIM][OAc] in DMSO is now varied from the original
fixed 80%, toestablish whether the addition@MSO as a ceolvent affects ACC
production when processing at elevated temperature and pressure, and observe any
effects on the resulting ACCs portfolio of mechanical propeiiésle the addition

of DMSO might favourably adjust the diffusive mechanisms of the tbese is &0
acostbenefitto its use asLs aretypically expensive to synthesifE39]. To use a
dilution in DMSO would be of additional benefit in lowering processing costs
associated with their us€he addition of DMSO, however, also dilutes the IL
([C2MIM][OACc]) and so at some percentage fraction the dissolving power will fall
below a useful thresholddditionally, thereduction in viscositynay indeed cause
solvent to be lost under pressure, reducing the presence of dissolved cellulose and

subsequent matrix.

Multi-axial properties of ACCpreparedwith interleaf film.
Thefinal partof the chapter involves the exploration into the effect of the interleaf

film on multi-axial propertiesAs mentioned irl.3.3 commercially obtained fabrics
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such as the cotton used in this stedyphave an imbalance of properties. It is
proposed that by using an interleaved film, the additional matrix produced will
improve the efficiency of the stress transfer between longitudinal and transverse
orientated yarns bstabilizing the reinforcement yarasdimproving the overall

level of adhesion throughout the compestructure.

Thecontenbf t his chapter | ed to my first
films to enhance the propertiesofealle | | ul ose compositeso
Part A: Applied Science and Manufacturinggtoria, A., et al, Use of interleaved
films to enhance the properties of-aedlllulosecomposites. Composites Part A:

Applied Science and Manufacturing, 2022: p. 107062).

3.2 Materials and Methods

3.2.1 M aterials

Bleached 1004 cotton with a plain weave was used as the cellulosic textile in this

study, details of which are provided in section 2.1.

3.2.2 Compositeprocessing

Details of theprocedurdor preparing ACCgan be found isection2.2, where a

schematic of the process can also be found

For the firstpartof the work, hree differensolvent to celluloseS/C) weight ratios

were explored;equal solvent to cellulose (1:1), twold solvent to cellulose (2:1)
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and threefold solvent to cellulose (3:4)solvent solution comprising 8@ by

weight [C2MIM][OAc] and 20% DMSO was prepared

For the secondant, five preparations of [C2MIM][OAc] and DMSO were prepared,
varyingthe percentagef [C2MIM][OAc] in DMSO from 20% up t0100% (100%

beingneat [C2MIM][OAC]).

3.2.3 Processing conditions

Once the layered stagkas introduced to the solvent solutjohwasplaced in a
laboratory heat press at 100 °C with an applied pressure of 2 MPa for 10 minutes.

The samplesvere then left overnight in a coagulation bath as outlineseiction2.2.

3.24 Cloth Orientation during sample preparation

For the first set of iterations, samples were made with both cotton textile layers

stacked at 0° with respect to the warp yarns, giving a stacking sequence.of (0,0)

Once the appropriate solvent configuration had been established, additional ACC
samples were made withe interleafilm usingadditional stacking arrangemeriis
explore how the cloth orientation within the stack influenoethanicaproperties.

A two-layer sample was prepared with one layer of cloth orientated 0° relative to the
warp yarn direction, and the second layer orientated 0° relative to the weft yarn
direction (0,90). A fully symmetric sample was prepared using 4 layerstbf cl

with the warp yarns aligned 0 °, 90 °, 90 °, 0 ° from bottom to top (0,90,90,0). The
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different stacking arrangements used throughout this study are summafsgae

3-1.

(@ (0.0 (b)  (0.90) (¢)  (0,90,90,0)

Figure 3-1. Stacking sequences of cloth textile layers used in the study. a) shows
a 0,0 stacking arrangement where the warp yarns of both layers are aligned in
the same direction, b) shows a,090 stacking arrangement where the first and
second layers are aligned at 0° and 90° respectively, and c) shows a 0,90,90,0
symmetric stacking arrangement where the upper and lower textile layers are

aligned at 0°, and the middle layers are aligned at 90°.

3.2.5 Mechanical Testing

Details ofthemechanical testingaried out on these samphka® provided in section
2.3.1. For this workACCs were initially tested in the direction of the warp yarns
(longitudinal), with subsequent tests carried out in the direction of the weft yarns

(transverse), and 45° to the warp yarns.

3.2.6 Estimation of cellulose content of processed ACCs

There are some challenges faced when estimating fibre volume fraction of ACCs

produced via partial dissolution methods. Unlike traditional fibre reinforced
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composites, the volume of fibres used to prepare ACCs will not be the same after
processingas a certain amount of fibre will have dissolvedubsequently forrthe
matrix. Additionally, with the dissolution process being carried out under pressure,
there will be some dissolved cellulose pushed out from the mould plates, and this is
known agflashingd Estimating the fibre volume fraction of the ACCs is therefore
more complex, and s®semiquantitative analysis of crystalline structure using X

Ray Diffraction (XRD) was employed.

Before dissolution, the majority of cellulose | and cellulose 1l will be present in the
cotton cloth and interleaf film respectively, together with an amorphous fraction.
After partial dissolution, the dissolved fractions of cotton and film will be coedert
to amorphous cellulose and cellulose Il. Using this knowledge, WREemployed

to characterize the change in the crystalline structutteedCC samples made with
and without interleaved film and provide estimations of the cellulose I, cellulose Il
ard amorphous cellulose fractions present in the AQ@sails of the methodology

is provided in sectiog.3.5

It is appreciatd that the absolute crystallinity cannot be determijnstifrom an
eqguatorial line scan, as some crystal reflections can appear away from the equator.
However these argenerallyonly small intensity reflectionsand therefore, are
expectedo hawe at most, asmall contributiorto the total crystallinityThis

techniquewas thereforedeemed appropriate assesthe change in the cellulose |

fractionwhen using interleaved films.
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3.3 Results and Discussion

3.3.1

Influence of Interleaf Film

Mechanical properties in tHengitudinal (warp direction) ahe preparedCCs are

presented ifrigure3-2, using various S/C weight ratiésr preparation with and

without interleaf film.The eror bars shown ifrigure3-2(a) andFigure3-2(b)

reflect the standard errowvhich wascalculated across the five tested specimé&he

errors bars ifrigure3-2(c) reflect the variatiom the measured peel strength along

the samplaising standard deviation
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cellulose composites prepared with interleaf film and without interleaf film using

various S/C weight ratios. Samples were processed for 10 minutes using an 80/20

ratio of [C2MIM][OAc] . Mechanical properties were tested in the longitudinal

direction.

Surface and crossectional images of the prepared ACspresentedn Figure

3-3, with the original raw cotton textilmcludedfor comparisonThickness, density,

and yarrcrosssectional areagSA) of the ACCsare presented ihable3-1 along

with the thickness and density thie unprocessed cotton textile and interleaf .film
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(1:1)Ratio_No ﬁlgl\g‘ (a) Surface (1:1)Ratio_With film (¢) Surface
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Figure 3-3 Optical microscopy images of ACCs prepared without film (a, b, e, f,
i, J) and with film (c, d, g, h, k, I) using various S/C weight ratios of 1:1, 2:1 and
3:1. Raw cotton (m) and (n) is also shown for comparison. Surface images and
crosssections are disfayed for each sample. The darker regions within the
sample crosssection indicate the presence of void space, as indicated by the red

arrows.

It was found that dring preparationan equal weight of solvent to cellulose (1:1),
provided scarcelgnough solvent to distribute to the textile lay€snsequently
the difference in properties between the samples made with filnthasel made
withoutfilm, was not significantFurthermoreacross the five test specimdns
these sampleshe errors were large, indicatiagariation in properties across the
samplecaused bynconsistent solvent distributiom addition to pockets of air
within the yarns, the yarns in the cotton clatk not tightlywoven in that the warp

and weft yarns arsufficiently spaceautas toleave small pockets of space between
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them as they interlinkThis allows for rapid absorption of the solvent into this space
that when using less solvetgaving little opportunity for theolvent to evenly
distribute throughout the textilét.is suggested that there is insufficient solvient
introduce across the full area of the textile and, furthernmmseafficient solvent to
partially dissolve enough fibre and filta produce the necessary matrix for the
composite structurdhis is further evidencetthrough observation dhe

inconsisent appearance seen across the ACC -@estonin Figure3-3 (b). Whilst

this may result in a higher fibre volume fraction, the lack of useful matrix leads to
inefficient stress transfer to the reinforcing component and decresesdthnical
propertiesAdditionally, as shown ifrigure3-3(d), the interleaf film can still be
clearly seenand aside from a flattening of the yaotsurringthrough compaction
there is little difference between the ACC surfaces from using the film oFifrat.
thickness in this sample was measured to be 0.8@BF003 mm this suggest that
over 50% of the filmhas dissolvediven theoriginal thicknes®f the film is0.023
mm). However,the matrix production is not enough to distribute through the textile
and create the smoother appearance see€igime 3-3(g) andFigure3-3(k) when

using more solvent (2:1 and 3:1 S/C weight ratiodsjng more solvent allows the
film to dissolve completely, which contributes to matrix productitimere is then
more matrixto distribute through the fibre assembly aoat the partially dissolved
fibres, contributing to a stronger interface between both reinforcement and matrix,
and the textile layershis strong fibrematrix interface promoteeffective transfer

of external loads to the reinforcing fibrggl, 207] whichleadsto an increase in

modulus as evidenced gure3-2(a).

The significant increase in the peel strengtienusing a 3:1 S/C weight ratio,

however, highlights thpositiveinfluence of solvent amount on maximising the



-91 -

benefits of usingheinterleaf film.FromFigure3-3(k), the fiboresappeaismoother,
andthe pockets of space between interlinking fibres are filled in more, creating a
more consistent surfacés mentioned irsection3.2.6 there is a tendency for
flashing to occuunder applied pressuvehen processing at elevated temperature
and dissolved cellulose being removed from the stttien applying less solvent

to the textile, there is a risk thay cellulose that dissolves will be removialough
flashing,leavinglittle left to form the matrixIf more solvent is useanyflash
expelled from the sides of the stankybe compensated for, and this will prevent

the loss of too much potential matrix.

Whilst similar tensile behaviousiexhibited inthe samples producedladth2:1 and
3:1 S/C weightatios, thancrease in peel strength when using the 3:1 S/C weight
ratio suggests that for this process it may be beneficial to opt for extra solvent to
ensure sufficient matrix can form under compactdi®:1 S/C ratigorovides an
excess of solverib penetrate theellulose textilestack evenlysuch that the

cellulose lost through flashirig offset through increased dissolution. This helps to
provide the matrix needed to promote excellent interlaminar adhdésieffectively
surroundhg thefibresto creat a stronger fibrenatrix interfaceAs shown irFigure
3-3(l) amoreconsolidated ACCan result thayieldsthe most favourable peel
strength and modulus without a significant drop in tersdilength. When compared
to the sample produced without fil m,
modulus and peel strength from 248.20 GPa to 4.28 0.16 GPa, and®s+ 10

N/m to 917+ 73 N/m respectivelylt is interesting to note th#tetensilestrengthof
the ACCis not affected by the incorporation of the film atieerefore it is less

affected by the level of interlayer adhesions lhypothesised thall the ACCs

t

h €
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exhibitsome interlayer delamination before ultimate failure, dmerefore this

property is less affected by the interleaf film.

Table 3-1 Calculated values of thickness (mm), densityg/cc), and yarn CSA

(mm?) for ACCs prepared with and without interleaf film using various S/C

weight ratios. Properties of the unprocessed raw materials are also presented.

S/C Ratio  Preparation Thickness (mm) Density (g/cc) Yarn CSA (mnv)
No film 0.30+0.01 0.96 + 0.02 0.025 + 0.002

- With film 0.36 £+ 0.01 0.87 £0.02 0.0243+ 0.0002
No film 0.29+0.01 1.04 £0.01 0.028 £ 0.001

@ With film 0.34+0.01 0.92 +0.04 0.027 £ 0.001
No film 0.31+0.01 0.91+0.@ 0.029 + 0.004

S With film 0.2 + 0.005 1.31+0.02 0.015 £ 0.004

Raw materials Thickness (mm) Density (g/cc)

Raw cotton textile 0.229 1.5

NatureFlex 23NP film 0.023 1.5

Figure3-3 (n) shows the unprocessed cotton yarns within the textile, which

comprise armrrangement of loose smaller fibres that, unbonded, may move about

more freely and cause the yarn to expand in the epoxy[i€3h The overall area

of the yarn crossection will therefore be a combination of individual fibres and the

air pockets between them/hen solvent is applied, this loose arrangement of fibres

may allow easier penetration of the solvent through the yanalsany matrix

produced from fibe dissolution will help to consolidate the fibrasdthe yarns will

be compacteffom thepressure applied during processikgyure3-3 suggests that
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this is the case with thresulting decrease therelative size of the yarn cross

section across all processed ACIEss worth noting that the values for CSA are

unlikely to relate stronglyo the amount of fibre dissolvet is more likely to be

related taheir level of consolidatiowi t hi n t he samples and oOf
compaction. The measurements froable3-1 suggest that the yarn CSA remains
reasonably consistent across all samplespnly exception being witlhe samples

produced using a 3:1 S/C ratio and fiwhere the CSA decreas@#is reduction is

likely to be a stronger indication of how much the individual fibres have become

more closely packednd thegeneration of the fibrenatrix interface.

The influence of S/C weight ratio is further emphasised when looking at the
calculated densities of the processed ACCEaible3-1, as compared tthe

expected densities of tleellulose materialffom literature (outlinedn section

2.3.3. The censitythe ACC sample produced using a 3:1 S/C weight ratio and
interleaf filmis considerabhjhigher than tha&cross all samples produced using 1:1
and 2:1 S/Qveight ratios This increasd density when using a 3:1 S/C weight ratio
supports thaotion that sufficient matrix came generatedrhen more solveris
used.This matrix can thedistribute effectively within the fibres and fill the
available space between the yainsreasing density to a value tlaigns more
closely with the density of pure cellulo&#ith a2:1 S/C weight ratigit is

suggested thdhe film dissolves butemainsprimarily between the layershich
would result in an increased thickness as obse@edmight expect this to
contribute taanincreasen peel strengthhowever as it remains in between the
layers, it means there idack of sufficient penetratioaf matrix materiathrough

the fibre assemb)ywhich prevents this from occurring. Whilst the key aim of the

interleaf film is to place matrix Hbetweerthetextile layersjt is alsoimportar to
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fill the space between the interwoven yarns to ensure voids can be retheed.
difference in yarn size that can be seen across the three S/C weight raigusén

3-3 (c), Figure3-3 (g), andFigure3-3 (k) supportghistheory. Less void space can
be seen within the yarn cross section andteceably smaller yarn size is present
when using a 3: S/C weight ratio, suggesting a more consolidated yarn from
improved solvent penetratiol.could be proposed thatis sampleexhibits a
optimum combination of matrix and reinforcement, in addition to excellent
consolidation of the components. Using a 3:1 S/C weight ratio allows sufficient
dissolution,and any loss of cellulogbat occurghrough flashing is compensated
for, allowing more matrix to remain in the ACQoids can still be visibly seein

this sampleKigure3-3 (1)), however the relative magnitude of thesgeid regions
compared to the other samples is lower, and improved consolidation of the fibres
within the yarns is achieved. The combination of the interleaf film and a sufficient

S/C weight ratio allows matrix to be produaatticrucially, maintained.

There are two types of bonding being supported through this
- Bonding between the layers (irf@minarbonding)

- Bonding between the yarns within the textile (idainarbonding).

With more matrixpresentthere is sufficient material to fill the pockets of space
betweerthe yarns as well as provide more consistent interlaminar matrix to enhance
the fibrematrix interfaceAs discussed iChapter 1achieving the proper balance
between fibre and matrix is just as crucial as ensuring a strong intefatthe
contribution oftheir unique properties transferred to the compasitigiven byther
respective volume fractior}§6]. The additionof the interleaf film results in two

possible effecten the resulting fibre volume fraction of the AGGn one hand, if
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the film is dissolving instead of the fibrtaenthe presence of a higheolume of
undissolvedibre will result It has been reportatiat dissolutiormodedepend
strongly on thes o | v &bility té6 disrupt the longange order of cellulose chains
[208]. The interleaffilm comprises cellulose Il which has a comparatively lower
degree of polymerisation when compared to native cellf&ien the cotton

textile. It, therefore, may bexpected to have increased mobility in solution and
fasterdissolution ratesubsequently dissolvingore preferentially than the cotton.
In this work, however, the ACCs are processed at high temperatures and so it is
suggested that the amount of solvent has a more prominent influence on the overall
cellulose dissolutiorrather than influencing the different sources individually.
Previous worlon cellulose dissolutiohas shown that the dissolution of cotton
obeys timetemperature superpositipf03]. In this work dissolution time and
temperature are fixeat 10 minutes and 100 °C respectively. By processing at an
elevated temperature, it is suggested that as dissolution socragidly it is
governed more sby the amount of solvent used, rather than timétemperature.

As a result, the concentration of dissolved cellulose in the surrounding solution is
higher compared to previous woslhere the yarns were in excess sol\j&0o8].
Solution viscosity willbe sibsequerty higher,which in turnaffects the kineticsof

the processwithin aduration of 10 minutes, largerfraction of the film may
dissolvecompared tohe textiledueto it being significantly thinner (0.023 mm
compared to 0.229 mm respectivedyid, therefore, havingigher surface area to
volume fractionWhile the cotton may appear to dissolvere slowlybecause it is

thicker, thetotalamount dissolved may be similar.

This leads to theecond possibilityhat adding the film places additional matrix

component within the composite@hich simply increagsthe overall amount of
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matrix in the ACCln this scenaridfibre dissolutionremains relatively consistent
andindependent of the presence of the fdmdhow the film dissolvesThis would
result in the same volume of undissolved fithr&t would occur without the filirbut
alsomore matrix componenvhich redu@sthe fibre volume fractiomand its
contribution of properties to the composite. This is evidenced in the decrease in
tensile strength observed for the samples Whdfilm, when compared tthose
madewithout thefilm, suggesting thathe film increases the proportion of matrix
componentthus redumg fibre volume fraction. Tedecreasén tensile strength,
however s relatively smallsoa good balance of matrix and fibre damachieved
to allow efficient transfer of fibre properties, without excessively reducing fibre
volume fraction. Thus, the process of hot compaatiith interleaf cellulose filrs
can improveYoungs modulus and peel strengtithout any significant loss of

tensile strength.

The percentage gain in mass from adding an interleaf film can be calculated by
comparing the mass of one layer of film, with the overall mass of two cloth layers.

The mass of one layer of Natureflex filmOif94 g, and the mass of two layers of

cloth textile is2.94 g and sdahe ratio of film mass to textile mass teerefore.1

This means that 80 % gain of cellulosic material can be achieved by adding the
flimduri ng preparation, which effectively
by 10%. Witha 3:1 S/IC weightrato Youngb6s modul us can be
furthermore, peel strength can be increased dramatioadlking this avery

effective strategy for getting an excellent balance of mechanical properties.
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3.3.2 Influence of Interleaf Film on Crystalline Structure

X-ray diffraction ¥RD) was used to investigate the changes in crystal structure
the ACCsusing 3:1 S/C weight ratibothwith, and without thenterleaf film. The
crystalline composition of each sample was determined by deconvolution of the
XRD diffractograms obtained from specimens taken from each sample and are

summarised iTable3-2.

Table 3-2 Crystalline composition of ACCs as analysed by XRD

Cellulose | Cellulose II Amorphous

Fraction (%) Fraction (%) Fraction (%)
ACC - No Film 71+1 6.2 £0.2 23 +1
ACC -With Film 57 1 8.8+0.4 34+1

The deconvolution curves from both samples are presentgdure3-4. A typical
diffractogram for each sample is presenteBigure3-5. It can beseenfrom Figure
3-4 that on addition of the interleaf film, the relative size of the cellulose | peaks,
particularly the main reflection at 22,4lecreases when compared to the sample
prepared without filmThe reduction of cellulosedontentfrom 71 +1 % to 57 +%
confirms the notiosuggesteearlier, that areducedibre volume fraction (which
contributes the cellulose | fractioajises through thaddition of the film resulting

in the observedecreased tensile strenght.the same time, cellulose Il peaks begin
to appear more prominently, and the broad amorphous peak at 18.2° indksases.
the matrix fraction is a combination of both cellulose Il and amorphous cellulose,
this supports the earlier suggestion that the increased matrix production brought

about by adding the film subsequently reduces the overall fibre volume fraction.
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Figure 3-4 The deconvolution curves of ACCs produced using a 3:1 solvent to
cellulose weight ratio, without interleaf film (a), and with interleaf film(b). The

experimental measurement is shown in the black dotted line, and the black curve
is a summation of thecrystalline peaks of cellulose | (shown in blue, orange and
brown), and cellulose Il (shown in grey and green). The amorphous peak is

shown in red.

The increasedize of the peaks at 20.2° and 21(i8dicative of the presence of
cellulose 1) are shown ifFigure3-4, highlighting thepresence of the filmThis is
supported by observation of the peaks for the sample prepared without film,

particularly the peak at 22.8vhich has a noticeably smaller shoulder peak.

It is worth noting that in a yarhased architectuyerystal alignment is

predominately along the vertical axis of a yaflihis means that when performing

an equatorial diffraction scan of a texti@nforced ACCa 2 d may ceauit

where some peaks are absé&uaditionally, textile yarns possess a helical structure
which canlead tosome peak modification due to a slight variation in twist angle of
fibres within the yarnln this work, howeverthe peaks generated have been used to
simply highlight the relative change in celluloseéllulose 1l and amorphous
cellulose as a result of processing with and without the Tilmerefore, thiss not

deemed significant ithis analysisas absolute valuese not being sought.
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Figure 3-5 XRD diffraction patterns of ACCs produced with S/C weight ratios

of 3:1, without interleaf film (red line) and with interleaf film (blue line).

Within these constraintfie deconvolution techniquean bea useful method to
evaluate structat changesndallow thedissolution and fractions of the various
phasedo be followedand compared to one anothkeiis also worth noting that
although the overall relative fraction of the reinforcing fibres is decreased by the
incorporation of the filmyY o u nrgodwus increased his suggests thtte
properties of an AC@rehighly dependent on developing good adhesion between
the various phasea dependece not unlikdraditional composite materials as
discussed in previous chaptefsis method of producing ACCs withdladdition of
aninterleaf film offers an excellembuteto achieve a good balance of mechanical
properties through increaseompatibilitywithin the yarns of the textilesnd

between the woven textile layers.
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3.3.3 Influence of [C2MIM][OAc] % in DMSO

Table3-3 shows the iscosities of the solvemsblutions measured at 25°C and

100°C

Table 3-3 Viscosity measurements of solvent solutions with various wt%
[C2MIM][OAc] in DMSO

% DMSO in Viscosity @ 25°C Viscosity @ 100°C

[C2MIM][OAC] (mPa.s) (mPa.s)
0% (Pure [C2MIM][OACc]) 150+ 2 7.8+0.9

20 % 32+2 4.68 £ 0.04
30% 28.2+0.2 43+0.1
40 % 26.6 +0.1 34+1.0
50% 14 +3 26104

60 % 10.2+0.5 2.22 +0.03

80 % 28+0.2 0.991 + 0.001
100% (Pure DMSQ 15+£0.1 0.80 £ 0.04

The viscosity of the pure IL solutios significantly reduced through the addition of
DMSO, for example withthe addition of 20 % DMS@t25°C, a fivefold decrease

in viscosity of the IL is observe@here is, however, aotable reduction in viscosity
of the pure ILas temperature is increased from 25°C to 10@@=ed al00°C the
viscosity of the pure IL is comparable to adding aroun&dDMSO at 28C. As
DMSO wt. % increaseshe decrease in viscosity less apparent at the processing
temperature of 100°Qhis suggests that theenefit of adding DMSvill be felt
predominantlyatthe preparation stag@t room temperaturgiather than during
dissolution (atLl00°Q), as applyingolvent to the woven cloth layensl| be easier if

the solvent viscosity is reduced significantly.
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Results from mechanical testing are presentédgare3-6 and images of ACC
crosssections are shown Figure3-7. Calculated values for ACC thickness,
density, and yarn CSA for ACCs prepared using various wt. % of [C2MIM][OACc] in

DMSO are presented ihable3-4.
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Figure 3-6 Mechanical properties of ACCs produced with additional interleaf

film in -between layers of cottortextile, using a 3:1 solvent to cellulose weight
ratio, using various [C2MIM][ OAc] % in L
modulus are shown in (a) and peel strength is presented in (b). GO¥Y
corresponds to a sample processed for 10 minutes using a salvesolution

consisting of Y wt. % ionic liquid.

The importance of achieving a balance of solvent viscosity and sufficient

[C2MIM][OAC] is highlighted inFigure3-6 (a), where iis shownthatas more

DMSO is added to the solveM,o un g 6 s mo d ywhiclsproddessongea s e s
insight into the matriamountthat has formed within the composite during

processingAs discussed ihapter 1sufficient matrix formation suppaa strong
fibre-matrix interfacewhich helps optimise the properties thro@dgficient transfer

of external loads to the fibr¢s02. Young6s modul uwheniusngat it s

pure, or 80 wt.% [C2MIM][OACc], beyondhich, an overall decrease can be
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observedAs Table3-3 shows viscosity is decreases more DMSO is added
solvent solution of low viscosityould promote excess flashing under compaction,
reducing matrix formation that can surround the fibfé® results suggest that
whilst it is beneficial to reduce the viscosity of the solvergitimass transportt is
also importanto avoid reducing viscosity too muttatit thenpromotes excess
flashing.Looking atFigure3-6 (b), aconsistently high peel strengthobtained
between 50 an80 wt.% [C2MIM][OAc], and this is notably improveddom using

100 % pure [C2MIM][OAC] particularly with 8% [C2MIM][OACc] .

Youngds modul uG2MIMHOAQ] rdncentratiorddetweant00 wt.%

and 80 wt.%and as such there is significant benefit taddingmore than 20 wt.%
DMSO. It is interesting to note that when using3Dwt.% DMSO in

[C2MIM][OAC], peel strength values are still in a range comparable to when using
20 wt.% DMSO. This suggests that there is still sufficient matrix formed even when
the amount of [C2MIM][OACc] is significantly reduced. Within a specific time
window, the increase in DMS@ay speedip [C2MIM][OACc] activity, such thait
canachievea comparabléissolutionactivity to themixture with80 wt.%

[C2MIM][OAC] . It is nonetheless important to consider the balanced of matrix
required to support interlaminar adhesion, and the fibre volume fraction required to
provide sufficient tensile properties
moduluswhenadding50-30 wt.%DMSO indicates that while sufficient

interlaminar adhesion is achieved from dissolution, it not sufficient to enable
efficient trarsfer of external load to the fibre reinforcemdhnis acknowledgethat
pure[C2MIM][OAc] , and 80 wt.% of [C2MIM][OAc] in DMSCareseen to yield

the optimaly o u n g 6 s howedeuthepatential cost benefits of offsetting

some [C2MIM][OAc] withDMSO are worth consideringot to mention the

t

C
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improved ease at which the solvent can be introduced to the textile stack during

preparation.

(a) (3:1) 100% EMIMAc (b) (3:1) 80% EMIMAc (c) (3:1) 70% EMIMAc (d) (3:1) 60% EMIMAc

w

Transverse yam [ |
Transverse yam

Transverse yarn

(f) (3:1)40% EMIMAc () (3:1)20% EMIMAc

"

Transverse
oo "5 o)

Figure 3-7 Crosssections of prepared ACCs at various weight %
[C2MIM][OACc] in DMSO. (a) 100 % (b) 80 % (c)70 % (d) 60 % (e) 50 % (f) 40
% (g) 20 %.

Tensile strength remains relatively constant at all concentrations of [C2MIM][OAC]
as shown irFigure3-6 (a). Given thatthis propertycomes primarily from the
reinforcing component of the mater&d discussed earlighe narrow range of
values(42i 52 MPa)suggesthat there is no significant change in #raount of
yarn being dissolved he fibre CSA estimasfrom image analysis showeéde
variation between valug8.013i 0.025 mm), butas mentioned earligihe CSA
values correlate more ®CC consolidationThere is avisibly thinner appearance of
the samples produced using 80 and 60 WE2MIM][OACc] for example,indicating
thatthe decrease in visible yarn CSA coincides wititrix penetration through the
layers, binding the fibres and layers closer togetbenversely, a weaker
consolidation ibservedwhen using 20 and 40 wt.% [C2MIM][OACc], coinciding

with the drop in properties and density for these samipigegestingly, he interleaf
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film can still be seen when pure [C2MIM][OAC] is us@dhich reinforcesthe idea

thatsome addition oDMSO supports faster dissolution times and is beneficial when

processing for shorter periodsdding more than 20 wt.% DMS@oweverresults

in less consolidation within the ACdlie to a combination of increased flashing of a

less viscous solvent solution and a reduced capacity to dissolve cellticse.

evidenced in the resulting mechanical properties of the samples preparetbvwéth

than 20 wt.% DMSO shown iRigure3-6 (a).

Table 3-4 Calculated values of thickness (mm), density (g/cc), and yarn CSA
(mm2) for ACCs prepared using various weight % of [C2MIM][OAc] in DMSO.

Sample % Thickness Densit Yarn CSA
D pmso 7 [C2MIMI[OAC] (mm) (g/cc)y (mm?)

C10-100 0 100 0.30 £0.01 0.93+0.01 0.021 +0.001
C1080 20 80 0.22 £ 0.005 1.3+0.02 0.015+0.001
C1070 30 70 0.334+£0.004 0.95+0.02 0.018 +0.002
C1060 40 60 0.28 £0.02 1.13+0.03 0.019 +0.001
C1050 50 50 0.27 £0.02 0.97 £+0.03 0.013 £ 0.001
C1040 60 40 0.34£0.01 0.86 £0.01 0.020 + 0.004
C1020 80 20 0.31+0.01 0.87 £0.01 0.025 £ 0.001

The results of the first two parts of the work suggest that using.80

[C2MIM][OACc] in DMSO with a 3:1 S/C weight ratio is indeed a good

combination, leading to a more consolidated sample with increased density (less

internal voidage), coupled with optimised peel strength and modulus. A proposed

oopti mi sedd

sampl e

us

ng

a

3:1

S/ C rati

solvent solution waglentified for further study in the final part of this chapter.

C
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3.34 Influence of interleaf film on off-axis properties.

ACC samples were preparadcording to th@arious stacking arrangements

outlinedin Figure3-1 following the optimum solvent configuratiodentified
previously(3:1 S/C ratio an@0 wt.% [C2MIM][OAc] in DMSQO). Compaction

time, temperature and pressure remafiraatl at 10 minutes, 10€ and 2 MPa
respectively. Samples were tested by applying load in three directions relative to the
warp yarn orientation: 0 ° (longitudinal), 90 ° (transverse), and 45 ° (bias) directions

illustrated inFigure3-8.

<]
=4
<
-
e
5
=

Figure 3-8 Direction of longitudinal, transverse, and bias tensile testing of ACCs.

It was hypothesised thahproved stress transféom the matrix to the yarrnsould

be obtained througthe addition of the filmand this would in turn lead improved
off-axisproperties To test this, samples wesabjected to noaxial loading that is,
not aligned to the direction of the yaris.addition, a sample of unprocessed cotton

cloth was tested, and the results are summarisedjure3-9 andFigure3-10.
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Figure 3-9 Comparison of longitudinal (0°), transverse (90°) and bias (45°)

mechanical properties of all-cellulose composites prepared with stacking

sequences (0,0), (0,90) and (0,90,90,0). Unprocessed cotton cloth (Raw cloth), and
the sample made without interleaf film (CO) is also shown for comparison.

The unprocesseggdaw) cotton cloth shows the largest variation in tensile properties
in the warp (longitudinal) and weft (transverse) directions, and this variation is

mirrored in the composite prepared without interleaf {i®@), albeit comparatively

largervaluesT her e i s a notable

ncrease

the ACCs made with the interleaf film, and thagitudinal and transverse

propertiesare considerably closer togeth&his agrees with the hypothesis that

extra matrix formaon from the interleaf film helps to stabilise the reinforcement

n

yarns,which subsequentlyedu@sthe effect of crimp on load dissipation and akow

a more efficient transfer aftres. Although tensile strength reduces through all

stacking sequences, this reductiomisimal when canpared tadhe improvement in

modulus and péetrength, as seen kigure3-10.

You
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Figure 3-10 Comparison of longitudinal peel strength of allcellulose composites
prepared with stacking sequences (0,0), (0,90) and (0,90,90,0). The sample made

without interleaf film (CO) is also shown for comparison.

Using a (0,90) stacking sequence not only aligns the properties in dinel 90°
directions but also enhances the properties in the 45° bias direction, consistent with
classical lamination theofCLT) [209]. This suggests that the mechanical

properties of ACCs align with those of traditional composite laminates, offering

promising insight into the potential of this ACC preparation method.

The symmetric samplgroduced using a (0,90,90,0) stacking sequgiatded

interesting results and further insightfis sample exhibida significantly high

peel strength along with minimal variat:.
directions. However, the notable reduction in tensile strength, especially in the 45°
direction, presents a different pictuidne ACCs producedhitially had one layer of

interleaf filminserted betweetwo textile layers. In the case aymmetric sample,

four textile layers were used, requiritigee interleaf film layerto beinserted in
betweenConsidering the ratio of film mass to textile mass,atidition of the film

now results in a 1% increase in cellulosic material, compared to th&cliBcrease

as was the case the twelayer samplesThis would potentially result imcreased
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matrix productionasevidenced by the elevated peel strengthabtiie cosbf a
lower fibre volume fraction, anglossibleshift in failure modePreviously it was
hypothesised that ACCs produced using two textile laygght experiencesome
delamination before ultimate failuegwhich the fibres then break. At this poiibis
suggestdthat the matrix has alreadiactured leavingmost ofthe loadto be
carriedby the fibres. In thiscenariowhilst there issnoughinterface to promote
load transfefrom the fibresto the matrix, the interfacial bond is remstrongas to
causethe matrix to crack under applied lod the symmetric samplé&eincreased
matrix production results in cracks formimgthe matrix,which can leado brittle
failure of the compositf210]. This could explain why theff-axisstrength of the
ACC is lower as the interface becomes compromised as a result of crack
propagation. When load is applied in the 45° direction there are no fibres to take the
loading, the drop in mechanical properties confirms that the matrix has broken

before the fibres.

3.4 Conclusions

This chapterhasstudied théenefits of adding an interleaf cellulogien in

between layers afotton textile as applied to a partial dissolution process under
applied temperature and pressureis producedACCs with an excellent balance of
mechanical propertieg paticular, excellent interlaminar adhesiovas obtained
through addition of the film, whiclssentially placesxtra matrix material where it
can have the most effedihefilm dissolution led to matrix production between the
textile layers sufficiently bonding them togethandallowing the partially

dissolved fibres tguccessfullypond to the interface.
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A solvent solution comprising 80 % [C2MIM][OACc] in 2& wt. DMSO,and a3:1

solvent to cellulose weight ratiwas found @ provideenoughmatrix to offset the

loss of dissolved cellulose through flashswthat sufficient matrix could not only
supportbondingbetween the layerinter-layer bonding, butalso bonding between

the yarns within the textiler(tra-layer bonding. This combination of solvent
parameterand processing with interleaved films wadsde to obtain &avofold and
threefold i mprovement in Young6s modul us
improved adhesion facilitatachprovedstress transfer adxternal loads, within a

relatively low processing time of 10 minutes and Youngés modul us
significantly improvedrom 2.18 + 0.20 GPa to 4.20 + 0.16 &Rith only minimal
losseqfrom 57 + 2 MPa to47 + 1 MP3) in tensile strength.

Additionally, improvements were observed in the 45° direction by orienting the

warp yarns of two layers at 0° and 90able3-5 summaries thprocess conditions

and resulting properties of the optimised ACC identified in this study.

Table 3-5Process conditions, mechanical and physical properties of the optimum

ACC sample identified through the body of work in this chapter.

Tensile Young

Strength modulus Pefi:\sﬁrr]e)zngth Tt}iﬁqlm)e S3 D(g?(:sg';y Y"’(l;:n%s A
(MPa) (GPa)
47+1 42+0.2 917 £73 0.220+£0.005 1.3+0.02 0.015+0.001
Solvent configuration:
3:1 S/C ratio

80 % [C2MIM][OAC] / 20 % DMSO

It is worth bearing in mind that dissolution temperatpressure and time were
fixed throughout this chapt@andto some extent, thereforeonefactorat-a-time

(OFAT) approach was used to ascertain the ideal solvent configurBiemext
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chapter will explorghe application o$tatistical design of experiments (Ddg)
multi-factor analysis as applied to these dissolutimmditions to investigate its use
as a tool to efficient process understanding and optimisatianinterest is whether
this multivariable approach can find a further set of optimum conditions with a
improvedbalance of mechanical properties to those showiabie3-5 acquired

through OFAT.
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Chapter 4.
Application of design of experimentdo

optimize all-cellulose composites.

4.1 Introduction

In the drive taaccelerate the commercialisationsostainable materials, it is crucial

to understand the manufacturing process to ensure functional materials can be
produced in a commercially feasible way. The previous chapter presented a study
into the benefits of using interleaved films in the production of ACCs and explored
how best to configure the solvent solution to obtain the best ACC proparbegh

a onefactorat-a-time (OFAT) approach

There has been limitadvestigation intadhe interactive relationships 8iCC

processing parameteis this chapter, the dissolution conditions of temperature,
pressure and time (previously fixed) are now explored throwgdtiatical design of
experiments (DoE) approach, introduced in secti@with an aim tcassess the
robustness of experimental design methods through validation of identified optimum
conditiors. This, tothe best ofivailableknowledge, has not previoudhgen

reportedfior ACC processingBy applying DoEin the context othe ACC

preparation methogresented in the previous chaptasights will be gainedhto its
practicalapplications across all AC@roductionmethodsThis approach also serves

as a powerful tool for identifying optimal process conditithreg may otherwisbe

overlooked througlraditional methodringing awareness theresearch
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communityto thetools available to help advan&€C researchowards

commercialisation.

Initially a full factorial design iemployedto explore theeffectsof processing time,
temperature, and pressuvéth the goal of identifyingny potential synergistic
interactionsandassessing their impaoh themechanical propertiesf ACCs
Subsequentlyan inscribedcentral compositéCCl) response surfackesignis

utilized. Here, there arawvo primary objectives

1. Toassess the effectivenessDmfE methodologyo a system whersome
preliminaryinsightinto suitable parameteedready exists

2. Todeterminevhether DoOE canncovera new set obptimized processing
variables not previously found, thus demonstrating its potdantadvance

ACC research beyond the development stage and into commercial viability.

The work presented in this chapter | ed t
experiments in the optimization ofale | | ul ose compositeso pu
(Victoria, A., et al., Design of experiments in the optimization etallulose

composites. Cellulose, 2023. 30(17): p. 1:01839.

4.2 Experimental Methods

ACCs were made using two layers of cotton textile and a single layer of Natureflex
film placed irbetweeras described in sectiéh2 Bleached 1006 cotton with a
plain weave was used as the cellulosic textile in this study, details of which are

provided in sectior2.1along with details of the Natureflex film.
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4.2.1 Composite Processing

Details of theprocedurdor preparing ACCgan be found in sectich2, however,

in this work, thesolvent impregnation stageethod was refined to ensure
consistency in solvent application and to reducevamiationassociateavith this

stage of the processinfpr example, any variable wetting across the surface of the
textile layersinstead of using a brush to apply the solvent to the textile lahers,

first layer was immersed solvent, after which the layer of cellulose film was

added and smoothed dowirhe second textile layer was thiemmersedn the

remaining solvenand added to the stack. Prior to immersion, the solvent mixture
was divided into the two parts ensure equal amounts of solvent were introduced to
the textile layersThe cotton textile layers were stacked with respect to the warp

yarns at 0°, giving a stacking sequence of (0,0) as shotigume4-1.

weft

(0.0)

Figure 4-1. Textile stacking arrangement of 0,0 used in the preparation of ACCs,

where the warp yarns of both layers are aligned in the same direction.
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The ®lvent amount was based o8:4 S/C ratido allow sufficient matrix

production andto compensate for flashirgsdiscussedn Chapter 3 Additionally,

there is no gain from limiting solvent use at laboratory scale when scaling up would
involve the use of a solvent bath, exposing the textile substrate to excess solvent.
Additionally, theinvestigationinto % weight of C2MIM][OAc] in DMSO in

Chapter Jed to a solvent mixtureomprisingby weight 80 % [C2MIM][OAc], and
20% DMSOto allow ease of applicationy reducing the IL viscositylhe

processing factors of temperature, pressure and time during compaction were of
primary interest anderevaried as part of the experimental desaga are

described in the subsequent sections of this chajdter. solvent removalby

soaking in water overnighthe stack was placed in the heat press once more to be

dried as outlined isection2.2

4.1.1 Mechanical testingand Characterisation

ACC samples wer¢estedand characterisesiccording tdhe methods described in

section2.3.

4.1.2 Experimental design

Full Factorial Design

A 23 full factorial design was employed screen théhreefactors ofdissolution
temperature, pressure, and tirard explore thie potential effects on the
mechanical properties of ACCOSach of thee factorsunder investigatiomave two

levels representinpwer and upper setting limits
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The experimental domain within which to conduct experimemats ascertained
througha preliminary scoping exercisevolving the production afest samples at
various test conditiondearing in mind those used@hapter 3Upper and lower

limits were determined from operational constraints, whilst also being aware of the
importance of maintaining ACC qualityhe outcomes of the scoping stage are

outlined as follows.

Forthe compaction temperaturié,was found thaatemperature 080 °Ccould be
accurately maintaineid the laboratory environmeand as such was chosen flag t
lowertemperaturdimit. An upper limit of 150C ensured thevaporation of
DMSO could be avoide{R11], as well as ensuringstable temperature rangk
lower pressurdimit of 1 MPa was chosen w&upportefficient compaction of the
celluloselayers and reduce shape distortiand arupper limit of 3.6 MPa could be
held consistently throughout the duration of the procesgviestigate the
processindime, several preliminary samples were made at the upper limits for
temperature and pressure of 150 °C and 3.6 MPa respeciindydetermined that
ACC quality could be reasonably maintained withearnplebreakage when
processed for a maximudurationof 180 minutes. Whilst undesirable for an
industrial process, it was agreed th80 minutesvould be a suitablapper time
limit to explore a wider design space and obtain the best outcomes from the
experimental design. The parameters and coded values of factors are shawie in

4-1.
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Table 4-1. Parameters and coded values used in the full factorial design.

Symbol Factors Levels
Low (-1) Mid (0) High (1)
A Temperatur e 30 90 150
B Pressure (MPa) 1 2.3 3.6
C Time (mins) 1 90.5 180

Actual values used in the experiment are shown
() Coded values are displayed in brackets.

The full factorial design includes 8 factorial runs located at the corner points of the
experimental spacand arun located at theentrepoint of all factor rangeknown

as a centre poinThecentrepoint wasreplicatedfive times to provide a balanced
estimation of error and assessment of repeatafifty, 159] giving a total of six
centre pointsCoefficient of variance (COV) was useddoantify the level of

variation across the centreipts, calculated according quation4-1.

Equation 4-1

. i 0we ALAUVXDO Q¢ &
0 € QQQBIMDE VOO D& £ TOGE pTT

To reduce the risk of systematic errdhe order of thd3total runs were
randomizedThe resultingl3 experimental runalong with measured responsee

shown inTable4-2.
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Table 4-2. Experimental runs used in full factorial design. Samples are listed in
run order with cor r @enteopant area denotedbygdPe | DO
next to samples ID.

Factor settings

Temperature Pressure  Time

Run No. ID A B C
1 1F (CP) 90 2.3 90.5
2 2F 30 3.6 180

3 3F 30 3.6 1

4 4F 30 1 1
5 5F (CP) 90 2.3 90.5
6 6F 30 1 180
7 7F (CP) 90 2.3 90.5

8 8F 150 1 1
9 oF 150 1 180
10 10F (CP) 90 2.3 90.5

11 11F 150 3.6 1
12 12F 150 3.6 180
13 13F (CP) 90 2.3 90.5
14 14F (CP) 90 2.3 90.5

= Temperature ( C)
= Pressure (MPa)
= Time (mins)

ACCs were prepared according to the full factadiedign andested and hedata
was therfitted to a linear modddiscussed in sectidh8.5.2and shown irfEquation

1-2) includingmain effects and interactions

Response Surfac®esign
Forthe subsequemptimisationstage an inscribed central composite (OQlesign

was established based on the saxperimental domain as outlinadTable4-3.
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Table 4-3. Parameters and coded values used in the resporm@aface design.

Symbol Factors = L_evels ,
Low (-U) (-1) Mid (0) (1) Hi gh
A Temper atu 30 53 90 127 150
B Pressure (MPa) 1 1.5 2.3 3.1 3.6
C Time (mins) 1 36 90.5 145 180

Actual values used in the experiment are shown.
() Coded values displayed in brackets.

Theupper and lowelimits of the CClare maintained frorthe original full factorial
and heaxial points fall inside the experimental domaiunch that ach factor has

five levels.As mentioned irsectionl.8.6 axial pointsn central composite designs
aretypically positioned at a distand¢éfrom the centre poinvhich is beyond the
original factorial limits with Udetermined fronEquation1-4 for three factorsA

CCl design is essentially a scaléodwn CCC desigto allowthe original factorial
design limits to betrue limits This leads to a desigwherein terms of coded values,
the factor limits denote thHecation of theaxial points, and a factorialube is

created within those limitsit a distance 1) f r om t h eForergample, the poi n-
distance between theP andhe upper/lowelimits of temperature is 60 °C.

Di vi di n grestltsinaalue §37 tC. This is the distance from the CP of the
scaled down factorial points as showrmable4-3. The response surface model is

discussed in sectiah8.6and shown irfEquationl-3.

Table4-4 shows thel4 runsdetermined by the CCalong withthe six centrepoint

replicatedrom the full factorial desigmgiving a total of 20 runs.
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Table 4-4. Experimental runs used in response surface design. Samples are listed

in run order with corresponding sample IDs.

Factor settings
Run No. Sample ID A B c

1 1C 30 2.3 90.5
2 2C 90 2.3 180.0
3 3C 90 1.0 90.5
4 4C 90 2.3 1.0

5 5C 150 2.3 90.5
6 6C 90 3.6 90.5
7 7C 53 1.5 35.7
8 8C 127 3.1 35.7
9 9C 53 3.1 145.3
10 10C 127 1.5 145.3
11 11C 127 3.1 145.3
12 12C 127 1.5 35.7
13 13C 53 1.5 145.3
14 14C 53 3.1 35.7

= Temperatur e
= Pressure (MPa)
= Time (mins)

4.1.3 Statistical Analysis

Minitab was used to generate the full factorial @€l designsandanaly® the
experimental data through regression analysis and analysis of variance (ANOVA)
outlined insection2.4.1 A model was generated from backward elimination of
insignificant terms, determined using the pvalue®(p0 . 05 consi der ed
insignificant). Coefficient of determination?Rvas calculated to validate how well

the experimental data are represented by the independent terms of th§L@@del

197, 206] The adjusted coefficient of determinatiorfai, wasused to validate the
strengthof themodel with respect to the number of model tefb@0]. Additionally,

the predicted coefficient of determinatiorfJRg)was used to gauge the predictive

power of the resulting mod§gl57].
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4.1.4 ResponseéOptimisation and Validation

Optimum process conditions were determined uBlagingers desirability function
[196] as outlined in sectioB®.4.2 ACC samples wengrocessedccording tdhese
conditions and tested to determine how well the obtained model was at predicting

the properties of additional ACCs.

4.2 Results and Discussion

4.2.1 Statistical analysis of the full factorial design

The resulting ACCs from the experimental runs were tested and characterised using
the methods described in sect@B. The measured mechanical properties of the

ACCsare shown inrable4-5.
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Table 4-5 Mechanical property responses from the experimental runs of the full

factorial design.

Factor settings Responses
Tensile \ . )
RNLén ID A B C S(tﬁgg;h MOJJ?SQ%GSPa) Thickness (mm) D(S/cnrr% Pty de(;:/l()))ntent
1F

1 (CP) 90 23 95| 75 £ 4 33 + 02 023 + 002 139 + 001 73 =+ 04
2 2F 30 3.6 180 67 + 2 25 = 02 026 =+ 002 120 * 001 202 =+ 03
3 3F 30 3.6 1 62 + 2 19 = 02 033 +* 002 09 =+ 001 359 =+ 04
4 4F 30 1 1 47 + 2 1.4 = 01 034 =+ 002 09 =+ 001 358 =+ 03
5 (g';) 90 2.3 905 76 + 2 35 # 08 022 =+ 001 139 + 001 76 =+ 09
6 6F 30 1 180 59 + 2 255 + 00 028 =+ 002 109 =+ 001 277 =+ 0.9
7 ((7:';) 90 23 905 74 + 5 33 % 02 023 =+ 002 133 =+ 0.04 12 + 3
8 8F 150 1 1 23 + 1 31 % 02 028 =+ 001 113 =+ 0.04 25 + 3
9 9F 150 1 180 | 64 + 3 39 + 01 019 + 0.02 148 =+ 0.01 2 + 09
10 (lcolf) 90 23 905| 8 £ 2 36 + 01 024 + 001 132 + 003 12 =+ 2
11 11F 150 3.6 1 47 + 2 38 % 01 025 + 001 129 =+ 0.02 14 + 1
12 12F 150 36 180 | 74 £ 1 38 + 01 021 + 001 130 +* 003 13 =+ 2
13 (1C3|§) 90 23 95| 67 + 5 32 + 02 022 + 001 13 =+ 002 10 =+ 1
14 (1C4|§) 90 23 905 81 + 1 33 + 04 022 + 001 133 + 003 11 =+ 2

Temperatur
B = Pressure (MPa)
Time (mins)

Tensile Strength
It was not possible toapturetensile strengtlandderive a modefrom the full

factorialexperimental datd he results from the ANOVA analysis are presented in
Table4-6, but to summarise Jlanodel terms were insignificant (p > 0.05), and the
model indicator was also insignificant (p = 0.060), Rad)and Rpreqywere 0.55, 0

and 0 respectively, further highlighting the inadequacy as a model. Although
curvature was suspected (p < 0.05), the lack of other valid fit statistics suggests that

a higher order model may nptovidea more robusestimation
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Table 4-6 ANOVA analysis from the full factorial model for tensile strength.

Degrees of Sum of Mean

Source freedom squares square F-Value P-Value

Model 7 1807.23 258.18 0.87 0.581
A: Temp (°C) 1 94.3 94.3 0.32 0.596
B: Pressure (MPa) 1 404.02 404.02 1.37 0.295
C: Time (mins) 1 904.91 904.91 3.06 0.14
AB 1 11.73 11.73 0.04 0.85
AC 1 338.47 338.47 1.15 0.333
BC 1 48.42 48.42 0.16 0.702

ABC 1 5.38 5.38 0.02 0.898

Residual 5 1477.07 295.41

Curvature 1 1320.37 1320.37 33.7 0.004

PureError 4 156.7 39.17

Total 12 3284.3

R? 0.5503

R? (adj) 0

R? (pred) 0

The lack of anodel for tensile strength may seemsatisfactory from a statistical
point of view,however, it doesupport the notion that this parameter remains
relatively stableacrosgherange of processing variables, indicating its insensitivity

to variations in the process previously discussed @hapter JFigure3-2).

In Chapter 3t wasdemonstrated thasertingan interleaf cellulosic film in

between textile layenstroduces amadditional sourcef cellulose that fully

dissolves to form the matrix component. This matrix is sufficient to effectively bond
the textile layers together and impregnate the fibre assersblylfing ina well
consolidated ACC with efficient load transfer to the partially dissolved fibres. With
a dissolutiordriven process under applied presssmmedissolved cellulose and
solventcanbe lost through flashindgyowever by using a 3:1 S/C ratjd is possible

to retain enough solvemo fully dissolve the film and only partially dissolve the
fibres.Althoughthe matrix fraction and ACC consolidation mary depending on
process conditions, the fibre fraction in the ACG@kisly to remain relatively stable

even akelevatedemperatures where the rate of dissolution is increfd€8]. This
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stability could explain theminimal variation in tensile strength, givématthis

propertyis governed primarily by the compogits f i b r[49,5] ont ent

Youngds modul us
Table4-7 shows the results of the ANOVA analy§isor Youngdfrstmodul us

order linear model was fitted ftinis parametewith time and temperature as main

effectsand nointeraction terms.

Table 4-7 ANOVA analysisfrom the Full Factorial model for Young's modulus

Degrees of Sum of Mean
Source freedom squares square F-value p-value
Model 2 5.9172 2.95862 21.72 0.00015
A: Temp (°C) 1 5.2155 5.21548 38.3 0.00007
C: Time (mins) 1 0.7018 0.70176 5.15 0.04431
Residual 11 1.4981 0.13619
Curvature 1 0.9193 0.91935 15.88 0.00258
Lack-of-Fit 5 0.4579 0.09159 3.79 0.08498
Pure Error 5 0.1208 0.02416
Total 13 7.4153
R? 0.798
R? (adj) 0.7612
R? (pred) 0.6494

Recallfor each factor and factor combination in the moagtyvalue below 0.05
indicates a statistically significant effect within a%5confidence intervdll82].
Additionally, the pvalue for the overall model is significant (p < 0.05), suggesting
that the model fits the experimental data &80, 182, 197]Otherstatistical
indicators further support the confidence in the derived méatehstancethe F
value of 3.79 and-palue of 0.08 for the lack of fit indicates that the model is

statistically insignificant relative to pure error.
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The R?, adjusted R?, and predicted R2 values were 0.80, 0.76, and 0.65, respectively,
with the difference between adjusted and predicted R2 being less than 0.2, indicating
strong agreement between the model and the[tid®a 197, 21214]. Based on

these indicators, t hwascoomsidesed stdtisticallyYoung o s
acceptableY oun g 6 s mo,dharéfarepe reliably bstimated using a linear

model as showm Equatiord-2 below, where A and C represent temperature (°C)

and time (minutes), respectively. The model is presented using uncoded factors,
meaning that temperatuaed time are expressed in their actual units rather than

coded unitsuch as1, 0,or 1, which typically denote factor levels in experimental

design[160].

Equation 4-2

WEOAAEQONOI D p® comBtpod @mBro §p

Figure4-2pr esents the main effects plots for
Youngbés modulus varies with temperature
estimation.The plots reveal a clear positivefluenceof both temperature and time,

with temperaturdaving a comparativel\arger effect than timelhis aligns with the

data shown imable4-5whi ch i ndi cates that the | owes
modulus values are observed in samples 4F, prepared at the lowest temperature and
shortest time, and sample 9F, prepared at the highest temperature and longest time,

respectively.
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Figure 4-2 Main effects plots for Young's modulusshowingits variation with

temperature and time according to the model captured through the CCI

Figure4-3showsYoungos modul us plotteACagai nst
density,highlightingstrong correlations betwe¢nese metricshat emphasize the

role of physical properties imfluencingY o u n g 6 s [In2il8]} A thiarer

materialwill likely result froma reduction of internal void space as air is pushed out
under compaction, as well asoss ofexcess matrix fraction as dissolvesllulose

is expelled Longer dissolution times provide more time &ar to diffuse out of the
samplewhich would make the sample thinnérhis produces enaterial with

increased densitffess internal voidingwhich seems tmmfluenceYoungo6s modul
as suggested irigure4-3(b). This is likely to be the controlling factor rather than

the fractions of fibre or matrix for examphs dissolving poweremains constant by
fixing S/C ratio Thefibre and matrix fractionsould, thereforebe similar for all

samples produced via this batch processing rdtie results strongly support the

notion that densitys one ofthe mosimportant factosto consider in ACC

performancdl, 215]
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Figure4-3Youngdés modul us of prepared ACCs pl
(b) density.

Thevariationin thicknessgs evident in theACC crosssections obtainetihrough

optical microscopysshown inFigure4-4. Notably, samples 4F and $Rownin
Figure4-4(a) andFigure4-4( f ) , exhi bit the | owest and
respectively. These samples were prepared at the minimum and maximum settings
for temperature and timeffering some insight into the positive influence the two
process factorsiay haveThe crosssection of sample 9F, processed at the highest
temperature (150°C) and time (180 minutes), shows a noticeably thinner and more
consolidated ACC compared to sample 4F, which was prepared at the lowest
temperature (30°C) and shortest time (1 mipample 9F has a density of 1.48

g/cm3,significantly higher thasample #.
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4F 6F 3F 2F

(30°C)(1MPa) | min (30°C)(1MPa)_180 mins (30°C)(3.6MPa) | min 30°C)(3:.6MPa)_180 min

8F
(150°C)(IMPa)_I min

1F (CP) 7F (CP) 10F (CP)
(90°C)(2.3MPa)_90.5 mins (90°C)(2.3MPa) 90.5 mins (90°C)(2.3MPa) 90.5 mins

13F (CP) '14F (CP) 5F (CP) -
(90°C)(2.3MPa) 90.5 mins  J (90°C)(2.3MPa) 90.5 ms (90°C)(2.3MPa)_90.5 mins

Figure 4-4 Optical microscopy crosssection images of ACCs prepared for the
full factorial design including corer points (a-h) and centre points (i-n). Sample
IDs are in the form 6 100(Y)_Z6  w hrepeebens an ACC prepared at a
temperature of X °C, a pressure of Y MPa, and a time of Z minutes, prefixed
with sample ID. CP denotes the samples prepared at tleentre points. Scale bar

represents 10Qum.

Figure4-5 provides a comparison of these properties and illustrates their positioning
within the twodimensional space of the sample parametérs.increased density

of sample 9F indicates a lower void contemigrecallingthe observations made in
Figure4-3(b), modulus is improved in the absence of internal vaitie external
dimensionaused to calculate modulus would be larger than they should be for a
sample containing more internal vaidis addition, the reduction in voids may

enhance the fibreatrix interface and improve bonding between layers, leading to

efficient load transferThisi s evi denced i n the i mpr oveme
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from 1.40+ 0.05 GPdor samples 4Fo 3.9% 0.1 GPdor sample9F. Figure4-4(a-

d) also highlights thénfluence of temperature promotingdissolutionas evidenced
by thevisibility of the interleaf film between textile layer&s previouslynoted
complete dissolution of the film is desirable to ensure that the matrix can fully
penetrate the fibre assembly anahimisevoid content. Tis is supported by the
lower range of density values for all samples prepared &€ 3@hichrangefrom

0.96t0 1.20 gt

9F (150°C)(IMPa) 180 minutes

High

4F_(30°C)(1MPa)_1 minute Tensile Strength = 64.1 MPa

Young’s modulus = 3.9 GPa
Failure Strain = 6.98 %
Peel strength = 2053 N/m
Thickness - 0.193 mm
Density = 1.480 g/cc

Temperature
>

Low

@
Y

T

Low s High
Time

Tensile Strength = 47.3 MPa
Young’s modulus = 1.4 GPa
Failure Strain = 10.9 %

Peel strength = 223 N/m
Thickness - 0.336 mm
Density = 0.963 g/cc

Figure 4-5 Images and comparison of properties of samples prepared at the
lowest and highest temperature and time settings in the full factorial design.

Whilst there isstrongevidence to support thefluence of dissolution time and
temperature imltimatelydrivingY o u n g 6 s Talded-id Highlights that there
may be curvature (p < 0.05), suggegthe optimized region may be located within
the experimental domaiand not necessarily towards the boundaResall centre

point (CP) samples were produced as part of this degwgh, in addition to
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providing assurance on reprodutitly, can also help to detect local curvatfirg9]

as detected in this cadgeproducibility wagquantifiedthrough calculation of

coefficient of variance (COV) across the centre polt€OV under 10% indicates

good proceseeproducibility,c onf i r med f or both Youngos

strength whose COV values weré&®band 7%, respectively.

It is worth taking acloser look at the range of values for the ACC mechanical
propertiedo gainfurther insightinto the trends captureahd the significance of the

CPsFigure4-6pr esents a plot of Youngds modul

prepared ACC samples, arrangedOnen order

woul d expect to observe a direct correl

strength assseenhereas Youngés modul us increases,
follow an upward trendThe exceptions to the tremgdesamples 8F and 11F, bott
which were processed 850°C for 1 minute Thesesamplesgxhibitlowertensile
strengthvaluesthan the suggested curve would suggest, particularly sample 8F
which has a notablyeducedvalue of 23t 1 MPa. Whilst this sampleould bean

outlier, it is posgble that the combination of maximum temperature (150°C) and a
very short processing time leads to rapid cellulose dissolution and an accumulation
of matrix material that cannot be adequately expelled as #distough this results

in more matrix fraction, the reduced pressure prevents this from being utilized
effectively, hindering its penetration through the fibre assemlitis results in poor
consolidation whiclwould lead tothe observed decrease in tensile strength. The
ANOVA does not highlight thisgven though onmight expect the range of values

for tensile strength (from 23 MPa to 83 MP) to be wide enough to allow this

property to be capturetivhat is seeffrom Figure4-6isthatY oungé6s modul us

tensile strengtlarenot always correlated at the extreme points, suggesting that

n

u

C

t
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tensile strengtimay bemore sensitive to extreme conditiofesading tothe process

behavioumeingmore difficult to capture.

—e—Young's modulus (GPa) —e—Tensile strength (MPa)

45 90
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Run Run Run Run Run Run Run Run Run Run Run Run Run Run
4F 3F 6F 2F 8F 13F 14F 7F 1F 5F 10F 11F 12F 9F
(CP) (CP) (CP) (CP) (CP) (CP)
Sample ID

Figure 4-6 Young's modulus and tensile strength of ACC samples prepared for
the full factori al design, in order of &
prepared at the lowest temperature and shortest time, and sample 9F was
prepared at the highest temperature andthe longest time. (CP) denotes runs

prepared at the centre points.

Interestingly the CPs show promise among all the prepared sansplesortingthe
curvature detected in the AINg2MRAONYNal ysi s
three samples thatexcebv al ues f or Yobtaimegahe CRsodul us
samples 11F, 12F, and 9F, all prepaatthe maximum temperature setting of 150

°C, with two of them prepared at the maximum time setting of 180 minthes.
Youngods modulus values obtained at the (
these sampled\dditionally, tensle strengthpeaks 6r the sample produced at the

CPs indicatingthat overallthe best balance of properties among all factor

combinationsare obtained at the CRoking back afFigure4-4, the CP samples
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indeed exhibit good consolidatiosyggeshg that the most substantial overall
improvement may occur near tbentreof the experimental space, potentially

reducing the need for higher temperatures and prolonged dissolution times.

4.2.2 Process and quality considerations

Productquality is a crucial aspect to be awarendfen looking to optimise a

process. Photographs of each prepared ACC after processing are shagunan

4-7, highlightingdiscolourationn thesamples prepared at the highest time settings,

in addition to soméoss of quality and consistency of the surfa@ptimizing

mechanical properties is essential, but maintaining product quality and visual appeal
is equally importantTherefore, such desirability attributes must be considered to

ensure a good balance of properties can be obtained wshanificing quality.
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Figure 4-7 Images of ACC samples produced for the full factorial design

including the six CPs.

A dissolution time of 180 minutes would typically not be favouraiitea
commercial procesgjven the aim is to produce materiaighe most timeefficient
way [48, 216] Additionally, the importance of sustainabieanufacturenust not be
overlooked, an@s such, it is of intereth exploretheenergy requirements
associated with processing conditioRBom the temperature and time settings of

each experimental run, a value representing the heat energy used in production can
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be calculated, as shownguationd-3, where room temperature in the lab is taken

as 20 C-.

Equation 4-3

(ARODAOOEMDOI ACABHE] 1
4 AT DAOARIOCOA OAT DA O#HI0 BHORAI RO

Thisthenprovides a metric tallow for acompaison ofthe energy useit

producingeach sampleAdditionally, themechanical absorbed energy (toughness)
during tensile testing can lketerminedy calculating the area under the stress

strain plots, to indicate how much energy the material absoidertensile loads.
Figure4-8 shows both the heat energy used in production, and mechanical absorbed

energy for each sample from the full factorial design, plotted in the same order as

showninFigure4-6, i n order of ascending Youngos
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Figure 4-8 Mechanical absorbed energyyellow line) and heat energy used in
production (redline)pl ot t ed f or each ACC sample in
modulus.

Looking atFigure4-6 andFigure4-8, the energy required faroduce sample 9F
(which has the highest modulw)maximum temperature and time is significantly
higher than that required to produce @Rs which absorb the most energiis
observatiorfurtherreinforcesheideathat the optiral region may be located closer
to thecentreof the experimental domaibalancing reducednergy requirements

with favourablepropery performance

The next phase of thhapterinvolves exterding the work to a response surface
design tanvestigatepossible curvature andentify theoptimum regionas well as

estimate potential higher order quadratic eff¢21s3].



-135-

4.2.3 Statistical analysis of the CCI design

The experimental conditions assigned to the CCI design, along with measured

responseare shown imable4-8.

Table 4-8 Experimental runs used in theCCl design, with responses. Samples
are listed in run order, and sample IDs are given as XC where X represents run

order. The CPsfrom the full factorial design are included for completeness.

Sample Factor settings Responses .
D A B c Young's Modulus Tensile Strength
(GPa) (MPa)
1 1C 30 2.3 90.5 23 = 01 56.1 + 24
2 2C 90 2.3 180.0 | 29 =+ 0.1 796 + 1.1
3 3C 90 1.0 90.5 31 = 0.0 632 + 1.2
4 4C 90 2.3 1.0 23 = 0.1 680 + 20
5 5C 150 2.3 90.5 30 = 0.0 785 + 22
6 6C 90 3.6 90.5 30 = 01 698 + 1.8
7 7C 53 15 35.7 29 = 01 731 = 17
8 8C 127 3.1 35.7 29 = 0.2 701 + 1.7
9 oC 53 3.1 1453 | 27 = 0.1 713 + 13
10 10C 127 15 1453 | 32 = 0.1 73.7 £+ 1.9
11 11C 127 3.1 1453 | 28 = 0.1 889 + 51
12 12C 127 15 35.7 29 + 0.2 489 + 1.2
13 13C 53 15 1453 | 25 = 0.1 622 + 15
14 14C 53 3.1 35.7 27 = 0.1 655 + 0.7
CentrePoints
1F (CP) 90 2.3 90.5 33 = 0.2 754 + 35
7F (CP) 90 2.3 90.5 33 £ 03 73.8 + 46
10F (CP)| 90 2.3 90.5 36 = 0.1 83.1 + 17
13F (CP)| 90 2.3 90.5 32 = 0.2 674 + 4.8
14F (CP)| 90 2.3 90.5 33 = 0.2 812 + 14
5F (CP) 90 2.3 905 | 352 + 008 754 + 21
A= Temperatu
B = Pressure (MPa)

Time (mins)

It was not possible to obtain a response surface modegfsite strength ason
significant termgp > 0.05)were found fotthis propertyWith five levels for each

factorinstead othree,most of thefactor combinations the CCldesignarelocated
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at the interior points of the experimental domélnlike thefull factorial design, the
CClI design does not include runs that are combinations of all extreme factor
settings Half of the 14experimental runare combinations of factor levels all within
the experimental space, with apper/lower limits involved. The other half
comprise just one factor set at its upper or lower lififiecrosssectional images of
the ACCs samples prepared for the CCI design are preseriaplire4-9 andall
samples show a narrower range of variability in thickness and consolidBtign
contrasts withhe samples obtained the full factorialdesign where consolidation
and thicknessaried more widelyThis is reflected in thenodel's limited ability to
capture differences within the relatively narrow range of tensile strength yvahees
furtherindicatesthe overall stability of this property within the chosxperimental

domain.
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Figure 4-9 Optical microscopy crosssection images of ACCs prepared for the
response surface CCIl designSample IDs are in the form &6 100(Y)_Z6
representing an ACC prepared at a temperature of X °C, a pressure of Y MPa,

and a time of Z minutes, prefixed with sample ID. Scale bar represents 1(n.

Youngods modul us

It was possible to fit a second order quadratic model to the experimental data for
Youngds modulEqustiora-din thenfarrwaf uncoded factors, where
A, B and C represent temperaturée@ pressure in MPa, and time in minutes,

respectively.
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Equation 4-4

WéE O @ &€ Q6 Aol
T WETBI o Q@ oT8T p LAY oTWT T TT P Y TIST 7T TT TOY C

The ANOVA resultsarepresentedn Table4-9. For this model, the R?, adjusted R?,
and predicted R? values were 0.75, 0.68, and 0.49, respectively, with the difference
between adjusted and predicted R? being less thaA@d&ionally, the model is
statistically insignificant (p > 0.05) relative to lack of fit, as demonstratexiby
value of 0.22 and corresponding/&lue of 2.06All coefficients in the model are
significant (p < 0.05) except for time as a main linear effect. However, given the
significance of the quadratic effect, this term nmeshainin the model to maintain
hierarchy[155, 188] The significance of temperature and time as main effects
initially identified inthe full factorialdesign is furtherindicated in the response
surface modelThis suggests that thesignificanceis more attributable to quadratic
effects than to linear termA&s notedin the initial full factorial design, pressure is
found to beinsignificant (p > 0.05), which is interesting givisirole in reducing
void content and improving consolidatiander compactioff, 113] The pressure
range selected in this work, however, may be sufficient to achieve the desired

consolidation.
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Table 4-9 Analysis of Variance (ANOVA) from the response surface model for

Young's modulus.

Degrees of Sum of Mean

Source freedom squares square F-Value P-Value

Model 4 1.8398 0.45995 11.17 0

A: Temp (°C) 1 0.31424  0.31424  7.63 0.015

C: Time (mins) 1 0.04292 0.04292 1.04 0.323
A% Tempg 1 0.78151 0.78151  18.98 0.001
C2 Timé 1 0.79998 0.79998 19.43 0.001

Residual 15 0.61749  0.04117

Lack-of-Fit 10 0.49668 0.04967 2.06 0.221

Pure Error 5 0.12081 0.02416

Total 19 2.45729

R? 0.7487

R? (adj) 0.6817

R? (pred) 0.4864

|l nfluence of temperature and time on Yol

The main effects plots iRigure4-10display the quadratic effects of both
temperature and time on Youngieftecimodul us
the curvature suspected in the full factorial design. An increase in modulus is

achieved with increased temperature and time up to a point, after which the property
begins to drop. This is also represented through theltmensional contour plot in
Figure4-11, where the region of optimized modulus lies around thepuidts of

temperature and time within the design space.
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Figure 4-10 Main effects plots for Young's modulus as a factor of processing

factors temperature and time.

Achieving a sufficient balance of matrix and fibre reinforcemeatusialfor the
functionality of ACCs The volume of matrixormedaftewards,depends on the
extent of cellulose dissolution and its retention during compadtidbhapter 3t

was hypothesised that a combination of sufficient solvent and high temperature
would lead tocompletefilm dissolution, and partidibre dissolution. This would
preserve fibre reinforcementilst generatinggnough matrix to bond the textile
layerstogether angbenetrate the fibre assembly. Sufficient matrix contributes to
strong interfacial boridg, allowing efficient load transfer from the matrix to the
reinforcing fibresresulting in good mechanical performance. Extentieg
temperature rangaeyond 100C in thischapter provides the opportunitystudy

what happens at lower and irak higher temperatures.
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Figure 4112 D contour plot of Youngds modul us

and time, generated from the statistical model.

The reduced Youngods modul uBh0 Wpssiggestg e d a't
that while some dissolution occurs, it is insufficient to fully dissolve the film and
allow adequate matrix dispersion throughout the fibre assembly. This was evident in
the full factorialphase where samples produced at the lowest temperature and
shortest time settings of 30 °C and 1 min{figure4-9(a) and (c)) showed signs of
poor consolidation and incomplete film dissolutiéfthough there was slight
improvement witranextended processing tinoé 180 minutes(Figure4-4(b) and

(d)), it remained minimal. In samples prepared at 30 °C and 53 °C, as shown in
Figure4-9(a-d), the film is still visible, although increased processing time did lead

to some improvement in consolidatigdver time there is more opportunity for

matrix penetration toccur,resulting in a small improvement of properties as

suggested ifrigure4-11.

| mprovements in Youngo6s modul us through

previous research on the tirtEmperature superposition of cellulose dissolution
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[217], particularly at the lower settings of both factors. The optimised region
highlights thebeneficialeffects of increasing temperature and time within the first
100 minutes and below 10C. Here, the increased temperataceelerates
dissolution, which, witlextended processirtgne, results in longer compaction and
more consolidatiorBeyond this rangdurther increases in one or both factors
appeato reverse the trend, leading to a decreag anu nrgodwusnot captured

in the original full factorial desigrlhis reversal might be due itacreased
dissolution of the fibrdeading toa lower fibre volumerhaction in the ACC which
would contribute to reduced properties. Although more matrix mateaglresult
from increased fibre dissolutipit is likely to be expelledver time leading toan
uneven composition of fibre and matrbor instanceligure4-9(m) shows asample
prepared at a high combination of temperature andttiateappearthinner and
more uneven than the rest, and therenstaceabldack of sufficient matrix
surrounding the fibred.imiting fibre dissolution isrucialfor achieving a good
balance of mechanical properties, and the cellulosicdiiovides additionamatrix
material tofacilitate this balancerhe primaryobjectiveis to ensure the processing

conditonsars uf f i ci ent to simply O6wmdlix t he

f

b

interfaceiscreated.he r egi on f or maxi mi sbvergll, Young¢

the amount of dissolved cellulose from both precursors is minimtlis scenario,
the film fully dissolves due to it being physically thinner, and the fibres within the
yarns only partially dissolve threouter fibre layer, leaving the inner core of highly

orientated cellulosg0, 87]intact to provide strength.

It is important tarecognisdhat the trends provided Figure4-10 andFigure4-11

are based oabest fit model obtained through analysis of the measuredAkata.

with any experimental work, there will inevitably be variations between the data and



- 143 -

the model, particularly when working with natural materiabg possesimherent
variability. Sincethe full factorial and CCdlesigns weranalysed independently,

there may be some variation in each model estimation due to them being based
largely on different data setsor example, thdeclinein properties at higher
temperature and time estimated from the @©telis less evidenin the full

factorial runs, as sample 9F prepared at the maximum temperature and time exhibit
a high modulus, rather thanreduced onélevertheless, it is important to remember
the observations fromigure4-7, and thediscolouratiorof thesamples prepared at

the highest time settingAvoiding alossin quality and consistendg animportant

considerationn addition tomechanical properties.

In the CCldesign sampleslOC and 11Cprepared at higher temperature and time
settings, exhi haluéssiMiardothpdesainedaithedntres

points.This suggests thahe properties are levelling off rather than decreadihg.
discrepancy between the model and the data arises from the best fit based on the
majority of available datdearing in mind that the CCIl modanefits from more

runsand thus more data that the full factoc
modulus are reasonaltpnsistentvith the full factoral design in relation to

significant factors, allowing the response surface mdeeVedfrom the CCldesign

to offer insights into optimizing theACCs. The ability to accurately predict

properties based on these optimized conditions will be explored next.

4.2.4 Optimisation and Validation

Derringer 0s d avasiuseatb obtaiiné optimbinuaorabinationrof

process conditions t pbasadox therobtaiedGCd ungods
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response surface model with a standard deviation oOp@mal settings of 1041

°C for temperature andd®83 minutes for time were identified to produce an ACC
with an aver age Y+0Ul GRpdanparatuck wasuwosndenito 3. 3
the nearest °C as this is the precision of the heat press equipment. Timetwas set

the nearest minute to reflect the accuracy that can actually be achieved when taking
into account the time taken in loading and unloading samples. Therefore, a
temperature and time of 101 °C and 97 minutes respectively is quoted and used in

this work.

The predicted YouiOdGRaaimogns uwi bh B8Bh&8 o0bse
modulus values from the CCI ruras the samplesith the highest modulus values

were those prepared thie centrepoints, prepared &bnditionsclose to the

desirability prediction. Thiseinforcesthe earlier hypothesis that the sho

favourable combination of propertieslikely to be foundvithin the midrange of

the processing factorAs pressure wasot found to besignificant in the final

model, the midpoint of the prasre range waselectedor sample preparation. Five

replicates werproducedandfive specimens were testémt each replicateThe

meanand coefficient of varianceere then calculateacross all replicates.

Measured properties tiein-lab test samples, along with COV and standard

deviation across replicatese presented ihable4-10. Figure4-12 shows mages of

the test samplegrom the five experimental sample¥@ ungés modul us o
0.1GPawas obtained, with a COV of 698 and standard deviation of OThere is

a good agreementtween model and experimental valueticatedby a COV of

0.85%, meaningthat the model is capable of successfully predicting the properties

of the ACCs and opt iAmndependent tWwsarmpie geSt§p mo d u |
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= 0.05) wasalsoconducted on the model prediction and experimental samples,

concluding that the was no significardifference between thef80, 197]

Table 4-10 Properties of experimental samples prepared at the identified

conditions for optimising Young's modulus along with predicted Youngos

modulus.
Processing conditions Young's modulus (GPa)
Temperature Pressure Time N Average sD
(°C) (MPa) (mins) 9 '
Experimental samples
101 2.3 97 5 3.4 0.2
101 1 97 2 3.4 0.1
101 3.6 97 2 3.37 0.03
Model prediction
101 - 97 20 3.3 0.2

Additional samples werngroducedat pressure settings of 1 and 3.6 MPadnfy

the insignificance of pressure in the final modeld to investigatevhetherpressure
influences thehysical characteristics of the ACCs. feach pressure settingvo
replicates were made and tested. The COV between the model axp¢nenental
samplesvas 1.7 %or thesample made at a pressureld¥Pg and1.1% for the
sample made at a pressuré8d@ MPa indicatingthat there is little difference

between the variae of the experimental samples and model. The COV between all
experimental samples was 04 further confirming hat pressure is not an

influential factor However,it should be noted thaéihe pressure range used in this

study was relatively narrow compared to previous works that have explored this



- 146 -

parametef105, 116] It is possible that this pressure ramggs too narrow to cause

any substantiathange in properties.

2.3 MPa

O

1 MPa 3.6 MPa

Figure 4-12 Images of ACC samples produced at the identified optimum
conditions of 101 °C, and 97 minutes at 2.3 MPa. Additional samples prepared

at 1 MPa and 2 MPa are dditionally shown.

4.2.5 Characterisation of the optimized ACCs

Table4-11 shows additional properties for the samples prepared at the optimum
conditions,with fixed pressuref 2.3 MPa.Crosssections from three of these

samples are presentedrigure4-13.

Although tensile strength could not decuratelymodelled the optimised samples
exhibitedatensile strengtiof 72 + 2 MPaandan average peel strength of 841
160 N/m,indicatingexcellent interlaminar strength. Furthermdhes ACCs
produced haa density of 1.42 0.03 gtm?, surpassingll but one of the densits

obtained in the original full factorial samplé@$e only exception wasample 9F,



- 147 -

prepared at maximum temperature and time settwlgish had a marginally higher
density of 1.48 + 0.01 g/, however, as noted previously this sample showed signs
of compromisedjuality. A density ofL..42+ 0.03 gém? is notablyhigher than
previously reported densities of ACCs prepared from cellulosic fibres such as
lyocell [97, 218]and flax[97]. Whilst densitymeasurements are rfotquently

reported in ACCs prepared using textile reinforcemtig,value suggesthat the
densityachieved heres comparabl¢o, or higherthanthatof ACCs made using

lyocell fabric[116], and postonsumer cottof219]. High density in ACCs

indicates a low void contef, 215]andthevoid content for these samples can be

estimated as 5 + 2 %.

Table 4-11 Measured properties of optimised ACCs prepared at temperature,

pressure, and time of 10EC, 2.3 MPa, and97 minutes respectively.

Processing conditions

Temperature (°C) 101

Pressure (MPa) 2.3

Time (mins) 97

Properties

Young's modulus, E (GPa) 3.4 * 0.2
Tensile Strength, (MPa) 72 + 2
Failure strain (%) 6.4 * 0.2
Peel strength (N/mm) 811 * 160
Thickness (mm) 0.22 + 0.01
Density,” (g/cn?) 1.42 + 0.03
Estimated void content (%) 5 + 2

The ecellent consolidatiombservedn the optimised ACCss obtainedvithout
compromising the balance of matrix and fibre and is reflected in the properties
obtained.The results emphasize the importanceesfsily as a powerful factor in

driving the mechanical performance of ACI2$5].
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V1 (101)(2.3MPa) 968 mins V2 (101)(2.3MPa) 968 mins ~ V3_(101)(2.3MPa) 96.§ min¢

~
L%y

Figure 4-13 Optical microscopy crosssection images of ACC samples prepared
at the identified optimum conditions. SamplelD are in the form dD(X)(Y)_Z 6
representing an ACC prepared at a temperature of X °C, a pressure of Y MPa,

and a time of Z minutes, prefixed withthe sample ID.

Youngds modul us and h efareacleohteerClysamplese d i n
presented ifrigure4-14in order of ascending heat energie plot alsdeatures

t he average Youngdés modulus and heat ene
0 Opt i mdemongtréting, good agreementith the CPsamples produceahder

similar processing conditions. Withihe scopef this response surface design, the
optimized samples andPsexhibitthe highest modulusndrequirecomparatively

lessenergy thamthersamples with similar modulus values.
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Figure4-14Youngds modul us and heat energy useE€E

samples in the CCI design, plotted in order of ascending heat energy.

Sample 10C is the only sample with a Yol
the CPs howeverthetemperature and time setting27 °C and 145.3 minutes

respectively used to produce this sampiequiresignificantlymoreenergy.In

addition to a favourablensile strength and density, the optimized sanjpbdssess

desirablepropertiesacross a range of parameters.

It is worth bearing in mind that the inheresatriability of natural fibres such as
cellulosecould influencehe outcomesf ACCs produced usindifferent
commerciallysourcegextilessuch as cottondVhilst the inlab validationaligned
closelywith the model prediction for Youidg modulus, it is possible thdifferent
batches of textiles might yield varying resulibe estimation of error calculated
from replicateCPs however, doesffer insight into the range of acceptable values
for experimental samplebkat shouldnatch theastical predictios. Applying DoE

methodology to ACC processing usingaiety of cellulose sourcesould be
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beneficial inexploiing a broaderange of variability and identifigg whether

processing behaviour diffeegrosssource.

4.1 Conclusions

The useof statistical DoE igslemonstrateth this chapters a viable approach to
understanding ACC preparationan efficient way. Additionallythe use of DoE in
optimisingACC mechanical propertias highlighted With respecto the

preparatiorof ACCs using cotton textiles and interleaved films as introduced in

Chapter 3itwaspossi bl e to model Youngés modul us
composite (CCI) desigras well agdentify a desirable set of processing conditions

to maximize this propertylhis was then validated with-Hlab samples that
exhibitedamlmaver age Younga9.l@Radvadn preceseefl at he 4
identified optimumdissolution conditionsf 101 °C and 9 minutes,agreeing well

with the model predictionof 3.3 GPRan addi ti on to Young6s m
modelled successfully, the optimised ACCs exhibited excedigditionalproperties

with a tensile strength a2 + 2 MPaand peel strength of 811 + 160 N/Bensity,

an important physical propertyas found to be 1.42 + 0.03 g/¢tegher than the

majority of experimental runsnd close to the density of cellulgseviously

discussed a%.5 g/cc. Achievingoptimal mechanical properties appséw bedriven

by the elimination of internal vogl This an extremely valuable findingffering
promisinginsight into theeffectivenes®f statistical DoE to optimise ACC

production.

Thei nsi gni ficance of pressure in deter min

fixing temperature and time at the optimum settings and preparing ACCs at varied
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pressure settings. The results showed that pressure settings of 1 MPa and 3.6 MPa
will yield ACCs withr04GPaandRB.8f®83GRadul us c
respectively, both in excellent agreement with the model predidiairie4-12

summaries the process conditions and resulting properties of the optimised ACCs

identified in this study.

Table 4-12 Process conditions, mechanical and physical properties of the

optimised ACC samples identified through the body of work in this chapter.

Tensile Young
Strength modulus
(MPa) (GPa)

72+2 3.4+0.2 811+ 160 0.22+0.a 142+ 0.8 5+2

Process conditions
101°C

2.3 MPa

97 minutes

Peel strength  Thickness Density Void content
(N/m) (mm) (g/cc) (%)

This work provides insight into obtaining improved process understanding more
efficiently than traditional OFAT methodssutilized in Chapter 3in the
development of ACCslhe work has also demonstrafgcess reproducibility
which supports the future commercializationrA@Cs. This is an important step in
the field of ACCs and the potential applications of statistical modellihg.next
chapter looks at the production of ACCs usiegeneratedellulose fibregTencel)
applyingDoE methodologyo explore whether similar optimized properties can be

achieved
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Chapter 5.
Design of experiments investigation
Into the production of all cellulose
composites using regenerated

cellulosic textiles.

5.1 Introduction

The previous two chaptehsvefocused onhe production of ACCsasingnative
cellulose in the form ofotton textilesThe following chapter now aims to explore
ACC production usingextiles made fronregenerated cellulasfibres utilizing the
DoE methodologyleveloped in the previous chaptier addition toapplying DoEto
investigae processproperty relationshipasdone inChapter 4this chapter lao
evaluateshe benefits of using thaterleaved cellulosic filpwhich was previously
examined using only OFAmethods inChapter 3Understanding how best to use
regenerated cellulosic fibres to produce AG@@s particular significance for

widening the potentiapplicatiors for wastederived regenerated fibres

A 23 full factorial desigrwas appliednitially to determine theffectsof processing
parametersn ACC mechanical propertiddsing the insights gained from the
previous chaptershitee parameteraierechosen for investigatioas follows:The
significance of temperature and time (as revealdchiapter 4n the cottorbased

ACCy) led to their inclusion in thishapter Pressuravas alsaexplored inChapter 4
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andwas found to have no significant effect on the resulting ACC propdttieas
therefore not includedn this work Recall fromChapter 3he OFAT exploration of
percentage [C2MIM][OAc] in DMSQuvith the cottorbased ACCs, whiclevealed

a potential relationship betwe&€CC propertiesandthis parameteWith future
scaleup considerations in mind, it was decided that the inclusion of [C2MIM][OAC]
in DMSO as a factaio explorewith the Tencebased ACCsvould bebeneficial,
particularly to support future visions for a continuous prodessummary, the

factors ofdissolution temperatur@nd timeandthe percentage [C2MIM][OACc] in

DMSO wereexplored

The full factorial desigrwas subsequentlgxpanded to géacecentred central
composite (CCFjesponse surfaaesign tooptimise the response variasle

mechanical propertie$he primary objectives of this workere as follows:

1. Toincreasaunderstanding of different DoE methoalken applied to ACC
processingThe CCI design fronChapter 4vas successful in capturing the
data,however, it is of interegb see ifa comparablguality of information
canbe gained more efficienttyhrougha CCF.

2. To assess theffects of adding the interleaved film during processwigh a
predominantly cellulose Il system, limitiridpre dissolution preserves more
cellulose Il rather than cellulose | as in the cotton syskeisy.therefore, of

interestto assess itgsein addition to processing behaviour.

The content of this chapter |l ed to my tF
experiments investigation into the production of all cellulose composites using

regenerated cellulosic textileso publi st
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and Manufacturing\(ictoria, A., et al., Design of experiments investigation into the
production of all cellulose composites using regenerated cellulosic textiles.

Composites Part A: Applied Science and Manufacturing, 2024: p. 18510

5.2 Experimental Methods

ACCs were produced usinggenerated cellulose (Tencdhe details of which are

provided in sectior2.1

5.2.1 Composite processing

Details of the processing method are provideskiction2.2 For thework presented
in this chapterhoweverthe benefits of the interleaved filere investigated, in
addition tothe processing conditionsf temperature and tim&CCs were produced
via two systemspne with annterleaved cellulosic film between the layass
previous, ananewithout the film A schematic of these systems is provided in
Figure5-1. These systemarereferred to as FO and Fdr ACCs prepared withut

interleaf film, andfor ACCs preparedvith aninterleaf film,respectively.
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Impregnation in solvent Dissolution
o “«
I - i -
IL % in DMSO varied PTFE sheets Hot press plates
Drying Washing (20 hours)
’ (125 °C, 2 MPa, 60 mins) —
O | — |
. | A
All-Cellulose [e=————
Composite S——

Figure 5-1: Schematic of the stages involved in the preparation and manufacture
of the ACCs.

Dissolutiontemperature and time weirevestigated as part ofithworkand as sugh
werevariedaccording tdhe experimental desigm addition,the percentagef
[C2MIM][OACc] in DMSO (referred to asl % for this work) wasincludedas a

third continuous factoin Chapter 3thelL % was explored through the OFAT
approachwhere it waestablishedhat adding 206 DMSO(80 % IL) supports the
production of a well consolidated ACC aaltbws for ease of application to the
textile stack by lowering the viscosity of [C2MIM][OAE35]. Thiswas adopted in
Chapter 4vhere IL% was fixed at 806 for the DoE investigation into cottdrased
ACCs As the cellulosic textile precursor is Tencel for this work, it is of interest to
explore this parameter to seehére is a more optimunatio for these ACCs that
differs from the cottorbased ACCsHere thelL % was varied from 30 % to 100 %
to explore its influence furtheA solvent to cellulose (S/C) weight ratio of 3:1 was

used asin Chapter 4

Washing and drying conditiongere fixed as previous, ardfixed processing

pressure of 3 MPa was used for all the experimem#hilst deemed insignificant
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in driving ACC properties, aetting of 23 MPa doesllow the textile stack to

maintain shape during processing.

5.2.2 Mechanical testingand characterisation

Tensile strength, YofalorgdACC moples Wendasstedh nd st
using the methods described in secd® ACC samples were characterised using

the methods described in sectidB.

5.2.3 Experimental design

A 23 full factorial design was used for preliminary exploration of compaction
temperature, process time, and IL %, and their influence on ACC properties. Here,
the three continuous, independent factors each have 2, lepissenng the
minimum and maximum settingsigure5-2 outlines the experimental domain
within which the experiments would be performadhich weredeterminecand
refinedthrough preliminary screening experiments and insights fhaprevious
chapterslt was important to ensure thenge over which to collect data was wide
enough to capture the data effectivelgt suitably constrained #ovoid ACC
damage and discoloration at extreme conditions of tempeatdreéme The final
minimum and maximum settings wethereforegstablishedavith these
considerations in mindix centrepoint (CP)runswere includedcomprising a

combination of the migboints of all factor settings.



- 157 -

(a)

@ Factorial points (+ 1)

Center points (0)

@ Axial points (+ o)

A

Full Factorial Central Composite Face-Centred

Figure 5-2 Geometry of the full factorial (a) and central composite faceentred
(CCF) (b) design spaces with three factors (A,B,C) with associated experimental
runs. The factorial/corner points are shown as blue dotsaxial points are shown
as red dots,and centre points (CPs)are shownasyellow dots.

Table5-1 outlines the continuous factors and their coded values. Runs were
conducted for both FO and F1 systears] sahe use of the interleaf film is
included as a categorical factdhe full factorial design domain igepresentech

Figure5-2(a).

Table 5-1 Factors used in the full factorial design. Actual values used in the

experiment are shown, and coded values are displayed in brackets.

Centre Point

Continuous Factors Lower (-1) ) Upper (1)
A: Temp (°C) 30 75 120
B: IL% 30 65 100
C: Time (mins) 10 95 180

Categorical Factor
Film No (FO0) Yes (F1)

A lower limit of 30 °Cfor compaction temperatuveas chosen tensure it could be
maintainedaccuratey in the laboratory environmerRecall fromthe previous
chapterthat discoloration was observed for ACCs processed at dissolution

temperaturebeyond 120C. Whilst Tencel isa newcellulosesource(manmade as
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opposedo naturalcotton),the textileis still cellulosic, and as sudhwas deemed
appropriate to definan upper limit of 120C from the previous studylo determine

a time rangéo be explored, several preliminary samples were made at 120 °C, and
it was found thatlamage to th&encel based ACGCsould beavoidedif they were

processedor lessthan180 minutes.

Table 5-2 Experimental runs used in the study and listed in the run order. IDs
for ACCs made without f i | with filOin amnld ¢@Fef

respectively. The first 14 lines represent the full factorial design and the last six

m, and

lines (in bold) represent the additional CCF runs.

. . Factor settings
ID (No Film) ID (Film) A B C
FO_1(CP) F1_1(CP) 75 65 95
FO 2 F1 2 30 30 10
FO_3(CP) F1_3(CP) 75 65 95
FO 4 F1 4 120 30 180
FO_5 F1. 5 30 30 180
FO_6 F1 6 120 100 10
FO_7(CP) F1_7(CP) 75 65 95
FO_8 F1.8 30 100 180
FO_9 F1.9 120 30 10
FO_10 F1 10 120 100 180
FO_11(CP) F1_11(CP) 75 65 95
FO_12 F1 12 30 100 10
FO_13(CP) F1_13(CP) 75 65 95
FO_14(CP) F1_14(CP) 75 65 95
FO_15 F1_15 30 65 95
FO_16 F1 16 120 65 95
FO_17 F1 17 75 30 95
FO_18 F1 18 75 100 95
FO_19 F1_19 75 65 10
FO_20 F1 20 75 65 180
A = Temperature ( C), B = 1L %,

Centrepoint IDs are suffixed by (CP).

Table5-2 shows the experimental runs used in dhapter The first 14 runsefer to

thefull factorial desigrandinclude 8 factorial runs (corner points) and an additional
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centrepoint (CP)samplerepeated six timeJhe order of runs to be conducted was
randomized to reduce the risk of systematibiasecerrors The data collected as
part of the full factoriatlesign was fitted to a linear model discussed in section

1.8.5.2and shown irEquationl-2, to includemain effects and interactions

5.2.4 Response surface design

For optimisation, a faceentred central composite (CCF) response surface design
was used. Recaditom section1.8.6thata CCFdesign can be established by
expanding on a full factorial design with an exdpaaxial points located on the face
of the experimental design cube, as showRigure5-2(b). This contrasts with the
14 extra runs required in the CCI design used in the previous cHaatérfactor
maintains the three levels outlinedTiable5-1, but the additional combinations
provide more data to analySéhe response surface model is discussed in section
1.8.6and shown irEquationl-3. The extra six samples required to expand the full
factorial design are shown irable5-2, making a total of 20 runs for the CCF

design.

5.2.5 Statistical analysis

The full factorialand CCFdesigrs weregenerated using Minitalwhich was also

used to performrANOVA analysisof the experimental data. Analysis was conducted
separately for both systems (FOCCs without film and FLACCs with film) to

allow comparison of these two systerRactor analysisvasfocusdon the

continuous factors of temperature, IL %, and timsignificant terms wereemoved
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through backward eliminatiofioy way of thep-value), allowing amodelto be

generatedhatlinkedthe response variable tioe process factors.

5.2.6 Optimisation and validation

Optimum process conditions to produce the most desirable response value were
identified using Derringers desirability functi¢I®6] (discussed i1.8.7and

outlined in2.4.2. Samples were produced in the lab using thdsatified

conditions and testedl'heresulting propertiesverecompared tahosepredided to

assess how well the obtained model could predict ACC properties.

5.3 Results and Discussion

5.3.1 Analysis of the full factorial data

Tensilest r engt h, Youn g é&csfailumeowere tollested dontldle AEG r a i n
samples produced for the full factorial design and are showahte5-3. Both

systems B(nofilm) and FL(with film) are shown, with the average of each run

taken from five test specimens. An average value froroesitrepoints (CPs) was

calculated.
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Table 5-3: Measured responses from the experimental runs of the full factorial
design. ©_CPs and A_CPs represent the average values over@sfor FO and

F1 systems, respectively.

Factor Settings Responses
Young's Strain-to- Tensile
ID A B C modulus fai 0 Strength Density (g/cc)
ailure (%)
(GPa) (MPa)
FO_2 30 30 10 |18 + 0.2 108 + 10 465 + 21 098 + 0.02
FO_4 120 30 18034 + 01 58 + 06 464 + 16 1.07 = 0.01
FO_5 30 30 180|147 + 02 74 + 01 609 + 17 119 £+ 0.03
FO 6 120 100 10 |56 £ 01 23 + 02 676 + 11 121 = 0.03
FO_8 30 100 180 (|51 + 03 30 + 00 591 + 14 123 *+ 0.02
FO_ 9 120 30 10 |30 £+ 02 63 + 01 447 + 14 103 = 0.03
FO 10 | 120 100 180|53 + 02 21 + 0.1 648 + 16 125 = 0.01
FO 12 | 30 100 10 |39 £+ 01 51 + 0.0 537 + 22 113 = 0.02
FOCPs| 75 65 95 |55 * 02 16 + 02 584 + 25 122 = 0.03
F1 2 30 30 10 |17 + 00 154 + 03 567 = 13 097 + 0.03
F1 4 120 30 180|25 + 02 100 + 04 514 + 49 103 = 0.02
F1.5 30 30 180 |26 + 00 129 + 07 591 + 20 101 + 0.01
F1.6 120 100 10 |39 + 03 30 + 02 631 + 27 129 = 0.02
F1_8 30 100 18032 + 03 59 + 05 569 + 39 121 + 0.01
F1 9 120 30 10 |36 £ 01 74 + 06 567 + 19 121 = 0.01
F1 10 | 120 100 180|35 * 0.8 25 + 04 583 + 36 132 = 0.01
F1 12 | 30 100 10 |35 + 021 73 + 0.8 507 + 21 116 = 0.02
F1LCPs| 75 65 95 |46 * 04 22 + 11 596 + 33 127 = 0.02
A = Temperature ( C), B = 1L %, C = Ti me

Figure5-3showsénsi | e strengt h, Y-wotaiugpldteddioo dul us
each sample, in order of ascending Younc
with the film (F1). Optical microscopy images of all prepared samples are shown in

Figure5-4 andFigure5-5 for the FO and F1 systems, respectively.

On comparison asystems FO and Fininimal differences in tensile strength are
seensuggesting that the film has little benefit on this propertChapter 3t was
found there to be a small reduction (2@ MPa) in tensile strength when using the
film at the fixed processing conditions used. Héris, foundthat this property

remains relatively unaffected with respect to using the film.
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Figure 53 Measured valwues for Youngbds modul
strength, UTS (b) and strain to failure, STF (c) across all full factorial runs for
ACCs made with film (solid dot) and No Film (crossbox).

There is more variation i n v-@falue,s acr os s
however. Youngo6s modulus values are higt
average increase ofZLGPa for majority of samples. FO and F1 systems are seen to

follow similar trends, however, this is particularly strong for sttatfiailure as

shown inFigure5-3 (c). The data from both systems displays consistent patterns

with the same higtho-low order observed in both, suggesting that the film does not

affect how the process conditions influence this property.
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Figure 5-4 Optical micrographs of the full factorial corner points (a-h) and

centre points (i-n) for the FO system.

The sample produced at the lowest factor settings for both systems (FO_2 and F1_2)

exhibits the highest stratio-failure. This is indicative of under processing or

reduced dissolution of the yarns, which would allow them to untwist and stretch out

under @plied load, resulting in a high strato-failure. This sample also exhibits the

| owest Youngds modulus, with or wi

t hout

desirable ACC of those produced. This does not definitively suggest that these lower

settingsare insufficient to produce ACCs, but the combination of all three factors at

low settings is unlikely to be optimal. Here, a thicker cresstion and less

consolidation occurs, as shownHFigure5-4(a) andrFigure5-5 (a).
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Figure 5-5 Optical micrographs of the full factorial corner points (a-h) and

centre points (i-n) for the F1 system.

Interestingly, the most desirable combination of properties is seen from the CPs

which possess the highest-toYaturengds modul

Additionally, Figure5-4 andFigure5-5 show thafor both systemghe most

consolidated crossections are achieved at the CPs, consistent with the improved

properties when compared to tiaetorial pints. This initial analysis suggests that

the region around the CPs may be most optimum for ACCs, made with the

regenerated Tencel fibres, irrespectivevbkther the film is used or not. Indeed, the

samples with strahto-failure values in the region of% showimproved

consolidation than those exhibiting higher values, as seen in samples FO_6, FO_8

and FO_10FKigure5-4 (d, g, h)) and samples F1_6 and F1_HEi@yre5-5(g,h)),

coinciding with the i ncltissugestethatthighem g 6 s

mc
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strainto-failure values are attributed to poor bonding within the composite structure
and a unprocessed fibre in the ACC could, therefore, stretch more under applied
strain, giving a higher straito-failure of the overall ACC. Additionally, whilst the
strainto-failure oflyocell fibres is in the region of 2& [87, 116] a matrix

produced fromyocell fibres is in the region of % [87], which supports the above
observations. This suggests that a sttaifailure in the region of 46 can be used

as a guiddor this work to achieve good consolidation between the fibre and matrix

phases indicative of sufficient processing in the ACCs.

5.3.2 Presence of the film

Another crucial observation emerging fréfigure5-5 is that the film layer can still

be seertlearly. This was not the case @hapter 3with thecottonbased ACCs

where it was found that when the film fully dissolved, the matrix component
provided by the film could penetrate the fibre assembly as well as sit between the
textile layersThis led to thentralayer and interlayer bonding within the material
being reinforcedcontributng to improved mechanical properties when compared to
a scenario where the film only partially dissolved. It is possible that the process
conditions obtained through the full factorial design are not sufficient to achieve full
dissolution of the filmlt is observed that eny samples are under processed with
large strairto-failure valuesand, thereforef may be expected that the film would
not fully dissolve However, the film is visible across &lill factorial samples

including the six CRawhich possss the best balance of properties. Bnsirely
possible that there is an optimal region not captured yet from the full factorial
design, something to bear in mimthen conducting thANOVA analysisin the next

stage
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5.3.3 ANOVA analysis of the full factorial data

ANOVA analysis was conducted using the data obtained through the full factorial
design for both FO and F1 systems separaialple5-4 andTable5-5 show the

results of the ANOVA for straito-failure for the FO and F1 systems respectively.

Table 5-4 Analysis of Variance (ANOVA) from the full factorial data for failure
strain for ACCs prepared without film (FO).

Degrees of Sum of
Source freedom squares Mean square F-Value P-Value
Model 1 40.040 40.040 7.010 0.021
B: IL (%) 1 40.040 40.040 7.010 0.021
Residual 12 68.572 5.714
Curvature 1 47.253 47.2531 24.38 0
Lack-of-Fit 6 21.154 3.526 106.570 0.000
Pure Error 5 0.165 0.033
Total 13 108.612
R? 0.3687
R? (adj) 0.316
R? (pred) 0.1195

To summarize, it wapossible to capture strato-failure in some capacity for both
systems, however, the fit of the model to the data was not strong as indicated by low
coefficient of determination Rvalues of 37 % and 5@ for the FO and F1 systems

respectively.
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strain for ACCs prepared with film (F1).

Degrees of Sum of Mean

Source freedom squares square F-Value P-Value
Model 2 133.490 66.745 5.640 0.021
A: Temp (°C) 1 42.937 42.937 3.630 0.083
B: IL (%) 1 90.553 90.553 7.650 0.018
Residual 11 130.227 11.839

Curvature 115.28 115.28 77.13 0
Lack-of-Fit 8.712 1.742 1.400 0.361
Pure Error 6.235 1.247

Total 13 263.717

R? 0.5062

R? (adj) 0.4164

R? (pred) 0.2043
The resul ts the ANOVA f olable*&@ ungos
Youngdés modulus was captured only

was not a good fit to the data, as evidenced through a fosal&e of 30 %.

As discussed in sectidn8.5 akey limitation of a full factorial design iss inability

to estimate quadratic effects full factorial study can capture only linear

relationships with interactions, as there is not enough data to estimate quadratic

effects.If there isminimal variation between extreniactorial points,thedesign

will inevitably fail to detecianyintermediatechanges.

t

mo o

F
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Table 5-6 Analysis of Variance (ANOVA) from the full factorial data for Young's
modulus for ACCs prepared without film (FO).

Degrees of Sum of Mean
Source freedom squares square F-Value P-Value
Model 1 6.045 6.045 5.190 0.042
B: IL (%) 1 6.045 6.045 5.190 0.042
Residual 12 13.978 1.165
Curvature 1 6.848 6.849 10.570 0.008
Lack-of-Fit 6 6.042 1.007 4.630 0.057
Pure Error 5 1.088 0.218
Total 13 20.024
R? 0.3019
R? (adj) 0.2437
R? (pred) 0.016

Centrepoints(CPs)are valuable additions to experimental designs such as full
factorial desige. As mentioned previouslyheyhelp toindicaie the reproducibility
of a processas well as provide agstimation of errof155, 159] The presence of
CPs can also offer insight into possible quadratic effects of factors that the full
factorial alone cannot captuie.this case, the CPs did indeptbvide some
informationto indicate possibleurvaturewhich isindicated by a significant-p

value (p < 0.055hown inTable5-6.

The results of the ANOVA for straito-failure for FO and F1 systenase presented
in Table5-7 andTable5-8, respectivelyand thdow R? values for both systems
again indicate that the modarenot a good fit to the datsets Significant
curvature isalsosuspectedconsistent with the lack of fit of the captured linear

modes.
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strain for ACCs prepared without film (FO).

Degrees of Sum of Mean
Source freedom squares square  F-Value P-Value
Model 1 40.040 40.040 7.010 0.021
B: IL (%) 1 40.040 40.040 7.010 0.021
Residual 12 68.572 5.714
Curvature 47.253  47.2531 24.38 0.000
Lack-of-Fit 21.154 3.526 106.570 0.000
Pure Error 5 0.165 0.033
Total 13 108.612
R? 0.3687
R? (adj) 0.316
R? (pred) 0.1195

Whilst inconclusive, the results of the ANOWA this stag@re unsurprising given

t he best bal ance

Based on this, an expansionateesponse surface design is a worthwhile next step,
and the next stage involves the expansion of the full factorial desigo@é-a

design Here, the design space can be explduetther across both FO and F1

systems.

o f -tovfalweniggobservethat theiCPa. s

and
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Table 5-8 Analysis of Variance (ANOVA) from the full factorial data for failure

strain for ACCs prepared with film (F1).

Degrees of Sum of Mean
Source freedom squares square F-Value P-Value
Model 2 133.490 66.745 5.640 0.021
A: Temp (°C) 1 42.937 42.937 3.630 0.083
B: IL (%) 1 90.553 90.553 7.650 0.018
Residual 11 130.227 11.839
Curvature 115.28 115.28 77.13 0.000
Lack-of-Fit 8.712 1.742 1.400 0.361
Pure Error 6.235 1.247
Total 13 263.717
R? 0.5062
R? (adj) 0.4164
R? (pred) 0.2043

It is of interest to assess thfectiveness of a DoE studye methods choseand

initial observations prior to moving to the next stage of investigaltias not
immediately appareritom thefull factorial data, whathie impact of the film on

ACC mechanicapropertiegruly is. Irrespective of whether the film is used or not,
thecentrepoints appear to yield the best balance of properties thus far, suggesting
an optimized process region may involve the mid points of process factors, rather
than the extremeas might be expectedfter the CRB, samples F_6 and F_10 across
both systems have the best balance of properties, both produced at the highest
temperature and IL% settings. The difference betweesefanples is time,
suggesting that this may not be a significant factor, however, it is not advisable to
make this assumption from a full factorial design. The strength of thes@Ps

reminderof the limitations of théull factorial approach in estimating beyond first



-171 -

order effectsAcquiring more data through an expansion of the design will allow

secondorder effectgo be estimated

5.34 Analysis of the CCFdesign

As illustrated inFigure5-2 (b), the experimental runs of the CCF comprise those of
the original full factorial design, plus an additios&d runs. The result§om these

six additional rungire presented ihable5-9.

Table 5-9 Measured responses from the six additional experimental runs

produced to form the CCF.

Factor Settings Responses
Young's Strain-to- Tensile _
ID A B C modulus failure (%) Strength Density (g/cc)
(GPa) (MPa)
FO 15| 30 65 9 |55 + 03 18 = 01 535 = 26 1.18 £ 0.02
FO 16 | 120 65 95 |6.1 *+ 02 16 * 0.02 648 +* 35 1.18 += 0.02
FO_17 | 75 30 9 |62 + 01 30 £ 02 594 = 06 127 = 0.02
FO 18 | 75 100 95 |59 + 02 17 * 02 629 = 30 125 *= 0.02
FO19 | 75 65 10 |55 * 04 15 * 001 576 * 28 126 +* 0.00
FO20| 75 65 180|163 + 01 14 + 02 680 = 48 127 = 0.01
F115| 30 65 9 |60 * 02 21 * 03 578 = 16 131 = 0.01
F1.16 | 120 65 95 |60 + 03 14 + 01 633 = 09 125 = 0.00
F1 17 75 30 95 |34 £ 01 88 £ 08 564 = 31 1.10 = 0.02
F1.18 | 75 100 95 |56 * 01 1.7 * 02 601 = 25 133 += 0.01
F1.19 | 75 65 10 |55 + 01 15 + 01 595 = 32 125 += 0.02
F120| 75 65 180|6.7 + 0.03 1.2 + 0.02 624 = 11 132 *= 0.02
A = Temperature ( C), B = IL %, C = Tim
Density and strain to failure are plotte

prepared without film (system FO) and presente@igure5-6. Here, all the results
from the full factorial, CCF and CPs fall on the same straight line. The@Ps

locatedwithin a more desirable region (highréro ungdés modul-taos, | owe
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failure, higher density) than the corner points offthiefactorial designand the six

centre face pointgxial runs)rom the CCF (red pointoverall show improved
Youngds mo ¢56IGRawhen admpaeed tthe CPs(averaget.6 GP3 ,
revealing a new opti mal regi onThisher e t he
region was not revealed previously in the original full factorial design runs (blue),

nor was it occupied by the centre pointsliow).

; b g :

@ Density vs Young's modulus (F0) ® Strain to failure vs Young's modulus (F0)

14 16

13 ¥=0.0738x +0.8313 ® 15 y=-1941x+13343 e

©  R*=009558 .ﬁ.' 14 R3=0.7442 CCF Ry
12 .955 @ Y ° uns
13
11 .‘. 1 o AvCPs
10 ® © i
~ 1 @ Linear (FF Runs)
~ 09 E\i 10
5 08 g 9
- 07 = 8
g 06 & 7 ' .
g R ° 7
& s © FFRuns 5 6 e o
g )
04 e iCFCIl:uns Z ;
o] AV S 3

. Linear (FF Runs) ? . ®

02 inear uns 2

0.1 Linear (CCF Runs) 1 m...

00 0

00 10 20 30 40 50 60 70 0.0 10 20 30 40 50 60 70
Young's modulus (GPa) Young's modulus (GPa)
Figure 56 Densi ty ( a) and strain to failure

modulus for all runs in the CCF design for ACCs made without film (FO). Corner
points from the full factorial design are shown in blue, The average CP value is

shown inyellow, and theadditional CCF axial runs are shown in red.

Whilst arguably unsurprising, the advantage of expanding a full factorial design to a
response surface design is highlighted here, where additional samples can start to
narrow down the region of optimisation from the initial experimental domain. Prior
to datistical analysis of the data, it could be suggested that the optimized region
bears similarities to the processing conditions of the CPs, i.e., thpaimis.

Perhaps a combination of mjmbint factor settings leads to more desirable ACCs,

suggested bthe GCF, which offers more precision.
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Optical micrographs of the six experimental runs for the FO system are presented in
Figure5-7. When compared to the eight corner points of the full factdfigue

5-4), these additional samples exhibit improved consolidation.

FO0.15 . . FO_16 FO 17 ’
(30C)(EMPa)(65°/u.)-95n:1ins (120C)(2MPa)(65%)-95mins (75C)(2MPa)(30%)-95mins
et U .’_l: - Ya

L4 . & '’

FO 18 b i F0_19 ,
(75C)(2MPa)(100%)-95mins 4 (75C)(2MPa)(65%)-10mins

< WA ——

Figure 5-7 Optical micrographs of six additional samples (FO system) prepared
for the CCF.

Similar observations are seen with the F1 system as shdwgure5-8, however,

the CCF runs are not in line with the trend observed frorfuthfactorial design

data. Instead, they have their own correlation, evidencing the curvature in the data

that was not picked up from the full factorial points aldrtee CCF expansion has
captured a region of processing conditic
modulus is more sensitive to changes in density. This is highlighted through the

decreased gradient of the trendline captured for the CCF data.
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Figure 58 Densi ty (a) and strain to failure

modulus for all runs in the CCF design for ACCs made with film (F1). Corner
points from the full factorial design are shown in blue, The average CP value is

shown in yellow, and the addibnal CCF runs are shown in red.

The additional CCF samples made with film (F1) are presentégjume5-9. For

both systems, the highest YaochHN20énd modul L
F1 20, with values of 6.3 GPa and 6.7 GPa respectively. Here, both temperature and

IL % are at the migboints, however, the increased time to 180 minutes helps to
increase Young6s modulus beyond that act
time is needed to push the internal air out from the saruplebservation made in

the previous two chapters when using catteh 20(Figure5-7(f)) appears
noticeablyflatterthan F1_2QFigure5-9 (f)). Samplec1_2Q howeverjs

comparable in in thickness to the rest of the samfilssalsoworth noting thathe

film can be seen in between the layefshe extra CCF samples, the same

observatiorthat wasmade previouslyvith the full factorial samples.
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Figure 5-9 Optical micrographs of six additional samples (F1 system) prepared
for the CCF.

It waspostulateckarlierthat the film may only be partially dissolving at the process
conditions assigned by tifigll factorial design, and by exploring the design space
further, a more optimum region where the film fully dissoleesld be found

forming a more consolidated ACC wiilmproved mechanicgropertiesThe extra
samplesdoexhibfk o ung 6 s mo afwp ta &6 GPavhich & figher than
thesamples produced in the full factorial desilgaywever, the film is still visible,
leading toarethinkof the film behaviourin the context of the textile, or more

specifically, the Tencel fibre structure.

It is possible that the layer seen is in fact, dissolved cellulose that has remained in
between the textile layers, and on coagulation, has formed a layer of matrix
componentThis hypothesis can be supportgdthe work ofChapter 3and the

samples made at comparable process conditions to those made in this chapter. For
example Figure5-10 shows optical microscopy images of the ACCs made in

Chapter 3prepared using cotton textile and interleaved films at@PRMPa for 10
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minutes, using 60 and 20 IL in DMSO.Here it is noted that full dissolution of the

film occurred.

Figure 5-10Optical microscopy images of ACCs fronChapter 3, prepared using
cotton textile and interleaved filmsat 100°C using 70 % @) and 60 % (b) IL in
DMSO.

Sample F1_1@shown inFigure5-9(b)) was preparedsing65 % IL at 120°C for

95 minutesThe 65 % IL concentratiorsits between those usedtire previous
chapter(70 % ad 60 %)and thenighertemperature and time settingsuld support
more, rather than less, dissolution of the fiaiven the film dissolved fully in the
cottonsamplesthere is a strong likelihoathat it would dissolve here with the
TencelsamplesWhat is interesting here, is theadistinct region between the textile
layers can still be seesiggeshg that whilst the filmdissolved, it had nowhere to
go, subsequentlgoagulaing to form matrix &actly where it was placed during

preparation.

The work presented i@hapter Jed to the discoverthatthe film significantly

improvel interlaminar bondingn ACCs. To do sohowever,t had todissolve

partially atleastos upport a strong interface and
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necessarily need to penetrate through the textile to improve bonding, however, its

mere presence provided the composite with enough matrix to bond the layers

together This thenresulted in a significant increase in peel strengtie use of a

3:1 S/ C ratio resulted in an ACC with tF
interlaminar bonding. This was associated with the film penetrating through the fibre
assembly, supporting consolidation within the material, contributing to fifateix

bonding and thus edmanced mechanical propertidhe 3:1 S/C ratio has been used

in the subsequent chapters of this thedfghe 20 samples prepared for the FO and

F1 systems, 18 comparative samples exhibited the same failure upon tensile testing,
suggesting that overall, inter |l ayer anc
influencedusingthe film. Four samples delaminated upon testing for both FO and F1
systems, and these samples were all processed®atl3the minimum setting for

this parameter.

The presence of the dissolved fibffersinsight into thestructure ofTencel as

discussed in sectiah2.2 Recall thafTencelfibres are bundles of multiple filaments
that have a smooth and spherical cresstionmeaning ey can pack more closely
together. This makes it more difficult for the solvent to accesmtie regions of

thefibre during dissolution. Cottofibres on the other hanadyeirregulaty shaped

so when bundled to form a yathere is more space available for the solvent to
access the inner regiorihe reduced accessibility of the flament bundles possibly
explains why the film is still seen in the ACCs, rather than dissolving and

penetrating through tHéresasseenn cottonbased ACCsn the case of the

Tencel, the film dissolves but is unable to move as easily. On coagulation, it remains

in between the textile layers.
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5.35 ANOVA analysis of the CCF design

Minitab was used to analysiee CCF dataandeach system (FO, F1) was analysed
separately. The extra CCF runs did not help to capture tensile strength, however, this
wasunsurprising given thimited range of values across all 20 runs. Tduscome

was consisterdacrossdoth systemsyhich indicateghattensile strengtis

insensitive to the processing conditions orghesencef the film.

Table5-10andTable5-11 display theANOVA resultsfor the FO systerfor strain

to-failureandY o u n g 6 s , respedtivdlyu s

Table 5-10 Analysis of Variance (ANOVA) from the CCF data for failure strain
for ACCs prepared without film (FO).

Degrees of Sum of Mean
Source freedom squares square F-Value P-Value
Model 4 103.915 25.979 17.810 0.000
A: Temp (°C) 1 10.219 10.219 7.010 0.018
B: IL (%) 1 36.700 36.700 25.160 0.000
AZ Temg 1 7.578 7.578 5.190 0.038
B2 L2 1 15.777 15.778 10.820 0.005
Residual 15 21.881 1.459
Lack-of-Fit 10 21.718 2.172 66.610 0.000
Pure Error 5 0.163 0.033
Total 19 125.796
R? 0.8261
R2 (ad)) 0.7797
R? (pred) 0.5838

The poor fit statistics indicate that the syst®as not captured wedicross both
properties. T@ummarize, a quadratic relationship was found linking IL % and

dissolution temperature to straimfailure, howeveas seen ifTable5-10, the



model hada significant lack of fis evidenced by tHevalue(F-value< 0.05)

Looking atTable5-11, Young 6 s
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modul us

wa s

al so

involving IL % and dissolution timéjowever, this was associated with a low

predicted coefficient of variance {Req) of 21 %. The poor fit statistics put into

guestion the predictive ability of the models captured.

Table 5-11 Analysis of Variance (ANOVA) from the CCF data for Young's
modulus for ACCs prepared without film (FO).

Degrees ol Sum of Mean
Source freedom squares square F-Value P-Value
Model 3 14.375 4.792 6.282 0.005
B: IL (%) 1 4.443 4.443 5.824 0.028
C: Time (mins) 1 2.665 2.665 3.494 0.080
C2% Timée? 1 7.267 7.267 9.527 0.007
Residual 16 12.206 0.763
Lack-of-Fit 11 11.067 1.006 4.418 0.057
Pure Error 5 1.139 0.228
Total 19 26.581
R? 0.5408
R? (adj) 0.4547
R? (pred) 0.2094
5.3.6 Youngds modulus (F1 system)

For the F1 system (where interleaf film was used), howewerdditional rundid

all ow the dat a

t

o be

c a pt ustrando-fadluter o s s

Youngd6s mo tedtb aseconader qéiadratic model as showRduation

5-1. The equation is shown in the form of uncoded factors where B represents IL %,

the only significant factor identified for this property. This suggests that the film

may reduce the sensitivity of mechanical properties to the processing parameters.

captu

bot
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Equation 5-1
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Table5-12 presents the results of the ANOVA analysis for the F1 sysiém

modelfits the experimental dataell, which isindicated by the yvalue (p < 0.05)

for the model indicatoj160, 182, 197]As explained irChapter 1a pvalue less

than 0.05 indicates a significant effect of the associated f&atathermore, there is

no significant lack of fit, as highlighted by the associatedlpe (p> 0.05), and F

value ( > 1) which indicates confidence in the mo{lEt§’, 197] The difference

between the Rudj, and Rpreq)values is less than 0.2, indicating that the derived

model agrees well with the experimental data obtained. This was not the case for the

FO system.

Table 5-12 Analysis of Variance (ANOVA) from the CCF model for Young's
modulus. ACCs made with film (system F1).

Degrees
of Sum of Mean

Source freedom squares square F-Value P-Value
Model 2 20.910 10.455 11.772 0.001
B: IL (%) 1 3.428 3.428 3.860 0.066
B2 IL? 1 17.482 17.482 19.685 0.000
Residual 17 15.098 0.888
Lack-of-Fit 12 11.543 0.962 1.353 0.391
PureError 5 3.555 0.711
Total 19 36.008
R? 0.581
R? (adj) 0.5314

R2 (pred) 0.4273
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The proposed effect asfdisdlaiethin thexmai efieatsg 6 s
plot in Figure5-11, suggesting thahe optimum IL% for maximizing this property

is 70 % Interestinglythis valueis similar to the concentration usedtire previous
chapterswhich was30 % A sufficient amount ofonic liquid must be usetb

process the ACCs and achieve good bonding between the fibres and tike matri
however, the addition of DMSO is beneficial to allow ease of application of solvent

solution to the ACC stack through lowering its viscasity

o's modulus (GPa)

4.0

Average Youn

3.0

Figure 5-11 Main effects plot for Young& modulus as a function of IL % (F1
system).

5.3.7 Strain-to-failure (F1 system)

It was possible to capture stramfailure for the F1 systermand the results of the

ANOVA analysis for this property are shownTiable5-13.
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Table 5-13 Analysis of Variance (ANOVA) from the CCF model for strainto-
failure. ACCs made with film (system F1)

Degrees of Sum of

Source freedom squares Mean square F-Value P-Value
Model 3 305.457 101.819 45.860 0.000
A: Temp (°C) 1 37.006 37.006 16.670 0.001
B: IL (%) 1 115.931 115.931 52.220 0.000

B2 IL? 1 152.520 152.520 68.700 0.000
Residual 16 35.523 2.220
Lack-of-Fit 11 29.142 2.649 2.080 0.217
Pure Error 5 6.381 1.276
Total 19 340.980
R? 0.8958
R? (adj) 0.8763
R? (pred) 0.827

Equation5-2 represents the second order quadratic models for the F1 sgbtmmm

in the form of uncoded factors where A and B represent temperature in °C, and IL

%, respectivelyThe model indicatethat strairto-failure has a temperature

dependence,

but again

wasnowderttifred &0 u n g 0 s

significantfactor. The difference between thégj, and Rgreq)values is less than

0.2 and the model shows a good fit to the experimental data (p < 0.05).

Equation 5-2

Yoi HEROQADIQ

O®T TAIT COX T Y OT TBT T T LVOT W

In summary, the CCF data has helped further identify the significant terms across

the properties of

Yofailurgfdr the Fhgydtendnu s an d

improvement from the original full factorial desigmere no terms were found. The

informationobtained from the CCBuggestthat IL % plays &eyrole in driving

mc

St
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Yo ung o6 s .Recallthathefactorsof dissolutiontemperature and IL%vhich
wereidentified in thefull factorial design,areagainidentified through the CCF
Here,and the additional quadratic effect of IL% has improved the strength of the
relationship, highlighted in the increase 6ffem 54% to 90%. Interestingly, time

has not been identified as significant in driving ACC properfiéss contrass to the
cottonbased ACC#n previouschaptemwhere t was found that whilst dissolution of
the film layer was nospecificallytimed e pendent , Youngdés modul
with increased time, up to a paimtfter whichit decreasedt was suggested that

over time, internal aiis pushed outvhich increagsthe density of the resultant

ACC. The properties decreasedtmse was increased furthemd it wassuggested

that this was due to increased fibre dissolution combined with excess matrix being
pushed outln the Tencetbased ACG, film dissolution is achieved in all ACC

samplesyith little influence oftime.

Givenhedatafof¥ oung 6 s mo d utb-failare veas chptuset! maael n
strongly for the F1 systent was decided that a multesponse optimisation would
be performed across this system on the ¢

straintof ai | ure, using Derringerds Desirabil

5.3.8 Optimisation

Derringerds desirability function was us
process factors to yield the -to-alutefobal anc
ACCs made with film. The aim here was tc

maintain strairto-failure in the region o# % to avoid under processing as seen in
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earlier sampleslable5-14 outlines he processing conditions with the predicted

values for Youngt&ilumodul us and strain

Table 5-14 Optimum processing conditions obtained through the response
surface model s for Y oto-faipe dor ACCs pueparesl an d

with interleaf film.

Processing conditions With Film system
A: Temperature (°C) 30

B: IL (%) 70

C: Time (mins) 10*
Predictedresponses

Young's modulus (GPa) 5.3
Strainto-failure (%) 3.5%
Desirability 0.76

* denotes arbitrary setting for insignificant factors

It is interesting to note that time was
modulus and straito-failure for the F1 system, which was suggested earlier on

analysis of théull factorial data. The majority of the extra six samples have indeed

hi gher Youngo6s mo dodfdilwes belova £owared sverapnoducesit r ai r
at three different time settingBhis supports gossible conclusiothat time is
insignificant,however, there is a difference of 1.2 GPa between samples F1_19 and

F1 20, procesed at the same temperature and 1L%, but for 10 and 180 minutes
respectivelyFur t her more, the predicted respons
a valuelower thanall but oneof the extra 6 samples produced for the CCF. Multi

response optimisation can result in a compromise between responses to get the best
overal/l desirability, however, i n this ¢
Both responses rely on IL % to drivesth, and optimize at 7/ , however, the

inclusion of temperature originate®iin the model for straito-failure only.
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Therefore, the model irrespective of strérfailure would predict an optimum

Youngds modul us of abalysisotheédata has léddovtteer t he |l e s

derived models anpredicted responsémsed on the full data s&talidationof the
predictions will indeedupport confidence ithem. Givertime was deemed
insignificant for the F1 systema, processing time df0 minutes was chosen for
preparing thevalidationsamplesFour replicates wenereparedvith four specimens
tested from each replicate. The mean, and coefficient of variance across all

replicates was then calculated.

5.3.9 In-lab validation

Table5-15displays tle measured properties of the fowdab test samples, along
with coefficient of variance (COV) and standard deviatorss the four replicates

prepared with film.

Table5-15Youngo6s modu l-tofailura of 81 esperimantahsamples

prepared at the identified optimum conditions, with model predictions.

Young's modulus (GPa) Strainto-failure (%)
Prediction Measured Prediction Measured
Average S.D | Average S.D COV | Average S.D| Average S.D Ccov

5.3 0.9‘ 4.9 03 53% 3.5 1.5‘ 3.3 05 13.6%

An independent twsample ttest (p = 0.05) waperformedio compare the means
of the model predictiaandexperimental samples. The test concluded thaethe
was no significantlifference between the mesaluest or bot h Youngods

and strairto-failure, supporting the validity athe relationships found between
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appears t@nablea process that can be modeltedficiently to predicmechanical

properties such

as -Wdalureg 6 s

modul

us and

Table5-16 provides acomparison othe mechanical and physical properties of the

optimised ACCs produced in thihapterversus thoseptimised inthe previous

chapter Although adirect comparison is not possilaeto the differences in

design and factaelectionbetween the two studies, it is interesting to note that a

hi gher Youngos

mo d u |

U s-based ACChitarecuceth i e v e d

temperatureThe Tencetbased ACCsilso exhibit a lower densifyandthus ahigher

estimaté void conten), and this may be due to theducedlissolution time chosen

for validation.Notably, time was not identified as agsiificant factorf o r

modulusin the Tencektudy.

Youngods

Table 5-16 Properties of optimised ACCs produced using cotton and Tencel

textiles with interleaved films.

Cottonbased | Tencelbased
ACCs ACCs

Optimizedprocess conditions:
Temperature (°C) 101 30
IL (%) 80 70
Time (mins) 97 10
Pressure (MPa) 2.3 2.3
Measured properties:
Young's modulus (GPa) 34 = 0.2 49 += 0.2
Strainto-failure (%) 6.4 £ 0.2 3.3 = 0.3
Tensile strength (MPa) 72 £ 2 50 =+ 2
Peel strength (N/m) 811 *= 160 963 * 89
Thickness (mm) 0.22 + 0.01]|0.276 = 0.004
Density (g/cnd) 142 * 0.03| 1.26 * 0.01
Estimated void content (%) 5 + 2 16.2 + 05

S

V
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5.4 Discussion

The adequacy of the model derived from the CCF has\meiatedthrough

comparison to idab samples, however, it is importantcnsiderthe possibility

that there may beraore optimakegion in the experimental spaioe mechanical

properties, that the CCF has not identified. This is due to the notably higher

measured values of the experimental rimagexpanedthefull factorial designinto

the CCFWhile the CCFwas able tecaptureY o u n g 6 s wmavethanlthafll

factorial desigrcouldnott he predi cted Youngdés modul us

the measured values of many of the extra samples.

The CCF approacteduceghe number oéxperimental runby buildingon an
existingdesign,making it an efficient route to response surfexploration.

Additionally, it enableghe midpoints of factors to be explored in combination with
more extreme values. Central composite dessgoh as central composite
circumscribed (CCC) desigwpically offer this capability, howeveras described in
sectionl.8.5 this oftenrequiresexpanding the design sgdgeyond the original

limits. Thisis not always appropriate asthe case here, where expanding beyond
the original boundary limits woulgksult in negative factor settingehe CCF
approactkeepsaxial points within the space, as well as nmagkuse of an existing

full factorial design. Given that sonfactorial points of theull factorial exhibited

similar favourableproperties to the CPs, it was a reasonable strategpyt torthe

CCF approach to explore whether an optimized region lay directly near the CPs, or
in some combination of factor mybints.It is also inportant to acknowledge the
limitations of lab-scaleexperimentalvork, and whilst every effort is taken to ensure
samples are produced consistently (as demonstrated through replicates of CPs and

validation samples), there may be specific disturbances (noise factors) that have
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yielded lower than expected experimental results, which would limit optimization. It
is possible that noise may be too large due to the inherent capabilities of the
experimental set up, meaning that predictions cannot be made withrmosv
uncertaintyrange Nevertheless hie statistics have allowddr an exploration otthe

design spacand different combinations of factor

As discussed in the literatureview of Chapter 1the CCF explores a more limited

space than a CCC does, or indeed the CCI ust iprevious chaptewhich

requiredmore runsAs aconsequencet is possible that regions where the response
could be highermave beemverlooked Nonegheless, the CF hassuccessfully
capturedrendsforb ot h  Young 6s mofdilurg flosnwhiahd st r ai n
predictions were madendvalidated A key finding here is the ability of the F1

system to be modelledh contrast to th&0 systenwhichwas less successful. It is
suggested that the film may help to maintain consistent dissolution conditions during
sampleprocessin@nd, therefore, manage uncontrolled variability that arises

through flashing. In essence, the film play®sla in reducing noise, thus allowing

the ACCs to respond solely to the process factors under investigation.

Thefilm remairs between the textile layessiggestinghat the structure of Tencel
offers little space for it to migrate. This means that any dissolved cellulose from the
fibres or film is likely to remain at the filament surface or in between the layers,
rather than impregnating the filament bundles. Ind#eday be that the fibre
dissolution occurs only at the filament surfad@ch ismore accessible for the

solvent Consequentlydissolved cellulose available fthre matrix ispositionedsuch

that itcanmore easily escapbe stack through flashs opposed tib it were

impregnating the filament bundles. Flashing may sty with different process
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conditions and introduce noise to the system. If this varies at different process
conditions, this could in effect, impact matrix formatiompredictably By
incorporating the filmanattemptis madeto counteract this effecby providing an
extra source of cellulose that dissolves along with the textile filaments, thereby
making it easier to control flashing. tine previous chaptefsottonbased ACCkit
was shown thaising enough solvent could offset flashing and provide enough
matrix for consolidation. With the Tencel textile, it may be that by offsetting the

flash supportsnoreconsistent matrix formation.

5.5 Conclusion

The production of ACCs using interleaved films has been demonsiviated man
maderegeneratedellulosictextile. This revealedhatthe addition of the interleaved

film all owed the process to be captured
modulus and straito-failure, and a relationship between process conditions and
mechanical properties was found. Validation samples wede raea temperature of

30 °C with 70% IL as identified through muliesponse optimisatiomhich

exhibited an averaggoungés modul us of -tdfare?3.®. 2 GP
+ 0.3 %. With model predictions of 5.3 GPa and%®.5espectively, the predictive

ability of the relationship was confirmed, however, several samples in the CCF
design were seen to exhibit htiheguestion Yo unc
ofwhet her the Otrue6 Tapld5sil7isummariestheyprecesst o b e

conditions and resulting properties of the optimised ACCs identified in this study.
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Table 5-17 Process conditions, mechanical and physical properties of the

optimised ACC samples identified through the body of work in this chapter.

Tensile Young Strainto- Peel

; Thickness Density Void
Strength  modulus failure (%)  strength
(MPg) (GPa) (N /rr?) (mm) (g/cc) content(%o)
0.276+

59+ 2 49+0.2 3.3+03 963+ 89 0.004 126+0.00 16.2+0.5
Process conditions
30°C
2.3 MPa
10 minutes
70 % IL

The most significant discowerhowever, relateto thebehaviourof theinterleaf

film and its role when applied to Tencel, offering insight into how the structure of
Tencel influences the resulting AG&contrast to theative cottorexplored in the
previous chapters. In the Tentektile-basedACCs,the film dissolves during the
process and forms a coagulated matrix region in between the textile layers, rather
than penetrating the fibre assembly as observedthéthative cotton textd. Whilst

this additional matrix was not seen to improve or reduce ACC mechanical
properties, the film provides an immediate supply of dissolved cellulose to the ACC
that helps to offset flashing and contribute to more consistent ACC formation, that

can be modelled across multiple factors.
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Chapter 6.

Conclusions and Oulook

6.1. Overall Findings

The aim of this thesiwas to explore how the properties of All Cétlse Composites
(ACCs) can be optimized and enhanced using cellthased textiles and interleaf
cellulose films. A partial dissolution process using the ionic liquid [C2MIM][OAc],
mixed with a cesolvent of dimethyl sulfoxidé€DMSO), under hot compaction was
employed for the production of the ACCs, with work focusing initially on
ascertaining the benefits of using interleaved films. Statistical DoE was then
investigated as a route to opizing ACC properties, applied to native (cotton) and
martmade (Tencel) cellulosic fibres. A summary of the main finding of each chapter

is provided below.

Chapter 3 The use of interleaved films to enhance ACC processing and properties.

In this first experimental chapter, the method of producing ACCs using interleaved
films was introducedvith a view to addressing the benefits of using the film in
conjunction with cellulosic textile®ACCs wereformed fromlayers of cotton textile
with an interleaved cellulose film placbdtweenA one factor at a timgOFAT)
approach was employed ¢aplore the influencef three factors on the mechanical
properties of the resultant ACCihese were dissolution temperature, time, and
pressureThe use othe film, and the appropriate amount of solvent in which to

immerse the textile stagls/C weight ratio) were looked at initialligllowed by a
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study into theoptimumconcentration ofC2MIM][OAc] in theco-solventDMSO

(Wt % [C2MIM][OAC]).

ACCswere initially produced at three S/C ratios (that is the ratio of the solvent to
the cellulose sample); 1:1, 2:1 and.3Alsolvent solution comprisingfaxed wt %
[C2MIM][OACc] of 80% and therefore 28 DMSOwas usedTwo sets of samples
were produced, one with the interleaf film, and one awittthefilm. The

preparation stage provided some insight into the effects of the S/C weight ratio,
highlighting the difficulty in distributing the solvent solution when a 1:1 S/C weight
ratio was appliedThiswas gparent for both sets of samples, and consequently,
there was minimal differenda mechanicapropeties between #m.Solventwas
observed to beapidly absorbed into the pockets of space within the yarn structure
andwith a low solvent volume, this caused inconsistksiribution of solventThe
resulting Youn@ modulus watow for both sets, associated with high ermug to
variation in properties across the A@@d this was visibly apparent in the optical
micrographs of the ACCs showing an incotesis appearance across the ACC
crosssection.Interestingly the filmwas still visiblewith a postprocess thickness
indicaing thatover50 % of it had dissolved Neverthelesghis amount of solvent

had not produced sufficient matrix to distribute through&6€ to achieve good

mechanical properties

The most insight othe benefits of the film and optim&/C weight ratiovas
gathered from the samples produced using 2:1 and 3:1 S/C weight ratios
particularly for the samples made witrefilm. The samples produced without the
film showed only marginal improvemernispropertiesvith increased solvent,

howeverthe samples made with film exhibited noticgaibhprovedY o un g 6 s
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modulus over the samples made without filFhis suggestethat more solvent
allowed the film to dissolve completely and supplement matrix production, coating
the partially dissolved fibres and providing a strong filoxarix interfaceo support
effective load transfeo the reinforcing fibres/Whilst mechanical properties such as
Youngos mkegtadssessingthegerformance of composites, it was peel
strength thatevealed the ability of the film to prevent delamination between the
layers on thACC. This is because peel strength is very sensitive to the amount of
matrix between the layerBeel strength was improved with the addition of the film
for the samples produceda®:1 S/C weight ratio, however tladility of the solvent
amountto maximise the benefits of the film waghlightedin the sample made

with a 3:1 S/C ratipwhere aincrease in peel strengfitom 62 + 10 N/m to 917+

73 N/m was observedhen compared to the sample made without the filne
preference of using 3:1 S/C weightio over 2:1 S/Qveight ratiowas attributed to

its role in offsetting lhe inevitableexpulsionof dissolved cellulose and solvent
during the compaction processiown asd f | aésThe ercgss solvent providésg
a3:1 S/C raticcompensates somewhat, for the loss of celludmsksolventhrough
flashing allowing sufficient dissolution andhatrix production The matrixremairs

in the stackandpenetratethrough fibre assemhblgurroundhg the fibresand

forming a well consolidated ACC observed in the optical micrograpfth.an S/C
ratio of 3:1 thee is always excess solvent, and any that is not required is expelled

under pressure during processing.

It washypothesisedhat the filmcouldreduce the overall fibre volume fractiog
diluting the fibres (adding extra matrjppgnd his was qualified byhe results of the
XRD scans that wenesed to study the changes in crystal structure for samples with

a 3:1 S/C weight ratioThe scanseveaéda decrease in the cellulose | content
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(which would come from the fibrgnd an increase in cellulose Il and amorphous
cellulosewhen using the flmDespite the reduced fibre fractidhjs was offset by
the increase imodulus due to improveibre-matrix adhesion between the phases

and layers (improved intra and inter laminar adhesion)

Samples weréhenmade withthe interleafilm using the preferred 3:1 S/C weight
ratio for the nexphase of studywherethe concentration of ionic liquidvas
evaluatedHere,thewt. % of [C2MIM][OAc] in the[C2MIM][OAc] /DMSO solvent
solutionwas varied from 20 % to 10% (100% being thepure IL). The
measurementevealed thatising80 wt. % of [C2MIM][OAc] in the

[C2MIM][OACc] /IDMSO solvensolution(asusedin the first set of experiments
yieldedan optimal balance of o u nrgodwus and peel strengthprovideda
reduction in solvent viscosity allow for ease afolventapplication to the stack
during preparationwithout reducingheionic liquid wt. %too significantly(and
thereforedissolving poweryhich could bedetrimental when processingwas
concluded from this study that the O6opti
addition of the interleaved film, using a 3:1 S/C weight ratioam8D %/ 20 %

[C2MIM][OAC] /DMSO ratio.

Finally, ACC samples were prepared using various stacking arrangements based on
this optimal solvent configuration, while maintaining consistent compaction
conditions of 10 minutes at 10C and 2 MPa. The samples were tested by applying
load in three directions relative to the warp yarn orientation: 0° (longitudinal), 90°
(transverse), and 45° (biag)was found thatvhen prepared using(8,90) stacking
sequencelACC properties in both the 0°/90° directions and the 45° bias direction

were improved
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Chapter 4 ApplyingDoE to optimize aHcellulose composites.

In this chapter, a statistical DOE approach was addpteee if the processing
conditions could béurtheroptimizedfrom the experiments carried out@hapter 3

to achievadesirable ACC mechanical and physical propertdsilst the dissolution
conditions of temperature, pressure and time were fixed in the previous chapter,
these were now varied and explored throadtll factorial screening design,

followed by a response surface central composite inscribed (CClI) design.

Thesignificanceof ACC physical propertie;r drivingYoungoés modul us
highlighted m initial analysis of the raw dategvealingthe strongcorrelation

betweenY o u n g 6 s anuthe physicas properties oensityand thicknessThe
reduction of internal space as air is pushed out during compaditstdea thinner
densematerial Thecentrepoint combinations contained within the full factorial
yielded ACCs with davorable balance of mechanical propertieaging to the

possibility of quadratic effecthat could not be captured in the full factorial alone.
Further samples were produded the response surface stage according t&€le
design whi ch was abl e t oas a&fanptibruof dsssoltmmutimg 6 s
and temperaturd-his relationship offered insight intbhe quadratic effects of these
factors,where itwas suggested that an increase in dissolution time and temperature
was beneficial only to point, after which properties wousdart todecline.

Increasng time and temperatur@lowsinternal air to escapgroducing a well
consolidated ACC. Itould however]ead toincreased fibre dissolution and matrix
loss, in addition t@ reduction in ACC qualityat longer times and temperatufais

reiterated the importance athieving agyoodbalanceof fiber and matrixThe
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amount of matripproduced througprocessing is influenced hige amountof

solvent used (S/C ratio) and subsequisgolution of cellulosic materiabut the
length ofcompactiortime that the ACC is subjected, tirives the removal of
internal air A predictionwas madédor the process conditions requiredajatimize
Youngos ,whzhwassuccessfullywalidated in the labsupporting the use of
DoE in ACC processing and optimizatiddptimisedACC samples exhibited an
aver age Yo u tegsiestrength@nd peelstrengtl8.4+ 0.1 GPay2 +

2 MPa, and811 + 160N/m, respectively.

Chapter 5 DoE investigation into the production of all cellulose composites using

regenerated cellulosic textiles.

Thisfinal chapter sought to combine the elements of the previous two chapters, i.e.
the role of the film, and the application of DoE, and apply ttestudyregenerated
cellulosebased textiles (Tencel) as opposed to native cellulose (cotton).
Consideration oChapter 3andChapter 4and their respective learningslped

shape the formation of this chaptérhilst the benefits of the film were clear when
applied to native cottebased ACCs, it was unclear how these might translate to a
marnmade textile such as Tencklwas, therefore, decided that the film would be
exploredas acategoricafactor. The continuous factors of dissolution time and
temperature were preserved fr@hapter 4given their significancas revealed
throughthe CCI designTheresultsfrom Chapters 3 and 4 strongly suggested that
therole of pressurbadno significantinfluence ornthe processing of th&CCs of

the resultingnechanical properties within the rangg®senand wastherefore,
omittedas afactor. Thewt. % [C2MIM][OAc] in DMSOwas chosen as a third

continuous factofdenoted as IL %)
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Experimental runs according to a ftdktorial design were applied to two systems
referred to as Band A representing ACCs made watht the filmand withthefilm,
respectivelyThis resulted in two sample sets to analyghilst the fullfactorialdid
not capture the data strondbyr either system, thmost promising balance of
mechanical propertiesas obtained at thmid-point combinations (the CRs)
suggesting thadn optimum region may lieear the centreof the design space, as

a combination of migboint factor settingsThis confirmedthat the design space was

correctly chosen based on the results of Chapters 3 and 4.

With six additional experimental runs, the full factorial data set was expanded to a
facecentred centratompositg CCF) designallowing the two systems to be
explored fomonlinear (Quadrati¢ effects. On analysis, only the F1 system (with
film) was capturd, relatingY o un g 6 s mo d mto-failsretaprodess t r a i
conditionsand providing models for botMulti-response optimisation was
conducted by combining the two models to identify an optimum set of process
conditions t o modulysiandinsue adéquatenpgpessing by
maintaining strairto-failure at around 4 %l his was subsequently validated in lab,

demonstrating the effectiveness of the CCF design to capture the process

The keydiscovery from this workelated to the behaviour of the filamd how it
played a role in allowing the F1 system tocda@turedvith a more robust model
than the FO systenit. was found that the filmvas visiblebetween théextile layers
after processingsuggesting that the structure of Terfgleslimits its ability to
migrae elsewhereDissolved cellulose from the film likelyemainsbetween the

layers, rather than penetratitige filament bundlesand this is what is seen in the
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ACC crosssection.The same principle applies to the Tencheidiitself, as any
dissolutionoccurring on the filament may have limitetbvementremaining at the

fibre surface This makes it easier for it to be removed through flashéaying

little, or inconsistent matrix formatioimcorporating the film adds a source of

cellulose thabffsets the flashingstabilisng the matrix formation and improving its
predictability.Opt i mi sed samples exhibited an ave
strength, straito-failure, and peel strength 4f9 + 0.2GPa,59 + 2MPa,3.3 £ 0.3

% and963 + 89N/m respectively.

There are standard models used in material science that can be used to predict the
properties of composite materials. For examfadea compositeinderuniaxial

tensiont h e Y o u n gBompsa®cdrube esmated using the parallel rule of
mixtures as shown iBquation6-1, where Eore aNdEmatix represent the modubf

the fibre and matrix phases, angh¥and \inarix are the fibre and matrix volume

fractions respectively.

Equation 6-1
(& o (& @

Toestimateth¥ oung 6 s naoACC With a (0,60) stacking of the textile
layers,the parallel rule of mixtures can be expressed as shown in

Equation6-2, which accounts for the alignment of the transverse \difjs

Equation 6-2

(@ 0O — © p ——
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An estimaedfibre volume fractiorof 0.8can be obtained using the results of the

XRD analysis fromChapter 3Looking at Table3-2, the cellulose | fraction is

estimated to be 57% in the processed ATI&2 amorphous fraction will be a

combination of both matrix and undissolved fibGatton fibresypically comprise

71 % cellulose | and 29 % amorphous matgfi@B]. Assumingthat after

dissolution, theoroportion of cellulose | and amorphous material remains

unchanged, thismeans tk fibre fraction can be estimated to be00(81 % / 57 %)

A single cotton yarn was f7e#0l@Patarml have ¢
cellulose film has beefoundtohave oung 6s modu [4Q,svhiahf 1. 5 C
can be used as an estimate for the mdtlsing these valuaa

Equation6-2 results in gredicted upper limitfoY o u n g 6 s , imtbedabsknges

of crimp, of 3.9 GPa This is an estimate of how well these ACCs could perform

with the cotton yarns usedssuming perfect bonding between fibre and matrix, and

no fibre crimp. With thisin mind, h e Y o u n g éckievedio Chapteu4sf 3.4

+ 0.1 GPdor the cottorbased ACCss in good agreement with this prediction.

6.2. Synthesis of Research Outcomes

This thesigpresents an investigation into the production of A@®wed from
cellulosictextilesand interleaved cellulosic filmacross three experimental chapters
summarized above. it now important teynthesizeéhe outcomsof the researctio

articulateits relevance andiderimpact on the field of ACCs.

Chapter Jaid the groundwork for producingCCs froma combination o€ellulosic
textiles andaninterleaved filmlayer, demonstratindnow this combinatiorproduces
ACCs with exceptional interlayand intralayer bondingupporting an excellent

balance of medmicalproperties.
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Proces®fficiency andoptimisationwas theraddressethrough the work o€hapter

4, wherestatistical DoBEwvas introduceés arouteto understanidg processproperty
relationshipsn a resource efficient wajrhis work demonstrated DoE as a viable
methodologyfor ACC processxploration,enablingscaleup productiorto be
consideredn the context ofab-scale experimental workhe use of DoE to

accelerate ACC process understanding is crucial for future commercialization, and
the insights gained from this work are important for the cellulose community and
indeed, those working in natura renewabldibre composites. The knowledge
gained from attempting different DoE approacb#srs furtherunderstanishg on

how best to achieve high performance renewable materials, as well as have

confidence to choose the best approach.

With the results of these two chapters in placéd the potential for ACCs to be
produced, and optimisei was inevitable thaa newquestion wouldemerge:
Where do ACCs fit in a circulaconomy, and can they addresklitional

challenges in addition to reducitige use ofossiltderived polymers?

Chapter Segan taconsiderthis questionregardingthe wider applications of ACCs,
their place as sustainable alternatives to traditional comppaitdtheir valuein the
context of circularity and sustainable textitesearchThe focus shiftedrom native
cottonto manmade cellulosic fibores (MMCFsa) the production and optimization

of ACCs highlighting an application area for sustainable materials produced from

endof-life textiles.
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As cellulosic textiles are used extensively in the fashion industry, it follows that
ACCs could offer avay to utilize postonsumer textile wast&his could lead to
significant improvements in the amount of waste textiéeycled, which is

currently a disappointing 1% from the 53 million tonnes of fibres used in textile
manufacturind220]. However there are some things to considerealisng the
commercial potential of producing ACCs from waste textiles. Crucidlgre needs

to be a consistent feedstock available to use, which a collection of waste clothing
would not provide without somevel of pre-sorting. Factors such as fibre
composition, us@hase, and laundering history for example, could result in
inconsistent feedstocks and difficulties in maintaining consistent composite quality,
not to mention the deconstruction needed to tuthreedimensional clothing item

into flat sheetsThe utilization of textile waste to produce cellulosic fibres is an
active area of research [20, 27, 28, 34], and its potential to overcome these barriers
is clear, producing a homogenous fibre that can be woven into a textile preform for
use in ACCs. Addionally, this creates a fully circular system whereby the ACC can
be redissolved after use, 4&pun into fibres to be woven into textile, and the process
started again. To realise the potential affstechnology, further process
understanding is required to obtain the best properties from regenerated cellulose
based ACCsThe work of this final experimental chapted to gaining this ery
understanding, demonstrating that regenerated tegbled be used as feedstocks

for ACC productionThis complementsesearclon wastederived cellulosic fibres
providing a more consistent feedstock for ACC production the use of mixed
textiles.ACCscould indeed fit in a circular model for ewdtlife cellulosic

materials.
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6.3. Future Directions

ACCs offer a sustainable alternative to fo$sél derived materialand could be
well-placedfor a variety of applications across the automgotoanstruction and
consumer goods industriéBhereis great potential tadvancehis workand this

final section outlines some suggestions to guide the development of future projects.

Development of DoE

The application oDoE to explore ACC processirftas beemlemonstrategvith

promising results, however thisa vast subject with designs that span further than
those discussed in this thesis. It would be of interdsioloat other designs to see if
these coulatapture systems with greater precisiparticularlyas noted irChapter

5, wherea more optimised region in the design spaeg existthatwa s n 6 t
identified by the CCIeesign It would beworthwhile to exploralternative designs

to more finely pinpoint the optimal space and identify how best to achieve the most

desirable ACCs using Tenc¢and indeed other cellulosic sources.

Additionally, DoE offers a route to mukiactor analysi@swe have seen in this
thesis whereprocess conditionwere explored andaptured However, it does not
have to end ther@heprocess of production ACCs contains a widegeaof

factors, particularly when it comes to the textile its€éxtile characteristics such as
weave structure could lxplored not to mention the source of cellulose itself. The
work in this thesis has focused on two cellulosic sources; native cotton, and man
made Tencelnd whilst some insight can be gained on how the two sources
comparejt would be of interest to take more systematiook at the textile across a
range of sources such as flax, hempcose and indeed wastderived regenerated

fibres Beyond ACCs, the knowledgend applicationsf DoE translate into the
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wider remit of natural fibre textile compositasd how matrix and reinforcement

components can be tailored to a desired specification.

Data-driven approaches to tailor ACCs

Further DoE exploratiooould help generatarge, robustlatasetsand this offers an
opportunity toleveragemachine learning (MLapproacheto further expand our
understanding of ACC processing, leading to the possibilitgiliar ACCsfit-for-
purposeWith a well develop dataset supported by DoE, dfers a datadriven
approach to optimisation thean lead to enhanced predictability over DoE

Crucially, ML algorithmscontinue to learias more data isdded anaan find
correlations in notinear behaviourThe ACC process could be characterised across
a widerange of system factors, incorporating cellulose source, textile characteristics
and processing conditionslL algorithms could then be used to analyse ACCs
across a wide range of indusspecificperformance metric§.his could then lead

to the development @hn advanced material informatics system that streamlines the
material design and manufacturing process, enabling the creation of tailored
materials with specific properties efficiently and effectivédliis lays the

groundwork for future work into the commercialization of ACCs, where identified
process conditionfor desired performanasan be used as a starting point for
process modelling and scale. This will allow environmental impacésd

economic feasibility of ACC process scenatimbe assessed using life cycle

analysis (LCA) and techreconomic analysis (TEA).
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