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Abstract!!!

Glass! fibre! reinforced! thermosetting! polymers! (GRP)! have! been! used! in! a! wide!

range! of! applications! over! the! past! decades,! such! as! in! the! production! of! wind!

turbine!blades.!Once!these!materials!reach!the!end!of!their!life!cycle,!they!are!often!

deposited! in! landfill! sites,! a! disposal! option! that! is! becoming!more! expensive! and!

environmentally^unfriendly.! The! glass! fibres! can! be! recycled! from! the! composite!

waste!by!degrading!the!polymer!matrix!at!elevated!temperatures,!however!this!leads!

to! fibres! with! drastically! low! mechanical! strength.! The! main! objective! of! this!

research!project!was! to!develop!chemical! treatments! to! regenerate! the!strength!of!

such!fibres,!to!allow!their!reuse!in!second^life!composite!materials.!

In! this! work,! glass! fibres! were! heated! in! a! furnace! to! mimic! thermal! recycling!

conditions,!before!chemical! treatments!were!applied!to!regenerate!their!strength.!It!

was! discovered! that! a! short! treatment! of! fibres! in! hot! and! concentrated! sodium!

hydroxide! (NaOH)! or! potassium! hydroxide! (KOH)! solution! significantly! increased!

their! strength,! likely! due! to! etching! of! fibre! surface! flaws.! Interestingly,! these!

treatments! had! a! detrimental! effect! on! the! strength! of! virgin! fibres.! A! kinetic!

investigation!was!carried!out!to!determine!the!etching!rate!of!glass!fibres!in!alkaline!

solutions.! This! was! achieved! by! accurately! measuring! the! diameter! of! individual!

glass! fibres! before! and! after! alkaline! treatment! using! a! scanning! electron!

microscope.!It!was!found!that!NaOH!solution!was!more!corrosive!towards!the!glass!

fibres!than!KOH!solution,!and!that!increasing!the!concentration!and!temperature!of!

the!alkaline!solution!led!to!an!increase!in!etching!rate.!

Later! in! the! study,! glass! fibres! were! thermally! recycled! from! an! end^of^life! wind!

turbine! blade.! The! recycling! procedure! involved! feeding! the! downsized! blade!

section!into!an!in^house!fluidised!bed.!Fluidised!bed!recycling!is!a!common!thermal!
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recycling!technique!where!elevated!temperatures!and!oxygen!lead!to!degradation!of!

the!composite!matrix!and! recovery!of! the! fibrous!components.! It!was! found! that!a!

short! treatment! of! the! recycled! fibres! in! concentrated!NaOH! solution!managed! to!

considerably! regenerate! their! strength.! An! effort! was! made! in! recovering! the!

strength!of!the!fibres!under!milder!alkaline!conditions,!though!the!reported!strength!

increase! was! not! as! significant.! A! case! study! was! conducted! to! determine! the!

industrial! feasibility! of! treating! recycled! glass! fibre! in! alkaline! solution.! It! was!

discovered!that! the!costs!of!solution!preparation!and!processing!conditions!can!be!

partially!offset!through!charging!businesses!for!collecting!their!composite!waste,!and!

selling!the!regenerated!glass!fibres!as!chopped!fibre!products.!!
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1! Introduction!

1.1! Background!

There! is! growing! concern! for! the! negative! effect! current! disposal! methods! of!

composite!waste! are! having! on! the! environment.! It! is! estimated! that! by! 2020! the!

composites!market!will! reach!almost!£80!billion!globally,!and!as!a!result,! there!will!

be!a!high!volume!of!waste!once!these!materials!reach!the!end!of!their!life!cycle![1].!

Glass! fibre! is! currently! used! as! reinforcement! in! over! 90%! of! all! fibre^reinforced!

composites! produced,! and! production! waste! represents! 5! –! 10%! of! composites!

production! [2].! The! high! rigidity! and! chemical! resistance! of! these! composites,!

particularly! glass! fibre! reinforced! thermosetting! polymers! (GRP),! are! required! for!

optimum! performance! but! unfortunately! result! in! poor! recyclabilityr! when! such!

materials!are!no!longer!fit!for!purpose,!they!are!deposited!frequently!in!landfill!sites.!

The! rising! costs! associated! with! landfill! together! with! increasingly! stringent!

legislation! means! this! disposal! route! is! becoming! ever! more! undesirable.!

Consequently,! alternative!methods! for! dealing!with!GRP!manufacturing!waste! are!

needed![3].!In!addition,!the!accelerating!growth!in!use!of!GRP!materials!such!as!in!

the!production!of!wind!turbine!blades!means!it! is! imperative!that!a! long^term,!cost^

effective,!recycling!solution!be!developed!for!end^of^life!composites![4].!

In!an!effort! to! reduce! the!environmental!damage!caused!by!disposal!of!end^of^life!

composite!materials,!a!range!of!recycling!techniques!have!been!investigated,!some!

of!which!are!now!exploited!on!an!industrial!scale![5,!6].!Thermal!treatment!is!one!of!

the! most! widespread! recycling! technologiesr! by! subjecting! the! composite! to!

elevated! temperatures,!degradation!of! the!polymeric!matrix! is!achieved,! facilitating!

subsequent!extraction!of!any!fibrous!reinforcement![6].!Due!to!the!harsh!conditions!

employed! in! this! procedure! the! glass! fibres! suffer! from! a! severe! loss! in! strength,!
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and! therefore! cannot! be! reused! in! many! forms! of! composite! applications! [7^10].!

These!damaged!filaments!can!however!be!reused!as!reinforcements!if!their!strength!

is! restored! by!means! of! chemical! treatment.! Such! an! example! has! recently! been!

given!where!the!strength!of!glass!fibres!heat!conditioned!at!450!–!600!°C!can!almost!

triple! after! a! few!minutes! of! immersion! in! dilute! hydrofluoric! acid! (HF)! [11].! HF! is!

proven! to! be!an!effective! chemical! etchant,! and! is! thought! to! strengthen!glass!by!

smoothing!out! sharp,! severe! surface! flaws! [12].!However,! as!HF! is! highly! toxic! in!

nature,! its! commercial! use! for! regenerating! strength! of! thermally! weakened! glass!

fibres!is!problematic.!Consequently,!there!is!a!need!to!find!less!challenging!chemical!

routes! to!enable!a! solution! to! the!problem!of! cost^effective! recycling!and! reuse!of!

the!glass!fibres!in!GRP!waste.!

More!recently,! it!was!discovered! that!sodium!hydroxide!(NaOH)!solution,!prepared!

at! high! temperatures! and! at! concentrations! of! 1.5!M! and! above,! can! significantly!

improve! the! strength! of! thermally! treated! glass! fibre! [13,! 14].! The! dissolution! of!

glass! in! alkali! is! well! documented! in! literature! [15^17],! however! the! use! of! these!

corrosive!substances!for!strengthening!thermally!conditioned!glass!fibres!is!a!novel!

concept,! given! that! alkaline! treatments! are! shown! to! have! a! detrimental! effect! on!

virgin! glass! fibre! strength! [18^22].! It! is! believed! that! the! reduction! in! strength! of!

fibres! after! heat! treatment! can! be! attributed! to! the! creation! of! new! flaws! on! the!

surface!and/or! the!growth!of!pre^existing! flaws! [23,!24].!The!mechanism!by!which!

these!flaws!develop! is!not!yet! fully!understoodr! it!has!been!postulated!that! it!could!

involve! the! interaction! of! water! with! the! fibre! surface! during! the! heat! treatment!

process! [23,!24].!However,! it!was! found! that!when! fibres!were!heat! treated!under!

vacuum!they!experienced!a!similar!degree!of! tensile!strength! loss,!suggesting!that!

the!presence!of!water!has!no!effect!on!the!development!of!fibre!surface!flaws![25].!It!

can! be! hypothesised! that! the! reaction! of! silica! (SiO2)! in! the! glass! fibre! with!
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hydroxide!ions!(OH^)!from!the!alkaline!solution!leads!to!the!smoothing!of!the!sharp,!

severe!surface! flaws,!and! thus! increases! the! tensile!strength!of! the! fibre! [20].!The!

modification!of!surface!flaws!has!been!reported!previously!on!bulk!glass!with!HF!as!

the!corrosive!medium![12].!!!

!

1.2! Objectives!

As!mentioned! in! the!previous!section,! the!application!of!hot!alkaline! treatments! to!

thermally!conditioned!glass!fibres!can!be!an!effective!approach!to!regenerate! their!

strength,!and!is!relatively!safer!than!using!HF.!This!thesis!presents!the!results!of!an!

in^depth!investigation!into!the!use!of!hot!alkaline!solutions!to!improve!the!strength!of!

thermally!treated!E^glass!fibres.!To!further!the!understanding!of!the!reaction!of!glass!

with!alkaline!solutions,!hydroxides!based!on!other!alkali!metals!were!also!surveyed:!

lithium!hydroxide!(LiOH)!and!potassium!hydroxide!(KOH).!It!is!thought!the!nature!of!

the! alkaline! solution,! temperature,! molarity! and! treatment! duration! influence! the!

etching!rate!of!the!glass!surface.!Parameters!related!to!the!glass!fibre!itself,!such!as!

its!diameter!and!the!presence!of!sizing,!can!also!influence!the!reaction!rate.!In!this!

research!study,!the!effects!of!various!alkaline!solution!conditions!on!fibre!properties!

were!explored.!The! influence!of!alkaline! treatments!on!virgin!glass! fibres!was!also!

examined.!In!addition,!the!kinetics!of!the!reaction!between!glass!fibres!and!alkaline!

solutions!were! investigated! to! learn!more!about! the!etching!mechanism.!Finally,!a!

study!into!the!effects!of!various!chemical!treatments!on!the!properties!of!glass!fibres!

thermally!recycled!out!of!an!end^of^life!wind!turbine!blade!was!conducted.!!!

The! ultimate! aim! of! this! research! project! was! to! develop! chemical! treatments! to!

regenerate! the!performance!of! thermally!conditioned!or! recycled!glass! fibres.!This!

can!offer!a!potential!cost^effective!route!to!GRP!recycling,!and!ultimately!reduce!the!
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negative! environmental! impact! from! landfill! disposal.! Additional! objectives! include!

generating!further!understanding!of! the!etching!mechanism!and!how!differences! in!

chemical!properties!of!alkali!metal!hydroxides!affect!their!reaction!with!glass!fibre.!

!

1.3! Outline!of!thesis!

This! chapter! is! an! introduction! to! the! background,! objectives! and! outline! of! the!

thesis.! The! next! chapter! (Chapter! 2)! gives! a! general! literature! review! on! the!

manufacture,! applications! and! properties! of! glass! fibres.! Presentation! of! research!

work!carried!out!to!address!the!project!objectives!is!shown!in!Chapters!3!to!5.!Each!

of! these! chapters! includes! a! more! specific! literature! review! and! experimental!

section.!Chapter!3!discusses!the!use!of!alkaline!treatments!to!improve!the!strength!

of!glass!fibres!thermally!treated!in!a!furnace!to!mimic!recycling!conditions.!Being!the!

most! significant! chapter! in! terms! of! content,! it! also! reports! detailed! investigations!

into! the!etching!effect!of!alkaline!solutions!on!glass! fibres,!and!examination!of! the!

alkali! treated! fibre! surfaces! from! a! range! of! analytical! techniques.! Chapter! 4!

explores! in! more! depth! the! kinetics! of! the! reaction! of! glass! fibres! with! alkaline!

solutions.! Finally,! Chapter! 5! investigates! the! effect! of! alkaline! as! well! as! other!

chemical! treatments! to! regenerate! the! performance! of! glass! fibres! that! were!

thermally! recycled! out! of! an! end^of^life! wind! turbine! blade! using! an! in^house!

fluidised!bed.!Focus!of!this!chapter!is!more!on!developing!chemical!treatments!that!

are!cost^effective!and!hence! industrially^feasible.!Conclusions!of! the!work!reported!

in!this!thesis!are!given!in!Chapter!6,!and!areas!for!future!work!described!in!Chapter!

7.!There!is!also!an!Appendix!which!provides!more!information!on!the!theory!behind!

some!of!the!analytical!techniques!employed!in!this!research!project!to!examine!the!

fibre!surface!after!alkaline!treatment.!!!!!!!!!
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2! Glass!fibres!–!a!review!

This! chapter! gives! a! general! review! of! the! literature! concerning! the! development,!

properties! and! applications! of! glass! fibres.! Chapters! 3! to! 5! contain! separate!

literature! reviews! that! look! specifically! into! the! strength! loss! of! glass! fibres! from!

thermal! recycling! and! how! glass! can! be! altered! from! chemical! treatment! such! as!

alkaline!solution!to!regenerate!strength.!

!

2.1! Introduction!to!glass!fibres!

In!the!1940s,!Slayter!of!Owens!Corning!filed!the!first!patents!on!manufacturing!glass!

fibres![26^29].!Despite!the!recent!development!of!these!materials,!they!were!in!fact!

used! hundreds! of! years! ago! by! the! Venetians! for! decoration! [25,! 30].! Since! the!

mass!production!by!Owens!Corning,!glass! fibres!have!been!used!commercially! in!

various!applications,!from!composite!materials!to!printed!circuit!boards!(PCBs)![25,!

31].!Glass!fibres,!usually!E!(electric)!grade,!are!used!in!over!90%!of!fibre!reinforced!

composites! manufactured! today! [14].! When! also! taking! yarns! into! account,! it! is!

estimated!that!the!total!consumption!of!E^glass!could!already!be!above!7!Mton![14].!!

Glass!fibres!have!numerous!beneficial!properties!which!allow!them!to!be!used!in!a!

wide! range!of!applications.!As!glass! fibres!possess!a!high!surface! to!volume!ratio!

there! is! a! decrease! in! the! population! of! critical! flaws! on! the! surface! according! to!

Griffith’s!theory![32]r!because!of!this,!glass!fibres!have!an!excellent!tensile!strength,!

which!can!range!from!2!to!4.7!GPa.!Glass!fibres!can!however!lose!tensile!strength!

following!exposure!to!highly!corrosive!environments!and!elevated!temperatures,!as!

described!later!in!this!thesis.!!
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The! rest! of! this! chapter! focuses! particularly! on! how! glass! fibres! are! produced!

industrially,! their! chemical! composition,! and! how! they! can! lose! strength! through!

processes!such!as!thermal!recycling!from!composite!waste.!

!

2.2! Glass!fibre!formulation!

The!manufacture!of!glass!fibres!involves!mixing!certain!naturally!occurring!minerals!

in! various! ratios! according! to! the! grade!of! fibre! that! needs! to! be! produced.!Many!

types!of!glass! fibres,!such!as!E^glass! fibres,!are!composed!mainly!of!silica!(SiO2).!

Although! one! might! consider! silica! as! a! discrete! molecule,! in! reality! it! forms! an!

amorphous!network!structure!in!glass!fibres!as!shown!in!Figure!2.1![33].!The!glass!

structure!also! incorporates!network!formers!and!modifiers,!and!their!definitions!are!

explained!later.!

!

 
 

Figure!2.1!–!Amorphous!network!structure!of!silica!with!network!modifiers!and!formers.!

Reproduced!from![33]!!
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The!non^bridging!oxygens!in!the!glass!network!can!bond!to!hydrogen!atoms!to!form!

silanol! groups! (SiOH)r! in! fact,! many! studies! in! the! past! involved! measuring! the!

silanol!group!concentration!on!the!surface!of!bulk!and!fibrous!silica!glass![34^38].!!

The! production! of! glass! fibres! relies! on! the! glass! mixture! to! be! liquid! so! that!

filaments!can!be!drawn!out.!Amorphous!silica!softens!at!a!very!high!temperature!of!

1650! °C,!but!does!not!have!a! true!melting!point.!Other!minerals!are!added! to! the!

glass!mixture! to!make! fibre! production! easier.! These!minerals! form! oxides! in! the!

glass! melt! and! affect! the! properties! of! the! resulting! fibre.! Among! these! are!

aluminium! oxide! (Al2O3)! and! boron! oxide! (B2O3),! which! are! classified! as! network!

formers! as! they! become! part! of! the! silica! structure.! The! incorporation! of! these!

network! formers! results! in! a! decrease! in! the! temperature! required! to! process! the!

glass!melt.!Network!modifiers!also!exist!in!the!glass!mixture,!such!as!calcium!oxide!

(CaO)! and! magnesium! oxide! (MgO).! These! additives! create! gaps! in! the! silica!

structure!and!balance!the!excess!negative!charge!from!oxygen!ions!in!the!network.!

Some!oxides! like!Al2O3!are!also!categorised!as! intermediate!oxides,!meaning!they!

can!function!both!as!network!modifiers!and!formers!in!the!glass.!Other!metal!oxides!

can!be!present!in!the!glass!mixture,!but!usually!in!trace!amounts.!!

E^glass!is!the!most!popular!grade!employed!in!glass!fibre!production,!and!was!used!

in!this!research!study.!The!typical!composition!of!E^glass!fibre!(boron!containing!or!

boron!free)!is!presented!in!Table!2.1.!The!concentration!of!each!oxide!is!given!as!a!

range!as!there!can!be!slight!variation!amongst!different!glass!fibre!manufacturers.!In!

recent!years,!work!has!been!done!with!removing!boron!and!fluorine!from!glass!fibre!

formulations!because!of!health!concerns.!!

!

!
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Table!2.1!–!Typical!wt%!of!various!oxides!in!EPglass,!taken!from![25,!39]!

! Typical!composition!(wt%)!
Component! SiO2! Al2O3! B2O3! CaO! MgO! Na2O!

+!
K2O!

TiO2! Fe2O3! F2!

Boron!
containing!
E^glass!

52!–!!56! 12!–!
16!

4!–!
10!

16!–!
25!

0!–!6! 0!–!2! 0!–!
0.5!

0!–!
0.4!

0!–!
0.7!

Boron!free!
E^glass!

59!–!
60.1!

12.1!–!
13.2!

–! 22.1!–!
22.6!

3!–!
3.4!

0!–!
0.9!

0.5!–!
1.5!

0.2! 0!–!
0.1!

!

In! industry,! all! the! components! of! the! glass!mixture! are!melted! in! a! furnace! and!

fibres!are!drawn!out!as!shown!in!the!schematic!in!Figure!2.2![40].!!

!

!

Figure!2.2!–!Schematic!showing!the!glass!fibre!forming!process.!Reproduced!from![40]!

!

Fibres!are!drawn!out! individually! from! the!molten!glass! through!a!bushing,!before!

being!cooled!with!water! spray.!Because!of! the!nature!of! the!drawing!process,! the!

diameters!of!the!fibres!can!vary,!from!3!to!24!μm![40].!Also,!the!composition!of!the!

various!oxides!shown!in!Table!2.1!can!differ!slightly!with!each!fibre![40].!As!soon!as!

the!glass!fibres!are!formed!and!quenched,! their!surfaces!are!coated!with!a! ‘sizing’!
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usually! via! an! applicator! roll! as! shown! in! Figure! 2.2.! The! sizing! is! an! aqueous!

mixture!containing!a!myriad!of!ingredients!such!as!film!former,!silane!coupling!agent!

and!lubricant.!More!information!on!the!purpose!of!some!of!these!sizing!components!

is! given! in! the! following! section.! In! general,! the! sizing! is! applied! to! the! fibre! to!

protect!the!surface!from!damage!and!to!improve!its!bonding!to!the!polymer!matrix!in!

the!composite.!Once!fibres!are!coated!in!a!sizing,!they!are!gathered!together!into!a!

strand!and!move!to!the!next!stage!of!processing.!The!handling!of!the!fibre!bundles!

at! this! stage! depends! on! their! intended! user! they! could! be! chopped! into! short!

strands,!or!wound!into!a!roving.!Some!of!the!components!in!the!sizing!are!designed!

to! aid! winding! or! chopping! of! the! fibre! strands.! The! next! section! goes! into! more!

detail! on! the! various! ingredients! usually! present! in! commercial! sizings,! and! their!

functions.!

!

2.3! Glass!fibre!sizing!

Thomason!and!Adzima!state!that!sizing!is!probably!the!main!component!that!affects!

the!quality!of!glass! reinforcement!products! [40].!Sizings!are!water^based!solutions!

with!0.05!to!10%!solid!content.!These!solids!require!water!as!a!medium!for!coating!

the! glass! fibres! during! manufacturing.! Each! of! the! components! of! the! sizing!

performs!a!particular!function!for!the!fibre,!as!described!in!this!section.!The!nature!of!

the! constituents! in! glass! fibre! sizings! and! their! composition! are! generally! kept!

proprietary! by! the! glass! fibre! manufacturer,! however! the! most! commonly! used!

ingredients!are!known!and!mentioned!here.!

!
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2.3.1! Film!former!

The!polymer!film!former!is!generally!the!main!component!of!the!glass!fibre!sizing!by!

weight.!This! is!essentially!an!emulsion!of!a!polymer!or!a!combination!of!polymersr!

because!of! their! immiscibility! in!water,! the!polymers! require! an!emulsifying!agent.!

The! nature! of! the! polymer! or! polymers! in! the! film! former! usually! depends! on! the!

matrix! the! fibres!will! bond! to! in! the! composite!material.! For! example,! if! the! glass!

fibres! are! intended! for! use! in! an! epoxy^based! composite,! then! it! is! likely! the! film!

former! in! the! glass! fibre! sizing! would! be! an! epoxy! emulsion.!When! this! polymer!

emulsion! is! applied! to! glass! fibres! as! part! of! a! sizing! and! dried,! a! film! is! formed!

around!the!surface.!The!purpose!of!this!film!former!is!to!hold!the!fibres!together!in!a!

bundle!during!processing!and!protect!the!surface!from!damage.!Because!the!nature!

of! the!polymer!will! closely!match! that!of! the!composite!matrix,! the! film! former!can!

also!improve!the!interfacial!adhesion!of!the!glass!fibres.!

Zinck!et!al.![41,!42]!examined!the!effect!of!sizing!(including!film!former!alone)!on!the!

properties!of!glass!fibres.!They!report! that! the!film!former!can!affect! the!healing!of!

flaws!already!present!on!the!unsized!glass!fibre!surface,!and!the!probability!of!new!

flaws!being! formed! [42].! In! addition,! the!authors! found! that! the! tensile! strength! of!

fibres!increased!after!coating!with!a!mixture!of!film!former!and!silane!coupling!agent,!

and!to!a!greater!extent!than!coating!fibres!with!only!one!of!these!sizing!componentsr!

because!of!this,!they!assumed!a!synergistic!effect!of!the!film!former!with!the!silane!

coupling! agent.! Details! on! the! functions! of! silane! coupling! agents! in! glass! fibre!

sizings!are!given!in!the!following!section.!

!



11!
!

2.3.2! Silane!coupling!agent!

Despite!being!the!second!most!significant!constituent!in!terms!of!weight,!the!silane!

coupling!agent!is!thought!to!be!the!most!crucial!ingredient!in!glass!fibre!sizings.!The!

silane!coupling!agent!is!essentially!a!bridging!material!that!improves!the!bonding!of!

glass!fibres!to!the!polymer!matrix!in!the!composite![43,!44].!The!general!structure!of!

a! silane! coupling! agent! is! [X^Si(OR)3],! where! X! is! usually! an! organic! functional!

group! that!can!bond! to! the!polymer!matrix!material.!OR! tends! to!be!a!methoxy!or!

ethoxy! group,! of! which! the! alkyl! group! hydrolyses! and! thus! can! react! with! the!

hydroxyl!groups!on!the!glass!surface.!!

Aminosilanes! are! the! most! widely! used! silane! coupling! agents! as! they! can! be!

compatible! with! both! thermoplastic! and! thermoset! polymer! matrix! materials! [25].!

The! coupling! agent! used! for! the! experimental! work! reported! in! this! thesis! is! γ^

aminopropyltriethoxysilane!(APS)!(see!the!chemical!structure!in!Figure!2.3),!which!is!

also!the!most!widely!used!coupling!agent!in!commercial!glass!fibre!sizings.!

!

!

Figure!2.3!–!Chemical!structure!of!APS!

!

The! hydrolysable! components! of! APS! (R)! are! the! ethyl! groups! (CH3CH2^).! The!

organic! functional!group!(X)! is!a!propyl!chain! that! terminates!with!a!primary!amine!

(NH2).!
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To! hydrolyse! the! APS,! it! is! made! into! an! aqueous! solution.! The! water! from! the!

solution!detaches! the!ethyl! groups! from! the!APS,!and! is! eliminated! in! the! form!of!

ethanol.! The! ethyl! groups! are! substituted! with! hydrogen! atomsr! these! resulting!

silanol! groups! (SiOH)! from! the! APS! molecules! react! with! each! other! through! a!

condensation!step!to!form!a!siloxane!structure!as!shown!in!Figure!2.4.!

!

!

Figure!2.4!–!Hydrolysation!and!condensation!process!of!silane!coupling!agents.!Reproduced!

from![25]!

!

The!hydroxyl!groups!left!in!the!siloxane!structure!then!react!with!the!hydroxyl!groups!

on!the!glass!fibre!surface!leading!to!covalent!bonding!upon!drying!as!presented!in!

Figure!2.5.!

!
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!

Figure!2.5!–!Bonding!of!selfPcondensed!silane!coupling!agent!with!substrate!surface!(such!as!

glass).!Reproduced!from![25]!

!

Although!the!reaction!scheme!in!Figure!2.5!suggests!a!monolayer!of!coupling!agent!

bonds! to! the! glass! surface,! in! reality! there! could! be! a! 3^D! network! structure!

comprised! of:! APS! chemically! bonded! to! the! glass! surface! at! the! interface,! APS!

molecules! self^condensed! to! form! a! complex! polysiloxane! network,! and! short!

chained!self^condensed!APS!(oligomers)!loosely!bonded!at!the!surface!(see!Figure!

2.6)![25,!45,!46].!

!
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!

Figure!2.6!–!Schematic!of!3PD!network!structure!of!hydrolysed!APS!on!glass!fibre!surface.!

Reproduced!from![46]!

!

As!well! as! promoting! the! adhesion! of! glass! fibres!with! the! polymer!matrix,! silane!

coupling! agents,! whether! applied! alone! or! as! part! of! a! sizing,! can! improve! the!

strength!of!bare!fibresr!this!can!be!through!a!flaw!healing!mechanism!as!proposed!

by!Zinck!et!al.![41,!42]!or,!most!likely,!by!protecting!the!fibre!surface!from!damage!in!

the!first!place![47,!48].!

Other!ingredients!aside!from!film!formers!and!silane!coupling!agents!are!included!in!

commercial!glass! fibre!sizings.!A!brief!description!of!some!of! these!components! is!

presented!in!the!next!section.!

!

2.3.3! Auxiliary!components!

The! previous! sections! summarise! the! functions! of! the! two! main! constituents! of!

commercial!glass!fibre!sizings:!the!film!former,!and!the!silane!coupling!agent.!Other!
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components! can! be! found! in! sizings,! though! they! are! usually! present! in! lower!

concentrations.!Auxiliary! ingredients! in!glass! fibre!sizings!could! include:! lubricants,!

anti^static!agents,!emulsifiers,!chopping!aids,!wetting!agents!and!antioxidants! [40].!

Lubricants! are! added! to! sizings! to! reduce! fibre^fibre! abrasion.! Anti^static! agents!

keep! static! electricity! from! building! up! on! the! non^conductive! fibres! as! they! are!

being! produced! and! converted! at! high! speeds.! Emulsifiers,! although! identified! as!

additives,! are! generally! incorporated! into! the! film! former! to! allow! the! polymer! to!

disperse!in!water.!They!also!improve!the!dispersion!of!other!sizing!components!that!

would! otherwise! be! immiscible! in!water.!Chopping!aids! are! included! in! sizings! to,!

like! the! name! suggests,! make! it! easier! to! chop! the! fibre! strands! during! the!

manufacturing!stage.!Wetting!agents!reduce!the!surface!tension!of!the!sizing!so!that!

it! can! wet! the! fibre! surface! more! easily.! Finally,! antioxidants! slow! down! the!

degradation!of!the!sizing!thereby!increasing!its!lifetime.!

To! summarise,! sizing! aids! the! processing! of! glass! fibres! when! they! are! being!

manufactured,!as!well!as!acting!as!a!protective!coating!during!usage!and!promoting!

fibre! adhesion! to! the! polymer! matrix! in! the! composite! material.! Despite! the!

protective!capability!of!the!sizing,!glass!fibres!can!still! lose!strength!during!service,!

for! instance! through! exposure! to! corrosive! environments! and! during! mechanical!

handling.!In!particular,!the!reduction!of!strength!is!severe!when!recycling!fibres!out!

of!composite!waste!through!thermal!treatment.!The!following!section!looks!into!what!

causes!the!decrease!in!strength!of!glass!fibres!and!methods!in!which!fibre!strength!

can!potentially!be!recovered.!

!
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2.4! Glass!fibre!strength!loss!

The!ability!of!the!sizing!to!protect!the!glass!fibre!surface!from!damage!is!discussed!

in! the! previous! section.! Glass! fibres! can! still! suffer! strength! loss! from! processes!

such!as!mechanical!handling!(fibre^fibre!rubbing!and!abrasion),!chemical!corrosion,!

and! thermal! recycling.! Understanding! the! mechanism! of! strength! loss! of! glass!

fibres,! especially! when! they! are! recycled! out! of! composite! waste,! can! help! to!

develop!an!approach!to!regenerate!their!strength!and!allow!their!reuse!in!second^life!

composite!materials.!A!more!in^depth!literature!review!on!the!strength!loss!of!virgin!

glass!fibres!from!chemical!and!thermal!treatments!is!given!in!Chapter!3.!Here,!more!

focus!is!given!on!the!factors!that!govern!the!strength!loss!of!glass!fibres!in!general.!

Fibres!with! no! flaws! on! the! surface! or! in! the! bulk! are! referred! to! as! pristine.! The!

strength!of!pristine!fibres!is!denoted!as!the!‘intrinsic’!strengthr!it!is!controlled!by!the!

structure!and!composition!of!the!glass![49,!50].!The!strength!of!non^pristine!fibres!is!

usually! discussed! in! the! literature! (‘extrinsic’! strength).! The! extrinsic! strength! is!

influenced! by! 2^D! flaws! or! cracks,! which! are! of! nanometre! scale.! Because! the!

surface!of!the!fibre!is!the!first!point!of!contact,!one!might!assume!that!these!cracks!

are! usually! present! on! the! surface! rather! than! in! the! bulk.! Feih! et! al.! [7,! 24,! 51]!

examined! the! fracture! surface! (cross^section)! of! glass! fibres! before! and! after!

thermal!treatment!to!determine!the!source!of!the!flaw.!A!schematic!diagram!of!what!

a! fibre! fracture! surface! would! look! like! if! the! flaw! originated! at! the! surface! is!

displayed!in!Figure!2.7.!

!
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!

Figure!2.7!–!Schematic!showing!the!fracture!surface!of!a!fibre!where!the!flaw!originated!from!

the!surface.!Reproduced!from![7]!

!

The!three!main!features!of! the!fracture!surface!shown!in!Figure!2.7!are!the!mirror,!

mist!and!hackle![7].!Close!to!the!fracture!origin!is!the!mirror!zone,!which!is!smooth!

and! is! inversely!related! to! the! fibre! tensile!strengthr! the! larger! the!mirror!zone,! the!

more!severe!the!surface!crack,!and!hence!the!lower!the!strength!of!the!fibre.!At!the!

edge!of!the!mirror!zone!is!a!speckled!region!known!as!the!mist,!and!protruding!from!

this!region!are!branches!which!are!referred!to!as!hackle.!Feih!et!al.!observed!these!

features!for!untreated!and!thermally!treated!glass!fibres!(see!Figure!2.8),!suggesting!

that!strength!loss!in!both!cases!was!due!to!critical!flaws!at!the!surface![7].!!

!
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!

Figure!2.8!–!Scanning!electron!microscopy!(SEM)!images!of!the!fracture!surface!of!glass!fibres!

(a)!untreated,!and!(b)!thermally!treated!in!air.!Reproduced!from![7]!!

!

The! idea! that! the! strength! of! glass! fibres! is! controlled! by! superficial! flaws! is! well!

documented!in!the!literature![7,!8,!23^25,!51^60].!Korwin^Edson!et!al.![59]!state!that!

mechanical! and/or! chemical! damage! can! cause! the! development! of! the! surface!

flaws.! These! surface! flaws! are! focal! points! for! stresses! applied! on! the! glassr!

eventually,! under! stress,! the! critical! surface! crack! propagates! leading! to! failure! of!

the!glass!article.!In!the!1920s,!Griffith!et!al.![32]!expressed!the!following!relationship!

between!the!strength!and!crack!depth!in!brittle!materials!(Equation!2.1):!

!

!" = $
2&'

()∗
!

Equation!2.1!

!

σf! refers! to! the!failure!stress!of! the!specimen!(strength),!E! the!Young’s!modulus,!γ!

the! fracture! surface! energy,! and! c*! the! critical! crack! depth! for! crack! growth! [32].!



19!
!

There!is!a!stress!concentration!on!the!critical!crack!tipr!the!strained!bonds!at!this!tip!

eventually! break! and! the! crack! proliferates! under! stress,! resulting! in! failure! of! the!

glass! [59].! It! is! thought! that!water!molecules!can! react!with!siloxane!bonds!on! the!

glass! surface,! resulting! in! increased! severity! of! cracks! and! consequently! a! lower!

tensile! strength! of! the! glass! fibrer! Feih! et! al.! postulate! that! this! could! be! a!

mechanism! of! strength! loss! of! glass! fibres! after! thermal! treatment,! where! the!

elevated! temperature! accelerates! the! corrosion! of! the! glass! by! adsorbed! surface!

water! [7,! 24,! 51].! The! adverse! effect! of! water! on! glass! strength! has! been!

investigated!decades!earlier![61^63].!The!loss!in!strength!of!virgin!glass!fibres!after!

treatment!in!alkaline!solutions!and!hydrofluoric!acid!(HF)!is!also!thought!to!be!due!to!

the!breakdown!of!siloxane!bonds,!and!is!explored!further!in!Chapter!3.!The!strength!

reduction!of!fibres!after!treatment!in!acids!other!than!HF!(such!as!hydrochloric!acid,!

HCl)!is!believed!to!involve!leaching!of!ions!from!the!glass!rather!than!degradation!of!

the!silicate!network![64,!65].!!

From!reviewing!the!literature,!it!is!clear!that!the!strength!of!glass!fibres!is!generally!

controlled! by! cracks! on! the! surfacer! the! mechanism! of! crack! growth! is! not! fully!

understood,!but! is!thought!to!involve!the!interaction!of!the!glass!surface!with!water!

or! other! chemical! species! if! damage! is! mainly! inflicted! by! chemical! treatment.!

Examining!a!surface!flaw!on!a!fibre!before!and!after!thermal!or!chemical!treatment!

could!provide!further!insight!into!how!strength!loss!occurs,!however!because!of!the!

nanometre! scale! of! the! flaws! they! cannot! be! easily! probed! even! with! a! powerful!

microscope.! As! a! result,! surface! flaws! on! glass! fibres! are! usually! schematically!

represented!in!the!literature!like!in!Figure!2.9.!!

!
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!

Figure!2.9!–!Schematic!showing!the!surface!flaws!on!a!glass!fibre.!Reproduced!from![20]!

!

More!recently,!cracks!have!been!observed!on!thermally!recycled!glass!fibres!using!

an! SEM! [66]! and! further! investigated! using! other! techniques! like! atomic! force!

microscopy! (AFM)! in! this! thesis.! Assuming! that! surface! cracks!mainly! control! the!

strength! of! glass! fibres,! it! can! be! said! that! improving! the! strength! of! glass! fibres!

thermally! recycled! out! of! composite!waste! can! potentially! be! achieved! by! altering!

these!cracks!through!chemical!treatment.!This!may!seem!counter^intuitive!given!that!

chemical! treatments! such! as! alkaline! solution! are! shown! to! decrease! virgin! fibre!

strength!possibly!by!creating!and!propagating!surface!flaws!in!the!first!place![18^22],!

however!work!by!previous!authors! [13,!14]!and!the!results!presented! in! this! thesis!

show! the! potential! of! alkaline! solution! to! regenerate! strength! of! thermally! treated!

glass!fibres!through!the!very!same!chemical!mechanism.!!!!!!

!

2.5! Conclusions!of!literature!review!

Glass! fibres! have! been! used! since! ancient! times,! but! the! application! of! these!

materials! in!composites!has!only!been!prevalent! in!the!past!decades.!Glass!fibres,!
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particularly! E^glass! fibres,! are! the! most! widely! used! reinforcement! materials! in!

composites! today,! owing! to! their! excellent! strength! and! chemical! resistance.!

Commercial! glass! fibres! tend! to! be! produced! from! a! blend! of! silica! and! various!

metal!oxides,!the!purpose!of!the!latter!being!to!make!the!fibre!manufacturing!stage!

easier.! Individual! filaments!are!drawn!out!of! the!molten!glass,! cooled,!and!coated!

with!a!sizing!to!protect!the!glass!fibre!surface!and!improve!adhesion!to!the!polymer!

matrix! in! the! composite.! The! sizing! is! an!aqueous! solution! containing!a! variety! of!

ingredients,!each!with!a!specific!function!or!functions!for!the!fibre.!Arguably!the!most!

vital!component!of! the!sizing,! the!silane!coupling!agent,!promotes! the!adhesion!of!

the!glass!fibres!with!the!composite!matrix!and!protects!the!fibre!surface.!!

Despite! the! excellent! thermal! and! chemical! resistance! of! the! sizing,! it! can!

unfortunately!degrade!during!processes!such!as!thermal!recycling!of!the!composite!

or! through! chemical! corrosion,! thus! exposing! the! fibre! surface! to! physical! and!

chemical! damage.! The! main! factor! controlling! the! strength! of! the! glass! fibre! is!

believed! to!be! the! surface! flaws,!which!become!more! severe!by! thermal/chemical!

treatment!and!mechanical!handling.!The!strength!loss!of!fibres!subjected!to!thermal!

treatment!is!said!to!involve!the!degradation!of!the!glass!network!by!surface!water,!a!

process!believed!to!be!accelerated!by!the!elevated!temperature.!A!similar!procedure!

is! said! to! be! followed! when! fibres! are! chemically! treated,! for! example! in! alkaline!

solution.! The! breakdown! of! the! network! is! thought! to! result! in! the! propagation! of!

surface! cracks! on! the! glass! fibre,! leading! to! poor! tensile! strength.! Due! to! the!

nanometre! scale! of! these! cracks! they! are! difficult! to! detect! even!microscopically.!

The!feasibility!of!certain!chemical!treatments!to!modify!the!severe!surface!cracks!of!

thermally! treated! or! recycled! glass! fibres! and! hence! improve! tensile! strength! is!

explored!in!this!thesis.!!!!

!
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3! Regenerating!the!strength!of! thermally!conditioned!glass!

fibres!through!hot!alkaline!treatments!

!

3.1! Introduction!

As! discussed! previously! in! Chapter! 2,! glass! fibres! suffer! from! a! severe! loss! in!

tensile! strength!after!being! thermally! recycled! from!GRP!waster! this! renders! them!

unfeasible!for!reuse!in!various!composite!applications![7^10,!25,!67].!To!address!this!

issue,!fibres!can!be!treated!in!a!chemical!solution!to!regenerate!their!strength.!Such!

an!example! is! given! in! [11]!where! the! strength!of! glass! fibres!heat! conditioned!at!

450!–!600!°C!can!almost!triple!after!a!few!minutes!of!immersion!in!dilute!hydrofluoric!

acid! (HF).! HF! is! proven! to! be! an! effective! chemical! etchant,! and! is! thought! to!

strengthen!glass!by!smoothing!out!sharp,!severe!surface!flaws![12].!However,!as!HF!

is! highly! toxic! in! nature,! its! commercial! use! for! regenerating! strength! of! thermally!

recycled! glass! fibres! is! problematic.! It! was! recently! discovered! that! strength!

regeneration!of! thermally!conditioned!glass!fibres!can!also!be!achieved!by!treating!

them!in!alkaline!solution!at!elevated!temperature!and!at!concentrations!of!1.5!M!and!

above! [13,! 14].! Despite! the! aggressive! conditions! employed! in! this! treatment,!

alkaline!solution!is!still!relatively!safer!than!HF!and!hence!more!practical!for!treating!

recycled! glass! fibres! on! an! industrial! scale.!A!more! detailed! investigation! into! the!

cost^effectiveness!of!using!alkaline!solution!on!a!commercial!scale!to!treat!recycled!

fibres!is!described!in!Chapter!5.!

This! chapter! presents! the! results! of! an! investigation! of! the! use! of! hot! alkaline!

solutions!in!regenerating!the!strength!of!E^glass!fibres!that!were!thermally!treated!in!

a!furnace!to!simulate!recycling!conditions.!Firstly,!a!literature!review!was!carried!out!
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into! the! effect! of! chemical! treatments! on! the! properties! of! virgin! glass! fibresr! this!

research!has!been!conducted!extensively!as!there!is!a!need!to!assess!the!durability!

of! commercial! glass! fibres! in! various! chemical! environments.! The! influence! of!

thermal!treatment!on!the!mechanical!properties!of!glass!fibres!was!also!examined!in!

the! literature,! as! well! as! the! effect! of! chemical! treatments! in! regenerating! their!

strength.!

The!work!carried!out!in![13,!14]!involved!the!use!of!sodium!hydroxide!(NaOH)!as!the!

alkaline!medium!to!regenerate!fibre!strength.!It!is!thought!the!reaction!of!glass!fibre!

with!alkaline!solution,!and!therefore!the!extent!to!which!fibre!strength!is!recovered,!

is! strongly! dependent! on! various! conditionsr! this! can! include! the! nature! of! alkali,!

temperature,!molarity!and!treatment!duration.!In!this!research!study,!the!feasibility!of!

alkali! metal! hydroxides! as! well! as! NaOH!was! surveyed:! lithium! hydroxide! (LiOH)!

and!potassium!hydroxide!(KOH).!Once!fibre!bundles!were! thermally!conditioned! in!

the! furnace! to! mimic! recycling! conditions,! they! were! treated! in! these! alkaline!

solutions! at! various! concentrations! and! times.! The! tensile! strength! of! these! fibres!

was!then!measured!to!establish!whether!the!treatment!was!successful.!In!addition,!

the! effect! of! these! alkaline! treatments! on! the! strength! of! virgin! glass! fibres! was!

examined.!!!!!!!!

As!well!as!characterising!the!fibre!strength,!the!resulting!deposit!formed!on!the!fibre!

surface! after! alkaline! treatment! and! the! glass! surface! topography! were! both!

analysed! through! various! techniques.!Although! the! research!presented! in! [13,! 14]!

show! how! alkaline! treatment! can! recover! a! significant! amount! of! strength! in!

damaged! fibres,! the! mechanism! of! this! strength! regeneration! has! not! yet! been!

investigated.!It!is!thought!that!the!strength!recovery!could!involve!the!etching!of!the!

damaged!surface!layer!of!the!fibre!by!the!alkaline!solutionr!the!validity!of!this!theory!

is!investigated!in!this!chapter.!The!main!aim!of!the!research!study!presented!in!the!
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chapter! is! to! validate! the! hypothesis! that! alkaline! treatment! can! regenerate! the!

strength! of! thermally! recycled! glass! fibres,! offer! a! potential! cost^effective! route! to!

GRP!recycling,!and!ultimately!reduce!the!negative!environmental!impact!from!landfill!

disposal.!Additional!objectives!include!generating!fundamental!understanding!of!the!

etching! mechanism! and! how! differences! in! chemical! properties! of! alkali! metal!

hydroxides!affect!their!reaction!with!glass!fibre.!The!key!results!given!in!this!chapter!

have!recently!been!published!in!a!journal!article![2]!and!in!conference!proceedings!

[68,!69].!

!

3.2! Literature!review!

3.2.1! Effect!of!chemical!treatments!on!virgin!glass!fibre!strength!

It! is! important! for! glass! fibres! to! exhibit! excellent! chemical! resistance! in! order! for!

them! to! be! used! in! composites!manufacturing.!Studies! on! the! resistance! of! glass!

fibre!reinforced!composites!in!various!chemical!environments!have!been!carried!out!

according!to! the! literature![70^72].!Previous!research!shows!that! the!component!of!

glass! fibre! reinforced! composites! responsible! for! their! failure! in! corrosive!

environments!is!the!fibre!rather!than!the!resin![73^75].!Significant!chemical!corrosion!

of!glass!fibres!is!shown!to!have!an!adverse!effect!on!the!mechanical!performance!of!

glass!fibre!reinforced!composites![71,!72,!76].!Although!the!resin!is!generally!critical!

to!the!chemical!durability!of!the!composite,!the!fibre!also!plays!an!important!role!and!

is!the!primary!focus!of!this!literature!review.!!

The! performance! of! virgin! glass! fibres! following! exposure! to! acidic! and! alkaline!

solutions!have!been!explored!comprehensively!according!to!the!literature.!Friedrich!

et! al.! [18]! examined! the! durability! of! both! E^glass! and! basalt! fibres! in! alkaline!



25!
!

environments!by! treating! the! fibres! in!hot!NaOH!solution!and! then!measuring! their!

tensile!strength!and!mass!lossr!they!found!that!although!the!basalt!fibres!dissolved!

in!the!alkaline!solution!at!a!faster!rate!than!the!E^glass,!they!retained!more!of!their!

strength.!A!similar!investigation!was!carried!out!by!Wei!et!al.![21]!where!both!fibres!

were!also!treated!in!hydrochloric!acid!(HCl).!The!authors!discovered!that!the!basalt!

fibres! displayed! superior! acid! resistance! and! preserved! more! of! its! mass! after!

alkaline! treatment,!but! in!contrast! to! the! results! in! [18],!suffered! from!more!severe!

strength! loss! than! the! E^glass! fibre! [21].! These! results! also! contradict! those!

presented!in![77],!where!basalt!fibres!were!shown!to!have!poor!resistance!to!acids!

and!exceptional!durability!in!alkaline!environments.!For!both!glass!and!basalt!fibres,!

the! strength! and! mass! typically! drops! precipitously! after! exposure! to! alkaline!

solution!and!then!levels!off!with!time,!as!indicated!in!Figure!3.1![21].!

!

!

Figure!3.1!–!Mass!loss!(%)!and!strength!maintenance!(%)!of!EPglass!and!basalt!fibres!after!

treatment!in!boiling!2!M!NaOH!solution.!Reproduced!from![21]!

!

The! fibres! (all! unsized)! loss! their! mass! linearly! with! treatment! time! in! the! NaOH!

solution,!then!remains!constant!after!2!hours!for!the!glass!fibre,!and!1!hour!for!the!

basalt! fibrer! this! is! probably! due! to! the! build^up! of! a! product! layer! on! the! fibre!
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surface!which!impedes!the!dissolution!process![21].!The!strength!of!the!fibres!drops!

dramatically!after! just!half!an!hour!of!alkaline! treatment,!and! then!decreases!more!

gradually!with!time,!as!does!the!mass.!Analysis!of!the!fibre!surface!with!a!scanning!

electron!microscope!(SEM)!proved!the!existence!of!a!product!layer!(image!shown!in!

Figure!3.2)![21].!

!

!

Figure!3.2!–!SEM!image!of!EPglass!fibre!after!treatment!in!boiling!2!M!NaOH!solution.!

Reproduced!from![21]!

!

In!another!article!the!authors!assess!the!chemical!resistance!of!ECR!(electrical!and!

chemical!resistant)!and!S!(high!strength)!glass!fibres!in!alkaline!solution![22].!The!S^

glass!fibre!showed!marginally!better!strength!retention!though! its!dissolution! in! the!

hot!NaOH!solution!was!significantly!greater!than!that!of!ECR^glass!fibre![22].!

Velpari!et!al.![78]!explored!the!stability!of!E^glass!fibre!in!cement!extract!solution!to!

assess! whether! it! was! feasible! as! a! reinforcement! material! in! Portland! cement.!

Although! the!alkaline!conditions!of! the!cement!solution!was!not!as!corrosive!as! in!

other!studies!(pH!12!to!13),!the!fibres!suffered!from!a!drastic!loss!of!tensile!strength!

after!being!immersed![78].!The!behaviour!of!AR!(alkali!resistant)!glass!fibres!in!both!

cement! and! NaOH! solution! has! been! investigated! by! Scheffler! et! al.! [20].! In! this!

article,! the! alkaline! resistance! of! sized! and! unsized! fibres! was! studiedr! in! other!
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reports!the!sizing!was!always!removed!from!the!fibre!surface!with!acetone!treatment!

to!avoid! its! influence!on!mass! loss!measurements! [18,!21,!22].!The!authors! found!

that! although! the! sizing! initially! protected! the! fibre! from! alkaline! attack,! it! was!

eventually! removed! thus! resulting! in! a! similar! strength! loss! of! the! fibre! to!when! it!

was!unsized![20].!It!was!also!proposed!that!the!NaOH!and!cement!solution,!though!

both!alkaline!in!nature,!reacted!with!the!fibre!surface!through!different!mechanismsr!

Figure! 3.3! shows! schematic! diagrams! of! the! hypothesised! corrosion! process! of!

glass!fibres!in!NaOH!and!cement!solution![20].!!!!!

!!

!

Figure!3.3!–!Schematic!diagram!of!the!corrosion!process!of!glass!fibres!in!(a)!NaOH!solution,!

and!(b)!cement!solution.!Reproduced!from![20]!!

!

Figure!3.3a!initially!shows!the!fibre!with!flaws!on!the!surface,!which!reacts!with!the!

NaOH! solution! to! form! a! corrosion! layer! that! eventually! peels! off! to! reveal! an!

apparently!smoother! fibre!surface!underneathr! the!authors!believed! that! this!stage!

of!the!corrosion!process!explained!the!occasional!increase!in!failure!stress!of!NaOH!

treated! fibres! [20].! They! assumed! that! with! the! new! fibre! surface! the! corrosion!

process!would!start!from!the!beginning!again,!and!this!cycle!would!be!repeated!as!

the!fibres!remain! in!the!solution.!Figure!3.3b!conversely!demonstrates!that!cement!

solution!has!a! limited,! local!attack!on! the! fibre!surface!which! leads! to!defects! that!
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increase! in! size! to! eventually! form! holesr! SEM! images! of! these! features! are!

presented! in! [20].! In^depth! investigations! into! the!mechanism!of!glass!corrosion! in!

alkaline!solution!are!well!documented!in!the!literature![15^17]!and!explored!further!in!

Chapter! 4.! The! subsequent! section! looks! into! the! damaging! effect! of! thermal!

treatment!on!glass!fibres,!and!how!alkaline!solution!can!potentially!regenerate!their!

performance.!!

!

3.2.2! Properties!of!thermally!treated!glass!fibres!

This! section! explores! the! damaging! effect! of! chemical! treatments! on! virgin! glass!

fibres.!This!similar!degradation!of!mechanical!properties!can!be!experienced!when!

fibres!are!subjected!to!elevated!temperatures.!In!order!to!recover!glass!fibres!from!

GRP!waste,! it! typically!requires!thermal! treatment!at!450!to!600! °C!to!degrade!the!

polymeric! matrix.! The! drastic! loss! in! tensile! strength! of! glass! fibres! from! thermal!

treatment! is! a! major! issue,! as! this! limits! their! reuse! in! second^life! composite!

materials.! This! section! looks! into! how! thermal! treatment! reduces! glass! fibre!

strength,!and!in!what!way!certain!chemical!solutions!can!potentially!regenerate!the!

strength!of!these!filaments.!!!!

It! has! been! discussed! previously! in!Chapter! 2! how! the! strength! of! glass! fibres! is!

normally! governed! by! surface! flaws.! Although! it! is! well^established! that! thermal!

treatment!leads!to!a!reduction!in!strength!of!glass!fibres,!the!mechanism!of!strength!

loss! is! not! yet! understood,! except! for! the! fact! that! new! flaws! on! the! surface! are!

created! and! pre^existing! flaws! become! more! severe! in! some! way! [23,! 24].! It! is!

postulated!that!the!mechanism!of!flaw!development!could!involve!the!interaction!of!

water!with!the!fibre!surface!during!the!heat!treatment!process![23,!24].!
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Studies!on!the!influence!of!thermal!treatment!on!glass!fibre!strength!were!conducted!

several! decades! ago! [79^82].! Aslanova! [79]! reported! up! to! 70%! strength! loss! of!

glass!fibres!when!heated!at!400!–!600!°C.!It!was!also!discovered!that!the!chemical!

composition! of! the! fibres! had! a! significant! impact! on! the! extent! of! strength!

degradation,!as!demonstrated!in!Figure!3.4![79].!

!

!

Figure!3.4!–!Strength!loss!(%)!of!1)!quartz!glass,!2)!silica,!3)!nonPalkaline!aluminoborosilicate,!

and!4)!sodaPcalciaPsilicate!glass!fibre!after!thermal!treatment!at!different!temperatures.!

Reproduced!from![79]!

!

Figure! 3.4! shows! that! the! strength! loss! of! fibres! of! alkaline! composition! (curve!4)!

occurs!more!rapidly!and!at!lower!temperatures,!with!quartz!fibre!(curve!1)!being!the!

most! thermally! resistant.!Aslanova! found! that! the!more!acute!strength!reduction!of!

the!fibres!correlated!with!a!higher!rate!of!crystallisation,!implying!that!crystallisation!

leads!to!strength!loss![79].!Crystalline!structures!have!been!observed!through!SEM!

imaging! of! the! fibres! [79,! 83],! and! it! is! suggested! that! this! crystallisation! process!

leads!to!the!formation!of!superficial!cracks,!which!is!the!key!reason!for!fibres!losing!

their!strength![83].!!
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Research! into! the!strength! loss!of! thermally! treated!E^glass! fibres!was!carried!out!

many! decades! ago! [53,! 84,! 85]r! these! studies! showed! that! strength! loss! became!

more!severe!with!increasing!temperature.!More!recently!Feih!et!al.![7,!24]!replicated!

this! work! using! sized! fibres! and! observed! a! dependence! of! strength! loss! on! the!

treatment! temperature! and! time.! From! fracture! surface! analysis! of! the! fibres! the!

authors! suggested! that! the! strength! loss! was! due! to! defects! on! the! surface! as!

opposed!to!internal!damager!in!addition,!the!mechanism!of!surface!flaw!growth!was!

assumed! to! involve! the! interaction! of! the! fibre! surface!with!water! during! the! heat!

treatment![7,!24].!Feih!et!al.![51]!also!employed!focussed!ion!beam!(FIB)!milling!to!

artificially! create! nano^sized! cracks! in! the! fibre! surface! (example! given! in! Figure!

3.5).!They!discovered!that!the!strength!loss!and!other!fracture!parameters!for!nano^

notched! and! thermally! treated! fibres! were! the! same,! concluding! that! the!

development! of! surface! flaws! is! the!main! cause! of! strength! degradation! of! glass!

fibres!after!thermal!treatment![51].!

!

!

Figure!3.5!–!SEM!image!showing!a!240.2!nm!deep!crack!in!an!EPglass!fibre!created!by!FIB!

milling.!Reproduced!from![51]!

!
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Jenkins! [25]! detected! a! possible! surface! flaw! of! a! heat! treated! glass! fibre! when!

examining! its! fracture! surface! with! SEMr! the! predicted! flaw! depth! for! this! fibre!

(measured!strength!1.2!GPa)!was!0.11!μm,!close!to!the!measured!value!shown!in!

Figure!3.6!(0.12!μm).!

!

!

Figure!3.6!–!SEM!image!showing!fracture!origin!of!a!glass!fibre!heat!treated!at!450!°C!under!
vacuum,!strength!1.2!GPa.!Reproduced!from![25]!

!

Jenkins! et! al.! [8]! found! that! in! addition! to! thermal! treatment,!mechanical! damage!

imposed!on!glass!fibres!can!also!have!an!effect!on!strength.!Figure!3.7!displays!the!

tensile!strength!of!both!sized!and!bare!E^glass!fibres!after!being!thermally!treated!as!

a!bundle!and!as!individual!fibres![8].!!
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!

Figure!3.7!P!Tensile!strength!of!bare!and!APSPsized!fibres!after!being!thermally!treated!at!200,!

300,!450,!500!and!600!°C!for!25!min!as!bundles!and!single!fibres.!Reproduced!from![8]!

!

The!bare!glass!fibres!are!initially!weaker!than!the!sized!fibre!as!the!sizing!protects!

the! fibre! surface! from! physical! and! chemical! damage.! The! sizing! remains! an!

effective! barrier! until! after! 300! °C,! where! there! is! a! precipitous! drop! in! tensile!

strength! of! the! fibres! treated! as! a! bundle.! The! bare! fibres,! whether! heated! as! a!

bundle! or! individually,! exhibit! a! fairly! steady! decrease! in! strength! with! treatment!

temperature.! Significant! strength! retention! up! to! 450! °C! is! observed! when! sized!

fibres!are!treated!individually.!Fibres!can!be!difficult! to!separate!from!bundles!after!

thermal! conditioningr! the! purpose! of! the! single! fibre! treatment! procedure! was! to!

remove! these! mechanical! effects.! The! fact! that! fibres! retain! more! strength! when!

heated!individually!implies!that!mechanical!handling!can!have!an!adverse!effect!on!

fibre!strength!as!well!as!the!thermal!conditioning!process!itself.!

!
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3.2.3! Use!of!chemical!treatments!to!regenerate!strength!of!thermally!treated!

glass!fibres!

It! is! assumed! that! thermal! treatment! leads! to! strength! loss! of! glass! fibres! by! the!

growth!of! new!and!pre^existing! surface! flaws.!From! reviewing! the! literature! it! also!

seems! clear! that! corrosive! treatments,! such! as! alkaline! solution,! can! have! a!

detrimental!effect!on!virgin! fibre!strength.!The!mechanism! involving! the!reaction!of!

glass!fibre!and!alkaline!solution!is!thought!to!involve!the!etching!of!the!fibre!surface.!

Whilst!this!proves!to!have!a!negative!effect!on!the!strength!of!virgin!glass!fibres,!the!

influence! on! thermally! treated! fibres! can! potentially! differr! it! can! be! hypothesised!

that!the!reaction!of!silica!(SiO2)!in!the!glass!fibre!with!hydroxide!ions!(OH^)!from!the!

alkaline! solution! [20]! leads! to! the! smoothing! of! the! sharp,! severe! surface! flaws,!

leading!to!an!increase!in!the!tensile!strength!of!the!thermally!conditioned!fibre.!!

Other!chemical!solutions,!like!HF,!exhibit!an!etching!effect!on!glass!fibre.!Numerous!

studies!have!been!conducted!in!the!past!regarding!the!etching!of!bulk!glass!by!HF!

[12,!86^91].!The!etching!of!glass!by!HF!is!evidenced!by!SEM!imaging,!which!show!

the!increased!roughness!of!the!glass!surface![12,!86].!Spierings![12]!presents!SEM!

images! showing! severe! surface! cracks! on! the! bulk! glass,! which! are! then!

transformed! into! smooth! U^shaped! structures! with! extended! HF! treatment! as!

indicated!in!Figure!3.8.!

!

!
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!

Figure!3.8!–!SEM!images!of!the!crossPsection!of!a!soda!lime!silicate!glass!after!HF!treatment!for!

(a)!2!minutes,!showing!severe!surface!cracks,!and!(b)!30!minutes,!showing!UPshaped!

structures.!Reproduced!from![12]!!!!

!

Spierings!commented! that!etching!away!surface!cracks!on!glass!using!a!corrosive!

solution!like!HF!is!an!effective!method!to!increase!its!strength![12].!This!concept!had!

been!demonstrated!several!decades!agor!Sakka![82]!and!Aslanova![79]! found!that!

HF!treatment!significantly!enhanced!the!strength!of!thermally!conditioned!fibres,!and!

they! stress! how! much! of! an! effect! the! presence! of! surface! defects! has! on! fibre!

strength.!Due!to!the!nanoscale!of!surface!cracks!present!on!glass!fibres,!they!would!

be!challenging!to!probe!before!and!after!chemical!treatment!for!any!change!in!depth!

or!shaper!this!is!an!area!where!work!is!yet!to!be!done![25].!!

The!research!carried!out!in![79,!82]!was!recently!replicated!by!Yang!et!al.![11].!The!

aim!of!this!study!was!to!develop!a!treatment!that!can!regenerate!enough!strength!in!

thermally! recycled!glass! fibres! to!allow! their! reprocessing! in!second^life!composite!

materials.!E^glass!fibres!were!heated!in!a!furnace!at!450!to!600!°C!to!mimic!thermal!

recycling! conditions,! before! being! treated! for! a! few!minutes! in! dilute! HF! solution.!

Figure!3.9![11]!shows!the!extent!of!strength!recovery!achieved!in!these!fibres.!

!
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!

Figure!3.9!–!Tensile!strength!of!glass!fibres!heat!treated!at!450,!500!and!600!°C,!and!then!treated!
in!1!vol%!HF!solution!for!different!times.!Reproduced!from![11]!!

!

Clearly! HF! treatments! can! almost! triple! the! strength! of! glass! fibres! thermally!

conditioned! even! at! 600! °C,! which! is! at! the! upper! end! of! the! thermal! recycling!

temperature!range.!It!was!also!found!that!the!fibre!diameter!reduction!(%)!increased!

as! a! function! of! HF! treatment! time,! confirming! that! HF! etches! away! the! glass!

surface! and! that! this! is! likely! the! process! by!which! the! fibre! strength! is! improved!

[11].!!

Despite! the! positive! impact! of! HF! treatments! on! the! strength! of! thermally!

conditioned!glass! fibres,! it! is!apparent! that! the!extreme! toxicity!of!HF!will! render! it!

unfeasible! for! treating! fibres! on! an! industrial! scale.! Silane! and! hydrochloric! acid!

(HCl)!treatments!were!shown!to!be!ineffective!at!regenerating!fibre!strength![92]!as!

they!cannot!etch!away!glass! like!HF.!Fortunately!hot!alkaline!solution,!which!does!

etch!glass,!was!discovered!to!be!a!safer!alternative!to!HF!for!recovering!the!strength!

of! thermally! conditioned! fibres! [13,! 14,! 67].! Saez! [13]! investigated! the! efficacy! of!

NaOH! treatments! in! improving! the! strength! of! thermally! conditioned! glass! fibre!

bundles,!and!Nagel![67]!went!on!to!apply!this! treatment! to!chopped!glass!fibres!to!

assess!their!effect!on!composite!performance.!Thomason!et!al.! [14]!reports!on!the!
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influence! of! NaOH! treatment! on! the! strength! of! fibres! conditioned! at! different!

temperatures!within!the!thermal!recycling!range!(450,!500!and!600!°C),!as!shown!in!

Figure!3.10.!!!

!

!

Figure!3.10!–!Tensile!strength!of!glass!fibres!thermally!conditioned!at!450,!500!and!600!°C,!and!
treated!in!NaOH,!APS!and!HF!solution![11].!Reproduced!from![14]!

!

The!strength!of!the!fibres!is!enhanced!considerably!after!NaOH!treatment,!reaching!

up!to!1.5!GPa!with!450!°C!thermal!conditioning!temperaturer!this!is!considered!to!be!

an! important! target! strength! for! recycled! fibres! to! reach! to!allow! them! to! compete!

with!chopped!glass!fibre!products![14].!Although!the!strength!recovery!is!marginally!

lower!than!for!HF!treated!fibres,!NaOH!solution!appears!to!be!an!effective!and!more!

viable! chemical! treatment! to! regenerate! fibre! strength.! Figure! 3.10! shows! that!

application!of!a!silane! (APS)! to! the!NaOH! treated! fibres!can! further! increase! their!

strength! to!above!the!values!presented!for! fibres! treated! in!HFr! this!can!be!due!to!

the!silane!protecting!the!fibres!during!handling!after!NaOH!treatment.!In!spite!of!the!

fact! that! fibre!diameter! reduction!was!not!apparent! following!NaOH! treatment,! it! is!

widely!accepted!that!alkaline!solutions!can!etch!bulk!and!fibrous!glass.!Furthermore,!
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the! fact! that! NaOH! solution! does! not! etch! glass! fibres! as! much! as! HF! is!

advantageous!as!it!would!lead!to!reduced!material!loss!during!the!treatment.!!

!

3.2.4! Conclusions!of!literature!review!

It!is!widely!accepted!that!alkaline!solution!has!an!adverse!effect!on!the!properties!of!

virgin!glass!fibres.!Studies!have!mainly!been!carried!out!using!fibres!with!the!sizing!

removed,! as! it! can! have!an! influence!on! the!mass! loss!measurements.!However,!

this! is! not! representative! of! how! fibres! will! be! exposed! to! various! chemical!

environmentsr! in! all! applications,! glass! fibres! require! the! application! of! a! sizing.!

Investigation!has!been!carried!out! into!the!alkaline!resistance!of!sized!glass!fibresr!

the! presence! of! sizing! does! suspend! the! dissolution! and! hence! strength! loss! of!

glass! fibres,! however! once! this! is! removed! the! fibres! undergo! a! considerable!

decrease!in!mass!and!strength!like!unsized!fibres.!Reaction!of!glass!fibre!with!alkali!

results! in! the! formation! of! a! corrosion! layer!which! begins! to! retard! the!mass! and!

strength!loss.!!

The! strength! loss! of! glass! fibres! after! thermal! treatment! can! stem! from! a!

combination!of!effects,!such!as!mechanical!handling!and!the!chemical!composition!

of! the! fibre.! Although! more! research! needs! to! be! done! into! the! mechanism! of!

strength! degradation! of! these! fibres,! it! is! widely! accepted! that! the! presence! of!

severe!surface!cracks! is! the!main!cause!of!strength! loss.!Taking!this! into!account,!

along!with! the! fact! that! certain! chemical! treatments! can!etch!away! the!glass! fibre!

surface,!it!seems!that!treating!thermally!conditioned!fibres!in!a!corrosive!solution!is!a!

feasible! route! to! regenerating! their! strength.! Work! that! has! been! done! in! this!

research!area!so!far!is!also!reviewed!in!the!literature.!!
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HF!solution!is!shown!to!be!an!effective!chemical!solution!to!regenerate!the!strength!

of! thermally! treated! glass! fibresr! it! has! been! theorised! decades! earlier! that! a!

corrosive!agent!like!HF!can!improve!the!strength!of!glass!by!smoothing!out!surface!

defects.!More!recently!work!has!been!done!with!developing!relatively!safer!chemical!

treatments! to! regenerate! strength! of! thermally! conditioned! glass! fibres.! Hot! and!

concentrated! NaOH! solution! can! significantly! increase! the! strength! of! thermally!

treated! fibres,! and! the! strength! can! be! improved! further! with! the! application! of! a!

silane! such! as! APS.! The! use! of! NaOH! solution! for! strengthening! thermally!

conditioned! glass! fibres! is! a! novel! concept,! given! that! it! is! shown! to! have! a!

detrimental!effect!on!virgin!glass!fibre!strength.!The!rest!of!this!chapter!will!focus!on!

experimental!work!carried!out!to!further!understand!the!effect!of!alkaline!treatments!

on! thermally! treated! glass! fibres.! Other! alkaline! solutions! such! as! KOH! were!

investigated! and! the! influence! of! alkali! concentration! and! treatment! time! on! fibre!

strength! recovery!was! examined.! The! behaviour! of! alkaline! solution! towards! bare!

and! APS^sized! glass! fibres! without! any! thermal! treatment! (virgin! fibres)! is! also!

reported.!!!!

!

3.3! Experimental!

3.3.1! Materials!

Boron^free!E^glass!fibres!supplied!by!Owens!Corning!(OC)!were!used!in!this!study.!

These!OC!fibre!rovings!(one!of!them!shown!in!Figure!3.11)!were!manufactured!on!a!

pilot! scale! bushing! and! received! as! 20! kg! continuous! single! end! square! edge!

packages.!Each!roving!had!a!nominal!tex!of!1200!and!a!nominal!fibre!diameter!of!17!

μm.! During! production,! fibres! were! coated! with! a! 1%! volume! γ^
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aminopropyltriethoxysilane! (APS)! hydrolysed! solution! in! deionised! water.! The!

purpose!of!this!APS!sizing!is!to!functionalise!and!protect!the!fibre!surface.!!

!

!

Figure!3.11!–!Image!of!an!OC!APSPsized!EPglass!fibre!roving!

!

Unsized!(bare)!glass!fibres!were!also!used!in!this!research!studyr!APS!solution!was!

not!applied!to!these!fibres!and!they!were!water!sprayed!only.!Mechanical!properties!

of!these!bare!and!APS^sized!glass!fibres!at!room!temperature!are!reported!in!Figure!

3.7! and! elsewhere! [47].! The! chemicals! used! in! this! project! were! purchased! from!

Sigma! Aldrich! and! included! NaOH! pellets,! LiOH! powder,! KOH! flakes! (all! at!

commercial!grade),!and!standard!37%!concentrated!hydrochloric!acid!(HCl).!

!

3.3.2! Thermal!treatment!

APS^sized!fibre!bundles!were!cut!from!the!roving!shown!in!Figure!3.11!and!fixed!to!

a! steel! rig! using! a! bolt! and! washer! (schematic! diagram! of! the! rig! is! displayed! in!

Figure!3.12)![25].!!
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Figure!3.12!–!Schematic!diagram!showing!the!steel!rig!used!for!thermal!treatment!of!glass!fibre!

bundles.!Reproduced!from![25]!

!

The! rig! was! placed! in! a! Carbolite! furnace,! which! was! preheated! to! 450! °C.! The!

fibres! were! left! for! 25! minutes! in! the! furnace! to! thermally! condition! under! air.! In!

some! experiments! the! thermal! treatment! temperature! was! increased! to! 500,! 550!

and!600!°C.!After!the!thermal!conditioning!procedure,!the!rig!was!extracted!from!the!

furnace! and! left! to! cool! at! room! temperature,! before! fibre! bundles! were! removed!

and!treated!in!various!alkaline!solutions.!!

!

3.3.3! Alkaline!treatment!

NaOH,! LiOH! and! KOH! solutions! were! prepared! in! 500! ml! volumetric! flasks!

according!to!the!following!molarities:!1.5,!2,!3!and!5!M.!The!mass!of!alkali!required!

to!make!a!500!ml!solution!at!a!specific!molarity!can!be!calculated!from!Equation!3.1.!

!
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+,--$ . = +/0,1234$
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=

567
9$>/0;<:$(@)! !

Equation!3.1!

!

Once! the!desired!mass!of!alkali!was!measured!and!added! to! the!volumetric! flask,!

deionised!water! was! poured! in! slowly! up! to! the!mark.! The! dissolution! of! alkali! in!

water!is!an!exothermic!process,!so!heat!is!given!offr!because!of!this,!care!had!to!be!

taken!when!adding!the!water!to!the!volumetric!flask.!A!stopper!was!then!placed!on!

top!of! the! flask!and! inverted!a! few! times! to!ensure! the!alkali! thoroughly!dissolved.!

The!alkaline!solution!was!then!transferred!to!a!polypropylene!(PP)!container,!sealed!

with!a!lid,!and!placed!in!a!preheated!oven!at!95!°C!for!2!hours!which!was!sufficient!

time! to! heat! 500!ml! solution! to! the! desired! temperature.! Fibre! bundles!were! then!

immersed!in!the!solution!for!a!particular!time.!The!standard!treatment!duration!was!

10!minutes,!however!this!was!varied!in!subsequent!experiments!(at!2,!5,!20,!30!and!

120!minutes)!to!investigate!time!effect!on!fibre!properties.!The!container!was!sealed!

and!remained!in!the!oven!over!the!course!of!the!fibre!treatment.!Once!the!treatment!

was! complete,! the! fibres!were! removed! from! the! container! and! rinsed! in! 10! vol%!

HCl! solution! for! 10!minutes! followed!by! rinsing!with!deionised!water! for! 1!minute.!

The! purpose! of! this! rinsing! procedure! was! to! ensure! the! effective! removal! of!

residual!deposits!which!developed!on!the!fibre!surface!as!a!result!of!interaction!with!

alkaline! solution! [21].! In! addition,! previous! experimentation! did! not! show! any!

significant! change! in!mechanical! properties! of! glass! fibres! after! a! short! period! of!

acid! rinsing!alone.!Once! the! fibres!were! rinsed!after!alkaline! treatment,! they!were!

dried!out!in!an!oven!at!110!°C!for!15!minutes.!

!
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3.3.4! Single!fibre!tensile!testing!

Single! fibre! tensile! testing!was!performed! following! the!standard!ASTM!C1557^03.!

After!heat!and!chemical!treatment,!glass!filaments!were!carefully!separated!from!the!

bundle! and! mounted! on! card! tabs! with! the! central! window! matching! the! desired!

gauge! length! of! 20!mm! (a! schematic! of! a! tensile! test! card! is! presented! in! Figure!

3.13).!!

!

!

Figure!3.13!–!Schematic!of!a!fibre!tensile!test!card!

!

Double!sided!tape!was!initially!used!to!position!the!fibre!as!vertically!as!possible!on!

the! card,! before! being! secured!with! superglue.! The! samples!were! then! left! for! at!

least!24!hours!to!allow!the!glue!to!fully!set.!A!total!of!30!samples!were!prepared!for!

each!treatment!condition.!

Before!testing!the!strength!of!the!fibres,!their!diameters!had!to!be!measured!with!an!

optical!microscope!(Leitz!Ergolux!microscope,!image!shown!in!Figure!3.14).!

!
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!

Figure!3.14!–!Image!of!the!Leitz!Ergolux!optical!microscope!used!for!measuring!fibre!diameters!

before!tensile!testing!

!

Digital! images! were! captured! of! each! individual! fibre! at! x500!magnification! using!

ToupView!software.!To!measure!the!diameter,! the! images!were!opened! in! ImageJ!

(open! source! image! analysis! software).! Using! a! calibration! scale! marker,! the!

diameter! of! each! fibre!was!measured! and! recorded! in! μm.! Figure! 3.15! shows! an!

image!of!a!fibre!being!measured!for!diameter.!

!

!

Figure!3.15!–!Digital!image!of!a!glass!fibre!captured!by!the!optical!microscope,!being!measured!

for!diameter!!
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Once! the! diameters! were! measured! of! the! fibres,! they! were! tested! for! tensile!

strength!using!a!Testometric!tensile!testing!machine!equipped!with!a!5!N!load!cell.!A!

tensile!card!sample!was!clamped!onto! the! instrument!and!a!small!pair!of!scissors!

used!to!carefully!cut!the!card!in!half!as!shown!in!Figure!3.16.!!

!

!

Figure!3.16!–!Image!of!a!tensile!test!card!clamped!to!the!Testometric!and!cut!in!half!before!

testing!!

!

Once! inputting! the! diameter! of! the! fibre! into! the! software! (winTest! Analysis)! the!

tensile!test!was!commenced.!A!1.5%!strain!rate!was!applied!to!the!fibre!sample!(0.3!

mm/min)!and!the!force!required!to!break!the!fibre!(load!at!failure,!N)!was!measured.!

This! was! converted! to! tensile! strength! (GPa)! by! the! software! using! the! cross^

sectional!area!of!the!fibre!(calculated!from!diameter)!according!to!Equation!3.2.!!

!

! = $
B

C
!

Equation!3.2!
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where!σ!is!the!tensile!strength,!F!the!load!at!failure!and!A!the!cross^sectional!area!of!

the! fibre.! The! tensile! strength! was!measured! of! the! 30! fibre! samples! at! ambient!

environment! and! then! averaged! to! get! the! average! strength! for! that! specific!

treatment! condition.! Occasionally! fibres! would! break! prematurely! (before! tensile!

testing)! or! break! at! the! glue! after! the! tensile! test! was! completedr! these!

measurements!were!always!discounted!from!the!dataset.!!!!

Error!bars!associated!with!the!strength!measurements!in!this!thesis!represent!95%!

confidence!limits!(C.L.)r!this!was!calculated!from!Equation!3.3.!!

!

95%$G. @. = 1.96
-

K
!

Equation!3.3!

!

In!Equation!3.3,!s!stands!for!the!standard!deviation,!and!n!is!the!sample!size.!

!!

3.3.5! Scanning!electron!microscopy!(SEM)!

To!prepare!fibre!samples!for!SEM!analysis,!a!layer!of!sticky!carbon!tape!was!placed!

on! an! SEM! metal! plate.! Fibres! were! then! mounted! on! the! tape! as! vertically! as!

possible! as! indicated! in! the! schematic! in! Figure! 3.17.! In! some! cases,! bundles! of!

fibres!were!mounted!together!on!the!carbon!tape.!

!
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!

Figure!3.17!–!Schematic!of!an!SEM!plate!with!mounted!glass!fibres!!

!

To!analyse!the!fracture!surface,!fibres!were!mounted!in!a!way!so!that!the!SEM!was!

able!to!look!directly!above!their!cross^sections.!This!was!achieved!by!placing!folded!

copper!tape!on!the!carbon!tape!of!the!SEM!stud,!and!mounting!fibres!in!an!upright!

position!as!shown!in!Figure!3.18.!

!

!

Figure!3.18!–!Schematic!of!an!SEM!plate!with!glass!fibres!mounted!upright!!!

!

As!well!as!mounting!fibres!in!this!position,!the!tilt!and!rotation!functions!of!the!SEM!

stage!were!also!used!to!help!get!a!clear!view!of!the!fibre!cross^section![25].!All!the!
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mounted!glass! fibre! samples!were! coated! in!gold!using!an!Edwards!S150!sputter!

coater!in!order!to!prevent!charge!build^up!since!glass!fibres!are!non^conductive.!!

A!HITACHI! SU^6600! field! emission! scanning! electron!microscope! (FE^SEM)! (see!

Figure! 3.19),! equipped! with! an! energy! dispersive! X^ray! spectrometer! (EDS),! was!

used! for! surface! morphology! and! compositional! analysis! of! the! fibre! samples.!

Images!were!captured!at!an!accelerating!voltage!of!15!kV!and!extraction!voltage!of!

1.8!kV.!

!

!

Figure!3.19!–!Image!of!the!HITACHI!SUP6600!FEPSEM!!!

!

3.3.6! Atomic!force!microscopy!(AFM)!

A!Bruker!Innova!atomic!force!microscope!(see!Figure!3.20)!was!used!for!analysing!

the!surface!roughness!of!fibres!following!alkaline!treatment.!!

!
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!

Figure!3.20!–!Image!of!the!Bruker!Innova!AFM!

!

Tapping! mode! was! used! with! a! visible! apex! Si! tip! that! had! a! mean! resonance!

frequency!of! 70! kHz!and!a! low! spring! constant! (2!N/m)! ideal! for! fibrous! samples.!

AFM! images!were!acquired!at!128!x!128!pixel! resolution!and!a! low!scan!rate! (0.1!

Hz).!

For! each! treatment! condition,! three! individual! fibres!were! selected!at! random!and!

mounted! on! a! metal! plate! (see! the! schematic! in! Figure! 3.21).! Two! randomly!

selected!areas!of!each!fibre!were!scanned!in!a!3!x!3!μm!region.!

!
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!

Figure!3.21!–!Schematic!of!an!AFM!plate!with!mounted!fibres!

!

Height!and!tapping!phase! images!were!flattened!to!remove!curvature!by!using!the!

‘Flatten’!function!in!NanoScope!Analysis!at!2nd!orderr!an!example!of!this!is!given!in!

Figure!3.22.!

!

Figure!3.22!–!AFM!3PD!height!image!of!an!NaOHPtreated!glass!fibre!(a)!before!flattening,!(b)!after!

flattening,!to!remove!curvature!

!

The! roughness! of! the! fibre! surfaces! was! also! measured! using! the! NanoScope!

Analysis!software,!and!plotted!in!terms!of!Rq!(root!mean!square!roughness,! in!nm)!
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as!a!function!of!alkaline!treatment!time.!Details!of!the!theory!of!AFM!are!given!in!the!

Appendix.!

!

3.3.7! Fourier!transform!infrared!spectroscopy!(FTIR)!

Examination!of!the!observable!mid^infrared!chemical!vibrational!modes!in!the!alkali!

treated! fibres!was!achieved!using!an!Agilent!Technologies!4100!FTIR! (see!Figure!

3.23).!!

!

!

Figure!3.23!–!Image!of!the!Agilent!Technologies!4100!FTIR!

!

This!instrument!can!be!used!with!any!one!of!the!following!interfaces!listed!in!Table!

3.1,!depending!on!the!nature!of!the!sample!and!spectral!data!required.!

!

!
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Table!3.1!–!Interfaces!available!with!the!Agilent!Technologies!4100!FTIR!and!their!attributes!

Interface! Diffuse!
reflectance!
(DR)!

Specular!
reflectance!
(SR)!

Grazing!angle!
(GA)!

Attenuated!
total!internal!
reflectance!
(ATR)!

Image!

! ! ! !
Typical!DOP!
(depth!of!
penetration)!

>200!μm!^
~500μm!

~50!–!200!μm! ~50!–!200!μm! ~2!μm!
(at!1,000!cm^1)!

Typical!LOD!
(limit!of!
detection)!

~0.01%!
~10!–!100!
ppm!

~0.1!μg/cm2!
(weight/area)!

~0.1!μg/cm2!
(weight/area)!

~0.5!^!1.0%!

Examples!of!
applications!

GRP,!coatings! Contamination!
on!metals,!
weathering!of!
coatings!

Contamination!
on!metals,!
weathering!of!
coatings!

Coatings,!
plastics!

!

For! analysing! the! glass! fibre! bundles,! the! DR,! SR! and! ATR! interfaces! were!

employed.! Further! information! on! these! interfaces! in! terms! of! how! the! IR! beam!

interacts!with!the!sample!and!the!difference!in!penetration!depth!can!be!found!in!the!

Appendix.! The! DR! and! SR! interfaces! allowed! collection! of! spectral! data! in! a!

preparation^free! manner! and! force^free! manner! leaving! the! sample! completely!

intact.!With!the!ATR!interface,!pressure!had!to!be!applied!to!the!sample!via!a!clamp,!

which! resulted! in! occasional! breakage! of! the! fibres! as! discussed! later! in! this!

chapter.!FTIR!spectra!were!acquired!of!128!scans!at!8!cm^1!resolution!resulting!in!a!

data!collection!time!of!40!seconds.!The!bundled!glass!fibre!samples!were!examined!

throughout! their! whole! length! (as! shown! in! Figure! 3.24)! and! then! analysed! and!

averaged!per!treatment!using!data!processing!software!(OriginPro).!!!

!
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!

Figure!3.24!–!FTIR!analysis!of!a!glass!fibre!bundle!using!DR!interface!

!

Further!information!concerning!the!theory!of!FTIR!is!presented!in!the!Appendix.!

!

3.3.8! Mass!loss!and!diameter!reduction!of!fibres!after!alkaline!treatment!

To!understand!the!etching!effect!of!hot!alkaline!solution!on!glass!fibre,!two!separate!

experiments!were!conductedr!firstly,!three!heat!conditioned!glass!fibre!bundles!were!

treated!in!3!M!KOH!or!NaOH!for!each!treatment!duration!(1,!2,!3!and!5!hours)!and!

thoroughly! rinsed! in! acid! and!water! to! remove! as!much! residue! as! possible.! The!

mass!of! these!bundles!was!measured!before!and!after! alkaline! treatment! using!a!

microbalance! and! the! loss! (%)! calculated.! The! second! experiment! involved!

monitoring! the! same! single! fibre! before! and! after! treatment! and! measuring! the!

diameter!change!using!an!SEM.!When!sized!glass!fibres!are!heat!treated,!they!are!

difficult! to! separate! as! the! fibres! bond! to! each! other! from! the! cross^linking! of! the!

silane.!For!that!reason,!unsized!glass!fibres!were!used!in!this!experiment,!though!it!

was!not!believed!that!this!had!an!impact!on!the!results!obtained.!Each!fibre!was!cut!

into! three! portions! (1^! untreated,! 2^! treated! in! 3! M! KOH! and! 3^! treated! in! 3! M!

NaOH).!Portions!2!and!3!were!treated!in!the!respective!alkaline!solution!for!1,!2,!3!
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and!5!hours,!rinsed!in!acid!and!water,!and!dried.!Five!fibres!were!treated!in!alkaline!

solution!at!each!treatment!time.!Diameters!were!then!measured!under!the!SEM,!and!

by! comparing! values! before! and! after! treatment,! the! fibre! diameter! reduction! (%)!

was! determined.!More! information! on! the! single! fibre! treatment! procedure! can! be!

found! in! Chapter! 4.! The! error! bars! used! for! mass! loss! and! diameter! reduction!

measurements!show!the!standard!deviation.!!!

A! separate! study! on! the! corrosion! of! bare! and! APS^sized! glass! fibres! in! alkaline!

solution!was!also!carried!out.!Here!the!mass!loss!of!fibre!bundles!before!and!after!

alkaline! treatment! was! examined,! following! the! same! method! described! in! this!

section.!

!

3.4! Results!and!discussion!

3.4.1! Strength!regeneration!by!alkaline!treatment!

Figure!3.25!shows!tensile!test!results!for!heat!treated!(HT)!glass!fibres!treated!with!

KOH,!NaOH,!and!LiOH!solution!for!10!minutes!in!a!wide!range!of!molarities.!!

!

!
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!

Figure!3.25!P!!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!various!
concentrations!of!alkaline!solutions!for!10!minutes!

!

The! average! strength! of! HT! fibres! is! shown! to! be! reduced! drastically,! from!

approximately!2.3!GPa!(untreated!reference!value)!to!as!low!as!0.68!GPa.!Despite!

the! precipitous! drop! in! performance! of!HT! fibres,! a! significant! amount! of! strength!

can! be! restored! through! a! tailored! alkaline! treatment! as! shown! in! Figure! 3.25.! A!

major!increase!in!HT!fibre!strength!is!observed!following!immersion!in!1.5!M!NaOH.!

As!the!molarity!of!NaOH!increases,!the!treatment!does!not!significantly!improve!the!

strength!of! the! fibres.!KOH!enhances! fibre!strength!at!1.5!M,!although! to!a! lesser!

extent! than! NaOH! at! the! same! molarity.! Treatment! of! fibres! in! KOH! from! 2! M!

onwards!results!in!an!increase!in!fibre!strength!to!values!similar!to!what!NaOH!can!

achieve!at!a! lower!molarity!of!1.5!M.!LiOH!appears!to!have!little!effect!on!HT!fibre!

properties!for!the!molarity!range!investigated.!

Studies! show! NaOH! dissolves! glass! at! a! faster! rate! than! any! other! alkali! metal!

hydroxide,!with!KOH!slightly!less!reactive!and!LiOH!the!least![93].!Assuming!these!

alkaline! solutions! improve! fibre! strength! through! an! interaction! with! the! damaged!



55!
!

glass! surface,! we! would! assume! NaOH! to! be! the!most! efficient! treatment! option!

overall.!This!is!supported!by!results!in!Figure!3.25,!which!indicates!NaOH!treatment!

can!significantly!improve!HT!fibre!strength!at!a!molarity!of!1.5!M,!whereas!for!KOH!

to!have!a!similar!effect!a!more!concentrated!solution! is!required.!LiOH,!NaOH!and!

KOH!are!considered!to!be!strong!bases!as!they!completely!dissociate!into!the!metal!

cations!and!hydroxide!anions! in!water.!Some!early!studies!suggest,!however,! that!

LiOH! and! NaOH! do! not! completely! dissociater! the! dissociation! constant! (which!

indicates!how!well!the!base!dissociates)!was!found!to!vary!between!0.5!and!1.2!for!

LiOH,!and!3.1!to!8.1!for!NaOH!(at!25!°C)![93^95].!The!difference!in!the!dissociation!

constant!for!these!alkalis!could!be!due!to!the!atomic!size!of!the!metal!cation.!Li,!Na!

and!K!belong!to!the!same!group!in!the!periodic!table!(the!group!1!alkali!metals)!and!

the!atomic!size!of!the!element!increases!down!a!group.!Li,!being!at!the!top!of!group!

1,! has! a! smaller! atomic! size! and! has! a! stronger! affinity! for! the!OH^! in! LiOHr! this!

could!explain!why!the!dissociation!constant!was!measured!to!be!lower.!It!is!believed!

that! the! OH^! ions! are! responsible! for! the!modification! of! the! surface! of! HT! glass!

fibrer!consequently!the!fewer!OH^!ions!present!from!LiOH!leads!to!a!reduced!rate!of!

attack,!and!therefore!a!low!tensile!strength!recovery.!Conversely,!Na!and!K!possess!

a! larger!atomic!size!and!are!more!willing!to! liberate!hydroxide! ions.!Since!K!has!a!

greater!atomic!size! than!Na,!one!might!assume!KOH! to!be!a!stronger!baser!early!

studies!show!KOH!completely!dissociates!unlike!NaOH![93^95].!However,!research!

conducted!by!numerous!authors![17,!93,!96]!show!that!NaOH!is!the!most!corrosive!

alkali!towards!glass.!The!reason!for!this!is!seldom!explained,!though!it!is!suggested!

it! could!be!due! to! the! reaction!products! from!NaOH!and!glass!being! formed!more!

readily!and!more!exothermally![93].!Another!possible!theory!is!that!the!smaller!Na+!

ions!have!a!stronger!attraction!to!OH^!ions!in!solution,!which!reduces!the!likelihood!

of!OH^! ions! to! interact!with!neighbouring!water!molecules!and!as!a! result! they!will!
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travel! to! the! glass! surface! more! easily! to! react! [97].! One! of! the! experiments!

discussed! in! this! chapter! involved! treating! glass! fibres! in! NaOH! and! KOH! and!

examining!their!degree!of!reactivity!through!mass!loss!and!fibre!diameter!reduction.!

What! can!be!accepted! is! that!NaOH!and!KOH,!both!being!very! corrosive!alkaline!

reagents,!can!restore!HT!fibre!strength!to!a!significant!degree!through!a!modification!

of!surface!defects.!Likewise,!poor!strength!recovery!for!HT!fibres!treated!in!LiOH!is!

attributable!to!its!lower!reactivity!with!glass.!

After!glass! fibres!were! treated! in!alkaline!solution,! they!were!always!rinsed! in!acid!

and!water! to! remove! residue.! To! show! the! effect! of! rinsing! on! fibre! strength,! HT!

fibres!were! treated! in!KOH!solution! for!10!minutes!at! different! concentrations,!but!

rinsed!in!hot!water!instead!of!acid.!Tensile!test!results!are!displayed!in!Figure!3.26.!

!

!

Figure!3.26!P!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!various!

concentrations!of!KOH!solution!for!10!minutes,!either!with!acid!or!hot!water!rinse!

!
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It!is!interesting!to!observe!that!at!3!M!KOH,!where!there!is!a!significant!increase!in!

HT! fibre! strength! when! acid^rinsed,! the! hot! water! rinse! results! in! a! poor! tensile!

strength! of! the! fibres.! At! 5!M! KOH,! the! strength! of! fibres! is! similar! regardless! of!

rinsing!method.!SEM!imaging!in!Figure!3.27!indicate!that!the!hot!water^rinsed!fibres!

generally!have!more!residue!on!the!surface!compared!to!the!acid^rinsed!fibres.!

!

!

Figure!3.27!–!SEM!images!of!glass!fibres!thermally!conditioned!at!450!°C!and!treated!in!3!M!
KOH!solution!for!10!mins!with!(a)!acid!rinse,!or!(b)!hot!water!rinse!

!

The! presence! of! residue! can! lead! to! difficulty! in! separating! fibres! for! single! fibre!

tensile! testingr! this! might! explain! why! the! hot! water^rinsed! fibres! had! lower!

measured! strength,! and! further! proves! that! mechanical! handling! can! have! an!

adverse! influence! on! the! strength! of! fibres.! It! can! also! be! suggested! that! the!

reported! strengths! for! the! hot! water^rinsed! fibres! might! be! higher! than! the! true!

strength! as! the! difficulty! in! fibre! handling! could! have! resulted! in! bias! towards!

stronger!fibres!in!the!data!pool.!One!might!argue!that!the!increased!residue!on!hot!

water^rinsed! fibres! might! have! led! to! an! increased! diameter! measurement! and!

hence!a!lower!tensile!strength.!This!factor!can!however!be!disregarded!as!care!was!

taken! not! to! incorporate! the! residual! layer! in! the! fibre! diameter! measurementr!

moreover,! only! a! grossly! overestimated! fibre! diameter! measurement! would! have!
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had! a! significant! impact! on! the! tensile! strength.! Given! that! treatment! of! fibres! in!

increased!alkaline!solution!concentration!leads!to!more!surface!residue,!it!is!unusual!

to! find!that!5!M!KOH!treated!fibres!rinsed! in!hot!water!possess!enhanced!strength!

like!acid^rinsed!fibresr!this!could!be!due!to!the!strength!recovery!finally!offsetting!the!

mechanical!damage!introduced!to!the!fibres!during!separation.!As!discussed!earlier,!

the! higher! tensile! strength! can! also! be! from! bias! towards! stronger! fibres! in! the!

dataset.!!!!

Although! results! presented! in! Figure! 3.25! show! the! positive! impact! of! NaOH! and!

KOH!treatments,!it!is!worth!bearing!in!mind!that!the!fibres!were!HT!at!450!°C!–!the!

lower!end!of!the!thermal!recycling!range.!In!a!separate!study!fibres!were!HT!at!500!

°C! and! treated! in! KOH! solution! for! 10! minutes! at! various! concentrations! to! see!

whether! any! considerable! improvement! in! tensile! strength! was! observed.! The!

tensile! test! data! from! this! experiment! are! plotted! in! Figure! 3.28,! along! with! the!

corresponding!results!from!fibres!HT!at!450!°C.!

!

!

Figure!3.28!–!Average!strength!of!fibres!thermally!conditioned!at!450!or!500!°C,!and!treated!in!
KOH!solution!for!10!minutes!at!different!concentrations!
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It! is! evident! that! increasing! the! HT! temperature! by! even! 50! °C! causes! the! KOH!

treatment! to! be! ineffective! at! improving! fibre! strengthr! this! is! consistent! with! data!

reported! by! Saez! [13]! where!NaOH!was! employed! as! the! treating! solution.! Saez!

also!hypothesised!that!the!poorer!strength!of!fibres!HT!at!higher!temperatures!was!

due! to!more! significant! cross^linking! of! original! silane! coupling! agent! on! the! fibre!

surface,! and! found! that! washing! fibres! in! hot! water! before! HT! facilitated! their!

separation! for! single! fibre! testing! and! led! to! higher! measured! fibre! strengthr!

furthermore,!these!fibres!exhibited!significant!strength!recovery!by!NaOH!treatment!

even!with!higher!HT!temperatures![13].!!!!

Figure!3.29!presents! results!of!an! investigation! into! the!effect!of!prewash!on! fibre!

strength.! Similar! to! the! procedure! outlined! in! [13],! fibres!were! immersed! in! 90! °C!

water! for! 4! hours,! dried,! then!HT! at! various! temperatures! before! being! treated! in!

alkaline! solution.! In! this! study,! 5!M!KOH! treatment!was!applied! to! the! fibres!after!

HT.!The! tensile! test! results!are!compared!with! those!obtained!by!Saez!using!3!M!

NaOH!(which!was!found!to!be!the!optimal!concentration!in!his!study)![13].!

!
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Figure!3.29!–!Average!strength!of!fibres!prewashed!then!thermally!conditioned!at!450,!500,!550!

or!600!°C,!and!treated!with!either!NaOH![13]!or!KOH!

!

There! appears! to! be! a! substantial! improvement! in! strength! of! fibres! that! were!

prewashed! then! HT! (apart! from! 600! °C)r! this! suggests! that! the! prewashing!

procedure!led!to!increased!separation!of!fibres!making!them!easier!to!handle!during!

sample! preparation! thus! resulting! in! higher! measured! tensile! strength.! The!

application!of!either!NaOH!or!KOH! treatment! further!enhances! the!strength!of! the!

fibresr!the!strength!of!alkali^treated!fibres! is!similar!with!each!HT!temperature.!The!

fact!that!prewashing!does!not!affect!the!strength!of!fibres!after!HT!at!600!°C!but!still!

causes! a! significant! increase! with! alkaline! treatment! is! interestingr! despite! this!

positive!impact,!the!effect!of!prewashing!on!fibre!strength!is!unusual!and!it!is!unclear!

whether! increased! fibre!separation! is! the!only!cause!of! strength! increase.!Though!

further!work!in!this!area!can!be!done,!it!might!not!be!of!any!practical!use!because!in!

reality! fibres!cannot!undergo!a!prewashing!procedure!whilst! in!a!composite.!Since!

KOH!and!NaOH!treatments!are!shown!to!be!successful! in!regenerating!strength!of!

HT!450!°C!fibres!without!prewash!(Figure!3.25),!it!seems!worthwhile!to!continue!this!
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work!using!450! °C!as! the!HT!temperature,!despite! it!being!at! the! lower!end!of! the!

thermal!recycling!temperature!range.!!

Figure! 3.30! shows! the!effect! of! varying! the! treatment! time!of!HT!450! °C! fibres! in!

KOH!solution!at!different!concentrations.!!!

!

!

Figure!3.30!–!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!KOH!
solution!at!different!concentrations!and!times!

!

For!1.5!^!5!M!KOH,!fibre!strength! increases!significantly!as!the!length!of! treatment!

time!increases!up!to!5!minutes.!The!rate!of!strength!regeneration!is!clearly!affected!

by!the!concentration!of!the!solution!with!higher!molarity!giving!higher!rate!of!strength!

increase.! Extended! treatment! with! 1.5! and! 3!M! KOH! after! 5!minutes! shows! little!

improvement! in! fibre! strength.! In! fact,! prolonged! treatment! appears! to! start!

adversely!affecting!fibre!strength!and!causes!its!reduction!as!indicated!by!the!results!

after! 20! minutes! in! Figure! 3.30.! Such! behaviour! becomes! more! evident! when! it!

comes! to! 5!M!KOH,!which! shows! a! sharp! increase! in! fibre! strength! after! a! short!
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period!of!KOH! treatment! followed!by!a!more!significant! reverse!effect! on! strength!

regeneration!at!an!earlier!stage!compared!to!1.5!M!and!3!M.!

The! results! presented! in! Figure! 3.30! can! also! be! interpreted! in! terms! of! how! the!

KOH!solution!molarity!affects!HT!fibre!strength!at!different!treatment!times!as!shown!

in!Figure!3.31.!

!

!

Figure!3.31!P!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!different!

KOH!solution!concentrations,!at!each!treatment!time!

!

At!the!shortest!treatment!time!of!5!minutes,!the!strength!of!HT!fibres!increases!as!a!

function! of! molarity.! As! the! treatment! duration! becomes! longer,! the! higher!

concentration!of!KOH!solution!does!not!have!as!beneficial!an!effect!on!strengthr!at!

20!and!30!minutes!the!strength!begins!to!decrease!after!5!M!KOH!treatment.!At!the!

longest!treatment!time!of!120!minutes,!the!overall!strength!recovery!of!HT!fibres!in!

KOH!solution!is!poor.!
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Figure!3.32!shows!how!variations!in!treatment!time!affect!HT!450!°C!fibres!treated!

in!NaOH!solution!at!different!concentrations.!!

!

!

Figure!3.32!P!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!NaOH!

solution!at!different!concentrations!and!times!

!

Figure!3.32!presents!overall!a!similar!trend!to!that!in!Figure!3.30!for!the!influence!of!

treatment! concentration! and! time!on! the! strength! of!HT!glass! fibresr! considerable!

strength!recovery!(100%!increase)!is!observed!after!the!first!5!minutes!followed!by!

no! improvement! at! low! concentration! or! subsequent! strength! loss! at! high!

concentration.! In! addition,! the! strength! values! presented! for! all! three! molarities!

overlap! at! 5! minutesr! it! was! initially! thought! that! these! data! points! intersected!

because!the!optimum!treatment!duration!of!fibres!in!NaOH!had!already!passed.!At!a!

shorter! treatment! time! of! 2! minutes! we! clearly! see! the! strength! is! molarity!

dependentr! it! improves! as! NaOH! solution! molarity! increases.! Despite! this!

observation! 5! minutes! is! yet! considered! to! be! overall! the! optimum! treatment!
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duration!regardless!of!NaOH!solution!concentration,!and!HT!fibre!strength!begins!to!

decrease!from!10!to!30!minutes.!!

As!with!the!KOH!treatment!results,!the!effect!of!NaOH!molarity!on!HT!fibre!strength!

at!each!treatment!time!was!also!examined!as!shown!in!Figure!3.33.!

!

!

Figure!3.33!P!Average!strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!different!

NaOH!solution!concentrations,!at!each!treatment!time!

!

An!increase!in!HT!fibre!strength!with!NaOH!molarity!is!observed!at!a!short!treatment!

time!of!2!minutes.!At!5!minutes,!the!HT!fibre!strength!recovery!is!similar!regardless!

of!NaOH!solution!molarity.! As! the! treatment! time! increases,! the!HT! fibre! strength!

begins! to! decrease! after! more! concentrated! NaOH! treatments.! At! the! longest!

duration!of!120!minutes,!the!NaOH!treatments!have!a!detrimental!effect!on!HT!fibre!

strength! (data! was! not! presented! in! Figure! 3.30! and! Figure! 3.32! for! clarity).! The!

cause! of! the! eventual! strength! decrease! of! HT! fibres! from! excessive! alkaline!

treatment!is!explored!later!in!this!chapter.!!
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The!results!presented!in!this!section!clearly!demonstrate!that!both!KOH!and!NaOH!

treatments!can!recover!a!considerable!amount!of!strength!in!HT!(450!°C)!fibres.!The!

extent!of! strength! regeneration! is!determined!by! the!nature!of! alkaline! solution!as!

well!as!concentration!and!treatment!duration.!Other!factors!such!as!HT!temperature!

and! rinsing!method!of! fibres!after! alkaline! treatment! can!also! impact! the! strength.!!!!

The!following!section!focuses!specifically!on!the!etching!effect!of!these!solutions!on!

glass!fibre!and!whether!it!can!be!associated!with!strength!increase.!!!!!!

!

3.4.2! !Etching!effect!of!alkaline!solutions!on!glass!fibres!!!!!!!!!

It!is!generally!agreed!that!the!tensile!strength!of!a!brittle!material!such!as!glass!fibre!

is! practically! determined! by! surface! flaws! of! critical! size! [14].! Therefore,! it! is!

reasonable! to! consider! correlating! the! strength! of! alkaline! treated! fibres!with! flaw!

geometry! through! a! linear! elastic! fracture! mechanics! approach.! However,! this!

proves! somewhat! troublesome! since! these! theoretical! defects! of! submicron! scale!

cannot! be! readily! probed! in! an! experiment.! Alternatively,! a! grossly! simplified!

approach!may!relate!the!crack!size!reduction!to!glass!dissolution!caused!by!the!hot!

alkaline! solution.! Figure! 3.34! presents! the! average! diameters! of! fibres! after!

treatment! in! 5!M!KOH!and!NaOH! solution! for! various! times,!measured! by! optical!

microscopy!of!the!tensile!test!samples.!

!

!
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Figure!3.34!–!Average!diameters!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!5!M!
KOH!or!NaOH!for!various!times,!measured!by!optical!microscopy!!

!

Figure!3.34! indicates!a! reduction!of!a! few!micrometres! in! the!average!diameter!of!

fibres! after! alkaline! treatment! up! to! 2! hours.! There! appears! to! be! no! disparity! in!

etching!behaviour!of! the! fibres!with!KOH!and!NaOH,!which! is!unusual!considering!

both!alkaline! solutions!affect! the! fibre! strength!differently! under! the! same!molarity!

and!treatment!time.!Although!Figure!3.34!shows!a!slight!decrease!in!fibre!diameter!

after!alkaline!treatment,!there!is!error!associated!with!the!use!of!optical!microscopy.!

Additionally,!there!is!the!issue!with!only!30!fibre!diameters!being!measured!for!each!

permutation,!and!the!fact!that!the!same!fibres!cannot!be!monitored!before!and!after!

alkaline!treatment.!!

In! spite! of! the! difficulties! relating! to! measuring! glass! fibre! dissolution! in! alkaline!

solution,! one! can! foresee! that! this! approach! to! predicting! surface! crack! size!

reduction! is! unlikely! to! be! fruitful! as! the! fracture! mechanics! model! will! predict! a!

monotonic! increase! in! fibre! strength.! Figure! 3.25,! Figure! 3.30! and! Figure! 3.32!

clearly! show! that! there! exists! an! optimal! condition! for! the! maximum! strength!
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regeneration,!which!tends!to!appear!at!an!early!stage!of!the!treatment!with!both!hot!

concentrated!NaOH!and!KOH!solutions.!This!however!should!be!beneficial! from!a!

recycling! point! of! view! as! the! strength! of! thermally! treated! glass! fibres! can! be!

effectively!recovered!at!little!expense!of!removing!surface!materials.!!!!!!!!

It!has!been!hypothesised! that!hot!alkaline! treatments! recover!HT! fibre!strength!by!

smoothing! out! surface! defectsr! this! can! translate! to! a! reduced! fibre! diameter! as!

indicated!in!Figure!3.34.!Even!though!optical!microscopy!of!the!tensile!test!samples!

is! not! an! accurate! method! of! measuring! fibre! diameter! reduction! as! discussed!

earlier,! it!appears!that!alkaline!treatment!at!5!M!for!2!hours!can!potentially!remove!

over! 2! micrometres! from! the! fibre! diameter.! The! cross! sectional! area! of! a! fibre!

(which!is!calculated!from!the!diameter)!is!inversely!related!to!the!strength,!meaning!

fibres! with! smaller! diameters! typically! possess! higher! tensile! strength.! One!might!

argue! that! the! increase!of!HT! fibre!strength!after!alkaline! treatment!can!be!due! to!

the!reduced!diameter!from!etching.!This!is!unlikely!as!HT!fibres!excessively!treated!

in!alkaline!solution,!which!should!theoretically!have!smaller!diameters,!are!shown!to!

gradually! decrease! in! strength! according! to! Figure! 3.25,! Figure! 3.30! and! Figure!

3.32.! In! addition,! a! small! change! in! diameter! as!what! is! presented! in!Figure! 3.34!

should!not!have!a!significant! impact!on!the!fibre!strength.!Eliminating!the!influence!

of!diameter!on!fibre!strength!can!be!possible!by!analysing!only!the!load!at!failure,!as!

shown!in!Figure!3.35.!

!
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Figure!3.35!–!Average!strength!and!load!at!failure!of!fibres!thermally!conditioned!at!450!°C!and!
treated!in!5!M!NaOH!for!various!times!

!

The! trend!of! the! load!at! failure!of!HT! fibres! treated! in!5!M!NaOH!at!various! times!

matches!that!of!the!strengthr!this!proves!that!any!change!in!diameter!of!fibres!due!to!

the! etching! effect! by! alkaline! solution! does! not! directly! affect! the! strength.! Any!

improvement! in! strength! of! HT! fibres! with! alkaline! treatment! is! likely! due! to! the!

blunting! of! surface! cracks,! and! the! viability! of! this! theory! is! surveyed! later! in! the!

chapter.! In!addition,! the!cause!of! the!subsequent!decline! in!HT! fibre!strength!with!

prolonged!alkaline!treatment!will!also!be!evaluated.!!

Even! though!measuring! the! dissolution! behaviour! of!HT! fibres! in! alkaline! solution!

will!not!be!beneficial!in!terms!of!predicting!the!degree!of!crack!size!reduction,!it!can!

still!reveal!useful!information!on!the!effects!of!reaction!parameters!such!as!nature!of!

alkali! and! treatment! time.! The! rest! of! this! section! presents! results! on! the! etching!

effect! of! glass! fibres! by! alkaline! solution! using! a! more! accurate! approach! than!

simply!measuring!the!diameter!of!tensile!test!samples!via!an!optical!microscope.!
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SiO2! is! the! major! component! in! virtually! all! types! of! glass! fibre,! with! a! small!

percentage! of! various! metal! oxides! such! as! Al2O3,! CaO! and! MgO! included.! For!

simplicity!silica!glass!can!be!referred!to!as!SiO2,!but! in!reality! the!SiO2!exists!as!a!

complex!network.!In!addition,!Al2O3,!classed!as!an!intermediate!oxide,!can!function!

both! as! a! network! former! or!modifier! in! the! glass.!CaO!and!MgO!are! included! in!

glass!as!network!modifiers!onlyr!unlike!Al2O3! they!cannot! form!part!of! the!network!

structure!with!SiO2.!When!glass!is!in!contact!with!hot,!concentrated!alkaline!solution,!

the!hydroxyl!ions!attack!the!SiO2!framework![20^22]!according!to!Equation!3.4:!!

!

−Si − O − Si − $+ $OHR $
∆

$ −SiO R +$ −Si − OH ! ! !

Equation!3.4!

!

E^glass!fibre!is!composed!mainly!of!SiO2r! it! is!therefore!believed!the!breakdown!of!

the!silicate!network! in!Equation!3.4! is!the!key!process!in!the!dissolution!of!E^glass!

fibre!by!alkaline!solutions.!Al2O3,!which!is!present!in!small!quantities!in!E^glass!fibre,!

can!react!with!OH^!from!NaOH!or!KOH!solution!in!a!similar!fashion!to!SiO2.!Due!to!

their!basic!nature,!CaO!and!MgO!may!not!react!directly!with!KOH!or!NaOH!but!they!

are!soluble!in!the!alkaline!solution,!resulting!in!further!disruption!of!the!glass!network!

structure.! All! the! above! mentioned! processes! should! occur! in! theory,! though! an!

EDS! analysis! of! the! residue! can! provide! further! insight! into! how! alkaline! solution!

interacts! with! E^glass! fibre.! The! reaction! of! alkaline! solution! with! glass! fibre!

components! establishes! the! theoretical! basis! for! the! etching! process,! and! the!

results! displayed! in! this! sub^chapter! validate! the! concept! of! alkaline! solutions!

exhibiting!an!etching!effect!on!E^glass!fibre.!
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A!mass!loss!study!of!fibre!bundles!was!performed!following!treatment!in!NaOH!and!

KOH!at!3!M!concentration.!Extensive!treatment!durations!were!selected!in!order!to!

observe!clearly!the!etching!effect!of!glass!fibres,!and!it!is!believed!that!all!the!fibres!

in! the! bundle! were! in! contact! with! the! solution! during! the! treatment.! Figure! 3.36!

gives! the!mass! loss! (%)!of!HT! fibre!bundles!after! treatment! in!alkaline!solution! for!

various!times!(1,!2,!3!and!5!hours).!!

!

!

Figure!3.36!P!Mass!loss!(%)!of!glass!fibre!bundles!thermally!conditioned!at!450!°C!and!treated!in!
3!M!NaOH!and!KOH!solution!at!different!times!

!

The!fibre!mass!loss!(%)!increases!after!NaOH!and!KOH!treatment,!suggesting!both!

alkaline!solutions!can!dissolve!the!glass!fibres.!However,!it!appears!the!rate!of!mass!

loss! of! glass! fibres! decreases! with! treatment! time.! The! data! obtained! from! both!

treatments! can! be! fitted! by! a! logarithmic! function.! The! decay! of! glass! conversion!

rate!can!be!attributed!to!a!combination!of!precipitation!of!an!incrustation!of!hydrated!

silicates! and! zeolites! and! local! contamination! of! alkaline! solution! during! a! static!

treatment![98^100].!!
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SEM!images!presented!in!Figure!3.37!and!Figure!3.38!show!the!gradual!build^up!of!

residue!on!glass!fibres!after!KOH!and!NaOH!treatment!respectively.!!

!

!

Figure!3.37!P!SEM!images!of!glass!fibre!bundles!thermally!conditioned!at!450!°C!and!treated!in!3!
M!KOH!solution!at!(a)!0.5!hours,!(b)!1!hour,!(c)!2!hours!and!(d)!5!hours,!without!rinsing!



72!
!

!

Figure!3.38!P!SEM!images!of!glass!fibre!bundles!thermally!conditioned!at!450!°C!and!treated!in!3!

M!NaOH!solution!at!(a)!0.5!hours,!(b)!1!hour,!(c)!2!hours!and!(d)!5!hours,!without!rinsing!

!

It!is!noticed!from!Figure!3.37!and!Figure!3.38!that!precipitation!of!reaction!products!

on! the!glass! surface! tends! to!be!more! severe!after!NaOH! treatment! compared! to!

KOH!treatment!under!the!same!condition.!Despite!this!observation,!the!mass!loss!of!

the!fibres!treated!in!KOH!and!NaOH!solution!was!fairly!similar!over!the!course!of!the!

treatment! as! indicated! in! Figure! 3.36.! At! 5! hours,! however,! it! becomes! clear! that!

NaOH!is!more!corrosive!than!KOH!towards!the!glass!fibres.!The!acid!rinse!might!not!

have!removed!the!NaOH^based!residual!deposits!as!effectively,!which!could!explain!

why!the!measured!mass!loss!was!not!as!high!as!that!shown!for!KOH^treated!fibres.!

The!results!at!5!hours!in!Figure!3.36!and!the!SEM!images!shown!in!Figure!3.37!and!

Figure!3.38!suggest! that!NaOH!is!more!corrosive!to!glass!fibre!than!KOH!and!this!

agrees!well!with!the!studies!of!silicate!bulk!glass!in![17,!93].!!
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As!mentioned!above,!the!glass!dissolution!process!can!be!retarded!by!precipitation!

of! reaction!products!and! local!contamination!of!alkaline!solution.!Such!an!effect! is!

likely! to!be!more!significant!with!NaOH!than!KOH!as! illustrated! in!Figure!3.37!and!

Figure! 3.38.! Consequently,! it! obscures! fundamental! understanding! of! reactivity! of!

NaOH! and! KOH! with! glass! fibre.! In! order! to! minimise! this! self^damping! factor,!

individual! glass! fibres,! rather! than! the! fibre! strands,! were! treated! with! the! hot!

alkaline! solutions.! Figure! 3.39! shows! the! diameter! reduction! (%)! of! individual!

unsized! fibres! treated! in! NaOH! and! KOH! solution! and! corresponding! mass! loss!

calculated!from!the!diameter!reduction!based!on!SEM!measurement.!!

!

!

Figure!3.39!P!Fibre!diameter!reduction!(%)!and!calculated!mass!loss!(%)!of!single!glass!fibre!

after!treatment!in!3!M!NaOH!and!KOH!solution!at!different!times!

!

It! can! be! found! that! without! the! damping! factor! glass! dissolution! apparently!

proceeds! in! a! linear! fashion! and! at! a! higher! conversion! rate! compared! to! the!
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dissolution!behaviour! observed! in!Figure!3.36.!This!behaviour! sustains!until! fibres!

are! almost! fully! dissolved! as! in! the! case! of! the! fibres! treated! with! NaOH.!

Furthermore,! the! results! in! Figure! 3.39! clearly! indicate! that! the! hot! concentrated!

NaOH!solution!is!much!more!reactive!with!E^glass!fibre!than!KOH!and!gives!rise!to!

nearly!twice!as!much!of!glass!dissolution!as!that!caused!by!the!KOH!solution.!The!

results! from!Figure!3.39!also!prove! that! the!method!of!alkaline! treatment! to!single!

fibres!is!a!more!accurate!and!effective!way!of!analysing!reaction!kinetics.!A!detailed!

investigation!into!the!kinetics!of!dissolution!of!glass!fibres!in!hot!alkaline!solutions!is!

reported!in!Chapter!4.!

!

3.4.3! Elemental!analysis!of!alkali!treated!fibres!

Figure!3.37!and!Figure!3.38!clearly!show!the!amount!of!residue!that!can!build!up!on!

the!HT!fibre!surface!after!alkaline!treatment.!Although!acid!rinsing!can!help!remove!

these!residual!deposits!as!seen!in!Figure!3.27,!some!can!still!remain!on!the!surface,!

potentially!leading!to!poor!bonding!with!the!polymer!matrix!if!these!fibres!were!to!be!

reprocessed!into!a!composite.!!

The!products!formed!between!HT!E^glass!fibre!and!alkaline!solution!was!examined!

with!the!objective!of!developing!a!more!effective!rinsing!method.!The!investigation!of!

the! nature! of! these! products! and! the! enhancement! of! the! rinsing! procedure! to!

remove! these! materials! will! improve! the! bonding! of! alkali! treated! fibres! to! the!

polymer!matrix!in!the!composite.!In!this!experiment!HT!fibre!bundles!were!treated!in!

3!M!NaOH/KOH!solution! for!extended!periods!of! time! (0.5,!1,!2!and!5!hours)!and!

dried!without!rinsing.!An!EDS!analysis!was!conducted!of!the!residue!to! investigate!

its! composition.! The! results! are! compared! to! that! of! fibres! HT! at! 450! °C! alone,!

referred! to!as!untreated.!Taking! into!account! the!accelerating!voltage! (15!kV),! the!
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EDS! penetration! depth! was! around! 1! μm.! So,! it! is! worth! bearing! in! mind! that!

although! the! residue!was! analysed! through!EDS,! there!was! a! possibility! of! some!

fibres! underneath! to! contribute! to! the! elemental! composition.!Nevertheless,! in! the!

following!discussion! the!compositional!analysis! is!denoted!as!being!of! the! residue!

only,!except!for!the!untreated!fibres.!

Table! 3.2! gives! the! weight! (%)! of! each! element! of! the! residue! after! increasing!

treatment!time!of!fibres!in!3!M!KOH!(error!values!represent!95%!confidence!limits).!

!!

Table!3.2!P!Weight!(%)!of!each!element!present!in!residue!on!3!M!KOH!treated!fibres!at!different!

times,!determined!by!EDS!

Element! O! Na! Mg! Al! Si! K! Ca!
untreated! 52.2!±1.39! 0.5!±0.09! 1.6!±0.13! 5.9!±0.32! 23.9!±2.20! 0.1!±0.08! 15.3!±1.54!
0.5!h!! 50.2!±4.23! 0.6!±0.14! 1.3!±0.14! 6.6!±1.20! 17.5!±1.79! 12.7!±4.54! 9.5!±0.96!
!1!h!! 49.8!±2.74! 0.1!±0.11! 0.9!±0.29! 6.3!±2.43! 13.2!±3.95! 21.2!±8.09! 7.9!±2.76!
2!h!! 42.2!±4.55! 0.1!±0.06! 0.1!±0.10! 5.3!±2.16! 2.2!±2.08! 48.9!±7.19! 0.8!±0.69!
5!h!! 41.4!±4.14! 0.4!±0.22! 0.7!±0.46! 2.0!±0.96! 8.3!±4.11! 40.5!±9.78! 6.2!±2.87!

!

Overall!as!treatment!time!in!KOH!increases,!the!percentage!of!Si!and!Ca!becomes!

less!significant,!and!Al!at!5!hours.!The!concentration!of!O!also!decreases,!as!is!the!

case!for!Na!and!Mg!(which!are!naturally!present!in!E^glass!fibres!in!trace!amounts).!

Interestingly,!the!percentage!of!K!increases!with!time!as!the!concentration!of!other!

elements! (apart! from!O)!becomes! less!substantial.!This!suggests! the! residue!was!

composed!mainly!of!KOH! that!precipitated!after! the! fibres!were!dried.! In! fact,!at!2!

and!5!hours! treatment! time! the!amount!of!KOH! in! the! residue!was! just!over!80%.!

One!might!consider!that!the!increasing!concentration!of!KOH!with!time!was!due!to!

the!increase!in!thickness!of!the!KOH!residual!material!layerr!in!other!words,!less!of!

the! actual! fibre! contributed! to! the! EDS! results! and! more! of! the! residue! was!

analysed.!
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Table!3.3!gives!the!composition!of!different!elements!in!residue!on!fibres!treated!in!

3!M!NaOH!at!0.5!–!5!hours.!!

!

Table!3.3!P!Weight!(%)!of!each!element!present!in!residue!on!3!M!NaOH!treated!fibres!at!different!

times,!determined!by!EDS!

Element! O! Na! Mg! Al! Si! K! Ca!
untreated! 52.2!±1.39! 0.5!±0.09! 1.6!±0.13! 5.9!±0.32! 23.9!±2.20! 0.1!±0.08! 15.3!±1.54!
0.5!h!! 41.2!±3.34! 45.5!±11.90! ^! 1.0!±0.43! 3.9!±2.71! ^! 7.9!±7.49!
1!h!! 39.6!±0.98! 58.1!±1.08! ^! 0.6!±0.11! 1.2!±0.16! 0.1!±0.14! 0.3!±0.27!
2!h!! 41.5!±1.59! 51.3!±4.75! 0.2!±0.25! 1.0!±0.61! 3.7!±2.29! 0.2!±0.18! 2.1!±0.98!
5!h!! 42.0!±2.76! 29.3!±9.01! ^! 24.3!±8.45! 2.1!±1.45! ^! 2.1!±1.54!

! ! ! ! ! ! ! !

!

Overall,! the!percentage!of!Mg!and!K!is!negligible,!and!O!decreases!with!treatment!

time.!The!concentration!of!Al,!Si!and!Ca!decreases!with! time,!and! there! is!a!rapid!

increase! in! percentage! of! Nar! already! at! 0.5! hours! there! is! around! 85%! NaOH!

present.! This! composition! remains! until! 2! hours.!Unexpectedly,! the! percentage! of!

Na! decreases! and! Al! increases! considerably! (around! 24%)! after! 5! hours! NaOH!

treatmentr! this! suggests! there! was! possibly! a! mixture! of! NaOH! and! Al2O3! in! the!

residue,! or! perhaps! they! reacted! to! form! a! complex! sodium! aluminate.! It! is! also!

shown!through!SEM!imaging!in!Figure!3.38!that!a!thick!film!covers!the!fibres!after!5!

hours!of!NaOH!treatment.!

So,!KOH!treated!fibres!show!a!gradual!increase!in!concentration!of!K!as!treatment!

time!is!extendedr!however!for!NaOH!treated!fibres!the!percentage!of!Na!increases!

more!abruptly,!which!is!consistent!with!SEM!observations!in!Figure!3.38!of!a!rapid!

residue!build^up!and!higher!reaction!rate!shown!in!Figure!3.39.!It!is!understood!that!

as! soon!as! glass! fibre! is! immersed! in! alkaline! solution,! the!OH^! ions! travel! to! the!

glass!surface!and!begin!to!react!with!the!silicate!groups.!As!these!ions!move!toward!
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the! fibre! surface,! so! does! the! counter^ion! (Na+! or! K+).! Eventually! these! ions!

congregate!around!the!glass!fibre!surface,!which!explains!why,!when!the!fibres!were!

removed!from!solution!and!dried!without!rinsing,!there!was!a!substantial!amount!of!

residual! material! that! was! characterised! as! being!mainly! precipitated! NaOH/KOH!

from! EDS! analysis.! It! is! evident! in! some! cases! that! the! EDS! registered! an!

overwhelming! concentration! of! KOH! and! NaOH,! which! consequently! masked! the!

reaction!products.!The!idea!of!NaOH!residue!build^up!being!more!severe!than!KOH!

is!supported!by!SEM!imaging!and!EDS!analysis.!This!reinforces!the!observation!that!

NaOH!is!a!more!effective!E^glass!fibre!etchant!than!KOH.!!

!

3.4.4! !Surface!roughness!and!phase!imaging!of!alkali!treated!fibres!

SEM! imaging,! EDS! analysis! and! mass! loss/diameter! reduction! measurements!

indicate! that!NaOH! is!more! reactive!with!E^glass! fibre! than!KOH.!Here,!HT!glass!

fibres!were!treated! in!3!M!NaOH!and!KOH!solution!and!analysed!with!an!AFM!for!

further!surface!topographic!examination.!!

It!was!discovered!that!large!amounts!of!residue!on!fibres!can!lead!to!contamination!

of! the!AFM!tip!and!consequently!a!poor! image!resolution.!From!SEM!images,! it! is!

clear! the! amount! of! residue! present! is! significant! and! would! have! resulted! in!

difficulty! in! noticing! both! the! residue! phase! and! the! glass! phase! through! phase!

imaging! using! an! AFM.! In! tapping! mode! AFM! is! able! to! differentiate! between!

various!materials! according! to! their! adhesion! force! and! viscoelastic! property,! and!

these!variances!give! rise! to!phase!shifts!marked!by!different! colours! in! the!phase!

image.! It! is!worth!bearing! in!mind! that! if! two!materials!have! the!same!viscoelastic!

behaviour! then! there!would! be! no! phase! difference,! and! conversely! if! exactly! the!
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same! material! is! present! in! different! forms! (such! as! amorphous! and! crystalline)!

these!regions!would!appear!as!different!phases.!

In!order! to!prevent!debris!pick^up!by! the! tip!of! the!AFM!probe!and!allow!both! the!

glass!and!residue!phase!to!be!visible,! fibres! treated! in!alkaline!solution! for!a!short!

period!of!time!(5!–!30!minutes)!were!rinsed!in!acid!before!they!were!examined!using!

AFM.!Figure! 3.40! shows! the! height! and! tapping!phase! images!of! untreated!glass!

fibre!and!after!treatment!in!3!M!KOH!solution!at!5,!10,!20!and!30!minutes.!

!
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Figure!3.40!P!AFM!height!and!tapping!phase!images!of!(a)!untreated!fibre,!and!fibre!treated!in!3!

M!KOH!solution!for!(b)!5!minutes,!(c)!10!minutes,!(d)!20!minutes!and!(e)!30!minutes!
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It!is!clear!that!untreated!fibres!possess!a!fairly!smooth!surface!as!indicated!by!the!3^

D!height! image.!The!corresponding!phase!image!shows!very! little!change!in!terms!

of! phase! shifts,! suggesting! the! bulk! of! the! sample! was! composed! of! the! same!

materialr! any! regions! that! may! have! been! indicative! of! a! different! material! being!

present!on!the!glass!surface!was!likely!as!a!result!of!contamination.!After!treatment!

of! fibres! for! 5! minutes! in! KOH! solution,! numerous! spikes! begin! to! appear! in! the!

height! image!that!also!appear!as!phase!shifts,! indicating!they!belong!to!a!different!

material! from! the! bulk! glassr! in! other! words,! they! are! present! as! a! result! of!

interaction!between!the!fibre!and!the!alkaline!solution.!These!residual!spots!appear!

to!eventually!coalesce!and!become!a!common!feature!on!the!fibre!surface!up!to!30!

minutes.! There! are! occasions! where! these! elevated! regions! do! not! translate! to!

phase!shifts,! implying! that! the! topography!of! the!glass! itself!was!being!affected!by!

etching!from!the!alkaline!solution.!

Figure!3.41!shows!both!the!height!and!phase!images!of!fibres!untreated!and!after!3!

M!NaOH!treatment!from!5!to!30!minutes.!!

!
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!

Figure!3.41!P!AFM!height!and!tapping!phase!images!of!(a)!untreated!fibre,!and!fibre!treated!in!3!

M!NaOH!solution!for!(b)!5!minutes,!(c)!10!minutes,!(d)!20!minutes!and!(e)!30!minutes!
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There! is!a!substantial!amount!of!elevated!spots! in! the!height! images!already!at!5!

minutes,!which! continues! to! build! up!with! time.! It! is! interesting! to! find! changes! in!

height!do!not!necessarily!emerge!as!changes!in!material!phaser!this!could!be!due!to!

the!glass!surface!itself!becoming!rough!after!being!etched!by!NaOH.!Nevertheless,!

phase!shifts!do!appear!commonly,!particularly!with!longer!NaOH!treatment!times.!It!

could! be! assumed! that! both! the! presence! of! residue! and! the! changes! in! glass!

surface! topography! contributed! significantly! to! the! overall! roughness! of! the! fibre.!

Both! of! these! features! are! very! pronounced! for! NaOH! treated! surfaces,! which!

further! supports! the! notion! that! NaOH! is! a! more! corrosive! alkaline! reagent! than!

KOH!towards!E^glass!fibre.!

Figure!3.42!gives!the!Rq!values!(root!mean!square!roughness,!in!nm)!of!these!fibre!

samples.!The!error!bars!represent!95%!confidence!limits.!

!

!

Figure!3.42!P!Roughness!(Rq)!values!for!untreated!fibres!and!fibres!treated!in!3!M!KOH!and!

NaOH!solution!at!different!times!

!
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It! is! evident! that! the! increased! presence! of! residual! deposits! and! topographic!

changes! on! the! fibre! surface! leads! to! greater! roughness! following! alkaline!

treatment.!Although! the!error!bars! for!both! the!KOH!and!NaOH!data!overlap!over!

the! course! of! the! treatment,! the!Rq! values! presented! for!NaOH! treated! fibres! are!

significantly!higher!than!from!fibres!treated!in!KOH,!more!than!twice!the!magnitude.!

Also,!the!increase!in!roughness!of!the!fibre!surface!is!generally! linear!with!alkaline!

treatment! time,!especially! for!NaOH!(though!with! longer! treatment! there! is!greater!

variation!of!Rq!hence!the!large!error!bars).!The!greater!roughness!could!have!been!

partly!due! to! the! increased!amount!of! residual!deposits!on! the! fibre!surface!which!

appeared!for!two!possible!reasonsr!the!acid!might!have!removed!Na^based!residual!

deposits!less!effectively!than!K^based!deposits,!and/or!there!was!a!more!significant!

build^up! of! residue! after!NaOH! treatment!which! could! not! have! been! removed! by!

acid!very!well!compared!to!residue!from!KOH!treatment.!It! is!also!understood!from!

phase! imaging! that! changes! in! glass! surface! topography! from! alkaline! treatment!

contribute!to!roughness,!especially!with!NaOH.!

The! roughness!of! the!HT! fibres!after!alkaline! treatment!can!also!be! related! to! the!

tensile!strength,!as!shown!in!Figure!3.43.!

!
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Figure!3.43!–!Strength!of!fibres!thermally!conditioned!at!450!°C!and!treated!in!3!M!KOH!or!NaOH!
solution!at!various!times,!plotted!against!their!surface!roughness!

!

It! seems! that! an!Rq! value! of! around! 5! nm! for! HT! fibres! treated! in! either! KOH! or!

NaOH!solution!correlates!to!optimum!strength!recovery.!A!greater!roughness!of!the!

fibres!relates!to!declined!strength.!With!KOH!treated!fibres,!the!roughness!remains!

at!around!5!nm!even!up!to!a!treatment!time!of!20!minutes,!according!to!Figure!3.42r!

this!corresponds!to!consistent!fibre!strength!of!approximately!1.2!GPa!as!shown!in!

Figure!3.43.!The!Rq!then!increases!considerably!to!above!10!nm!at!30!minutes!KOH!

treatment,!which!correlates!with!a!lower!tensile!strength!recovery.!For!NaOH!treated!

fibres,! the! Rq! increases! continuously! with! time,! already! surpassing! 5! nm! at! 10!

minutesr! Figure! 3.43! shows! a! relationship! between! lower! fibre! strength! and!

increased! roughness,! particularly! above! 5! nm.! It! is! assumed! that! fibre! strength!

regeneration! by! alkaline! treatment! is! caused! by! blunting! of! surface! cracks,! which!

theoretically!should!result! in!a!smoother!surface!and!hence!a!reduced!Rq.!The!fact!

that!alkali!treated!fibres!show!improved!tensile!strength!correlating!with!rougher!fibre!

surfaces! suggests! that! other! factors,! such! as! presence! of! residue,! might! have!

contributed!more!to!the!Rq!of!the!fibres!than!the!etching!of!the!glass!surface.!
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It! can! be! concluded! that! AFM! supports! previous! results! from! SEM! investigations!

and!etching!experiments!which!show!NaOH!to!be!more! reactive!with!E^glass! than!

KOH.! In!addition,! the!eventual!decline!of!HT! fibre!strength!with!prolonged!alkaline!

treatment! can!be! correlated!with! increased!dissolution!of! the!glass,!more! residual!

build^up!on!the!fibre!surface,!and!greater!roughness.!The!next!section!looks!deeply!

into! the!chemical!structure!of! the!glass! fibres!with!FTIR!spectroscopy,! to!establish!

the!cause!of!this!degradation!in!strength.!!!

!

3.4.5! FTIR!spectroscopic!analysis!of!alkali!treated!fibres!

At!the!extreme!treatment!scenarios!both!NaOH!and!KOH!show!a!decline!in!HT!fibre!

strength!with!time,!which!is!particularly!clear!from!the!5!M!KOH!and!5!M!NaOH!data!

in! Figure! 3.30! and! Figure! 3.32! respectively.! In! an! attempt! to! relate! this! strength!

decrease! with! possible! bulk! structural! change! of! the! glass! fibres,! an! FTIR!

examination!was!conducted!of!the!samples.!Analysis!was!carried!out!using!DR,!SR!

and!ATR!interface.!!!

At! this! point! a! possible! explanation! of! the! strength! decrease! of! HT! fibres! after!

excessive! alkaline! treatment! is! as! follows:! it! is! believed! that! similar! to!HF,!NaOH!

and! KOH! improved! the! strength! of! HT! glass! fibres! by! reacting! with! the! surface!

silicate! groups,! thereby! blunting! crack! radius! and!modifying! the! damaged! surface!

layer.!The!reduction!of!surface!flaw!severity!initially!improved!the!fibre!strength,!but!

if!conditions!were!too!aggressive!or! long!with!respect! to! time,! in!other!words! if! the!

alkali!was!at!a!high!molarity!and/or!the!fibres!were!immersed!in!the!alkaline!solution!

for!an!extended!period!of! time,! the!hydroxide! ions!would!have!eventually!diffused!

into! the! bulk! glass! structure! and! cause! network! breakdown.! KOH,! being! a!milder!

corrosive! agent,! could! have! therefore! reduced! the! severity! of! bulk! attack! even! at!
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higher!molarities!and!increasing!treatment!times!before!it!became!detrimental!to!HT!

fibre! properties.! NaOH,! a! more! aggressive! glass! etchant,! was! optimal! at! lower!

molarities!and!shorter!application!timesr!more!corrosive!alkaline!conditions!may!well!

have!resulted!in!more!extensive!glass!network!damage!than!KOH.!!

Figure!3.44!provides!a!stacked!view!of!the!diffuse!reflectance!spectra!of!glass!fibres!

as! received!(APS^sized),!after!HT,!and! treatment! in!5!M!KOH!solution! for!5!–!120!

minutes!with!rinsing.!

!

!

Figure!3.44!P!Stacked!view!of!FTIR!diffuse!reflectance!spectra!of!glass!fibres!(a)!as!received,!(b)!

after!HT,!and!then!treatment!in!5!M!KOH!solution!for!(c)!5!minutes,!(d)!10!minutes,!(e)!20!

minutes,!(f)!30!minutes!and!(g)!120!minutes,!with!rinsing!

!

There!seems! to!be!no!significant!bulk!structural!change! in!as! received! fibres!after!

HT.!After!KOH!treatment,!the!Si^OH!vibration!band!centred!around!3400!cm^1![101]!

(which!exists!as!a!result!of!the!reaction!of!the!silicate!in!the!glass!fibre!with!OH^!from!
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the! alkaline! solution)! steadily! increases! with! timer! the! spectral! collection! was!

performed! on! oven! dried! samples! so! it! was! unlikely! that! residual! water! from! the!

treatments! led! to! this! band.! Also! present! in! the! spectra! is! the! reduction! of! the!

reststrahlen!Si^O^Si!peak!centred!at!900!–!1100!cm^1![101].!What!appears!as!a!large!

peak!at!1250!cm^1!for!each!spectrum!is!in!fact!a!point!of!inflection!as!a!consequence!

of!the!reststrahlen!effect![102]!where!features!at!lower!wavenumbers!from!this!point!

are! all! negative! primarily! due! to! concomitant! changes! in! refractive! index! with! IR!

absorbance.! The! initially! small! peak! related! to! the! Si^OH! deformation! vibrational!

mode!becomes!more!significant!at! longer! treatment! timesr! this!vibrational!mode! is!

normally! only! seen! in! more! open! silica! structures.! The! stacking! of! the! spectra!

enables!the!visualisation!and!clarification!of!peak!changes!in!size!or!shape!changes!

but!also!compresses!the!Y^axis!hiding!another!spectral!relationship!with!the!degree!

and!severity!of!treatment.!The!raw!diffuse!reflectance!mid^infrared!spectral!data!also!

displays!decrease! in! reflectivity! that! is!directly! related! to! the!degree!and!extent!of!

the!KOH!treatment.!

Figure!3.45!shows!diffuse!reflectance!spectra!of!fibres!treated!in!5!M!NaOH!solution!

at!5!–!120!minutes.!

!
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Figure!3.45!P!Stacked!view!of!FTIR!diffuse!reflectance!spectra!of!glass!fibres!(a)!as!received,!(b)!

after!HT,!and!then!treatment!in!5!M!NaOH!solution!for!(c)!5!minutes,!(d)!10!minutes,!(e)!20!

minutes,!(f)!30!minutes!and!(g)!120!minutes,!with!rinsing!

!

The!key!features!described!in!the!spectra!for!KOH!treated!fibres!again!appear!here,!

however!one!of!the!key!differences!is!in!the!appearance!of!the!Si^OH!vibration!band!

at!various!treatment!conditions.!As!expected,!there!is!a!gradual!increase!of!this!Si^

OH! band! as! treatment! duration! in! NaOH! lengthens,! although! the! intensity! varies!

with!that!of!KOH!treated!fibres.!For!example,!after!5!minutes!of!treatment!in!NaOH!

the!Si^OH!peak!is!more!apparent!than!in!the!corresponding!spectrum!for!KOH.!On!a!

similar!note,! the!Si^OH!signal!at!30!minutes!NaOH!treatment! is!more! intense! than!

for!KOH!under!the!same!conditions.!The!observation!of!the!Si^OH!band!being!very!

strong!after!120!minutes!of!KOH!treatment!is!unusualr!however,!the!OH!absorbance!

could! have! been! due! to! traces! of! KOH! on! the! fibres! that! remained! after! alkaline!

treatment!and!rinsing.!!!



89!
!

In!Figure!3.45!there!are!additional!peaks!at!around!2900!cm^1!(which!also!appear!in!

Figure!3.44!for!a!few!spectra)!that!are!variable!and!could!be!from!residual!APS![103,!

104].!Given! that! APS! should! have! been! removed! from! the! fibres! after!HT,! it! was!

most!likely!that!this!absorbance!appeared!due!to!organic!contaminants!on!the!glass!

from!handling! or! the! atmosphere.!Moreover,! there! is! a! peak! at! around! 1750! cm^1!

which! is! characteristic! of! a! carbonyl! (C=O)! functional! group! that! is! not! present! in!

APS! [105].! This! peak! could! be! as! a! result! of! interaction! between! organic!

contaminants!and!alkali! to!form!a!halogenated!ketone!or!carboxylic!speciesr!Culler!

et!al.![103,!104]!observed!a!range!of!peaks!in!their!FTIR!diffuse!reflectance!spectra!

at! 1650! to! 1300! cm^1! corresponding! to! the! bicarbonate! salt! structure! formed!

between! APS! and! carbon! dioxide,! and! these! are! absent! as! is! the! carbonate!

absorbance!near! 2500! cm^1.! The! carbonyl! peaks! in! our!FTIR! spectra! appear! at! a!

high! wavenumber! of! 1750! cm^1! which! suggests! that! carboxylic! or! halogenated!

ketone!groups!were!present!in!the!fibre!samples.!

From!the!FTIR!diffuse!reflectance!spectra!it!can!be!shown!that!immersion!of!HT!E^

glass!fibres!in!sub^optimal!alkaline!solution!resulted!in!the!breakdown!of!the!silicate!

network! as! indicated! by! the! increase! in! intensity! of! the! Si^OH! bands! and! the!

correlated!decrease! in!Si^O^Si!peaks.!Taking! into!account! the!presence!of!surface!

flaws! in!HT! fibre,! it! is!believed! the!alkaline!solution! initially! improved! fibre!strength!

by!modifying!these!defects.!However,!as!fibres!were!treated!for!a!lengthy!period,!we!

begin!to!see!clearly!from!the!FTIR!diffuse!reflectance!spectra!that!the!degradation!of!

the! glass! network! became! significant! and! offers! a! spectral! explanation! as! to!why!

there! was! an! eventual! drop! in! fibre! strength.! Furthermore,! the! rapid! increase! in!

intensity!of! the!Si^OH!band!after!NaOH! treatment! is! complementary!with!previous!

experimentation! indicating! it! is!a!more!corrosive!alkali! towards!E^glass! than!KOH.!

The!variety!and!presence!of!several!FTIR!markers!that!correlate!to!the!fibre!strength!
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offers!a!possible!non^destructive!method!to!pre^validate!that!the!optimal!conditions!

have!been!applied!to!the!recycled!and!heat!treated!glass!fibres.!

The! NaOH^treated! fibres! were! also! analysed! using! the! SR! interfacer! spectral!

information!is!given!in!Figure!3.46.!

!

!

Figure!3.46!P!Stacked!view!of!FTIR!specular!reflectance!spectra!of!glass!fibres!(a)!as!received,!

(b)!after!HT,!and!then!treatment!in!5!M!NaOH!solution!for!(c)!5!minutes,!(d)!10!minutes,!(e)!20!

minutes,!(f)!30!minutes!and!(g)!120!minutes,!with!rinsing!

!

The!IR!absorbance!peaks!previously!shown!for!DR!spectra!again!appear!herer!there!

is!an!overall!increase!in!the!intensity!of!the!Si^OH!band!with!NaOH!treatment!time,!

though! there! is! no! clear! corresponding! decrease! in! the! Si^O^Si! absorbance! to!

indicate! glass! fibre! dissolution.! Absorbance! from! residual! APS! also! emerge! for!

some!SR!spectral!data!along!with!C=O!peaks!at!1750!cm^1!from!possible!carboxylic!

species!on! the! fibre.!The! reststrahlen!effect! is!apparent! in! the!SR!data!due! to! the!
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fact!that!both!SR!and!DR!are!reflectance!techniques.!Overall,!the!SR!data!for!NaOH!

treated!fibres!in!Figure!3.46!show!a!similar!pattern!to!the!corresponding!DR!spectra!

in! Figure! 3.45,! though! the! trend! in! Si^OH! and!Si^O^Si! absorbance!with! treatment!

time!is!not!as!clearr!this!could!be!due!to!the!slightly!lower!sample!penetration!depth!

for!SR!(penetration!depths!for!all!interfaces!are!listed!in!Table!3.1).!

Lastly,! the!NaOH! treated! fibres!were! examined!with! the!ATR! interfacer! unlike! the!

DR! and! SR,! the! analysis! involved! the! application! of! pressure! to! the! glass! fibre!

sample!with!a!clamp!to!allow!full!contact!with!the!diamond!ATR!crystal,!as!shown!in!

Figure!3.47.!!!

!

!

Figure!3.47!–!Image!of!the!clamp!used!to!apply!pressure!to!the!sample!in!diamond!ATR!

!

Figure!3.48!shows!ATR!spectra!of!fibres!HT!and!after!treatment!in!NaOH!solution!at!

various!times.!

!
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Figure!3.48!P!Stacked!view!of!FTIR!attenuated!total!internal!reflectance!spectra!of!glass!fibres!

(a)!as!received,!(b)!after!HT,!and!then!treatment!in!5!M!NaOH!solution!for!(c)!5!minutes,!(d)!10!

minutes,!(e)!20!minutes,!(f)!30!minutes!and!(g)!120!minutes,!with!rinsing!

!

There! appears! to! be! no! significant! increase! in! intensity! of! the! Si^OH! band! with!

NaOH! treatment! time.! In! addition,! the! Si^O^Si! absorbance! peaks! (which! are! not!

reststrahlen! as! this! phenomenon! does! not! usually! occur! in! ATR! [106])! are! fairly!

unaffected! by! alkaline! treatment! of! the! glass! fibres.! There! is! a! sharp! decrease! in!

intensity! of! the! suspected! APS! absorbance! peak! at! 2900! cm^1! after! HT,! which!

complements!the!fact!heating!as!received!fibres!to!very!high!temperatures!results!in!

removal!of!the!APS!coating.!In!spite!of!this!observation,!the!peak!appears!again!in!

the!NaOH!treated! fibres,!at! times!more!prominently! than! in!as!received! fibresr! this!

suggests!the!peak!could!be!present!due!to!contamination!rather!than!residual!APS.!

Once! again,! the! hydrocarbon! absorbance! at! 2900! cm^1! corresponds! to! a! strong!

carbonyl! absorbance! at! 1750! cm^1,! indicating! the! possible! presence! of! carboxylic!

species!on!the!glass!fibres.!!!
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One!of!the!major!drawbacks!of!using!ATR!in!this!study!is!that!it!can!be!destructive!to!

the! sample.! Figure! 3.49! shows! the! glass! fibre! bundles! after! being! used! for! FTIR!

analysis!with!the!ATR!interface.!

!

!

Figure!3.49!–!Images!of!glass!fibres!(a)!as!received,!(b)!after!HT,!and!then!treatment!in!5!M!

NaOH!solution!for!(c)!5!minutes,!(d)!10!minutes,!(e)!20!minutes,!(f)!30!minutes!and!(g)!120!

minutes,!with!rinsing,!after!FTIR!analysis!with!ATR!interface!

!

It!seems!that!the!weakest!fibre!samples!in!the!set!(HT!only!and!HT!with!excessive!

NaOH! treatment)! were! more! prone! to! breakage! after! being! clamped! for! ATR!

analysisr! the!damage! is!particularly!clear! for! the!fibres!treated! in!NaOH!solution!at!

120!minutes!(Figure!3.49g).!Another!issue!with!using!ATR!is!that!it!penetrates!only!a!

couple!of!micrometres!into!the!sample,!meaning!only!the!outer!surface!of!fibres!can!

be!analysed.!This!could!explain!why!some!of! the!data! is! inconsistent!at! times.!An!
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advantage!with! using!DR,! which! penetrates! hundreds! of!microns! into! the! sample!

coupled!with!a!spot!size!of!around!3!mm,!is!that!analysis!can!be!done!deep!within!

the!fibres!of!the!bundle,!leading!to!more!consistent!and!representative!FTIR!diffuse!

reflectance!spectra!for!each!treatment!condition.!An!additional!benefit!of!the!diffuse!

reflectance!technique!employed!here!(and!specular!reflectance)! is!completely!non^

destructive! sample! interface! interaction! as! well! as! no! need! for! any! sample!

preparation.!

!

3.4.6! Fracture!surface!analysis!of!alkali!treated!fibres!

FTIR!spectra! in! the!previous!section! indicate!probable!bulk!glass!network!damage!

when!glass!fibres!are!treated!in!alkaline!solution!for!an!extended!period!of!time!(120!

minutes).!To!determine!whether! the!origin!of! failure!of! these! fibres!was! internal!or!

superficial,!the!fracture!surface!was!analysed!through!SEM.!HT!glass!fibres!treated!

in! 5!M!KOH!and!NaOH! solution! for! 120!minutes!were! tested! for! tensile! strength,!

which!were!measured!to!be!0.82!and!0.60!GPa!respectively.!The!fracture!surfaces!

of! some! of! these! fibres! were! examined! under! the! SEM! after! tensile! testing,! with!

representative! images!(both!for!KOH!and!NaOH!treated!fibres)!displayed!in!Figure!

3.50.!

!

!
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Figure!3.50!P!SEM!images!of!fracture!surfaces!of!fibres!HT!and!treated!in!(a)!5!M!KOH!solution!

for!120!minutes!and!(b)!5!M!NaOH!solution!for!120!minutes!

!

Three!distinct!regions!are!generally!present!in!the!majority!of!fibre!fracture!surfaces^!

mirror,!mist!and!hackle! [7].!The!smooth!and! featureless!mirror!zone!surrounds! the!

original! crack! that! is! located! at! the! surface! of! the! fibre.! At! the! edge! of! the!mirror!

zone!there!is!a!pitted!surface!which!is!the!mist!region,!and!the!branches!that!appear!

are! referred! to!as!hackle.!The!hackles!normally!go!back! to! the! locus!of! the! failure!

area!of! the! fibre.!The! features!present! in!both! images! in!Figure!3.50!suggests! the!

origin!of!failure!was!at!the!surface,!even!if!the!bulk!glass!network!was!damaged!by!

the!severe!alkaline!treatmentr!there!was!no!indication!from!any!of!the!fibre!fracture!

surfaces! that! failure! initiated! internally.! It! is!suggested! that!although! the!bulk!glass!

structure!was!damaged!with!excessive! treatment! in!both!NaOH!and!KOH!solution!

as! indicated!by! the!FTIR! results,! the! source!of! fibre! failure!was!still!most! likely! to!

have!been!at!the!surface.!Indeed,!for!there!to!have!been!significant!internal!damage!

the!glass! fibre! surface!would!have!had! to! react! first!with! the!alkaline!solution!and!

consequently!remain!the!weakest!region.!

The!main!difference!between!the!fracture!surfaces!of!KOH!and!NaOH!treated!fibres!

is! the! size! of! the!mirror! region,! which! is! inversely! related! to! tensile! strengthr! the!

larger!the!mirror!zone,!the!deeper!the!surface!crack,!and!consequently!the!lower!the!
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strength!of!the!fibre.!The!measured!strength!of!fibres!treated!in!5!M!NaOH!solution!

for!120!minutes!was! lower! than! in!KOH!solution!under! the!same!conditions,!and! it!

can!clearly!be!seen!in!Figure!3.50!that!the!mirror!region!is!larger!for!NaOH!treated!

fibre.!

It! is!widely!accepted!that!HF!and!alkaline!solutions!can!etch!glass!under!particular!

reaction!conditions![2,!11,!12,!14,!17].!The!etching!process!involves!the!breakdown!

of!the!silicate!network!in!the!glass!by!the!anions!of!the!chemical!solutionr!in!alkaline!

treatments,!these!would!be!the!hydroxide!ions.!When!glass!is!in!its!fibrous!form,!the!

corroding!effect!of!HF!and!alkaline!solution!can!be!seen!through!a!reduction!in!fibre!

diameter![11,!107].!The!thought!of!HF!etching!resulting!in!the!removal!or!alteration!

in!surface!cracks!has!been!articulated!several!decades!ago!with!bulk!glass![12]!and!

recently! Yang! et! al.! adopted! this! methodology! to! recover! strength! of! thermally!

treated! glass! fibres! [11].! The! HF! etching! of! deep,! V^shaped! surface! flaws! into!

smoother,!U^shaped!structures!is!reported!on!bulk!glass![12]!and!it!is!believed!that!

this! is! the! mechanism! by! which! alkaline! solution! regenerates! the! strength! of!

thermally!treated!glass!fibre!(see!Figure!3.51).!

!

!

Figure!3.51!P!Schematic!showing!strength!regeneration!mechanism!of!glass!fibre!by!alkaline!

solution!
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To! verify! that! the! strength! regeneration! mechanism! schematically! represented! in!

Figure!3.51!is!followed,!an!examination!of!a!surface!flaw!on!a!fibre!before!and!after!

alkaline!treatment!would!be!requiredr!however!these!flaws!cannot!be!easily!imaged!

even!with!a!powerful!SEM.!When!fibres!fail!as!a!result!of!a!surface!flaw,!there!are!

three!distinct!regions!usually!present!on!the!fracture!surface!(cross^section)^!mirror,!

mist! and!hackle.!The!branches!which!are! referred! to!as!hackle!are!easily! imaged!

under! the!SEM!as! shown! in!Figure!3.50.! If! a! cross^section!of! a! fibre! is! treated! in!

alkaline! solution! and! the! branches! are! smoothed! out,! then! this! suggests! that! the!

flaw!modification! theory! schematically! represented! in!Figure!3.51! could! indeed!be!

the! process! by! which! alkaline! treatment! regenerates! fibre! strength.! Figure! 3.52a!

shows! an! SEM! image! of! the! cross^section! of! a! fibre! that! failed! as! a! result! of! a!

surface! flaw,! possessing! a! mirror,! mist! and! hackle! region.! Figure! 3.52b! shows!

another! SEM! image,! where! the! cross^section! of! a! fibre! was! treated! in! alkaline!

solution!(5!M!NaOH!for!120!minutes).!!

!

!

Figure!3.52!P!SEM!images!of!the!crossPsection!of!(a)!untreated!glass!fibre,!and!(b)!glass!fibre!

treated!in!5!M!NaOH!solution!for!120!minutes!

!
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It! is! evident! that! branches! on! the! fibre! cross^section! (the! hackle! region)! are!

smoothed! out! following! alkaline! treatment.! This! suggests! that! alkaline! solution!

regenerates! strength! in! HT! glass! fibres! through! a! flaw! blunting! mechanism.! In!

addition,!previous!mass!loss!data!demonstrate!that!alkaline!solutions!can!etch!glass!

fibresr!although! this! is! thought! to!be! the!mechanism!by!which!HT! fibre!strength! is!

restored,! it!can!be!seen! from!FTIR!data! that!excessive! treatment!can! lead! to!bulk!

glass!network!damage.!

This!chapter!has!so!far!looked!into!the!properties!of!HT!glass!fibres!after!treatment!

in!alkaline!solutions.!Though!work!has!been!done!with!examining!the!performance!

of! virgin! glass! fibres! in! alkaline! solution! [18,! 21,! 22]! it! has! not,! to! the! author’s!

knowledge,!been!conducted!in!conjunction!with!HT!fibres.!The!purpose!of!the!next!

section! is! to! examine! the! durability! of! both! virgin! and! HT! OC! glass! fibres! after!

treatment! in! alkaline! solutions.! The! tensile! strength! and!mass! loss! of! these! fibres!

are!reported!along!with!chemical!structure!analysis.!

!

3.4.7! Effect!of!alkaline!treatments!on!virgin!and!thermally!treated!glass!fibres!

It! has! been! reported! previously! in! the! literature! that! alkaline! treatments! have! a!

detrimental!effect!on!the!properties!of!virgin!glass!fibres![18,!21,!22].!To!the!best!of!

the! author’s! knowledge,! an! investigation! has! not! been! carried! out! to! date! on! the!

effects! of! alkaline! treatments! on! both! virgin! and! HT! fibres.! In! this! section,! bare,!

APS^sized!and!HT! (initially!APS^sized)!OC!glass! fibres!were! treated! in!hot!NaOH!

solution! at! different! concentrations! and! times,! and! their! strength! and! mass! loss!

measured.! In! addition,! aesthetic! and! compositional! analyses! of! the! fibres! were!

performed! using! SEM! and! EDS! respectively.! An! examination! of! the! chemical!

structure!of!the!glass!fibres!was!also!carried!out!using!FTIR!with!DR!interface.!
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Figure! 3.53! displays! the! strength! of! bare,! APS^sized! and! HT! glass! fibres! after!

treatment! in!3!M!NaOH!solution!at!different!times.!The!HT!data!has!been!reported!

earlier!in!this!chapter.!

!

!

Figure!3.53!–!Average!strength!of!APSPsized,!HT!and!bare!glass!fibres!after!treatment!in!3!M!

NaOH!solution!at!various!times!

!

The! initial!strength!of! the!virgin!APS^sized!glass! fibres! is! the!highest!out!of!all! the!

fibre!types!(2.3!GPa)!due!to!the!protective!capability!of!the!silane!coatingr!the!y^axis!

is! cut! off! below! this! value! to! allow! easier! discrimination! of! other! data! points.! The!

absence!of!this!coating!(bare!fibres)!results!in!a!drop!in!strength!to!around!1.3!GPa.!

The! weakest! of! all! are! the! APS^sized! fibres! that! were! HT,! as! the! coating! was!

removed!exposing!the!fibre!surface!to!physical!and!chemical!damage.!

Application!of!alkaline!solution!to!the!virgin!APS^sized!and!bare!glass!fibres!leads!to!

a!dramatic!loss!in!strength,!even!at!a!short!treatment!time!of!5!minutesr!although!the!

APS^sized!glass!fibres!possess!an!initially!higher!strength!than!the!bare!fibres,!the!
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strength! falls! to! a! similar! value!of! around!0.9!GPa!showing! that!APS!offered! little!

protection!from!NaOH!damage.!At!this!treatment!duration!the!strongest!fibres!are!in!

fact! those! that! were! HT! (1.3! GPa),! since! the! alkaline! solution! regenerated! the!

strength! by! smoothing! out! severe! surface! defects.! Beyond! this! optimal! treatment!

time! the!HT! fibre!strength!begins! to!decrease,!converging!with! the!strength!of! the!

virgin!APS^sized!and!bare!fibres.!After!the!precipitous!drop!in!strength!of!the!APS^

sized! and! bare! fibres! after! 5! minutes! of! alkaline! treatment,! the! strength! is! fairly!

unaffected!by!treatment!duration.!On!the!other!hand,!the!HT!fibre!strength!appears!

to! decline! continuously! with! treatment! time,! even! below! values!measured!without!

any!alkaline!treatment.!It!was!suggested!earlier! in!this!chapter!from!FTIR!data!that!

the!eventual!decrease!in!strength!of!HT!fibres!could!have!been!due!to!severe!glass!

network! degradation! by! the! alkaline! solution.! Given! that! this! network! dissolution!

should!occur! in! virgin! fibres,!we!would!expect! the!strength! to!decrease! further! for!

APS^sized!and!bare!glass!fibresr!Figure!3.53!shows!a!dramatic!reduction!in!strength!

of! these! virgin! fibres! at! just! 5! minutes! of! NaOH! treatment,! and! then! remains!

constant!with! time.! An! FTIR! analysis! of! alkali! treated! virgin! fibres!was! conducted!

and!the!results!reported!later!in!this!section.!

The!strength!of!APS^sized!fibres!after!120!minutes!alkaline!treatment!is!the!highest,!

followed! by! bare! then!HTr! this! correlates! with! the! baseline! strength! of! the! fibres.!

Despite! the! difference! in! strength! of! these! fibre! types! at! the! longest! alkaline!

treatment! duration,! it! is! apparent! that! convergence! in! strength! occurs! at! an! early!

stage.!The!dramatic! loss! in!strength!of!virgin! fibres!after!alkaline! treatment!agrees!

with! previous! studies! [18,! 21,! 22].! The! fact! that! this! abrupt! decrease! in! strength!

occurs! for! APS^sized! fibres! indicates! that! the! APS! was! removed! by! the! alkaline!

solution!and!thus!offered!little!protection!to!the!glass!from!dissolution.!!
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As!well!as!testing!the!strength!of!the!fibres!after!alkaline!treatment,!the!mass!loss!of!

some!of!the!bundles!was!also!measured!and!plotted!in!Figure!3.54.!

!

!

Figure!3.54!–!Mass!loss!(%)!of!APSPsized,!HT!and!bare!glass!fibres!after!treatment!in!3!M!NaOH!

solution!at!various!times!

!!

Because!the!mass!loss!of!only!one!bundle!was!measured!after!each!treatment,!it!is!

not!clear!how!the!fibre!type!and!treatment!time!affects!the!rate!of!dissolution!of!the!

glass.!What!is!particularly!unusual!is!that!the!APS^sized!fibres!show!a!higher!mass!

loss!after!120!minutes!in!NaOH!solution,!despite!the!fact!that!the!APS!would!have!

retarded! the! dissolution! rate! of! the! glass! to! some! extent! at! the! beginning! of! the!

treatment.!An!attempt!at! relating! the!mass! loss! (and!hence!diameter! reduction)!of!

the!fibres!with!the!strength!is!made!in!Figure!3.55.!
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Figure!3.55!–!Average!strength!of!APSPsized,!HT!and!bare!glass!fibres!after!treatment!in!3!M!

NaOH!solution!as!a!function!of!diameter!reduction!(%)!!

!

The! trend!of!diameter! reduction! (%)!with!strength! is!similar! for! the!APS^sized!and!

bare!glass!fibres.!At!1%!diameter!reduction!there!is!a!sudden!decline!in!strength!of!

the!fibres!without!heat!treatmentr!beyond!this!point!the!strength!is!fairly!constant!as!

the!diameter!of! the! fibre! continues! to!decrease.!As! for! the!HT! fibres,! the!strength!

increases! significantly! at! around! 1%! diameter! reduction,! and! then! gradually!

decreases.!!

Later! in! this! chapter,! virgin!and!HT! fibres!were! treated! in!a! relatively! lower!NaOH!

concentration!of!1.5!M!to!see!whether!the!strength!would!change!more!steadily!with!

time.! Additionally,! a! systematic! investigation! into! the!mass! loss! of! the! fibres! after!

alkaline! treatment!was! performed.! FTIR! and!SEM^EDS!analysis! of! the! fibres!was!

also!carried!out!to!further!understand!their!interaction!with!the!alkaline!solution.!!

Figure!3.56!displays!the!average!tensile!strength!of!APS^sized,!HT!and!bare!glass!

fibres!after!treatment!in!hot!1.5!M!NaOH!solution!for!various!times.!
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Figure!3.56!–!Average!strength!of!APSPsized,!HT!and!bare!glass!fibres!after!treatment!in!1.5!M!

NaOH!solution!for!various!times!

!

The! strength! of! the! virgin! fibres! decreases! significantly! after! a! short! alkaline!

treatment.! A! short! period! of! NaOH! treatment! (2! minutes)! had! little! effect! on! the!

strength!of!HT!fibres,!though!a!positive!impact!can!be!seen!from!5!minutes!onwards.!

Both!the!bare!and!APS^sized!glass!fibres!lose!approximately!half!their!strength!after!

2!minutes!of!NaOH!treatmentr!the!fact!that!the!strength!reduction!is!severe!even!for!

APS^sized! fibres! indicates! that! the! protective! coating!was! readily! removed! by! the!

alkaline!solution,!resulting!in!considerable!damage!of!the!glass!surface!underneath.!

The! strength! of! the! APS^sized! fibres! does! not! appear! to! decrease! further! with!

extended! treatment,! remaining!at! around!1.2!GPa!up! to! 90!minutes.! Interestingly,!

the! bare! fibre! strength! declines! at! the! early! stages! of! the! treatment,! and! then!

increases! up! to! around! 1! GPa! from! 20! minutesr! this! suggests! that! the! alkaline!

treatment! might! have! damaged! the! fibre! surface! then! subsequently! healed! the!

flaws.!However,!such!an!effect!does!not!appear!to!occur!for!the!case!of!APS^sized!

and!HT!fibres.!Unlike!previously!with!the!more!corrosive!3!M!NaOH!treatments,!the!

strength!of!all!three!fibre!types!converges!at!various!stages!in!Figure!3.56,!even!at!
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120! minutes! where! there! is! finally! irreversible! bulk! glass! network! damage! (as!

supported!by!FTIR!and!other!studies).!The!fact!that!the!strength!at!convergence!is!

typically! around! 1! to! 1.2! GPa! is! interesting,! particularly! as! this! is! close! to! the!

strength! of! bare! fibres! without! alkaline! treatment.! These! results! imply! that!

regardless! of! the! potential! benefit! of! alkaline! treatment! for!HT! fibres,! the! strength!

cannot!surpass!that!of!virgin!bare!fibrer!in!other!words,!the!strength!can!never!reach!

that!of! virgin! fibre!coated!with!APS.!At!120!minutes,! the!strength!of!all! three! fibre!

types! decreases! significantly! to! around! the! same! value! as! the! initial! HT! fibre!

strengthr!as!discussed!previously!through!FTIR,!this!strength!decrease!could!be!due!

to!glass!network!degradation.! In!addition,! the!measured!strength!of! these! fibres!at!

120! minutes! could! be! higher! than! the! true! strength! from! possible! bias! towards!

stronger!fibres!in!the!dataset.!!!

As! well! as! measuring! the! tensile! strength! of! the! fibres,! the! mass! loss! was! also!

determined.!Similar! to!a!previous!study,! the!mass!of! three!bundles!was!measured!

before!and!after! treatment! in!the!alkaline!solution!at!a!particular! time.!The!bundles!

were! thoroughly! rinsed! in! acid! and! water! after! the! treatment! to! remove! as!much!

residue! as! possible.! The! mass! of! the! bundles! before! and! after! rinsing! was! also!

obtained! to! investigate! the! extent! of! residual! build^up! on! the! fibres.! Figure! 3.57!

gives! the! mass! loss! (%)! of! the! fibre! bundles! after! treatment! in! hot! 1.5! M! NaOH!

solutions! at! various! times,! after! rinsing.! The! error! bars! represent! the! standard!

deviation.!!

!!!!
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!

Figure!3.57!–!Mass!loss!(%)!of!fibre!bundles!after!treatment!in!1.5!M!NaOH!solution!at!various!

times!

!

A!mass!loss!of!around!2%!is!observed!after! just!2!minutes!of!alkaline!treatment!of!

the!HT!and!bare!fibresr!the!mass!loss!of!APS^sized!fibres!appears!to!be!lower.!As!

the!treatment!progresses!the!dissolution!of!the!fibres!appears!to!continue,!following!

a!logarithmic!curve.!This!gradual!reduction!in!the!dissolution!rate!of!the!fibres!can!be!

attributed! to! the!build^up!of!product! layers!on! the!glass!surface!over! the!course!of!

the!treatment,!and/or!the!ineffective!removal!of!residue!from!the!rinsing!procedure.!

The! latter! seems! unlikely! given! the! rigorous! acid! rinsing! process! adopted! in! this!

experiment.!The!extent!of!dissolution!of!HT!and!bare!fibres!is!similar,!being!slightly!

higher! than!APS^sized! fibres! throughout! the!course!of! the! treatment.!Although! the!

APS!coating!might!have!been!removed!eventually!by!the!alkaline!solution,!it!would!

have! offered! some! initial! protection! to! the! glass! surface! resulting! in! a! slight!

retardation!in!the!rate!of!dissolution.!The!results!contradict!those!presented!in!Figure!

3.54,!which!show!APS^sized!fibres!dissolving!more!readily!in!3!M!NaOH!solutionr!it!

is!worth!bearing!in!mind,!however,!that! in!the!previous!study!the!mass!loss!of!only!

one!bundle!was!measured!at!each!treatment!time.!After!120!minutes!of!1.5!M!NaOH!
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treatment,! the!mass! loss!of!bare!and!HT! fibres!was!almost!8%r!when!considering!

this!in!absolute!terms,!it!was!equivalent!to!a!fibre!bundle!with!an!initial!mass!of!305!

mg,!which!lost!23!mg!after!alkaline!treatment!resulting!in!a!final!mass!of!282!mg.!

Figure!3.58!provides!the!mass!gain!(%)!of!the!fibre!bundles!after!treatment!in!1.5!M!

NaOH! solutions! at! various! times,! before! acid! rinsing! was! carried! out! to! remove!

residue.!

!

!

Figure!3.58!–!Mass!gain!(%)!of!fibre!bundles!after!treatment!in!1.5!M!NaOH!solution!at!various!

times,!without!rinsing!

!

The! mass! gain! seems! to! be! consistent! (around! 7%)! at! various! stages! of! the!

treatment!of!HT! fibres.!As! for! the!virgin!bare!and!APS^sized! fibres,! the!mass!gain!

fluctuates! regularly,! and! was! likely! due! to! fibres! being! handled! more! gently! at!

certain! treatment! times! than! others.! There! appears! to! be! no! trend! in! mass! gain!

against! treatment! time! of! the! fibres,! however! the! constant! mass! loss! shown! in!

Figure!3.57!indicates!that!no!matter!how!variable!the!residue!amount!can!be!on!the!
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fibres! after! alkaline! treatment,! the! rinsing! procedure! is! capable! of! removing! the!

deposits!effectively.!

Because! the! fibre! strength! after! alkaline! treatment! is! mainly! controlled! by! the!

etching! of! the! glass! surface,! a! plot! was! constructed! (Figure! 3.59)! showing! the!

tensile! strength! of! the! fibres! as! a! function! of! diameter! reduction,! which! was!

determined!from!the!mass!loss.!!

!

!

Figure!3.59!–!Average!strength!of!APSPsized,!HT!and!bare!glass!fibres!against!their!diameter!

reduction!after!treatment!in!1.5!M!NaOH!solution!at!various!times!!

!

At!the!initial!stage!of!the!treatment!(where!there!is!up!to!1%!diameter!reduction),!the!

alkaline! treatment! already! has! a! detrimental! effect! on! the! strength! of! the! virgin!

fibresr!the!strength!of!the!HT!fibres!is!relatively!unchanged.!Once!diameter!reduction!

exceeds!1%,!the!strength!of!the!bare!and!HT!fibres!begins!to!increase,!converging!

with!the!strength!of!APS^sized!fibres,!which!remains!at!approximately!1.2!GPa.!After!

3%!diameter! reduction! for!APS^sized! fibres,!and!unusually!at!4%! for!bare!and!HT!
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fibres,! the! strength! finally! drops! possibly! due! to! the! excessive! glass! network!

degradation.!!

The! fibre! surface! after! alkaline! treatment! (before! and! after! rinsing)!was! examined!

with! an! SEM! to! investigate! the! residual! build^up! and! to! see! more! clearly! how!

effective!the!rinsing!procedure!was!to!remove!the!deposits.!Figure!3.60,!Figure!3.61!

and!Figure!3.62!show!SEM! images!of!APS^sized,!HT!and!bare! fibres! respectively!

after! treatment! in! 1.5!M!NaOH! solution! for! 30! and! 120!minutes,!with! and!without!

acid!rinsing.!!

!!!

!

Figure!3.60!–!SEM!images!of!APSPsized!glass!fibres!after!1.5!M!NaOH!treatment!for!(a)!30!

minutes!(without!rinsing),!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(without!rinsing),!and!(d)!

120!minutes!(with!rinsing)!
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Figure!3.61!P!SEM!images!of!HT!glass!fibres!after!1.5!M!NaOH!treatment!for!(a)!30!minutes!

(without!rinsing),!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(without!rinsing),!and!(d)!120!

minutes!(with!rinsing)!

!

From!SEM!investigation!it!is!evident!that!a!significant!amount!of!residue!builds!up!on!

the! fibre! surface! after! alkaline! treatment,! irrespective! of! treatment! timer! this! is!

consistent!with! results! in!Figure!3.58!which!show! little! trend! in!mass!gain!of! fibres!

treated!in!alkaline!solution!at!various!times,!without!rinsing.!What!is!also!apparent!is!

that! for! fibres! treated! in! alkaline! solution! at! 30! and! 120! minutes,! the! acid! rinse!

managed! to! remove!most!of! the! residue,! leaving!a! reasonably!clean! fibre!surface.!

From!SEM!imaging!it!can!be!seen!that!the!fibre!surface!after!30!minutes!of!alkaline!

treatment!is!marginally!cleaner!than!the!fibres!treated!for!120!minutes,!which!could!

account!for!the!slight!retardation!in!mass!loss!of!the!fibres!shown!in!Figure!3.57.!!!
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Figure!3.62!P!SEM!images!of!bare!glass!fibres!after!1.5!M!NaOH!treatment!for!(a)!30!minutes!

(without!rinsing),!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(without!rinsing),!and!(d)!120!

minutes!(with!rinsing)!

!

As! well! as! imaging! the! fibres! under! SEM,! EDS! was! also! used! for! compositional!

analysis!of!the!surface!and!residue.!Figure!3.63!shows!the!elemental!composition!of!

APS^sized! fibres! before! and! after! alkaline! treatment.! For! the! alkali! treated! and!

rinsed! fibres,! EDS! analysis! was! conducted! both! of! the! fibre! surface! and! the!

remaining!residue.!Because! the!alkali! treated!and!unrinsed! fibres!had!a!significant!

build^up!of!residue,!analysis!was!not!possible!of! the!fibre!surface!so!measurement!

was!made!only!of!the!residue.!The!elements!listed!in!Figure!3.63!are!those!that!are!

generally!present!in!E^glass!fibre!formulations.!Chlorine!(Cl)!was!also!included!in!the!

element!list!because!the!fibres!were!rinsed!in!HCl!after!alkaline!treatment.!Although!

untreated!APS^sized!fibres!would!contain!other!elements!such!as!nitrogen!(N)!and!

carbon! (C)! from! the!APS! coating,! these!were! removed! for! simplicity! and! to! allow!
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comparison!with! fibres!where! the!APS!coating!was!not!present!or! removed!by! the!

alkaline!solution.!

!!!!

!

Figure!3.63!–!Weight!(%)!of!elements!present!on!APSPsized!glass!fibres!before!and!after!alkaline!

treatment!!

!

There! is! little!change! in! the!elemental!compositional!of! the! fibre!surface! itself!after!

alkaline! treatment,! other! than! the! slight! decrease! in! concentration! of! Ca,! which!

could!have!been!due! to!CaO!dissolving! into! the!alkaline!solution! to! form!Ca(OH)2.!

The! composition! of! the! residue! following! acid! rinsing! appears! to! be! similar! to! the!

fibre!surface,!suggesting!that!the!surface!composition!was!mainly!contributing!to!the!

EDS!measurement!instead.!Because!the!unrinsed!alkali!treated!fibres!possessed!a!

considerable! amount! of! residue! on! the! surface! the! EDS!measurement! was!more!

straightforward,! registering! a! high! concentration! of! Na.! This! could! have! resulted!

from!residual!NaOH!precipitating!on!the!fibre!surface!or!it!could!have!originated!from!

Na^based! products! between! the! glass! and! alkali.! The! fact! that! the! Ca! level!
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increases! implies! that! dissolved! Ca(OH)2! might! have! precipitated! back! onto! the!

fibre.!!

Figure!3.64!shows!the!EDS!compositional!analysis!of!the!HT!fibres!before!and!after!

alkaline!treatment.!!!!

!

!

Figure!3.64!P!Weight!(%)!of!elements!present!on!HT!glass!fibres!before!and!after!alkaline!

treatment!

!

Once!again,! the!elemental!composition!of! the! fibre!surface! is! relatively!unchanged!

following! alkaline! treatment.! Interestingly,! the! residue! left! on! the! fibres! after! acid!

rinsing!registered!an!overwhelming!concentration!of!Na!and!Cl.!NaCl!is!a!product!of!

the!reaction!of!NaOH!with!HCl,!so!it!can!be!said!that!the!residue!remaining!on!the!

fibre!surface!after!acid!rinsing!was!likely!to!have!been!composed!of!NaCl.!Given!that!

a!significant!weight!(%)!of!O!is!still!shown!in!Figure!3.64!for!the!residue!of!the!rinsed!

fibres! indicates! that! some! NaOH! was! also! present.! Unsurprisingly,! no! Cl! was!
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detected!on!the!residue!of!the!unrinsed!fibres,!and!was!possibly!a!mixture!of!leftover!

NaOH,!Na^based!products,!and!precipitated!Ca(OH)2.!

Figure!3.65!shows!that!the!elemental!composition!of!the!surface!of!bare!glass!fibres!

does!not!change!significantly!after!alkaline!treatment.!!!!!

!

!

Figure!3.65!–!Weight!(%)!of!elements!present!on!bare!glass!fibres!before!and!after!alkaline!

treatment!

!

When! the! bare! fibres! were! treated! in! alkaline! solution! and! rinsed! in! acid,! the!

remaining!deposits!showed!a!considerable!amount!of!Cl!and!Na!according!to!EDSr!

again,!this!could!have!been!attributed!to!the!production!of!NaCl!from!the!reaction!of!

residual!NaOH!and!HCl!during! the! rinsing!procedure.!The! residue!of! the!unrinsed!

fibres! shows! high! levels! of! Na! and!O,! which! was! likely! to! have! been! due! to! the!

presence! of! residual! NaOH! from! the! alkaline! treatment.! The! EDS! results! also!

indicate!that!some!other!materials!like!precipitated!Ca(OH)2!and!Na^based!products!



114!
!

like!sodium!silicate!and!sodium!aluminate!could!have!been!present! in! the! residual!

deposits.!!

Figure!3.66!shows!the!FTIR!diffuse!reflectance!spectra!of!the!APS^sized!glass!fibres!

before!and!after!NaOH!treatment!for!30!and!120!minutes!(with!and!without!rinsing).!

!

!

Figure!3.66!P!Stacked!view!of!FTIR!diffuse!reflectance!spectra!of!glass!fibres!(a)!APSPsized!only,!

then!after!1.5!M!NaOH!treatment!for!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(with!rinsing),!

(d)!30!minutes!(without!rinsing),!and!(e)!120!minutes!(without!rinsing)!

!

The! spectrum! for! APS^sized! fibres! shows! a!weak! absorbance! band! around! 3500!

cm^1!which!is!likely!from!Si^OH!in!the!glass![101].!Peaks!at!just!below!3000!cm^1!are!

indicative! of! hydrocarbon! absorbance! from! the! APS! coating! [101].! The! weak! IR!

absorption! at! 2300! cm^1! and! 1750! cm^1! is! present! due! to! carbon! dioxide! or! other!

carboxylate! species,! which! can! be! commonly! found! in! IR! spectra! [103^105].! The!

band!at!1000!cm^1! (which!points!downwards!due! to! the! reststrahlen!effect)! is! from!

absorbance!by!Si^O^Si! in! the!glass! fibre! [101].!When!APS^sized!glass! fibres!were!

treated! in! alkaline! solution! and! rinsed,!most! if! not! all! the! IR! absorption! from!APS!
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appear!to!be!removed,!indicating!that!the!APS!coating!was!removed!from!the!fibres.!

There! seems! to! be! no! difference! in! the! SiOH! and! Si^O^Si! absorbance! of! fibres!

before!and!after! treatment!with!rinsing.!When!the!unrinsed!fibres!were!analysed,! it!

was!found!that!the!IR!absorbance!was!predominantly!of!the!residue!(mostly!NaOH),!

as! shown! by! the! strong! OH! absorbance! band! at! 2500! to! 3700! cm^1! and! the!

dampening!of!the!Si^O^Si!absorbance.!Other!peaks!seem!to!have!emerged!for!the!

alkali! treated!and!unrinsed!fibresr!though!not!well^resolved!and!easily!assignable!it!

can!be!supposed!that!some!of!them!are!as!a!result!of!IR!bending!vibrations!of!the!

OH,!and!of!contaminants.!Such!a!trend!is!also!observed!with!the!case!of!APS^sized!

and!HT!fibres!(Figure!3.67).!!

!

!

Figure!3.67!P!Stacked!view!of!FTIR!diffuse!reflectance!spectra!of!glass!fibres!(a)!APSPsized!+!HT!

only,!then!after!1.5!M!NaOH!treatment!for!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(with!

rinsing),!(d)!30!minutes!(without!rinsing),!and!!(e)!120!minutes!(without!rinsing)!

!

The!Si^OH!band! appears! to! increase! slightly! in! absorbance!when! the! fibres!were!

treated! for! 120!minutes! in! alkaline! solution! and! rinsed,! as! opposed! to! the! shorter!

time! of! 30! minutesr! this! proves! that! a! prolonged! alkaline! treatment! leads! to! an!
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increase!in!the!rate!of!hydroxide!attack!of!the!silicate!network,!and!hence!a!greater!

concentration! of! Si^OH! groups.! With! the! unrinsed! fibres,! there! is! again! an!

overwhelming! absorbance! possibly! of! residual!NaOH.! In! addition,! there! is! a! peak!

that!develops!at!around!2500!cm^1,!which!was!only!slightly!visible!in!Figure!3.66r!this!

absorbance! could! have! been! from! carbonate! groups! present! on! the! fibres! as! a!

result!of!contamination![104].!These!absorption!peaks!appear!for!alkali!treated!and!

unrinsed!bare!fibres!as!well,!according!to!Figure!3.68.!!!

!

!

Figure!3.68!P!Stacked!view!of!FTIR!diffuse!reflectance!spectra!of!glass!fibres!(a)!bare!only,!then!

after!1.5!M!NaOH!treatment!for!(b)!30!minutes!(with!rinsing),!(c)!120!minutes!(with!rinsing),!(d)!

30!minutes!(without!rinsing),!and!!(e)!120!minutes!(without!rinsing)!

!

It! can! be! presumed! that! any! hydrocarbon! absorbance! from! alkali! treated! and!

unrinsed!glass!fibres!could!be!due!to!contamination!on!the!surface.!There!is!also!the!

possibility! that! some! residual! APS!was! on! the! fibres,! however! this! is! unlikely! the!

case!particularly!for!bare!fibres!as!they!do!not!possess!an!organic!coating!in!the!first!

place.!Overall,!it!can!be!deduced!that!alkaline!treatment!of!the!fibres,!regardless!of!
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whether! they!were!APS^sized,!HT!or!bare,! leads! to! the!degradation!of! the!silicate!

network! and! the! increase! in! silanol! groups.! In! addition,! it! can! be! said! that! the!

absorbance!of!the!alkali!treated!and!unrinsed!fibres!is!mainly!of!the!residual!NaOH.!

!

3.5! Conclusions!

Glass! fibres!exhibit! up! to!70%! tensile! strength! loss!after! conditioning!at!a! thermal!

recycling!temperature!of!450!°C.!It!has!been!demonstrated!from!this!research!study!

that!a!short!treatment!of!HT!glass!filaments!in!hot!NaOH!or!KOH!can!almost!double!

their! strength,! allowing! their! potential! reuse! as! reinforcement! in! GRP! materials.!

LiOH,! however,!was!unable! to! restore! strength! in!HT! fibres.!KOH,! shown! to! be!a!

milder! glass! fibre! etchant! from! mass! loss! and! diameter! reduction! experiments,!

improved! fibre! strength! at! higher!molarity! and! longer! treatment! times.!Conversely!

NaOH!was!a!highly!corrosive!alkaline!reagent!towards!glass!fibre,!and!proved!to!be!

a! much! more! efficient! strength! regenerator.! For! a! given! etchant,! the! maximum!

strength! regeneration! was! affected! by! molarity! and! treatment! time.! Interaction! of!

alkaline!solution!with!the!glass!surface!resulted!in!the!formation!of!residual!deposits,!

which!were!more!prominent!for!fibres!treated!in!NaOH!than!KOH!as!shown!by!SEM!

and!AFM!investigations.!The!degradation!of!the!glass!network,!as!indicated!by!FTIR!

spectra,!correlated!with!the!decrease!in!fibre!strength!when!treatment!in!NaOH!and!

KOH!was!excessive.!On!a! positive! note,! the! fact! that!NaOH!was!highly! corrosive!

meant! only! low! molarity! of! solution! and! short! treatment! time! was! required! to!

regenerate!HT!fibre!strengthr!when!conditions!became!severe! there!was!a!drop! in!

strength!of!HT! fibres.! It! is! thought! the! reduction! in!severity!of!surface! flaws!on!HT!

fibre! explained!why! strength! initially! improved!with! alkaline! treatment.!Despite! the!

degradation! of! the! glass! fibre! network! as! a! whole! after! excessive! treatment,!
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examination! of! fibre! fracture! surfaces! indicated! that! the! origin! of! failure! could! still!

have!been!at!the!surface.!

The!effect!of!alkaline!treatment!(NaOH)!on!the!strength!of!virgin!APS^sized!and!bare!

glass! fibres! was! also! investigated.! This! treatment! decreased! the! strength! of! the!

virgin! fibres,! consistent! with! previous! studies! in! the! literature.! Interestingly,! the!

strength! of! APS^sized,! HT! and! bare! fibres! after! alkaline! treatment! eventually!

converged!at!around!1!GPa,!close!to!the!strength!of!untreated!virgin!bare!fibre.!This!

was!close!to!the!limit!at!which!the!alkaline!treatment!could! improve!the!strength!of!

HT! fibresr! the! strength! of! these! fibres! so! far! has! never! shown! to! surpass! that! of!

virgin!bare!fibres,!in!other!words!they!could!never!reach!the!strength!of!glass!fibres!

commercially! sized!with!APS.!Although! it!was!assumed! that! the!APS!coating!was!

mainly! removed! from!the! fibres!during!alkaline! treatments,! results!showed!that! the!

virgin! APS^sized! fibres! were! overall! more! resistant! to! dissolution! by! the! alkaline!

solution!than!the!HT!and!bare!fibres.!!!!!!

!

!

!

!

!

!
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4! Kinetics! of! dissolution! of! glass! fibre! in! hot! alkaline!

solution!

!

4.1! Introduction!

The!strength!loss!of!glass!fibres!after!being!thermally!recycled!from!GRP!waste!is!a!

major!barrier!to!their!reuse!in!second^life!composite!applications![8^10].!Recent!work!

has!shown!that!the!strength!of!these!damaged!filaments!can!be!restored!by!means!

of!chemical!treatment!with!HF!or!hot!alkaline!solution![11,!13,!14].!An!in^depth!study!

into! the! effects! of! alkaline! treatments! on! the! properties! of! thermally! conditioned!

glass!fibres!is!presented!in!Chapter!3.!Both!HF!and!alkaline!solutions!are!thought!to!

strengthen!the!fibres!by!blunting!cracks!through!chemical!etchingr!in!fact,!Yang!et!al.!

[11]!shows!that!the!reduction!in!fibre!diameter!after!HF!treatment!can!be!related!to!

strength!increase.!!

The! dissolution! of! silicate! glass! in! alkali! is! well! documented! in! literature! [15^17],!

however! the!use!of! these!corrosive!substances! for!strengthening! thermally! treated!

glass! fibres! is! a! novel! conceptr! it! is! believed! the! reaction! of! silica! (SiO2)! with!

hydroxide! ions! (OH^)! from! the! alkaline! solution! [20]! leads! to! a!modification! of! the!

damaged! fibre! surface! and! improves! tensile! strength.! The! strength! increase! of!

thermally!conditioned!glass!fibres!from!a!short!term!of!hot!alkaline!treatment!can!be!

achieved! at! little! expense! of! removing! surface! materials,! according! to! results!

presented! in!Chapter! 3!and! in! [2].!This! contrasts!with! the!behaviour!of!HF,!which!

significantly!etches!the!glass!fibre!at! its!optimum!treatment!duration!of!2.5!minutes!

[11].! Understanding! and! controlling! the! strength! regeneration! mechanism! of!

thermally! conditioned! glass! fibres! through! alkaline! treatments! require! the!
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investigation! of! the! kinetics! of! the! reaction! between! the! glass! and! the! alkaline!

solution.!To!obtain!accurate!and!reliable!kinetic!data,!the!conversion!of!glass!fibres!

after! alkaline! treatment! needs! to! be! measurable.! Although! an! excessive! alkaline!

treatment!can!eventually!lead!to!strength!decrease!of!thermally!conditioned!fibres!as!

shown! in! Chapter! 3,! a! measurable! fibre! diameter! reduction! can! be! obtained,!

particularly!when!fibres!are!immersed!individually!in!the!alkaline!solution.!

Dissolution! experiments! are! mainly! conducted! with! bulk! silicate! glasses! in! the!

literature,!and!glasses!which!include!a!significant!amount!of!various!metal!oxides!in!

their! formulation,! such! as! E^glass,! are! not! explored! very! often.! In! addition,! little!

study! on! the! dissolution! kinetics! of! glass! fibres! immersed! individually! in! alkaline!

solution!has!been!conducted.!This!chapter!presents! the! results!of!an! investigation!

into! the! reaction! kinetics! of! E^glass! fibre! dissolution! in! alkaline! solution.! Firstly,! a!

literature! review!on! the!dissolution!of! bulk! and! fibrous!glass! in! alkaline! solution! is!

given!in!the!chapter.!!

To! measure! the! dissolution! rate! in! this! study,! individual! E^glass! fibres! were!

immersed! in! the! alkaline! solution! for! prolonged! periods! of! time,! rinsed! to! remove!

residue! and! measured! for! obtaining! fibre! diameter! with! a! scanning! electron!

microscope!(SEM).!Measurement!was!taken!of!the!corresponding!untreated!fibre!in!

order! to!calculate! the! fibre!diameter! reduction.! It! is! thought! the!effect!of!etching!of!

the! glass! surface! by! alkaline! treatment! is! strongly! dependent! on! various! reaction!

conditions! including! nature! of! alkaline! solution,! temperature,! concentration! and!

treatment!duration.!Both!KOH!and!NaOH!were!investigated!as!a!corrosive!medium!

in! this! work.! The! temperature! and! concentration! of! these! alkaline! solutions! and!

treatment! duration! were! varied! to! determine! the! activation! energy! and! reaction!

order,!respectively.!In!addition,!the!fibre!diameter!reduction!data!was!plotted!with!the!

strength! results! from!Chapter!3! to!determine!whether!an!optimum!etching! rate! for!
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strength! regeneration! exists.! The! key! results! given! in! this! chapter! were! recently!

published!in!a!conference!paper![68]!and!journal!article![107].!

!

4.2! Literature!review!

The!literature!review!in!Chapter!3!focuses!on!the!effects!of!chemical!treatments!on!

the!properties!of!glass! fibres.!The!review! in! this!chapter!concentrates!more!on! the!

kinetics!of!dissolution!of!bulk!and!fibrous!glass!in!alkaline!solutions.!

!

4.2.1! Dissolution!studies!of!glass!in!alkaline!solution!

Bulk! glass! is! used! in! a! variety! of! applications,! such! as! in! the! manufacture! of!

laboratory! apparatus.! It! is! therefore! important! to! look! into! the! durability! of! these!

glasses! in! various! corrosive! environments,! such! as! in! hot! alkaline! solution.!

Molchanov!and!Prikhidko![16,!93,!108^110]!published!some!of!the!earliest!work!on!

the! dissolution! behaviour! of! bulk! silicate! glasses! in! alkaline! solutions.! The! first!

communication! [16]! presents! the! results! of! an! investigation! into! the! corrosion! of!

quartz!and!laboratory!glasses!in!NaOH!and!sodium!carbonate!solutions.!The!extent!

of!dissolution!was!determined!by!measuring!the!thickness!of!the!glass!plates!before!

and!after!aggressive!alkaline!treatment!(standard!molarity!and!temperature!of!NaOH!

solution!being!0.5!mol/L!and!90!°C!respectively)!using!an!interference!microscope.!

The!authors!found!that! the!dissolution!rate!of! the!glasses!was!overall!higher!when!

using! NaOH! as! the! alkali.! In! addition,! the! corrosion! rate! of! glass! increased! with!

alkali! concentration!and! temperature.!Crystalline!quartz!was! found! to! be! the!most!

stable!out!of!all!the!glasses.!!
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The!composition!of!the!glass!can!also!have!an!effect!on!corrosion!resistancer!it!was!

shown!that!replacing!some!of! the!silica! in!binary!sodium!and!potassium!glass!with!

metal! oxides! can! decrease! its! stability! to! alkaline! attack! [108].! On! the! contrary,!

introducing! metal! oxides! such! as! Al2O3! into! silicate! glasses! can! retard! their!

corrosion! in! alkaline! solution! [109].! Molchanov! and! Prikhidko! also! examined! the!

influence!of!alkaline!solutions!based!on!different!alkali!metals! (NaOH,!KOH,!LiOH,!

and!so!on)!on!the!dissolution!rate!of!bulk!silicate!glasses![93].!Results!indicated!that!

NaOH!was! the!most!corrosive!solution! towards!glass,! followed!by!KOH,!LiOH!and!

others.!The!increase!in!dissolution!rate!with!certain!alkaline!solutions!was!attributed!

to! their! higher! dissociation! constants,! meaning! more! hydroxide! ions! would! be!

available!to!react!with!the!glass.!The!fact!that!NaOH!has!a!slightly!lower!dissociation!

constant! than!KOH!and!was! found! to!be! the!most!corrosive! towards!glass! led! the!

authors!to!believe!that!the!reaction!of!NaOH!and!glass!proceeded!more!readily!and!

more!exothermally![93].!As!well!as!these!alkalis!the!authors!also!studied!the!effect!

of! hot!water! on! the! corrosion!behaviour! of! glassr! they!believed! that! hot!water! not!

only! leached!the!glass!but!also!dissolved!it! to!some!degree.!The!dissolution!of!the!

glass!in!hot!water!was!observed!through!a!decrease!in!thickness!of!the!glass!platesr!

in! some! cases,! the! dissolution! rate! was! comparable! to! that! of! glasses! treated! in!

alkaline! solutions.! The! authors! believed! this! dissolution! was! mainly! due! to! the!

secondary!reaction!of!the!glass!with!alkaline!components!that!were!leached!out!by!

the! hot!water! [93].! Taking! into! account! this! etching! effect! of! hot!water,! one!might!

consider! it! to!be!a!safer!and!more!cost^effective!alternative! to!alkaline!solution! for!

regenerating! the! strength! of! thermally! recycled! glass! fibres.! The! ability! of! this!

treatment!to!recover!fibre!strength!has!been!investigated!previously!in![66]!and!will!

be!explored! to!some!extent! in! this!chapter.!A!more! thorough! investigation! into! the!

effect!of!NaOH!solution!concentration!on!the!dissolution!rate!of!silicate!glasses!was!

also! carried! out! by! Molchanov! and! Prikhidko! in! [110]r! they! found! that! silica^rich!
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glasses!dissolved!proportionally!to!the!alkali!concentration,!and!the!dissolution!rate!

of!glasses!rich!in!elements!such!as!magnesium!eventually!retarded!by!the!build^up!

of! certain! metal! oxide! inhibitors! and! the! formation! of! a! magnesium! hydroxide!

protective!layer!on!the!glass!surface.!!

Many!authors!along!with!Molchanov!and!Prikhidko!studied!the!dissolution!behaviour!

of! glass! in! alkaline! solution! [15,! 17,! 96,! 111,! 112].! Greenberg! [111]! found! that!

amorphous!silica!dissolved!more!readily!in!alkaline!solution!than!quartz,!and!the!rate!

of! dissolution! was! related! to! the! silica! surface! area! and! structure.! Hooley! [96]!

published!a!study!into!the!effects!of!various!alkaline!solutions!on!the!dissolution!rate!

of!vitreous!silica!glass,!and!found!that!NaOH!was!the!most!corrosive!solution!(see!

Figure!4.1).!This!was!consistent!with! results!presented!by!Kouassi!et!al.! [17]!who!

looked!into!the!dissolution!behaviour!of!waste!glass.!Jendoubi!et!al.![112]!observed!

a!rapid!dissolution!of!silica!sand!in!NaOH!solution!in!a!pressure!vessel!at!220!°C.!

!

!

Figure!4.1!–!Initial!dissolution!rate!of!vitreous!silica!glass!in!various!alkaline!solutions!and!

concentrations!at!80!°C.!Reproduced!from![96]!

!!
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Investigating!the!dissolution!behaviour!of!glasses!has!not!only!been!for!the!purpose!

of!examining! their!durability! in!corrosive!environments.!For!example,!Hawkins! [98]!

and!Kawano!and!Tomita![100]!analysed!the!kinetics!of!dissolution!of!volcanic!glass!

in! terms! of! the! rate! of! formation! of! zeolites,! which! are! a! class! of! aluminosilicate!

minerals!used!commercially! in!water!purification!among!other!applications.!Tanaka!

and!Takahashi![113]!also!looked!into!silica!dissolution!with!regards!to!the!formation!

of! silicate! products,! and! examined! their! chemical! structures! using! FAB^MS! (fast!

atom! bombardment! mass! spectrometry).! Fernandez! et! al.! [114]! looked! into! the!

kinetics!of! the! reaction!of! fly!ash!(a!by^product! from!coal!plants,! rich! in!silica)!with!

calcium! hydroxide! solution! (Ca(OH)2)! as! this! process! leads! to! the! formation! of!

sorbents!that!are!widely!used!in!flue!gas!desulfurization.!Du!et!al.![115]!investigated!

the! dissolution! kinetics! of! diatomite! (a! sedimentary! rock! rich! in! silica)! in! NaOH!

solution! to! look! into! how! the! formation! of! the! sodium! silicate! product! can! be!

optimised.!Sodium!silicate!is!used!commercially!in!a!wide!range!of!applications,!for!

example! as! an! adhesive! and! also! as! an! ingredient! for!making! skincare! products.!

Gin!et!al.! [116]!examined!the!corrosion!mechanism!of! international!simple!glass! in!

KOH!solution!to!help!develop!a!unified!model!for!glass!dissolution.!!

Although!there!are!comprehensive!studies!published!on!the!dissolution!behaviour!of!

bulk!glass! in!alkaline!solution,! fibrous!glass!has!received! little!attention,!despite! its!

prevalent!use! in! composites!manufacturing.!Some!work!has!been! reported!on! the!

corrosion! of! glass! fibres! in! alkaline! solutions! [18^22,! 78,! 117]! (see! the! literature!

review!in!Chapter!3),!but!these!studies!focus!more!on!the!mechanical!properties!of!

the! fibres! and!do!not! go! deep! into! the! fundamental! process! of! dissolution! and! its!

kinetics.! Al!Cheikh! and!Murat! [118]! analysed! the! dissolution! behaviour! of! E^glass!

fibres!in!saturated!Ca(OH)2!solution!at!room!temperature!over!several!months.!They!

discovered!that!the!mass!loss!of!the!fibres!(after!rinsing)!was!not!constant!with!time!



125!
!

(see!Figure!4.2),!and!believed! it!was!due! to! the! formation!and! removal!of!product!

layers!on!the!glass!surface!during!the!treatment,!which!impeded!and!then!resumed!

the!dissolution!of!the!fibres.!Kinetic!parameters!such!as!the!activation!energy!of!the!

dissolution!reaction!were!not!reported.!!!

!

!

Figure!4.2!–!Mass!loss!fraction!(α)!of!glass!fibres!after!treatment!in!saturated!Ca(OH)2!solution!

at!25!°C!for!several!days.!Reproduced!from![118]!!

!

It! is!evident! from!the! literature! that! the!dissolution!kinetics!of!bulk!glass! in!alkaline!

solution!has!been!carried!out!extensively.!There!is,!however,!very!little!investigation!

on!the!kinetics!of!dissolution!of!fibrous!glass.!The!next!section!looks!into!the!various!

solid^state! kinetic! models! developed! and! which! ones! best! describe! the! glass!

dissolution!studies!reported!in!the!literature.!!

!
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4.2.2! SolidPstate!kinetic!models!for!glass!dissolution!in!alkaline!solution!

SiO2! is! the! major! component! in! virtually! all! types! of! bulk! and! fibrous! glass.! For!

simplicity!silica! is!commonly! referred! to!as!SiO2,!but! in! reality! the!SiO2!exists!as!a!

complex! network.! When! glass,! regardless! of! its! form,! is! in! contact! with! hot,!

concentrated! alkaline! solution,! the! hydroxyl! ions! attack! the! SiO2! framework!

according! to! Equation! 4.1.! These! processes! contribute! to! the! dissolution! of! the!

glass.!!

!

−Si − O − Si − $+ $OHR $
∆

$ −SiO R +$ −Si − OH ! !

Equation!4.1!

!

In!some!cases!Al2O3!can!also!form!part!of!the!silica!network!structure,!and!can!react!

with!OH^!from!alkaline!solution!in!a!similar!fashion!to!SiO2!as!shown!in!Equation!4.2.!

!

−Al − O − Al − $+ $OHR $
∆

$ −AlO R +$ −Al − OH ! !

Equation!4.2!

!

Various!models! have!been!developed!and!are!used!extensively! to! describe! solid^

state! reactions! [119^129].! These! models! require! the! input! of! the! conversion! (α),!

which! is! a!measurement! of! the! change! in!mass! of! the! solid! before! and! after! the!

reaction!according!to!Equation!4.3.!

!
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V =
+6 − +W

+6

!

Equation!4.3!

!

M0!is!the!initial!mass!of!the!solid!(at!t!=!0)!and!Mt!is!the!mass!of!the!remaining!solid!

at!time!t!of!the!reaction.!

Usually!the!conversion!values!are!extracted!directly!from!mass!change!but!because!

this!study!involved!the!dissolution!of!individual!glass!fibres,!it!was!more!appropriate!

to! measure! the! fibre! diameter! reduction! using! SEM,! and! then! calculating! the!

conversion!using!Equation!4.4.!

!

V$ = 1 −$ 1 − $∆X Y!

Equation!4.4!

!

where!ΔD! is! the! fibre!diameter! reduction!as!a! fraction.!This!equation! is!developed!

from!the!volume!of!a!cylinder,!and!how! it! is! related! to! the!square!of! its! radiusr! the!

mathematical!derivation!is!shown!elsewhere![127].!!!!!!

When! looking! into! the! dissolution! process! of! bulk! or! fibrous! glass! in! alkaline!

solution,! there!are!usually! three!possible! rate!determining!steps!which!need! to!be!

considered.!One!of! them!is! the!diffusion!of!OH^! ions! through!the!solution,!and!can!

be!described!by!the!zero!order!model!(Equation!4.5)![115,!121,!124,!127,!129].!This!

model!relates!the!conversion!rate!of!the!glass!to!the!diffusion!rate!of!the!ions.!The!
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reaction! is!zero!order!with!respect! to! the!glass! thus!Equation!4.5! is!essentially! the!

expression!for!zero!order!kinetics.!

!

V = 13!

Equation!4.5!

!

The! reaction! rate! (or! conversion! rate)! (r)! can! be! extracted! from! the! slope! of! the!

conversion! of! the! glass! fibres! (α)! against! reaction! time! (t).! The! conversion! rate! is!

dependent!on!factors!such!as!the!glass!surface!area,!concentration!of!the!solution,!

and!the!diffusion!rate!of!the!OH^!ions![115].!!

Another!potential!rate!limiting!step!is!the!hydroxide!attack!of!the!glass,!which!results!

in!a!contraction!of!the!geometry!of!the!solid.!For!the!case!of!a!glass!fibre,!this!would!

mean! a! reduction! in! diameter.! The! shrinking! cylinder! model! (Equation! 4.6)! [121,!

124,! 127,! 129]! can! therefore! be! used! to! describe! this! rate! limiting! step! of! the!

dissolution!process.!!

!

1$ − $(1$ − $V)Z/Y = 13!

Equation!4.6!

!

Here!Equation!4.3!is!modified!to!relate!the!conversion!of!a!cylinder!with!the!change!

in! radius! over! time,! eventually! leading! to! Equation! 4.6r! the! full! mathematical!

derivation! is!given!elsewhere! [127].!Notice!how! rearranging!Equation!4.6! to! find!α!
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leads!to!an!expression!of!a!similar!form!to!Equation!4.4!where!rt!=!∆D,!proving!that!

the! shrinking! cylinder! model,! in! effect,! gives! the! fibre! diameter! reduction.! The!

reaction!rate! r!can! therefore!be!considered!as! the!rate!of! fibre!diameter! reduction,!

and!its!value!is!related!to!the!hydroxide!concentration!on!the!glass!surface!and!the!

glass!surface!area![115].!

Because! most! dissolution! studies! involve! the! use! of! bulk! glass,! the! shrinking!

sphere/cube! model! is! normally! applied! (Equation! 4.7)! [115,! 121,! 124,! 127,! 129],!

which!takes!a!similar!form!to!Equation!4.6.!

!

1$ − $(1$ − $V)Z/\ = 13!

Equation!4.7!

!!!

Finally,!when! the! glass! reacts!with! the! alkaline! solution! a! product! layer!may! form!

around! the! surface,! meaning! the! hydroxide! ions! need! to! subsequently! diffuse!

through! this! layer! before! reacting! with! the! silicate! network.! The! product! layer!

thickness!can!increase!with!time,!meaning!the!hydroxide!ions!take!longer!to!diffuse!

through! and! consequently! the! rate! of! glass! dissolution! will! decrease.! For! this!

scenario! the! 2^D!diffusion!model! can!be!employed! (Equation! 4.8)! [121,! 124,! 127]!

with! glass! fibre! as! the! substrate,!whereas! for! bulk! glass! the!well^known! shrinking!

core!model!(Equation!4.9)![115,!120,!123,!125,!129]!is!typically!applied.!

!

1 − V $0K 1 − V + V = 13!

Equation!4.8!
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1 − 3 1 − V Y \ + 2 1 − V = 13!

Equation!4.9!

!

Equation!4.8!describes! the! radial!diffusion!of!species! through!a!product! layer!of!a!

long!cylinder,!and!the!thickness!of!this!layer!increases!with!time!(unlike!in!previous!

cases!where!the!product!layer!thickness!is!constant).!This!is!a!similar!description!for!

Equation!4.9,!except!this!model!usually!applies!to!spherical!particles.!A!schematic!of!

the!shrinking!core!model!is!shown!in!Figure!4.3.!

!

!

Figure!4.3!–!Schematic!diagram!of!the!shrinking!core!model.!Reproduced!from![129]!

!

The!derivations!of!Equation!4.8!and!Equation!4.9!can!be! found! in! [127]!and! [123]!

respectively.!The!reaction!rate!for!both!of!these!models!depends!on!factors!such!as!

the! concentration! of! hydroxide! ions,! and! the! rate! of! their! diffusion! through! the!

product! layer! [115].!All! the!models!described! in! this!section,!or!similar,!have!been!

applied! previously! for! the! dissolution! of! glass! in! alkaline! solution! [114,! 115,! 123].!

The!model!describes!the!reaction!well!if!there!is!a!linear!fit!of!the!data!against!time.!

The! next! section! summarises! which!models! were! the! best! fit! for! the! kinetic! data!
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presented! in! the! literature,! and! also! the! values! of! kinetic! parameters! such! as!

activation!energy.!!!

!

4.2.3! Kinetic! parameters! determined! from! dissolution! studies! of! glass! in!

alkaline!solution!

As!mentioned!previously,!numerous!studies!have!been!conducted!on!the!dissolution!

of!glass!in!alkaline!solution.!Many!of!these!investigations!involved!fitting!the!kinetic!

data!in!various!solid^state!models!to!find!which!one!gave!the!best!fit!and!hence!what!

was! the! rate!determining!step!of! the!dissolution! reaction.!As!well! as!model! fitting,!

researchers! have! calculated! other! kinetic! parameters,! for! example! the! activation!

energy!(which!is!the!minimum!energy!required!to!initiate!a!reaction).!Reaction!order,!

with! respect! to! the!alkaline!solution,! is!another!kinetic!parameter! that! is!commonly!

determinedr! this!essentially!means!by!what! factor! the!reaction!rate! is! increased!as!

the!concentration!of!one!of!the!reactants!(in!this!case!alkali)!is!increased.!

Table! 4.1! summarises! the! kinetic! factors! calculated! in! various! dissolution!

experiments!reported!in!the!literature.!

!

!

!

!

!

!
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Table!4.1!–!Summary!of!kinetic!parameters!obtained!from!various!glass!dissolution!studies!in!

the!literature!

Reference! Reactants!

used!

Kinetic!model!

that!gave!

best!fit!

Reaction!

order!(with!

respect!to!

alkali)!

Activation!

energy!

(kJ/mol)!

Greenberg!
[111]!

Silica!and!
NaOH!

^! ^! 90.0!

Molchanov!
and!Prikhidko!

[16]!!

Quartz!and!
NaOH!

^! ^! 158.2!

Hooley![96]! Vitreous!silica!
and!NaOH!

^! ^! 92.0!

! Vitreous!silica!
and!KOH!

^! ^! 83.7!

Jendoubi!et!al.!
[112]!

Sand!and!
NaOH!

^! 0.47! ^!

Fernandez!et!
al.![114]!

Fly!ash!and!
Ca(OH)2!

Shrinking!core!
model!

^! 100.4!

Du!et!al.![115]! Diatomite!and!
NaOH!

Shrinking!core!
model!

2! 28.1!

!

Although! kinetic! modelling! has! not! been! carried! out! extensively! for! the! case! of!

complex!glass!dissolution,! it! is!clear! that! the!shrinking!core!model!seems! to!show!

the!best!fit,!suggesting!that!the!diffusion!of!hydroxide!ions!through!the!product!layer!

of! the! glass! substrate! is! the! rate! limiting! step! of! the! dissolution! reaction.! The!

reaction!order!with!respect!to!the!alkaline!solution!appears!to!vary,!with!Jendoubi!et!

al.! [112]! reporting!a!value!of!0.47!and!Du!et!al.! [115]!a!value!of!2.!The!activation!

energy! is! calculated! in! the! majority! of! the! articles! referenced! in! Table! 4.1,! with!

values!differing!depending!on!the!nature!of!the!glass!reactant.!The!lowest!activation!

energy!is!28.1!kJ/mol!for!the!reaction!of!diatomite!with!NaOH!solution![115],!and!the!

highest!value!is!reported!to!be!158.2!kJ/mol!for!the!dissolution!of!quartz![16]r!this!is!

not!unexpected!given! that!quartz! is! the!most!stable! form!of!glass.!There! is!only!a!

slight! increase! in! activation! energy! for! the! dissolution! of! vitreous! silica! in! NaOH!

compared!to!when!KOH!is!used!as!the!alkali![96].!
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In! this! study,! the! dissolution! behaviour! of! glass! fibres! in! both! NaOH! and! KOH!

solution! is! reported.! The! data! was! fit! into! the! solid^state! kinetic! models! and! the!

reaction! order! and! activation! energy! of! the! dissolution! process! was! determined.!

These!results!are!compared!with!those!given!in!the!literature,!as!shown!later!in!this!

chapter.!!

!

4.2.4! Conclusions!of!literature!review!

From!reviewing!the!literature!it!is!apparent!that!the!dissolution!reaction!of!bulk!glass!

in! alkaline! solution! (particularly! NaOH)! has! been! studied! in! depth,! unlike! fibrous!

glass.! The! reaction! of! glass! fibres! with! alkaline! solution! has! mainly! been!

investigated!with!regards!to!how!their!mechanical!properties!are!affected.!From!the!

bulk! glass! studies,! it! is! proven! that! the!dissolution! rate! increases!as!a! function!of!

alkaline! solution! temperature,! concentration! and! treatment! time.! It! is! also! widely!

accepted! that! NaOH! is! the! most! corrosive! alkaline! solution! towards! glass.! The!

nature!of!the!silica!can!also!have!an!effect!on!the!dissolution!rate,!as!the!crystalline!

form!(known!as!quartz)!is!more!resistant!to!alkaline!attack.!In!some!experiments,!the!

kinetic!data!was!fit!into!various!solid^state!models!to!determine!the!rate!limiting!step!

of! the! dissolution! reaction.! The! shrinking! core!model! seems! to! be! the! best! fit! for!

some! of! the! data! in! the! literature,! indicating! that! the! diffusion! of! hydroxide! ions!

through!the!product!layer!on!the!glass!surface!is!likely!to!be!the!rate!limiting!step!of!

the!reaction.!Other!kinetic!factors!such!as!reaction!order!and!activation!energy!have!

been! reported!widely! in! the! literature.! The! values! can! differ! greatly! in! each! study!

because! of! the! variation! in! the! form! of! silica! used! and! the! nature! of! the! alkaline!

solution,! as! well! as! other! parameters! such! as! the! temperature! of! the! reaction!

system.!!
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4.3! Experimental!

This!section!details!the!experimental!procedure!followed!to!measure!the!dissolution!

rate!of! the!glass! fibres! in!alkaline!solutions.!The!process!was!mentioned!briefly! in!

Chapter!3!but!is!described!in!more!depth!here.!

!

4.3.1! Materials!

Boron^free!E^glass!fibres!supplied!by!Owens!Corning!(OC)!were!used!in!this!study.!

These!OC!fibre!rovings!were!manufactured!on!a!pilot!scale!bushing!and!received!as!

20!kg!continuous!single!end!square!edge!packages.!Each!roving!had!a!nominal!tex!

of!1200!and!a!nominal!fibre!diameter!of!17!μm.!The!fibres!were!sprayed!with!water!

after!productionr!these!fibres!are!therefore!commonly!referred!to!as!‘water^sized’!or!

‘bare’.! Mechanical! properties! of! these! fibres! at! room! temperature! are! reported!

elsewhere! [47].! The! chemicals! used! in! this! project! were! purchased! from! Sigma!

Aldrich! and! included! NaOH! pellets,! KOH! flakes! (both! at! commercial! grade),! and!

standard!37%!concentrated!hydrochloric!acid!(HCl).!

!

4.3.2! Single!fibre!treatment!in!alkaline!solution!

Glass! fibres! were! treated! individually! in! alkaline! solution! whilst! varying! particular!

reaction! parameters! such! as! temperature! and! concentration! of! solution! and!

treatment! time.! Figure! 4.4! shows! a! schematic! of! the! fibre! sample! preparation! for!

alkaline!treatment.!!

!
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!

Figure!4.4!–!Schematic!showing!the!fibre!sample!preparation!for!alkaline!treatment!

!

Each!fibre!was!cut!into!three!portionsr!the!first!portions!were!the!control!(untreated)!

fibres!and! the!other! two!portions!were! the! fibres! to!be! treated! in!KOH!and!NaOH!

solution! at! a! particular! set! of! reaction! conditions! which! involved! varying! the!

conditions! of! alkaline! solution! as! indicated! in! Table! 4.2.! Five! fibre! samples! were!

prepared!for!treatment!at!each!time.!The!fibres!were!mounted!on!labelled!cards!with!

tape,!and!the!length!of!fibre!immersed!in!alkaline!solution!was!around!3!cm.!

!

!

!

!
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Table!4.2!P!Alkaline!treatment!conditions!employed!for!kinetic!study!of!glass!fibre!dissolution!

Condition! Concentration!of!
alkaline!solution!

(mol/L)!

Temperature!of!
alkaline!solution!

(°C)!

Treatment!time!
in!alkaline!

solution!(hours)!
1! 0.5! 95! 1,!2,!3,!5!
2! 1.0! 95! 1,!2,!3,!5!
3! 1.5! 95! 1,!2,!3,!5!
4! 2.0! 95! 1,!2,!3,!5!
5! 3.0! 95! 1,!2,!3,!5!
6! 3.0! 75! 1,!2,!3,!5!
7! 3.0! 80! 1,!2,!3,!5!
8! 3.0! 85! 1,!2,!3,!5!
9! 3.0! 90! 1,!2,!3,!5!

!

NaOH!and!KOH!solutions!were!prepared! in!polypropylene!containers!according! to!

the!following!concentrations:!0.5,!1.0,!1.5,!2.0,!and!3.0!mol/L!(concentration!will!be!

referred!to!as!mol/L!instead!of!M!in!this!chapter!as!this!is!the!notation!normally!used!

in! kinetic! analysis).! 500! ml! of! solution! was! prepared! for! each! treatment! to! fully!

immerse!the!fibres.!Containers!were!sealed!and!heated!to!95!°C!before!treating!the!

fibre!samples.!The! fibres!were! immersed! in!solution!by!mounting! the!cards!on! the!

inside!of!the!container.!After!each!treatment!time,!the!designated!fibre!samples!were!

removed!from!the!solution,!rinsed!in!diluted!HCl!(10%!v/v)!for!10!minutes,!followed!

by! rinsing! with! deionised! water! for! one! minute.! The! purpose! of! this! rinsing!

procedure,!particularly!with!acid,!was!to!ensure!the!effective!removal!of!any!residual!

deposits!which!could!have!remained!on!the!fibre!surface!at! the!end!of! the!alkaline!

treatment! [21].! In! addition,! previous! experimentation! did! not! show! any! significant!

change! in! glass! fibre! diameter! after! this! acid! rinsing! procedure! alone.! Once! the!

fibres!were!rinsed!after!alkaline!treatment,!they!were!left!to!dry!in!an!oven!at!110!°C!

for! 15! minutes.! By! varying! the! concentration! of! solution! (0.5! ^! 3.0! mol/L)! at! a!

constant! temperature!of!95! °C,! the!kinetic!data!can!allow! the!determination!of! the!

reaction!order!with!respect!to!KOH!and!NaOH.!Furthermore,!the!variation!of!solution!
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temperature! (75,! 80,! 85,! 90! and! 95! °C)! at! a! constant! concentration! of! 3! mol/L!

means!the!activation!energy!of!the!reaction!of!glass!fibre!with!alkaline!solution!can!

be!calculated.!

!

4.3.3! Scanning!electron!microscopy!(SEM)!!

After!alkaline!treatment,!fibres!were!mounted!on!an!SEM!plate.!A!HITACHI!SU^6600!

field!emission!scanning!electron!microscope!(FE^SEM)!was!used!for!measuring!the!

diameters! of! the! fibres.! Samples! were! coated! in! gold! using! an! Edwards! S150!

sputter! coater! in! order! to! prevent! charge! build^up! as! glass! fibres! are! non^

conductive.!The!gold! coating! is! normally! a! few!nanometres! thick!and! is! negligible!

with!respect!to!the!fibre!diameter!change!observed!in!this!work.!The!electron!beam!

was!rotated!so!that!the!fibre!was!as!horizontal!as!possible!in!order!to!measure!fibre!

diameter! through!automatic!scaling!of! the!SEM.!SEM! images!were!captured!at!an!

accelerating!voltage!of!15!kV!and!extraction!voltage!of!1.8!kV.!An!example!of!how!a!

fibre!was!measured!for!its!diameter!is!shown!in!Figure!4.5.!

!

!

Figure!4.5!–!SEM!image!of!a!fibre!being!measured!for!its!diameter!
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Once! the! diameter! measurements! were! made! under! SEM,! the! fibre! diameter!

reduction!was!determined!(as!a!fraction)!for!each!reaction!condition!using!Equation!

4.10.!!

!

∆X =
X6 − XW

X6
$$$$!

Equation!4.10!

!

D0! is! the! initial! fibre!diameter! (untreated)!and!Dt! is! the!diameter!after! treatment!of!

the!fibre! in!alkaline!solution!for! time!t.!The!diameters!of!around!five!different! fibres!

were!measured,!and!for!each!fibre,!measurements!of!diameter!were!made!at!three!

different!points! (although! it!was! found! that! the!diameter!was!consistent! throughout!

the!length!of!the!fibre).!The!diameters!of!each!fibre!were!then!averaged!to!give!the!

average! fibre! diameter! reduction! for! a! particular! reaction! condition! (for! example! 3!

mol/L!NaOH,!95!°C,!1!hour).!!

!

4.4! Results!and!discussion!

4.4.1! Effect!of!alkaline!solution!concentration!on!diameter!reduction!of!glass!

fibres!

Figure!4.6!shows!the!fibre!diameter!reduction!of!the!glass!fibres!following!treatment!

in!KOH!solution!at!0.5,!1.0,!1.5,!2.0!and!3.0!mol/L! for!1,!2,!3!and!5!hours,!with!a!

constant!KOH!solution!temperature!of!95!°C.!The!error!bars!used!for!measurements!

of!diameter!reduction!show!95%!confidence!limits.!!
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!

Figure!4.6!P!Diameter!reduction!in!glass!fibres!after!treatment!in!KOH!solution!at!various!

concentrations!and!times!

!

From! Figure! 4.6! it! is! clear! that! for! each! KOH! solution! concentration! the! fibre!

diameter! reduction! increases! at! a! constant! rate! with! time,! though! in! some! cases!

there! seems! to! be! an! induction! period! before! this! linear! increase.! In! addition,! the!

diameter! reduction! for!each! treatment! time!appears! to! increase!with!KOH!solution!

concentration.!The!fact!that!the!diameter!reduction!increases!at!a!constant!rate!with!

time!means! the!slope!of! the! line!can!be!used! to!denote! the! rate!of! fibre!diameter!

reduction.!

Figure!4.7!shows!the!fibre!diameter!reduction!with!time!for!fibres!treated!in!NaOH!at!

various!concentrations.!!

!

!
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!

Figure!4.7!P!Diameter!reduction!in!glass!fibres!after!treatment!in!NaOH!solution!at!various!

concentrations!and!times!

!

Figure! 4.7! presents! overall! a! similar! trend! to! that! for! KOH! in! Figure! 4.6! as! the!

diameter!reduction!increases!linearly!with!time,!and!the!rate!increases!as!a!function!

of!concentration.!!

The! glass! dissolution! process! in! hot! KOH! and! NaOH! solutions! involves! many!

elementary! stepsr! the! hydroxide! ions! initially! have! to! diffuse! through! the! bulk!

solution!phase,!and!eventually!some!of!these!ions!would!come!into!contact!with!the!

localised! glass! surface! and! potentially! react.! It! is! therefore! the! interaction! of! the!

hydroxide! ions! with! the! glass! surface! which! results! in! glass! fibre!

dissolution/diameter! reduction.! From! these! experimental! results! it! is! clear! that! the!

rate! of! dissolution! of! the! glass! fibres! increases! with! solution! concentration.! This!

could!be!due!to!more!hydroxyl!ions!being!able!to!collide!with!the!glass!fibre!surface!

with!enough!energy!to!result!in!a!reaction,!as!there!was!an!increased!concentration!

in!the!bulk!phase!originally.!!
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Figure!4.8!summarises!the!effect!of!solution!concentration!of!KOH!and!NaOH!on!the!

rate!of!fibre!diameter!reduction.!!

!

!

Figure!4.8!P!Rate!of!diameter!reduction!in!glass!fibres!after!treatment!in!KOH!and!NaOH!solution!

at!various!concentrations!

!

It!can!be!observed!from!Figure!4.8!that!the!rate!of!diameter!reduction!increases!with!

the! concentration! of! KOH! and! NaOH! solution.! In! addition,! it! appears! that! the!

diameter! reduction! rate! in! NaOH! solution! is! approximately! double! that! in! KOH!

solution!at!a!given!concentration.!This!suggests! that!NaOH! is!a!more!corrosive!E^

glass! fibre! etchant! than! KOH! and! this! is! consistent! with! previous! investigations!

concerning! bulk! glass! [17,! 93,! 96].! The! disparity! in! behaviour! of! KOH!and!NaOH!

with! E^glass! fibre! is! clear! in! Figure! 4.9,! which! shows! SEM! images! of! a! fibre!

untreated!and!after!treatment!in!3!mol/L!KOH!and!NaOH!for!5!hours!at!95!°C.!!

!
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!

Figure!4.9!P!SEM!images!of!glass!fibre!(a)!untreated!(16.5!μm),!(b)!treated!in!3!mol/L!KOH!at!95!

°C!for!5!hours!(9.7!μm)!and!(c)!treated!in!3!mol/L!NaOH!at!95!°C!for!5!hours!(3.5!μm)!

!

NaOH!and!KOH!are! considered! to!be!strong!bases!as! they! completely!dissociate!

into! the!metal!cations!and!hydroxide!anions! in!water.!Some!early!studies!suggest,!

however,!that!NaOH!does!not!completely!dissociate![93^95].!Observations!here!with!

E^glass! fibre! and! previous! studies!with! bulk! glass! [17,! 93,! 96]! show!NaOH! is! the!

most! corrosive! alkali! towards! glass,! not! KOH.! The! reason! for! this! is! seldom!

explained,! though! it! is! suggested! it! could! be! due! to! the! reaction! products! from!

NaOH! and! glass! being! formed!more! readily! and!more! exothermally! [93].! Another!

possible!theory!is!that!the!smaller!Na+!ions!have!a!stronger!attraction!to!OH^!ions!in!

solution,!which!reduces!the!likelihood!of!OH^!ions!to!interact!with!neighbouring!water!

molecules!and!as!a! result! they!are!more! likely! to!come! into!contact!with! the!glass!

[97].!

!

4.4.2! Effect!of!alkaline!solution! temperature!on!diameter! reduction!of!glass!

fibres!

Figure! 4.10! displays! a! plot! of! the! fibre! diameter! reduction! of! glass! fibres! after!

treatment! in!KOH!solution! for!1,!2,!3!and!5!hours!at!a!constant!concentration!of!3!

mol/L,!whilst!varying!the!solution!temperature!(75,!80,!85,!90!and!95!°C).!!
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Figure!4.10!P!Diameter!reduction!in!glass!fibres!after!treatment!in!KOH!solution!at!various!

temperatures!and!times!

!

For! each! temperature! it! is! evident! the! diameter! reduction! increases! at! a! constant!

rate!with!time.!As!a!result,!the!gradient!from!plotting!the!diameter!reduction!against!

time!at!each!temperature!can!be!used!as!an!indication!of!the!rate!at!which!the!glass!

fibre!has!reacted!with!the!solution.!It!is!clear!from!the!results!in!Figure!4.10!that!the!

reaction!rate!is!increased!by!raising!temperatures.!

Figure! 4.11! shows! the! diameter! reduction! of! glass! fibres! after! treatment! in!NaOH!

solution!at!75!^!95!°C!for!1,!2,!3!and!5!hours.!!

!
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!

Figure!4.11!P!Diameter!reduction!in!glass!fibres!after!treatment!in!NaOH!solution!at!various!

temperatures!and!times!

!

Similar! to! the!case!of!KOH!in!Figure!4.10,! there! is!a!constant! increase! in! the!fibre!

diameter! reduction! with! time! at! a! given! solution! temperature! and! reaction! rate!

increases! as! temperature! increases.! Figure! 4.12! gives! the! rate! of! fibre! diameter!

reduction!against!the!temperature!of!KOH!and!NaOH!solution.!!

!
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!

Figure!4.12!P!Rate!of!diameter!reduction!in!glass!fibres!after!treatment!in!KOH!and!NaOH!

solution!at!various!temperatures!

!

It!is!shown!both!for!KOH!and!NaOH!treated!glass!fibres!that!increasing!the!solution!

temperature! results! in! an! increase! in! the! rate! of! diameter! reduction.! Again,! it!

appears! that! NaOH! overall! reduces! the! glass! fibre! diameter! up! to! twice! the!

magnitude!of!KOH!for!each!solution!temperature.!!

In!order!for!a!reaction!to!occur,!reactants!must!not!only!collide!with!each!other,!but!

the!collision!needs!to!possess!enough!energy!to!overcome!the!activation!barrier!of!

the!reactionr!this!is!referred!to!as!the!activation!energy!(Ea),!and!can!be!determined!

from! the! Arrhenius! equation.! As! the! temperature! increases,! the! hydroxide! anions!

gain!more!kinetic!energy!and!therefore!there!will!be!statistically!more!collisions!with!

enough!energy! to! result! in!a! reaction.!On! the!other!hand,! the! level!of! temperature!

variation!in!the!present!work!would!have!little!influence!on!the!kinetic!energy!of!the!

glass!network!as!it!is!in!the!solid^state.!

!
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4.4.3! Modelling!of!glass!fibre!dissolution!in!alkaline!solution!

E^glass! fibre! is! composed!mainly! of! silica,!which! forms! a! complex! network.! Al2O3!

can!also!form!part!of!this!network!structure.!When!the!E^glass!fibre!is!immersed!in!

the! hot! concentrated! alkaline! solution,! the! hydroxide! ions! break! down! the! silicate!

and!aluminate!network.!Due!to!their!basic!nature,!CaO!(which!is!the!second!largest!

E^glass!component)!and!MgO!may!not!react!directly!with!KOH!or!NaOH!but!they!are!

soluble! in! the! alkaline! solution,! resulting! in! further! disruption! of! the! glass! network!

structure.!It!is!thought!that!the!breakdown!of!the!silicate!network!is!a!key!process!of!

the! reaction! of! E^glass! fibre! with! alkaline! solution,! and! the! dispersion! of! network!

modifiers!such!as!CaO!into!solution!can!also!contribute!to!the!fibre!dissolution!and!

diameter! reduction.!Gin!et!al.! [116]!proposed! that! ion^exchange!was! the!dominant!

process!in!the!reaction!of!bulk!glass!with!alkaline!solution!prepared!at!pH!9!at!90!°C,!

and!at!higher!concentrations!(pH!11.5)!there!was!a!rapid!dissolution!of!the!glass!due!

to!hydroxide!attack.!The!solutions!in!this!work!were!prepared!at!a!pH!above!14,! in!

which!case!the!hydrolysis!of!the!glass!network!is!believed!to!be!a!more!dominating!

process!of!the!reaction!than!ion^exchange.!

As!discussed!previously,! various! kinetic!models!have!been!developed! to!describe!

solid^liquid!reactions.!The!models!that!are!relevant!for!this!work!are!the!zero!order,!

shrinking! cylinder,! and! 2^D! (cylindrical)! diffusion! models.! The! zero! order! model!

refers! to! the!diffusion!of!hydroxide! ions! through! the!solution,! the!shrinking!cylinder!

model! describes! the! hydroxide! attack! at! the! glass! surface! leading! to! diameter!

reduction,! and! the! 2^D! diffusion! model! represents! the! diffusion! of! hydroxide! ions!

through! the! product! layer! on! the! glass! surface,! which! impedes! the! dissolution!

process.!The!model!with!a!more!linear!fit!for!the!experimental!data!in!this!work!will!

indicate!what!was!most! likely! to!have!been! the! rate! controlling! factor! of! the!glass!

fibre!dissolution!reaction.!Figure!4.13!gives!an!example!of!model^fitting!for!the!case!
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of!glass!fibre!treatment!in!3!mol/L!KOH!and!NaOH!at!75!°C!for!1,!2,!3!and!5!hours.!

The!value!of!α!was!calculated! from! the! fibre!diameter! reduction!at!each! treatment!

time!using!Equation!4.4,!and!these!values!were!inserted!into!the!models!(Equation!

4.5,!Equation!4.6!and!Equation!4.8)!and!plotted!against!treatment!time!t.!A!linear!fit!

indicates!that!particular!model!best!describes!the!glass!fibre!dissolution!process.!!

!

!

Figure!4.13!P!Fitting!of!kinetic!data!for!3!mol/L!KOH!and!NaOH!treatment!of!glass!fibres!at!75!°C!
in!(a)!zero!order!model,!(b)!shrinking!cylinder!model,!(c)!2PD!diffusion!model!(KOH),!(d)!2PD!

diffusion!model!(NaOH)!

!

From!Figure!4.13!it!is!clear!both!the!zero!order!and!shrinking!cylinder!models!show!

an!excellent!fit,!suggesting!either!the!diffusion!of!OH^!ions!through!the!solution!or!the!

glass! fibre!etching! itself! (fibre!diameter! reduction)!could!have!been!rate!controlling!

factors.!The! fact! that! the!data! fit!well! in!both! the!zero!order!and!shrinking!cylinder!

models!indicates!the!diffusion!of!hydroxide!ions!through!the!solution!and!the!etching!

process!could!both!have!occurred!at!a!similar!rate.!!
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Conversely!the!non^linearity!of!the!plots!in!Figure!4.13c!and!Figure!4.13d!implies!the!

2^D!diffusion!model!does!not!describe! the! reaction!well,!and!suggests! the!product!

layer! present! on! the! fibre! surface!was! very! thin! or! small! amounts! of! product!was!

built!up!on!the!surface!since!individual!fibres!were!treated!in!alkaline!solution.!As!a!

result,!the!diffusion!of!OH^!ions!through!the!thin!product!layer!on!the!glass!fibre!was!

likely!to!have!occurred!at!a!rapid!rate!(in!other!words,!not!a!rate!determining!step).!

This!trend!with!model^fitting!was!observed!for!all!other!alkaline!treatment!conditions.!

When!the!glass!fibres!reacted!with!the!alkaline!solution,!a!product!layer!was!formed!

on!the!surface.!This!product! layer!was! likely! to!have!been!comprised!of!sodium!or!

potassium!silicates,!depending!on!whether!NaOH!or!KOH!was!employed.!Due!to!the!

extremely!corrosive!solution!and!the!solubility!of!these!silicates,!it!was!likely!that!the!

product!layer!was!constantly!removed!during!the!treatment!durationr!it!was!unlikely!

that! the! product! layer! increased! in! thickness! to! impede! the! glass! dissolution!

reaction.! During! the! acid! rinsing! procedure,! any! remnants! of! residue! and! product!

layer! were! effectively! removed! to! allow! an! accurate! measurement! of! the! fibre!

diameter!with!SEM.!

The!data!obtained!from!a!mass!loss!study!of!fibre!bundles,!treated!in!3!M!KOH!and!

NaOH! solution! at! 95! °C! for! various! times,! was! also! fit! into! the! solid^state! kinetic!

models! (see!Chapter!3! for!more! information!on! the!experimental).! In!contrast!with!

the! data! in! this! chapter! on! individual! fibres,! the! kinetic! data! from! treating! fibre!

bundles! in!alkaline!solution!seem!to! fit!best! in! the!2^D!diffusion!model,!particularly!

for! KOH! treated! samples! (see! Figure! 4.14).! This! suggests! that! the! diffusion! of!

hydroxide! ions! through! the! product! layer!was! likely! to! have! been! the! rate! limiting!

step!when!fibres!were!treated!in!alkaline!solution!in!the!form!of!bundles!as!opposed!

to!individual!fibres.!The!fact!that!the!2^D!diffusion!model!shows!the!best!fit!for!glass!

fibre!bundle!treatment!in!alkaline!solution!also!indicates!that!the!product!layer!on!the!
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glass!fibre!surface!in!the!bundle!increased!in!thickness!with!time.!The!build^up!of!the!

product!layer!was!probably!because!the!fibres!were!close!together!in!a!bundle!and!

therefore!it!was!not!peeled!off!easily!in!the!solution.!As!a!result,!the!hydroxide!ions!

had! to!diffuse! through!a!product! layer! that!was!building!up!with! time,! leading! to!a!

reduced!rate!of!dissolution!of! the!glass.!The!significant!build^up!of!residue!on!fibre!

bundles!after!alkaline! treatment!was!shown! through!SEM! imaging! in!Chapter!3r! in!

particular,!the!bundles!treated!for!several!hours!showed!the!residual!deposits!merge!

into!a!film!that!completely!covered!the!fibres.!

!!!

!

Figure!4.14!P!Fitting!of!kinetic!data!for!3!mol/L!KOH!and!NaOH!treatment!of!glass!fibre!bundles!

at!95!°C!in!(a)!zero!order!model,!(b)!shrinking!cylinder!model,!(c)!2PD!diffusion!model!(KOH),!(d)!
2PD!diffusion!model!(NaOH)!!!

!

The! next! section! shows! how! the! dissolution! data! of! the! individual! glass! fibres! in!

alkaline! solution! can! be! used! to! determine! the! reaction! order! (with! respect! to! the!

alkali)!and!the!activation!energy!of!the!reaction.!

y"="0.0377x

R²"="0.92

y"="0.0326x

R²"="0.86

0.00

0.05

0.10

0.15

0.20

0 1 2 3 4 5

α

Treatment"time,"t (hours)

NaOH

KOH"

y"="0.0196x

R²"="0.93

y"="0.0168x

R²"="0.87

0.00

0.03

0.05

0.08

0.10

0 1 2 3 4 5

1
"−
"(
1
"−
"α
)1
/2

Treatment"time, t"(hours)

NaOH

KOH (b)(a)

y"="0.0021x

R²"="0.98

0

0.003

0.006

0.009

0.012

0.015

0 1 2 3 4 5

((
1
Hα
)l
n
(1
Hα
))
"
+
"α

Treatment"time,"t (hours)

KOH

(c) y"="0.0029x

R²"="0.93

0.000

0.005

0.010

0.015

0.020

0 1 2 3 4 5

((
1
Hα
)l
n
(1
Hα
))
"
+
"α

Treatment"time,"t (hours)

NaOH

(d)



150!
!

4.4.4! Determination!of!reaction!order!and!activation!energy!

By!conducting!glass! fibre! treatments! in!various!concentrations!of!alkaline!solution,!

the! reaction! order! with! respect! to! KOH! and! NaOH! and! their! associated! rate!

constants!can!be!determined.!These!parameters!are!related!according!to!Equation!

4.11.!

!

1 = ^$_$ `aR b!

Equation!4.11!

!

[OH^]!is!the!initial!concentration!of!alkaline!solution!in!mol/L!and!the!superscript,!n,!is!

the!reaction!order!with!respect!to!OH^.!S!is!the!initial!glass!surface!area,!and!k!is!the!

rate!constant.!The! linear! fit!of! the!experimental!data! in! this!work! in! the!zero!order!

and! shrinking! cylinder! model! means! the! reaction! rate! r! (also! denoted! as! initial!

reaction! rate)! from!both!models!can!be!used.!Note! the!zero!order!model! refers! to!

the! reaction! being! zero! order! with! respect! to! the! glass.! To! determine! the! rate!

constant! k!and! the! reaction!order!with! respect! to!KOH!and!NaOH! (n),! the!natural!

logarithm!is!taken!of!both!sides!of!Equation!4.12.!

!

0K 1 = K$0K `aR + ln$(^_)!

Equation!4.12!

!
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Figure! 4.15! shows! how! to! obtain! the! reaction! order! through! the! use! of! Equation!

4.12r!–ln(r)!is!plotted!against!ln[OH^],!where![OH^]!refers!to!the!concentration!of!the!

KOH!solution.!The!r!values!for!each!KOH!concentration!are!presented!numerically!

in!Table!4.3.!

!

!

Figure!4.15!P!Plot!to!determine!reaction!order!with!respect!to!KOH!through!curve!fitting!

!

Table!4.3!P!Rate!of!reaction!(r)!of!glass!fibre!with!KOH!and!NaOH!solution!at!various!

concentrations!and!constant!temperature!(95!°C)!

! ! Reaction!rate,!r!(%/hour)!
Concentration!
of!alkaline!
solution!
(mol/L)!

! KOH! NaOH!

! ! zero!order! shrinking!
cylinder!

zero!order! shrinking!
cylinder!

0.5! ! 5.8! 3.1! 11.9! 7.0!
1.0! ! 7.7! 4.2! 13.8! 8.4!
1.5! ! 8.6! 4.8! 17.0! 11.4!
2.0! ! 10.4! 6.0! 18.2! 12.6!
3.0! ! 12.6! 7.5! 20.1! 14.7!

!
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Clearly!the!reaction!rate!increases!as!a!function!of!KOH!solution!concentration,!and!

the!data!shows!a!linear!fitr!the!slope!of!the!line!gives!the!reaction!order!with!respect!

to!KOH!(n),!which!are!0.43!and!0.49!for!the!zero!order!and!shrinking!cylinder!plots!

respectively.!The!intercepts!of!the!linear!regression!give!the!values!of!the!product!of!

rate!constant!and!initial!surface!area!of!the!fibre.!Using!the!specific!surface!area!of!

the!glass!fibre!(0.092!m2/g)!in!place!of!S,!the!value!of!the!rate!constant!k!equals!to!

1.3!x!10^4!g/(m2.s)!using! the!shrinking!cylinder!model!and!2.4!x!10^4!g/(m2.s)!using!

the!zero!order!model.!

Figure!4.16!shows!the!use!of!Equation!4.12!to!find!the!reaction!order,!this!time,!for!

NaOH!(numerical!data!presented!in!Table!4.3).!!

!

!

Figure!4.16!P!Plot!to!determine!reaction!order!with!respect!to!NaOH!through!curve!fitting!

!

It!can!be!seen!from!the!gradients!of!the!lines!that!the!reaction!order!is!0.31!with!the!

zero!order!model!and!0.44!for!the!shrinking!cylinder!model.!The!reaction!order!from!

the!shrinking!cylinder!equation!is!slightly!lower!than!what!is!observed!for!KOH.!The!
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zero! order! model! for! the! reaction! of! NaOH! with! glass! gives! a! significantly! lower!

reaction! order! of! 0.31! compared! to! KOH,! which! suggests! that! increasing! the!

concentration!of!NaOH!did!not!increase!the!rate!of!diffusion!of!hydroxide!ions!to!as!

much!an!extent!as!for!KOH.!Because!the!hydroxide!ions!are!strongly!attracted!to!Na!

cations! (due! to! their! smaller! atomic! radius! than! K),! there! could! have! been! less!

interaction!between!the!hydroxide!ions!and!neighbouring!water!molecules![97].!This!

could!explain!why! the!diffusion!of! hydroxide! ions! from!NaOH! through! the! solution!

might! already! have! been! quite! high,! which! consequently! resulted! in! a! greater!

dissolution!rate!of!the!glass!compared!to!when!KOH!was!used.!Reaction!orders!of!

0.43!–!0.49!for!KOH!and!0.31!–!0.44!for!NaOH!are!fairly!consistent!with! the!value!

reported! by! Jendoubi! et! al.! [112]! of! 0.47! when! reacting! silica! sand! and! aqueous!

NaOH.! From! these! calculated! reaction! orders! it! can! be! said! that! doubling! the!

concentration! of! alkaline! solution! leads! to! an! increase! in! reaction! rate! by! around!

1.38! for! KOH,! and! 1.30! for! NaOH.! Furthermore,! the! rate! constant! for! glass! fibre!

treatment! in! NaOH! at! 95! °C! is! found! to! be! 2.7! x! 10^4! g/(m2.s)! from! the! shrinking!

cylinder!model!and!4.3!x!10^4!g/(m2.s)!from!the!zero!order!model.!Note!the!prediction!

of!the!reaction!rate!at!any!alkaline!solution!concentration!can!be!achieved!using!the!

correlating!equations!given!in!Figure!4.15!and!Figure!4.16,!or!alternatively!the!non^

logarithm!form!in!Equation!4.11!with!using!kS.!

As! well! as! determining! the! reaction! order! for! KOH! and! NaOH! in! the! glass! fibre!

dissolution! process,! the! activation! energy! (Ea)! may! be! calculated! through! the!

application!of!the!Arrhenius!equation!(Equation!4.13).!

!

!
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^ = C$:
Rde
fg !

Equation!4.13!

!

A!is!the!pre^exponential!factor,!R!is!the!gas!constant!(8.314!J/(mol.!K))!and!T!is!the!

absolute! temperature.! The!Ea! value! can!be! calculated! through!graphing! similar! to!

what!is!shown!in!Figure!4.15!and!Figure!4.16.!Firstly,!the!natural!logarithm!is!taken!

of!both!sides!of!Equation!4.13!to!convert!it!to!Equation!4.14.!

!

0K ^ =
−&h

i
$
1

j
+ 0K$(C)!

Equation!4.14!

!

The!rate!constant,!k,!can!be!calculated!for!each!temperature!change!using!Equation!

4.11.! The! value! of! k! after! treatment! of! glass! fibres! in! 3! mol/L! KOH! and! NaOH!

solutions!at!different!temperatures!is!presented!in!Table!4.4.!!

!

!

!

!

!

!
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Table!4.4!P!Rate!constant!(k)!of!glass!fibre!reaction!with!KOH!and!NaOH!solutions!at!various!

temperatures!and!constant!concentration!(3!mol/L)!

! ! Rate!constant,!k!(x10Q4!g/(m2.s))!
Temperature!
of!alkaline!
solution!(°C)!

! KOH! NaOH!

! ! zero!order! shrinking!
cylinder!

zero!order! shrinking!
cylinder!

75! ! 0.6! 0.3! 1.5! 0.7!
80! ! 1.0! 0.5! 2.0! 0.9!
85! ! 1.4! 0.7! 2.9! 1.5!
90! ! 1.7! 0.9! 3.6! 2.0!
95! ! 2.4! 1.3! 4.3! 2.7!

!

To!obtain!the!activation!energy,!ln(k)!is!plotted!against!the!reciprocal!of!T!(x!103),!as!

shown!in!Figure!4.17!with!the!case!of!glass!fibre!treatment!in!KOH.!!

!

!

Figure!4.17!P!Plot!to!determine!activation!energy!for!glass!fibre!reaction!with!KOH!through!

curve!fitting!

!

It! was! observed! previously! in! Figure! 4.12! that! as! the! temperature! of! the! alkaline!

solution! increases,!so!does! the!rate!of! fibre!diameter! reduction.!Taking! the!natural!
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logarithm! of! the! rate! constant! and! plotting! against! the! reciprocal! of! solution!

temperature!(in!Kelvin)!results!in!a!straight!line,!as!shown!in!Figure!4.17!when!using!

k! values! from! both! the! zero! order! and! shrinking! cylinder!models.! Because! 1/T! is!

already!multiplied!by!103,!the!slope!of!the!line!(^Ea/R)!is!simply!multiplied!by!the!gas!

constant!R!to!obtain!Ea!directly! in!kJ/mol.!The!activation!energy! for! the!reaction!of!

glass! fibre!with!KOH!solution! is! therefore! calculated!as!72! kJ/mol! (using! k! values!

from!the!zero!order!model)!and!79!kJ/mol!(using!k!values!from!the!shrinking!cylinder!

model).! It! is! apparent! that! the! activation! energies! are! similar!when! rate! constants!

are!used! from!both!models.!The!values!are!comparable!with!some!of! those! in! the!

literature! concerning! the! reaction! of! bulk! silicate! glass! with! alkaline! solution! [96,!

111].!!

The!plots!of!ln(k)!against!1/T!(x!103)!for!glass!fibres!treated!in!3!mol/L!NaOH!and!the!

raw!numerical!data!are!displayed!in!Figure!4.18!and!Table!4.4!respectively.!!

!

!

Figure!4.18!P!Plot!to!determine!activation!energy!for!glass!fibre!reaction!with!NaOH!through!

curve!fitting!

!



157!
!

Similar!to!KOH,!the!plots!are!linear!in!nature!and!the!gradients!are!multiplied!by!the!

gas!constant!to!give!activation!energies!of!58!kJ/mol!(using!k!values!from!the!zero!

order!model)!and!74!kJ/mol!(using!k!values!from!the!shrinking!cylinder!model).!On!

this!occasion!there!is!a!disparity!in!the!calculated!activation!energy!when!using!rate!

constants!from!the!two!models.!The!activation!energy!of!the!glass!fibre!reaction!with!

NaOH!from!the!shrinking!cylinder!model! is!similar! to!the!value!given!for!KOH!from!

the!same!model,!suggesting!the!initiation!of!the!glass!fibre!etching!process!required!

similar! energy! regardless! whether! KOH! or! NaOH! was! employed! as! the! alkaline!

solution.! Because! the! shrinking! cylinder! model! defines! the! glass! fibre! etching!

mechanism,! which! results! in! fibre! diameter! reduction,! it! makes! sense! to! use! the!

activation!energy!obtained!from!this!model!as!the!activation!energy!of!the!reaction!of!

glass! fibre!with! alkaline! solution.! The! activation! energy! given! from! the! zero! order!

model! for! glass! fibre! treatment! in! NaOH! is! significantly! lower! than! for! KOHr! this!

suggests! less! energy!was! required! for! the! diffusion! of! hydroxide! ions! through! the!

solution! if! they! originated! from!NaOH.! This! is! unusual! considering! both!KOH!and!

NaOH!should!effectively!have!dissociated!into!metal!cations!and!hydroxide!anions!in!

solutionr! in! fact! the! dissociation! constant! for! NaOH! was! expected! to! have! been!

slightly! lower.!This!shows!how! the!nature!of! the!metal!cation!could!have!played!a!

significant! role! in! the! diffusion! of! the! hydroxide! ions! through! the! solution,! which!

consequently!had!an!effect!on! the!dissolution! rate!of! the!glass! fibres.!Overall,! the!

activation! energies! obtained! from! the! reaction! of! glass! fibre!with!KOH!and!NaOH!

solutions!are!similar!to!those!reported!in!previous!studies,!although!the!value!of!28!

kJ/mol!for!the!reaction!of!diatomite!with!NaOH!is!lower![115],!and!159!kJ/mol,!given!

by!Molchanov!and!Prikhidko! [16]! for! the! dissolution! of! quartz! in!NaOH!solution! is!

significantly!highr!this!comes!as!no!surprise!given!that!quartz!is!a!crystalline!form!of!

silica!and!is!therefore!more!stable!towards!hydroxide!attack.!!!
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4.4.5! Correlating!fibre!diameter!reduction!with!strength!

Strength! recovery! treatments!conducted! in!previous!works! [11,!13,!14]!and! in! this!

thesis! (Chapter!3)!were!of! fibre!bundles!coated!with!an!APS!sizing!and! then!heat!

treated!(HT)!to!temperatures!between!450!and!600!°C!to!simulate!thermal!recycling!

procedures! for!GRP!waste.!The!etching! rate!predicted! for! individual!bare! fibres!at!

short! treatment! times! from! this!study!can!be!correlated! to!strength! increase!of!HT!

glass! fibre! bundles! after! KOH! and!NaOH! treatment! at! various! times! and! solution!

concentrations! (reported! in! Chapter! 3),! with! the! following! assumptions:! 1)! heat!

treatment!resulted!in!the!removal!of!the!APS!sizing!from!the!bundles,!leaving!a!fairly!

clean!glass!surface!similar!to!bare!fibre!(with!the!exception!that!silicate!groups!from!

the!APS!would!remain!on!HT!fibres,!however!E^glass!fibre! is!mainly!silicate^based!

anyway),! and,! 2)! although! the! etching! rate! of! individual! fibres! is! not! directly!

comparable!to!that!of!fibre!bundles,!it!was!expected!that!the!increase!in!severity!of!

alkaline! treatment! conditions! (by! increasing! the!molarity! for! example)! would! have!

resulted! in! an! increase! in! fibre! diameter! reduction! of! fibre! bundles,! like!what!was!

observed!with!individual!fibres!but!on!a!different!scale.!It!is!worth!bearing!in!mind!the!

glass!fibre!bundles!used!for!comparison!with!the!etching!rate!data!in!this!study!were!

treated!in!KOH!and!NaOH!at!a!constant!temperature!of!95!°C!but!with!varying!the!

molarity! and! treatment! duration.! The! effect! of! solution! temperature! and! other!

reaction!parameters!on!the!strength!recovery!of!fibres!has!not!been!carried!out,!but!

could! be! the! subject! of! future! work.! In! this! section,! the! fibre! diameter! reduction!

(conversion! according! to! the! shrinking! cylinder! model)! is! predicted! of! individual!

fibres! after! short! treatment! times! and! compared! to! the! strength! recovery! of! the!

bundles!under!the!same!alkaline!treatment!conditions!(shown!earlier!in!Chapter!3).!

For!KOH,!the!reaction!conditions!for!bundle!treatments!were!5,!10,!20,!30!and!120!

minutes! at! molarities! of! 1.5,! 3.0! and! 5.0! mol/L.! Due! to! the! narrower! operational!
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window!of!NaOH,!a!treatment!time!of!2!minutes!was!investigated,!along!with!5,!10,!

30!and!120!minutes!at! the!same!solution!concentrations!as! for!KOH.!Note!one!of!

the!molarities!used! for! treatment!of!bundles!was!5!mol/L,!which!was! too!corrosive!

for! the! kinetic! experiment! with! single! fibresr! almost! 100%! conversion! of! the!

individual!fibres!was!observed!after!immersion!in!3!mol/L!NaOH!solution!for!5!hours.!

Despite!the!absence!of!kinetic!data!for!5!mol/L!alkaline!solution,!the!equations!given!

in! Figure! 4.15! and! Figure! 4.16! allow! the! prediction! of! the! etching! rate! at! any!

molarity.!

Figure! 4.19! shows! the! strength! recovery! (%)! of!HT! glass! fibre! bundles! treated! in!

KOH! at! various! solution! molarities! and! treatment! durations,! plotted! against! the!

predicted! conversion! from! the! shrinking! cylinder! model! of! single! fibres! at! the!

associated!conditions.!!

!

!

Figure!4.19!P!Plot!of!strength!recovery!(%)!of!HT!fibre!bundles!against!conversion!(shrinking!

cylinder!model)!of!single!fibres!after!KOH!treatment!at!various!conditions!

!
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Strength!recovery!is!almost!at!120%!for!fibres!treated!in!5!mol/L!KOH!for!5!minutes,!

and!the!corresponding!etching!rate!appears!to!be!fairly!low!(nearly!0.01!conversion).!

With!the!exception!of!this!value,!the!strength!increase!seems!to!be!around!80%!for!

both! 3.0! and! 5.0!mol/L! treatment! up! to! a! conversion! of! nearly! 0.03.! Beyond! this!

point,! the!strength!of! the!bundles!begins! to!decrease!abruptly.!For!1.5!mol/L!KOH!

treatment!the!optimum!strength!recovery!is!not!as!high,!being!just!above!40%!at!a!

conversion!of!approximately!0.02!before!decreasing! in!a!similar! fashion!to!3.0!and!

5.0!mol/L!KOH.!!

Figure! 4.20! displays! the! strength! increase! of! HT! fibre! bundles! after! treatment! in!

NaOH!at!different!molarities!and!treatment!times,!plotted!against!the!corresponding!

etching!rate!of!single!fibres.!!

!

!

Figure!4.20!P!Plot!of!strength!recovery!(%)!of!HT!fibre!bundles!against!conversion!(shrinking!

cylinder!model)!of!single!fibres!after!NaOH!treatment!at!various!conditions!

!
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Similar! to! 5! mol/L! KOH,! the! most! corrosive! molarity! for! that! particular! alkali,! the!

strength! recovery! of! fibre! bundles! treated! in! NaOH! at! 1.5,! 3.0! and! 5.0! mol/L! is!

optimal!at!a!short!treatment!time!of!5!minutes!(conversion!of!approximately!0.01!for!

individual! fibres),! being! around! 80! to! 90%.! As! conversion! exceeds! 0.01! the!

treatment!proves!detrimental!to!fibre!strength,!as!is!also!the!case!for!KOH!at!a!high!

molarity! of! 5!mol/Lr! at!milder! KOH! solution! concentrations! the! strength! begins! to!

decline!after!a!greater! conversion.!Despite! the! fact! the!etching! rate!of!bare!single!

fibres!is!plotted!with!the!strength!recovery!of!HT!fibre!bundles!originally!coated!with!

APS,! it! is! evident! the! degree! to!which! the! fibres! are! etched! has! an! effect! on! the!

resulting! strengthr! there! is! an! optimum! range,! wider! for! KOH! given! it! is! a! milder!

glass!etchant,!where!strength!recovery!is!high.!With!excessive!etching!a!decrease!in!

fibre!strength!is!observed,!possibly!due!to!the!alkaline!solution!beginning!to!damage!

the!bulk!glass!network!structure.!The!decrease! in!strength! is!more! rapid! for! fibres!

treated! in!NaOH,!consistent!with! the!kinetic!experiments!which!show! it! to!be!more!

corrosive!towards!E^glass!fibre!than!KOH.!

!

4.5! Conclusions!

The! dissolution! behaviour! of! individual! E^glass! fibres! in! high^temperature! and!

corrosive! alkaline! environments! was! studied.! The! kinetic! data! show! the! diameter!

reduction!of! fibres!after!KOH!or!NaOH!treatment! increases!fairly! linearly!with! time.!

NaOH!was!more! reactive! than!KOH!with!E^glass! fibresr!at! times! it!was! found! that!

NaOH! etched! glass! fibres! up! to! twice! the! magnitude! of! KOH.! Increasing! the!

concentration!and!temperature!of!the!alkaline!solution!resulted!in!an!increase!in!the!

reaction!rate.!Given!the!alkaline!solutions!were!highly!concentrated!and!prepared!at!

elevated!temperatures,!it!is!believed!the!hydrolysis!of!the!glass!network!by!OH^!ions!
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was!a!key!mechanism!in!the!glass!fibre!dissolution!process.!The!fact!that!the!data!in!

this! work! fit! best! in! the! shrinking! cylinder! and! zero! order! models! indicates! the!

etching! of! the! glass! fibre! and/or! the! diffusion! of! the! hydroxide! ions! through! the!

solution!could!have!been!rate!controlling!factors.!The!generally!poor!agreement!with!

the! 2^D! diffusion!model! implies! the! diffusion! of! the! OH^! ions! through! the! product!

layer!on! the!glass!surface!was!unlikely! to!have!been!a! rate!determining!step.!The!

reaction! rates! and! rate! constants! obtained! from! the! zero! order! and! shrinking!

cylinder!models!were!used!in!the!determination!of!the!reaction!order!with!respect!to!

the!alkaline!solution,!and!the!activation!energy.!The!reaction!order!was!found!to!be!

0.43! –! 0.49! for! KOH! and! 0.31! –! 0.44! for! NaOH.! It! was! evident,! particularly! with!

using!the!rate!constants!from!the!zero!order!equation,!that!the!activation!energy!for!

the!reaction!of!E^glass!fibre!with!NaOH!(58!kJ/mol)!was!significantly! lower!than!for!

KOH!(72!kJ/mol)r! this!suggests!that! the!diffusion!of! the!hydroxide! ions!through!the!

solution!required!less!energy!if!NaOH!was!employed!as!the!corrosive!medium.!The!

fact!that!hydroxide!ions!from!NaOH!diffused!more!easily!through!the!solution!could!

have! explained! the! greater! dissolution! of! the! glass! fibres.! In! addition,! the! similar!

values! of! activation! energy! from! the! shrinking! cylinder! model! for! glass! fibre!

dissolution! in! KOH! (79! kJ/mol)! and! NaOH! (74! kJ/mol)! implies! that! once! the!

hydroxide! ions!were!at! the!glass!surface,! the!energy!needed!to! initiate! the!etching!

procedure! was! the! same! regardless! of! the! nature! of! alkaline! solution! used.! In!

addition,!the!rate!constant!for!the!reaction!of!glass!fibre!with!alkaline!solution!at!95!

°C!was!found!to!be!between!1.3!x!10^4!and!4.3!x!10^4!g/(m2.s).!Despite!the!fact!that!

strength!regeneration!treatments!of!glass!fibres!(results!reported!in!Chapter!3)!were!

done! in! the! form! of! bundles,! there! can! be! a! correlation! between! this! strength!

recovery!and!the!etching!rate!of!fibres!measured!in!the!kinetic!study.!

!
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5! Regenerating!the!performance!of!thermally!recycled!glass!

fibres!

!

5.1! Introduction!

Earlier! in! the! thesis,! it! was! discussed! how! the! landfilling! of! a! large! volume! of!

composite! waste! each! year! is! becoming! socially! and! economically! unacceptable!

[11,! 14].! Glass! fibre! is! the! most! commonly! used! reinforcement! material! in!

compositesr! currently,! it! is! used! in! over! 90%! of! all! fibre^reinforced! composites!

produced! worldwide.! Much! of! these! composites! are! glass! fibre! reinforced!

thermosetting!polymers!(GRP),!which!possess!high!specific!properties!and!chemical!

resistance.! These! attributes! result! in! excellent! performance! of! the! composite,! but!

also!poor!recyclability.!As!a!result,!GRP!materials!are!very!often!deposited!in!landfill!

sites!when! they! are! no! longer! fit! for! use.! Stringent! legislation! in! addition! to! rising!

costs!associated!with! landfill!means! this!method!of!disposal!of!composite!waste! is!

becoming!more!undesirable.!Clearly! there! is!a!need! for!an!alternative!approach! to!

deal! with! composite! waste! [3],! especially! given! the! accelerating! growth! in! use! of!

GRP!materials!particularly!in!the!production!of!wind!turbine!blades![4].!!

In! order! to! address! the! environmental! and! economic! issues! associated! with! the!

disposal! of! end^of^life! composite! materials,! various! recycling! technologies! have!

been! developed! [5,! 6].! One! of! the! common! techniques! exploited! commercially! is!

thermal! treatment,! where! the! composite! is! heated! to! elevated! temperatures! to!

degrade!the!polymeric!matrix!and!allow!the!extraction!of!fibrous!reinforcement.!Due!

to!the!severity!of!the!procedure,!the!glass!fibres!lose!a!significant!amount!of!strength!

and! therefore! cannot! be! reused! in! various! composite! applications! [8^10].! It! was!
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found!that!dilute!hydrofluoric!acid!(HF)!solution!can!regenerate!the!strength!of!glass!

fibres!thermally!treated!at!450!to!600!°C![11].!It!is!thought!that!HF!strengthens!glass!

by!smoothing!out!sharp,!severe!surface!flaws![12].!More!recently,!it!was!discovered!

that! a! similar! degree! of! strength! recovery! can! be! achieved! through! treating! the!

fibres!in!relatively!safer!alkaline!solutions![13,!14].!An!in^depth!investigation!into!the!

effects! of! alkaline! treatments! on! the! strength! of! thermally! treated! glass! fibres! is!

reported! in! Chapter! 3.! From! this! work,! a! hypothesis! has! been! developed! that!

alkaline! treatments! regenerate! fibre! strength! by! etching! away! the! damaged!

surfaces,! similar! to!HF! [11,! 12].! It! is!well! established! in! the! literature! that! hot! and!

concentrated!alkaline!solutions!can!dissolve!bulk!and!pristine!fibrous!glass!(see!the!

literature! review!sections! in!Chapters!3!and!4).!Although!alkaline! treatments!were!

shown! to! be! effective! in! improving! strength! in! Chapter! 3,! the! fibres! were! not!

thermally!recycled!but!heated!in!a!furnace!to!simulate!recycling!conditions.!Because!

an! in^house! fluidised!bed! is!now!operational! in! the! lab,!glass! fibres!are!able! to!be!

thermally! recycled! out! of! composite! waste! rather! than! simply! being! heated! in! a!

furnace.!!!!

This!chapter! reports!on!recent! investigations! into! the!effect!of!chemical! treatments!

on! the! performance! of! thermally! recycled! glass! fibres.! To! begin! with,! a! literature!

review!of! recycling!processes! for!end^of^life!composite!materials! is!presented.!The!

properties!of!thermally!recycled!glass!fibres!are!also!discussed,!as!well!as!the!work!

carried! out! previously! to! regenerate! the! performance! of! such! fibres.! In! this! study,!

glass! fibres! were! thermally! recycled! out! of! an! end^of^life! wind! turbine! blade! at!

approximately! 500! °C,! using! the! in^house! fluidised! bed.! An! investigation! into! the!

effects! of! concentrated! alkaline! treatments! on! the! strength! of! these! fibres! is!

reported.!In!addition,!fibres!were!treated!in!milder!(pH^scale)!alkaline!solutions!for!a!

prolonged! treatment! time! to! determine!whether! strength! regeneration! of! thermally!
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recycled! fibres! can! be! achieved! with! less! chemicals.! It! is! established! that! some!

silane! coupling! agents! like!APS! are! slightly! alkaline! [45,! 46,! 103,! 104,! 130,! 131],!

and!coupling!agents!are!designed!to!improve!the!adhesion!of!the!glass!fibres!to!the!

polymer! matrix! in! the! composite.! Because! of! these! two! characteristics! of! APS,!

coupled! with! the! fact! that! hot! alkaline! treatments! are! shown! to! improve! fibre!

strength,! it!was! thought! that!hot!APS! treatments!of! thermally! recycled!glass! fibres!

might!improve!both!the!strength!and!interface.!Hence!in!this!chapter!the!effect!of!hot!

APS!treatments!on!the!strength!and!interface!of!thermally!recycled!glass!fibres!was!

also! carried! out.! For! the! milder! alkaline! treatments,! the! pH! of! the! solution! was!

adjusted! with! sodium! hydroxide! (NaOH),! and! measured! accurately! using! a! pH!

meter.!Some!of! the!recycled!fibres!also!showed!possible!craters!under!a!scanning!

electron! microscope! (SEM),! and! so! were! analysed! further! with! atomic! force!

microscopy! (AFM).! In! addition,! a! case! study! into! the! commercial! feasibility! of!

treating!recycled!glass!fibres!in!alkaline!solution!was!conducted!and!reported!in!this!

chapter.!!

!

5.2! Literature!review!

A!review!of!the!literature!concerning!the!properties!of!glass!fibres!thermally!treated!

to!mimic! thermal! recycling! conditions! is! given! in! Chapter! 3.! This! literature! review!

focuses!more! on! the! various! recycling! technologies! used! commercially! to! recover!

glass! fibres! from! composite! waste,! particularly! thermal! recycling! processes.! The!

properties!of! thermally! recycled!glass! fibres!are!also!discussed!and!work!done!so!

far!in!recovering!the!performance!of!such!fibres!is!presented.!

!
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5.2.1! Methods!of!recycling!glass!fibres!from!endPofPlife!composites!

A!range!of!recycling!techniques!have!been!developed!to!address!the!environmental!

and!economic!issues!associated!with!the!disposal!of!composite!waste,!and!reviews!

on! the!advantages!and! limitations!of!each!recycling!procedure!are!available! in! the!

literature! [3,!5,!6,!132].!The!difficulty! in! recycling!certain!composite!materials!often!

lies!in!the!nature!of!the!polymer!matrixr!thermosetting!polymers!(which!are!used!to!

manufacture! GRP! composites)! are! cross^linked! and! cannot! be! remoulded! or! re^

melted!easily!like!thermoplastics![5].!Because!of!this,!composite!materials!based!on!

thermosetting!polymers!can!be!more!challenging!to!recycle.!Figure!5.1!displays!the!

various!recycling!technologies!available!for!composite!waste.!

!

!

Figure!5.1!–!Recycling!techniques!developed!for!composite!waste!

!

The! recycling! processes! can! be! split! into! three! main! categories:! mechanical,!

thermal,! and! chemical.! Mechanical! recycling! involves! crushing! or! shredding! the!

composite! material! into! smaller! fragments! before! being! ground! more! finelyr! the!
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recyclate!can!then!be!used!as!a!filler!or!reinforcement![3,!5,!6,!132^136].!Separating!

the! fibrous! components! from! the! matrix! is! difficult! and! is! usually! achievable! with!

thermal! recycling! or! solvolysisr! however,! it! is! argued! that! because! of! the! low!

production!cost!of!virgin!glass! fibres,!mechanical! recycling! is!a!more!viable!option!

for!GRPs![6].! It! is!worth!bearing!in!mind!that!glass!fibres!are!the!most!widely^used!

reinforcement! materials! in! composites! manufacturing,! and! more! often! glass! fibre!

reinforced!composite!waste! is!not!even!mechanically! recycled!but!goes!straight! to!

landfill.!There!is!also!a!disadvantage!with!mechanical!recycling!itself,!as!it!leads!to!a!

fine!material!that!is!limited!to!being!used!as!a!low!grade!filler!or!reinforcement.!!

Thermal!recycling!involves!subjecting!the!composite!waste!to!elevated!temperatures!

(usually!between!450!and!600!°C,!at!times!even!700!°C)!to!degrade!the!polymeric!

matrix! and! extract! the! fibrous! reinforcements! [3^6,! 132,! 135^142].! In! some! cases,!

the!polymeric!fraction!can!also!be!reclaimed!and!used!as!a!filler!or!energy!source![5,!

6,! 132,! 135^140,! 142].! Pyrolysis,! a! thermal! recycling! process,! typically! involves!

heating! the! composite! material! in! the! absence! of! oxygen! [5,! 6,! 132,! 137,! 142].!

Another!thermal!recycling!procedure,!involving!the!use!of!a!fluidised!bed,!has!been!

developed!to!recover!glass!and!carbon!fibres!from!composite!waster!research!in!this!

field!has!been!carried!out!extensively!by!the!University!of!Nottingham![5,!138^141].!

A!schematic!diagram!of!the!fluidised!bed!recycling!process!is!shown!in!Figure!5.2.!

!

!
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!

Figure!5.2!–!Schematic!showing!the!fluidised!bed!recycling!process.!Reproduced!from![5]!

!

Firstly,!the!composite!is!broken!into!smaller!fragments!before!being!fed!into!the!bed,!

which! is! filled! with! silica! sand.! Hot! air! fluidises! the! sand! and! the! polymeric!

component!of!the!composite!material!volatilises,!allowing!the!release!and!retrieval!of!

the!fibres!and!fillers.!The!hot!combustion!products!of!the!polymer!can!then!be!used!

as!an!energy!source![5].!The!fibres!recycled!from!this!procedure!are!fluffy!in!nature!

with! lengths!ranging!from!6!to!above!10!mm![5].! In!addition,!provided!the!optimum!

fluidised!bed!recycling!conditions!are!adopted,!the!recycled!fibres!tend!to!be!cleaner!

compared! to! fibres! recycled! via! pyrolysis.! The! typical! temperature! range! used! for!

fluidised! bed! recycling! is! 450! to! 550! °C,! the! upper! limit! generally! applicable! to!

certain! thermoset! resins! like! epoxy.!One! of! the!major! issues! associated!with! this!

recycling! technique! is! the! strength! loss! of! the! fibres! as! a! result! of! exposure! to!

elevated! temperatures! and! mechanical! damage.! More! of! this! is! discussed! in! the!

next!section.!

Another! possible! route! to! recovering! fibres! from! composite!waste! is! by! degrading!

the!polymer!with! chemical! treatment! using!a! solvent! at! a! certain! temperature!and!
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pressure,!with!or!without! the!aid!of!a!catalyst! [3,!6,!132,!133,!135,!136,!143].!This!

technique,! known! as! solvolysis,! can! deliver! clean! fibres! and! usually! the!

temperatures!required!are!lower!than!those!used!in!thermal!recycling![6].!Examples!

of! solvents! that! have! been! employed! for! solvolysis! of! composite! waste! include!

subcritical!and!supercritical!water![6,!132].!A!drawback!of!this!recycling!process!can!

be!the!cost,!particularly!when!supercritical!conditions!are!required.!!

It!can!be!said!that!thermal!recycling!is!one!of!the!most!suitable!recycling!techniques!

when!trying!to!recover!fibres!from!composite!waste.!Due!to!the!high!production!cost!

of! virgin! carbon! fibres,! more! effort! has! been! made! in! trying! to! employ! these!

recycling! technologies! to! retrieve! carbon! fibres! from! composite! waste! materials.!

Whilst! glass! fibres! are! relatively! cheap! to! produce,! there! is! a! need! to! develop!

economically!viable!recycling!methods!given!that!glass! fibre!reinforced!composites!

make!up! the!majority!of!composite!waste.!As!mentioned!earlier,! fibres,!particularly!

glass! fibres,! can! lose!a!significant!amount!of! strength! from! thermal! recycling.!The!

next! section! discusses! the! properties! of! thermally! recycled! glass! fibres! in! more!

detail,!and!work!that!has!been!carried!out!to!recover!their!performance!to!allow!their!

reuse!in!composite!applications.!

!!!!!!!!!!

5.2.2! Properties!of!thermally!recycled!glass!fibres!

Significant! research! into! the! properties! of! glass! fibres! recycled! from! composite!

materials!via!a!fluidised!bed!has!been!carried!out!by!Kennerley!et!al.! [138^140].! In!

one!article,! the!tensile!strength!of! individual!glass!fibres!was!measured!after!being!

recycled!from!scrap!thermoset!composites!in!a!fluidised!bed![138].!They!found!that!

fibres!suffered!a!severe!loss!in!strength!after!thermal!recycling!and!it!was!concluded!

that! a! low! fluidised! bed! temperature! and! short! residence! time! of! the! fibres! was!
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needed! to! improve! their!strength! retention.! In!another!publication,!Kennerley!et!al.!

again! reported! that! glass! fibres! lose! a! considerable! amount! of! strength! from!

fluidised!bed!recycling,!even!at!450!°C!where!strength! is! roughly!half! that!of!virgin!

fibres![140].!In!addition,!the!authors!found!that!up!to!50%!of!the!virgin!glass!fibres!in!

a! dough! moulding! compound! (DMC)! can! be! substituted! with! the! recycled! fibres!

without!compromising! the!physical!properties!of! the!material! [140].!Pickering!et!al.!

[141]! examined! the! properties! of! glass! fibres! thermally! recycled! from! a! sheet!

moulding!compound!(SMC)!using!the!fluidised!bed!(image!of!recovered!fibres!given!

in!Figure!5.3).!!

!

!

Figure!5.3!–!Image!of!glass!fibres!recovered!from!SMC!feed!using!the!fluidised!bed.!

Reproduced!from![141]!

!

The! tensile! test! results! of! the!glass! fibres! (results! shown! in!Figure!5.4)! indicate!a!

decrease!in!strength!with!fluidised!bed!temperature.!At!a!temperature!of!450!°C,!the!

strength! is! approximately! half! that! of! the! virgin! glass! fibres,! with! around! 90%!

strength! reduction! reported! at! 650! °C! [141].! The! strength! values! given! by! the!

authors!agree!fairly!well!with!previous!studies!where!glass!fibres!were!simply!heated!

rather!than!thermally!recycled!out!of!a!composite.!!!!



171!
!

!

Figure!5.4!–!Strength!of!glass!fibres!recycled!from!SMC!feed!at!different!fluidised!bed!recycling!

temperatures.!Reproduced!from![141]!

!

More! recently,! the! feasibility! of! reprocessing! thermally! recycled! glass! fibres! in!

second^life!composite!materials!was!assessed![10,!67].!In!order!to!have!glass!fibres!

representative! to! those! thermally! recycled! from!a! composite,! chopped! fibres!were!

heat!treated!in!a!furnace!at!500!°C![67].!This!procedure!was!also!followed!by!Saez!

who!investigated!the!effects!of!chemical!treatments!on!the!strength!regeneration!of!

thermally!treated!glass!fibre!bundles![13].!Thomason!et!al.![14]!conducted!research!

on! the! influence! of! hot! NaOH! treatment! on! the! strength! of! thermally! treated! and!

thermally!‘recycled’!glass!fibres.!APS^sized!glass!fibre!bundles!were!unidirectionally!

aligned!in!a!casting!mould!and!infused!with!polyester!resin,!which!was!then!cured.!

This!model!composite!was!then!placed!in!a!furnace!at!600!°C!for!an!hour!under!air!

to! thermally! ‘recycle’! out! the! glass! fibres.! The! strength! of! these! filaments! was!

reasonably!similar! to! fibres! that!were!simply!heat! treated! in!a! furnace!at! the!same!

temperature.! Pender! and! Yang! [144,! 145]! adopted! a! similar! approach! to! recover!

glass! fibres! from!model! epoxy! composites,! whilst! also! trying! to! improve! the! fibre!

strength!retention!by!accelerating!the!thermal!degradation!of!the!epoxy!using!metal!

oxides.!!
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In! recent! years,! the! University! of! Strathclyde! carried! out! extensive! research! into!

glass! fibres! recycled! from!an! in^house! fluidised!bed! (see!Figure!5.5)r!Pender! [66]!

investigated! the! properties! of! glass! fibres! thermally! recycled! out! of! model! epoxy!

composites.! Fibres! were! recycled! from! the! composites! at! various! temperatures,!

fluidisation!velocities!and!residence!times!in!the!fluidised!bed.!Figure!5.6!shows!the!

appearance!of!the!fibres!after!being!recycled!at!various!fluidised!bed!temperatures.!

Some!of!the!fibres!were!also!thermally!cleaned,!in!which!case!they!were!placed!in!a!

furnace!at!550!°C!for!1!hour!after!recycling!to!remove!any!remaining!residue.!

!

!

Figure!5.5!–!Images!of!the!inPhouse!developed!fluidised!bed.!Reproduced!from![66]!!!

!

!

Figure!5.6!P!Glass!fibres!recycled!in!the!fluidised!bed!at!a!temperature!of!a)!400!°C,!b)!450!°C,!c)!

500!°C,!d)!550!°C!and!e)!500!°C!+!thermal!cleaning.!Reproduced!from![66]!
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From!Figure!5.6!it!is!clear!that!the!temperature!of!the!fluidised!bed!has!a!significant!

impact! on! the! cleanliness! of! the! fibres.! At! lower! temperatures,! fibres! are! visibly!

darker! and! when! recycled! at! higher! temperatures! coupled! with! thermal! cleaning,!

fibres! appear! very! clean.! The! darkening! of! the! fibres! is! said! to! be! due! to! non^

decomposed! epoxy! residue! or! char! [66].! As! well! as! examining! the! surface! of!

recycled!fibres!for!residue,!the!tensile!strength!was!also!measured!at!each!fluidised!

bed!temperature!(see!Figure!5.7).!

!

!

Figure!5.7!P!Tensile!strength!of!glass!fibres!recycled!at!various!fluidised!bed!temperatures.!

Reproduced!from![66]!

!

In! contrast!with! the! results! reported!by!Pickering!et! al.! [141]! (see!Figure!5.4),! the!

strength! of! the! fibres! seems! to! decrease! to! a! similar! extent! at! each! recycling!

temperature!(around!75%!strength!loss).!Because!higher!fluidised!bed!temperatures!

did!not!further!damage!the!fibres!and!led!to!a!cleaner!surface,!a!temperature!of!500!

°C!was!chosen!for!later!studies.!!
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More! recently,! glass! fibres! were! recycled! from! an! end^of^life! wind! turbine! blade!

using! the! fluidised!bed.!These! fibres!underwent!various!chemical! treatments! in!an!

attempt!to!regenerate!their!strength!and!interface,!the!results!of!which!are!reported!

in! this! thesis.! Pender! carried! out! initial! studies! into! the! properties! of! these! fibres!

before! and! after! treatment! in! chemical! solutions! [66].! A! review! of! some! of! these!

treatments!and!their!effect!on!the!performance!of!the!recycled!fibres!is!given!in!the!

following!section.!SEM!examinations!of!these!recycled!glass!fibres!without!any!post!

treatment!indicate!possible!scratches!on!the!surface!(see!Figure!5.8).!

!

!

Figure!5.8!P!SEM!images!showing!scratches!on!the!surface!of!glass!fibres!recycled!in!the!

fluidised!bed!at!500!°C.!Reproduced!from![66]!

!

It!was!thought!that!the!presence!of!these!scratches!was!likely!due!to!abrasion!of!the!

fibres!by!the!silica!sand!in!the!fluidised!bed![66].!Because!these!features!were!never!

observed! for! fibres! thermally! treated! in!a! furnace,! it!was!suggested! that! they!were!

created! as! a! result! of! the! recycling! process! in! the! fluidised! bed.! Feih! et! al.! [51]!

created!an!artificial!flaw!on!the!surface!of!glass!fibres!using!focused!ion!beam!(FIB)!

milling.! To! the! best! of! the! author’s! knowledge,! no! naturally^occurring! flaws! have!

been!observed!on!the!surface!of!glass!fibres!up!to!now.!Further!analysis!of!the!fibre!
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features!with!an!AFM!would!confirm!whether!these!are!indeed!surface!flaws!and!if,!

or!to!what!degree,!these!flaws!contributed!to!the!strength!loss!of!the!fibre.!An!AFM!

investigation! of! recycled! fibres! that! showed! possible! craters! under! the! SEM! is!

reported!in!this!thesis.!!

It! is!evident!from!the!literature!that!thermally!recycled!glass!fibres!lose!a!significant!

amount! of! strength.!Regenerating! the! strength! of! these! fibres! is! required! to! allow!

their! reuse! in! second^life! composite!applications.! It! is!also!well! established! that!at!

the! thermal! recycling! temperatures! usually! applied,! degradation! of! the! fibre! sizing!

occursr! hence! fibres! also! need! to! be! resized! to! promote! their! adhesion! to! the!

polymer!matrix!in!the!new!composite.!The!next!section!describes!some!of!the!work!

carried!out!so!far!in!improving!the!strength!and!interface!of!thermally!recycled!glass!

fibres.!

!

5.2.3! Regenerating!strength!and!interface!of!thermally!recycled!glass!fibres!

As! mentioned! earlier,! Thomason! et! al.! investigated! the! feasibility! of! hot! alkaline!

treatments!to!recover! the!strength!of!glass!fibres!that!were!thermally! ‘recycled’!out!

of! a! model! polyester! composite! in! a! furnace! at! 600! °C! [14].! Such! alkaline!

treatments,!mainly!based!on!NaOH,!were!performed!initially!by!Saez!on!glass!fibres!

that!were!heated! in!a! furnace! to!simulate! thermal! recycling!conditions! [13].!An! in^

depth! study! into! the! effects! of! alkaline! treatments! on! the! strength! of! thermally!

treated!glass!fibres!was!carried!out!and!reported!in!Chapter!3!of!this!thesis.!Figure!

5.9! displays! the! tensile! strength! of! thermally! treated! and! ‘recycled’! glass! fibres!

before! and! after! treatment! in! 3! M! NaOH! solution! for! 10! minutes! at! 90! °C! [14].!

NaOH^treated!fibres!were!also!treated!in!APS!solution!to!improve!the!interface.!!
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!

Figure!5.9!–!Tensile!strength!of!glass!fibres!thermally!treated!and!thermally!‘recycled’!out!of!a!

composite!at!600!°C,!before!and!after!treatment!in!NaOH!and!APS!solution.!Reproduced!from!
[14]!

!

It! is! unclear!why! the! strength! of! the! thermally! ‘recycled’! glass! fibres! is!marginally!

higher!than!fibres!thermally!treated!in!a!furnace!at!the!same!temperaturer!this!could!

be!due!to!the!fact!that!the!fibres!recycled!from!the!composite!were!better!dispersed!

and!hence!easier!to!separate!for!preparing!tensile!test!samples!(recall!the!effect!of!

pre^washing!fibre!bundles!described!in!Chapter!3).!Applying!a!hot!NaOH!treatment!

to!both!these!fibre!types!leads!to!a!similar!degree!of!strength!recovery,!approaching!

1.5!GPa.!A!value!of!1.5!GPa!is!an!important!target!strength!for!recycled!glass!fibres!

to!reach,!as!this!would!allow!them!to!compete!with!chopped!glass!fibre!products!in!

terms!of! performance! [14].! Figure!5.9!also! indicates! that! the! strength!of! thermally!

treated! and! ‘recycled’! glass! fibres! treated! in! NaOH! solution! is! increased! slightly!

further!with! application! of! a! silane! coating! (APS).! It! is! argued! that!APS! treatment!

itself!does!not!regenerate!fibre!strength!but!rather!protects!the!surface!from!damage!

due!to!handling!and!sample!preparation![14,!47].!!



177!
!

As! well! as! measuring! the! tensile! strength! of! the! glass! fibres! before! and! after!

chemical! treatment,! the! interfacial! shear! strength! (IFSS)! was! also! determined! by!

Thomason! et! al.! using! polypropylene! (PP)! as! the! polymer! matrix! [14].! IFSS! is!

essentially!a!measure!of!the!apparent!adhesion!of!the!fibres!with!the!polymer!matrixr!

the! level!of! this!adhesion!would!have!a!major! impact!on! the!properties!of! the! final!

composite.! Figure! 5.10! displays! the! IFSS! values! of! glass! fibres! following! various!

treatments,!with!PP!as!the!polymer!matrix.!

!

!

Figure!5.10!–!Effect!of!treatments!on!IFSS!of!glass!fibre!with!PP!matrix.!Reproduced!from![14]!

!

There! is!a! significant!drop! in! IFSS! following!heat! treatment!of! the!glass! fibrer! this!

can!be!attributed!to!the!removal!of!the!APS!coating!(sizing),!the!function!of!which!is!

to! promote! the! adhesion! of! glass! fibres! to! the! polymeric! matrix.! Although! NaOH!

treatment!is!shown!to!improve!the!strength!of!the!thermally!treated!fibres,!there!is!no!

major! improvement! in! IFSSr! this! increase! is!only!demonstrated!with!application!of!

APS!to!the!NaOH^treated!fibres.!Figure!5.10!indicates!that!applying!APS!treatment!
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to!the!fibres!can!lead!to!an!IFSS!value!that!is!similar!to,!if!not!better!than,!the!IFSS!

of!as^received! fibres.!The!recovery!of! tensile!strength!of! the!heat! treated! fibres!by!

NaOH! solution! coupled!with! interface! regeneration! by!APS! leads! to! an! enhanced!

strength!of!the!final!composite!material!(glass!mat!thermoplastic!or!GMT)!with!PP!as!

the!matrix,!according!to!Figure!5.11.!

!

!

Figure!5.11!–!Tensile!strength!of!GMT!with!the!glass!fibres!receiving!different!treatments.!

Reproduced!from![14]!

!

Pender!investigated!a!range!of!chemical!treatments!and!their!effect!on!the!strength!

and! interface!of!both! thermally! treated!and! recycled!glass! fibres! [66].!Glass! fibres!

were!recycled!from!a!model!epoxy!composite!using!a!furnace!and!also!the!in^house!

fluidised! bed.! In! addition,! glass! fibres! were! heat! treated! alone! in! the! furnace!

(thermally! treated).! It!was!discovered!that! in! the!NaOH!molarity!range! investigated!

(1.5! to! 5!M),! a! short! alkaline! treatment! had! no! positive! impact! on! the! strength! of!

glass! fibres! recycled! either! in! the! furnace! or! fluidised! bedr! there!was! however! an!

increase! in! strength! of! thermally! treated! fibres! as! a! function! of! alkaline! solution!
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concentration![66].!Interestingly,!the!fluidised!bed!recycled!fibres!which!were!treated!

in! alkaline! solution! showed! potential! surface! pitting! under! the! SEM! (see! Figure!

5.12).!

!

!

Figure!5.12!P!SEM!image!of!fluidised!bed!recycled!glass!fibre!treated!in!5!M!NaOH!solution!for!

20!minutes,!showing!possible!surface!pitting.!

!

Such! features! were! also! discovered! on! recycled! glass! fibres! without! any! post!

treatment,! though! they! appeared!more! like! scratches! (see!Figure! 5.8).! Unlike! the!

scratches! on! the! recycled! only! fibres,! the! craters! shown! in! Figure! 5.12! appear!

uneven!and!could!have!resulted!from!the!glass!surface!being!etched!by!the!alkaline!

solutionr!this!agrees!with!the!AFM!study!reported!in!Chapter!3.!!

When!the!fluidised!bed!recycled!fibres!were!treated!in!alkaline!solutions!under!more!

aggressive!conditions!(higher!concentration!and!longer!treatment!time)!the!strength!

did!manage!to!improve,!as!shown!in!Figure!5.13.!
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!

Figure!5.13!–!Tensile!strength!of!glass!fibres!recycled!from!model!epoxy!composite!in!fluidised!

bed!and!treated!in!hot!NaOH!solution!at!various!concentrations!and!times.!Reproduced!from!

[66]!

!

With!the!exception!of!1.5!M,!the!alkaline!treatment!appears!to!improve!the!strength!

of! the! fibres!with! increasing!concentration!and! treatment! timer! for! the!7!and!10!M!

treatments,! the! strength! begins! to! level! off! with! time.! The! reason! why! a! more!

aggressive! treatment! is! effective! for! recycled! glass! fibres! is! not! fully! understood,!

though! it! is! suggested! it! could! be! due! to! the! fibres! being! initially! weaker! and!

possessing! residue! on! the! surface.!Given! the! extended! treatment! times! and! high!

concentration! of! alkaline! solution,! the! recycled! glass! fibres! underwent! significant!

diameter!reduction![66].!!

In!addition!to!concentrated!alkaline!treatments,!Pender!also!investigated!the!effects!

of!hot!water!on!the!strength!of!the!fluidised!bed!recycled!fibres.!Figure!5.14!displays!

the!tensile!strength!of!glass!fibres!recycled!from!model!epoxy!composites!using!the!

fluidised!bed,!after!treatment!in!hot!water!over!several!hours.!

!
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!

Figure!5.14!P!Tensile!strength!of!glass!fibres!recycled!from!model!epoxy!composite!in!fluidised!

bed!and!treated!in!hot!water!at!various!times.!Reproduced!from![66]!!

!

Results!show!that!treatment!of!recycled!fibres!in!hot!water!for!a!number!of!days!can!

almost!double!their!strength.!The!mechanism!behind!this!strength!increase!is!not!yet!

established,! though! it! is! suggested! to! involve! the! formation!of! compressive! stress!

around!the!crack!tip!on!the!glass!surface,!hence!‘shielding’! the!crack![63,!66].!The!

lack!of!diameter!reduction!of!the!fibres!and!the!absence!of!surface!pitting!under!the!

SEM! suggests! etching! does! not! contribute! to! the! strength! increase! [66].! The! fact!

that!no!visible!diameter!reduction!was!observed!contradicts!previous!studies!which!

show!that!hot!water!can!significantly!etch!glass![93].!

Saez![13]!saw!an!improvement!in!the!strength!of!thermally!treated!glass!fibres!after!

treatment! in! hot! APS! solution,! and! proposed! that! the!mechanism! of! this! strength!

increase!involved!the!coverage!of!the!damaged!glass!surface!with! long!chain!APS!

molecules.! Although! the! effect! of! hot! APS! treatment! on! thermally! recycled! glass!

fibres! has! not! been! investigated! in! depth,! it! is!well! established! that! application! of!
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APS! coating,! whether! hot! or! ambient,! improves! the! adhesion! of! the! fibres! to! the!

polymer!matrix.!!

Pender! applied! hot! alkaline! and! water! treatments! from! his! study! on! glass! fibres!

thermally! recycled! from! model! epoxy! composites! in! the! fluidised! bed,! to! fibres!

recycled! from!the!end^of^life!wind! turbine!blade.!Figure!5.15!shows! the!strength!of!

the!glass!fibres!after!thermal!recycling!in!the!fluidised!bed,!and!after!treatment!in!hot!

alkaline!solution!(7!M!NaOH!for!2!hours)!and!hot!water!(4!days).!!!!

!

!

Figure!5.15!–!Tensile!strength!of!glass!fibres!recycled!from!model!epoxy!composite!(inPhouse!

recyclate)!and!endPofPlife!wind!turbine!blade,!before!and!after!treatment!in!hot!alkaline!solution!

(7!M!NaOH!for!2!hours)!and!hot!water!(4!days).!Reproduced!from![66]!

!

It! is! evident! that! hot! alkaline! and! water! treatments! lead! to! a! similar! degree! of!

strength!recovery!of!glass!fibres!recycled!from!the!wind!turbine!blade!waste.!Pender!

has! shown! that! the! combined! strength! regeneration! of! thermally! recycled! glass!

fibres!by!alkaline!solution!and!interface!improvement!by!APS!can!result!in!an!overall!

increase! in! tensile! strength! of! the! final! composite! [66].! The! strength! increase! of!
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recycled!fibres!from!hot!water!treatment!was!not!as!significant,!and!this!translated!to!

little!or!no!improvement!in!tensile!strength!of!the!composite!material![66].!!!!

!

5.2.4! Conclusions!of!literature!review!

A! range!of! recycling! techniques!has!been!developed! in! recent! years! to! tackle! the!

issue!of!large!volumes!of!composite!waste.!Thermal!recycling,!such!as!that!involving!

a!fluidised!bed,! is!advantageous!since!the!fibrous!reinforcement!can!be!reclaimed.!

Unfortunately,! because! of! the! elevated! temperatures! required! to! degrade! the!

polymer! matrix! component,! the! fibres! (particularly! glass! fibres)! lose! a! significant!

amount!of! strength.!Furthermore,! thermally! recycled! fibres!are! fluffy! in!nature!and!

can! be! contaminated! with! residual! char.! Studies! into! the! effects! of! chemical!

treatments! to! regenerate! the! performance! of! such! fibres! have! been! conducted.! It!

was! discovered! that! thermally! recycled! glass! fibres! require! a! more! aggressive!

alkaline! treatment! in! order! to! regenerate! strength! compared! to! fibres! thermally!

treated!in!a!furnace.!There!is!also!the!possibility!of!a!prolonged!treatment!of!fibres!in!

hot!water!to!recover!their!strength,!though!so!far!it!did!not!translate!to!an!improved!

strength!of!the!final!composite.!Recoating!thermally!recycled!and!treated!fibres!in!a!

silane! such! as! APS!was! shown! to! improve! their! adhesion! to! the! polymer!matrix,!

which!in!turn!resulted!in!improved!composite!properties.!It!was!also!discovered!from!

SEM! that! some! thermally! recycled! glass! fibres! had! possible! scratches! on! the!

surface!from!the!recycling!process,!and!after!alkaline!treatment,!fibre!surfaces!often!

showed!possible!pittingr!an!AFM!analysis!would!confirm!whether! these!are! indeed!

surface!flaws!and!to!what!degree!they!would!have!contributed!to!the!strength!of!the!

fibre.!!!!!!!!!

!
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5.3! Experimental!

5.3.1! Materials!

Glass!fibres!thermally!recycled!out!of!a!large!on^shore!wind!turbine!blade!were!used!

in! this! research!studyr!more! information!on! the! recycling!procedure! is!given! in! the!

following! section.! A! 25! kg! section! of! the! blade! was! provided! by! Off^shore!

Renewable!Energy,!and!was!comprised!of!continuous!glass! fibre! reinforced!epoxy!

sandwiching!balsa!wood![66].!By!carrying!out!a!degradation!study!of!a!small!section!

of!the!blade!in!the!furnace,!it!was!found!that!the!fibre!weight!fraction!of!the!part!was!

68%r! the! rest!was!composed!of!a!mixture!of!wood!and!epoxy.!Before! feeding! the!

blade! into! the! fluidised! bed,! it! had! to! be! cut! into! smaller! pieces! with! a! water! jet!

cutter.!Figure!5.16!shows!the!blade!section!before!and!after!downsizing!for!thermal!

recycling!in!the!fluidised!bed.!

!

!

Figure!5.16!–!Image!of!wind!turbine!blade!aerofoil!(a)!before!downsizing,!and!(b)!after!

downsizing!for!thermal!recycling.!Reproduced!from![66]!

!

The! glass! fibres! recycled! from! the! blade! (shown! in! Figure! 5.17)! had! a! nominal!

diameter!of!15!μm,!however! the!glass!composition!and! the!nature!of! the!coatings!

applied!to!the!fibres!during!manufacturing!were!unknown.!!
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Figure!5.17!–!Image!of!glass!fibres!thermally!recycled!from!wind!turbine!blade!in!the!fluidised!

bed!

!

The! chemicals! used! in! this! study! included! NaOH! pellets,! 37%! concentrated! HCl,!

and! APS,! which! were! purchased! from! VWR! and! Sigma! Aldrich.! PP! and! PP!

combined! with! different! concentrations! of! maleic! anhydride! grafted! polypropylene!

(MAPP,!at!1.5!and!12!wt%)!were!used!as!the!polymer!matrices!in!the!measurement!

of!the!interfacial!adhesion!(IFSS)!of!the!fibres.!!

!

5.3.2! Thermal!recycling!of!endPofPlife!composite!

As!mentioned!in!the!previous!section,!the!wind!turbine!blade!had!to!be!downsized!to!

small!squares!(15!x!15!mm)!for! thermal!recycling! in! the!fluidised!bed.!Glass!fibres!

were!recovered!from!the!blade!at!a!fluidised!bed!temperature!of!approximately!500!

°C!within!15!to!25!minutes.!Once!the!fibres!were!recycled!out!of!the!blade!they!were!

treated!in!various!chemical!solutions.!More!information!on!the!fluidised!bed!recycling!

procedure!can!be!found!in![66].!
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5.3.3! Concentrated!alkaline!treatment!

100!ml!of!NaOH!solution!was!prepared!at!a!specific!concentration!(7,!8,!10!and!12!

M)! in!a! volumetric! flask!and!poured! into!a! small!PP!container.!The!container!was!

sealed!and!left! in!a!preheated!Carbolite!oven!for!two!hours!to!allow!the!solution!to!

heat!up! to!95!°C.!0.3!g!of! the! recycled!glass! fibres!was! then! immersed! in! the!hot!

solution!and!the!closed!container!kept!in!the!oven!for!2!hours.!Once!the!fibres!were!

treated! for! the! set! duration,! they! were! drained! out! of! the! solution.! Since! more!

aggressive! alkaline! treatment! conditions! were! employed! in! this! experiment!

compared!to!the!one!detailed!in!Chapter!3,!a!more!rigorous!rinsing!procedure!had!to!

be!adopted!to!ensure!the!effective!removal!of!residue!from!the!fibres.!This!method!

involved!rinsing!the!fibres!for!1!minute!in!a!fresh!10%!HCl!solution!four!times,!before!

immersing! once! in! hot! deionised! water! for! 1! minute! and! twice! in! cold! deionised!

water!for!1!minute.!The!rinsed!fibres!were!then!placed!in!the!oven!at!110!°C!for!15!

minutes!to!dry.!

!

5.3.4! Mild!alkaline!treatment!(pHPscale)!

As!well!as! treating! recycled! fibres! in!concentrated!NaOH!solution! for!a! few!hours,!

they!were!also!treated!in!milder,!pH^scale!alkaline!solution!for!a!prolonged!period!of!

time!to!see!whether!strength!regeneration!can!still!be!achieved.!In!this!experiment,!

0.3!g!of!recycled!fibre!was!placed!in!a!small!PP!container!along!with!100!ml!of!the!

treating! solution! at! a! particular! pH! value.! The! sealed! container! was! placed! in! an!

oven! at! 95! °C! for! a! specific! time! (on! a! scale! of! days).! Because! of! the! extended!

amount!of! time! the!solution!and! fibres!were!kept! for! in! the!oven,!an! initial!heating!

period!for!the!solution!alone!was!not!deemed!necessary.!!
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NaOH!and!deionised!water!were!used!to!prepare!the!solution!in!a!volumetric!flask!at!

a!theoretical!pH!value!of!14!according!to!Equation!5.1.!

!

ka = 14 + 0/. + !

Equation!5.1!

!

where!M!is!the!concentration!of!NaOH!solution!in!mol/L.!In!this!case,!a!1!M!NaOH!

solution!would!have!a!theoretical!pH!of!14.!pH!14!solution!was!also!used!to!prepare!

pH!10!solution!by!diluting!it!with!water!at!a!factor!of!10,000.!This!was!thought!to!be!a!

more!accurate!method!of!preparing!the!solution!at!pH!10!rather!than!making!a!fresh!

solution! using! a! very! small! mass! of! NaOH,! which! would! be! difficult! to! weigh!

correctly! even! with! a! microbalance.! Note! the! above! equation! assumes! complete!

dissociation!of!NaOH!into!metal!and!hydroxide!ions!in!waterr!although!early!studies!

suggest!NaOH!does!not! completely!dissociate,! it! is! still! considered! to!be!a!strong!

base!meaning!its!concentration!can!be!easily!converted!to!pH![95].!!!!!

A!treating!solution!with!no!NaOH!(deionised!water!only)!was!given!a!theoretical!pH!

of! 7.! The! true! pH! of! all! the! solutions! prepared! in! this! experiment! was!measured!

accurately! with! a! pH!meter! before! and! after! fibre! treatments.! To! remove! alkaline!

residue! from! the! treatment,! the! fibres! were! rinsed! in! 3.7%! HCl! for! 10! minutes!

followed!by!1!minute!in!deionised!water.!Following!the!rinsing!procedure,!the!fibres!

were!dried!in!an!oven!at!110!°C!for!15!minutes.!!

!
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5.3.5! Silane!treatment!

In!an!attempt!to!regenerate!both!the!strength!and!interfacial!properties!of!thermally!

recycled!glass! fibres,! they!were! treated! in!hot!APS!solution! (which! is!known! to!be!

slightly!alkaline)!for!various!periods!of!time.!100!ml!of!APS!solution!was!prepared!at!

1!vol%! in!a!volumetric! flask,!and!poured! into!a!small!PP!container.!The!container!

was!sealed!to!allow!the!APS!to!hydrolyse!either!at!room!temperature!for!24!hours,!

or! at! 95! °C! for! 5! hours.! For! the! hot! hydrolysis,! the! lid! was! removed! from! the!

container! for!a! few!seconds!every!hour! to! let! the!ethanol!vapour!escaper! this!was!

done!as!the!rapid!build^up!of!ethanol!gas!from!the!hot!hydrolysis!could!have!led!to!

rupture!of!the!lid!and!container.!Once!the!APS!solution!was!hydrolysed!(either!hot!or!

ambient! temperature),! 0.3! g! of! recycled! glass! fibre! was! immersed! in! the! solution!

and! the!sealed!container! left! in! the!oven!at!95!°C! for!a!certain! time.!As!a!control,!

fibres! were! also! treated! in! room! temperature! hydrolysed! APS! solution! for! 15!

minutes!at!room!temperature.!!

It!is!well!established!that!a!1!wt%!APS!solution!(which!is!fairly!close!to!1!vol%)!has!a!

pH!value!of!around!10.6![45,!46,!103,!104,!130,!131].!Hence!fibre!treatments!were!

conducted! at! a! timescale! similar! to! the! mild! alkaline! treatments! described! in! the!

previous!section.!Once!the!treatment!was!finished,!the!fibres!were!drained!out!of!the!

APS!solution!and!dried!in!an!oven!at!110!°C!for!15!minutes.!The!true!pH!of!the!APS!

solution!before!and!after!fibre!treatment!was!measured!with!a!pH!meter.!According!

to! the! literature,! the! pH! of! silane! solutions! have! been! typically! measured! with! a!

standard!glass!electrode!pH!meter! [103,!130],! and! researchers!never! reported!on!

the!silane!damaging!the!glass!probe.!Hence!in!this!research!study!a!standard!glass!

electrode!pH!meter!was!used!to!measure!pH!of!the!APS!solution,!though!the!probe!

was!still! rinsed! thoroughly! in!acetone!between!measurements.!The!pH!of!a!buffer!
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solution! (pH!7)!was!also!measured! in!between! to!make!sure! the!glass!probe!was!

still! functional.! Although! the!majority! of! the!APS! solutions! used! to! treat! the! fibres!

were!at!1!vol%,! the!concentration!was!varied! in!another!experiment! (to!0.5!and!5!

vol%)!to!examine!its!effect!on!the!strength!and!interface!of!the!fibres.!

!

5.3.6! Single!fibre!tensile!testing!

To! measure! the! tensile! strength! of! the! recycled! fibres,! individual! filaments! were!

carefully!separated!and!mounted!on!tensile!test!card.!Because!of!the!short!length!of!

the!fibres,!they!were!tested!at!5!mm!gauge!length.!Figure!5.18!shows!a!schematic!

of!a!tensile!test!card!with!a!mounted!fibre.!

!

!

Figure!5.18!–!Schematic!of!fibre!tensile!test!card!at!5!mm!gauge!length!

!

Unlike!previously!with!the!case!of!thermally!treated!glass!fibres,!thermally!recycled!

fibres!were!mounted!on! tensile! test!cards!with!a!5!mm! length!window.!Due! to! the!

short!length!of!the!fibres!the!tape!was!mounted!close!to!the!window!to!help!align!the!

sample.! Once! the! fibre! was! placed! as! vertical! and! straight! as! possible,! it! was!
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mounted!with!superglue!as!shown!in!Figure!5.18.!Because!of!the!nature!and!length!

of! the! fibres! they! were! susceptible! to! premature! breakage,! particularly! when! the!

sides!of! the!window!were!cut! for! testing.!Because!of! this,! triangles!were!cut! to! the!

sides!of! the!window!to!reduce!the!volume!of!card! that!had!to!be!cut!when! loading!

the!sample!onto!the!tensile!testing!instrument.!!

As!before,!30!fibre!tensile!test!samples!were!prepared!at!each!treatment!condition.!

Once! the!superglue!was!cured!overnight,! the! fibres!were! imaged!under!an!optical!

microscope!and!their!diameters!measured!with!ImageJ.!The!fibres!were!then!tested!

for! tensile! strength! using! a! Testometric! tensile! testing! machine! at! ambient!

environment.! The! load! cell! was! 5!N!with! a! strain! rate! of! 1.5%/min! applied! to! the!

samples.! The! fibre! strength! was! calculated! for! each! treatment! condition! by!

averaging! from! the! 30! samples,! and! the! error! bars! associated! with! the! strength!

measurements! represent!95%!confidence! limits.!More! information!about! the!single!

fibre!tensile!testing!procedure!can!be!found!in!Chapter!3!of!this!thesis.!

!

5.3.7! Microbond!testing!

The!microbond!test!was!performed!to!measure!the!IFSS!of!the!fibres.!The!polymer!

matrix! was! chosen! to! be! PP,! and! PP! combined! with! different! concentrations! of!

MAPP! (1.5! and! 12!wt%).! The! polymer! (which!was! either! in! the! form!of! pellets! or!

fibres)! was! melted! on! a! hotplate.! Tweezers! were! used! to! draw! out! the! molten!

polymer! to! form! a! PP! fibre,! which! was! tied! into! a! knot! around! a! glass! fibre! as!

indicated!in!Figure!5.19.!

!
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!

Figure!5.19!–!Schematic!showing!sample!preparation!for!microbond!test.!Reproduced!from![66]!

!

The!glass!fibre!was!mounted!onto!a!piece!of!double^sided!tape!with!tweezers.!The!

PP!or!PP/MAPP! fibre!was!knotted! round! the!glass! fibre.!The!ends!of! the!polymer!

fibre!were!stuck! to! tape!on!either! side!of! the!sample! to!minimise! their!movement,!

and!allow!the!polymer!fibre!to!be!trimmed!off!close!to!the!knot!with!micro^scissors.!

The!glass!fibre!sample!with!the!polymer!knot!was!then!mounted!onto!a!washer!with!

epoxy!adhesive!and!left!to!set!for!a!minimum!of!8!hours!at!room!temperature.!The!

microbond! test! samples! were! suspended! on!metal! wire! frames! and! placed! in! an!

OV^11!vacuum!oven!to!allow!the!polymer!knots!to!form!droplets!on!the!glass!fibres.!

The! oven! was! purged! with! nitrogen! (to! prevent! PP! from! thermal! oxidative!

degradation)!and!heated!to!220!°C!before!slowly!cooling!to!room!temperature.!The!

oven!temperature!profile!is!shown!graphically!in!Figure!5.20.!

!
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!

Figure!5.20!–!Vacuum!oven!temperature!profile!for!preparing!microbond!samples.!Reproduced!

from![66]!

!

The!glass!fibre!diameter,!polymer!droplet!diameter!and!the!embedded!length!of!the!

samples! were! measured! with! an! optical! microscope! and! ImageJ! software.! Only!

microbond!samples!with! symmetric! droplets!were! tested.!The! range!of! embedded!

lengths!and!droplet!diameters!used!in!the!microbond!test!typically!range!from!120!–!!

200! μm! and! 80! –! 180! μm! respectively! [66].! Figure! 5.21! gives! an! example! of! a!

droplet!formed!on!a!glass!fibre,!being!measured!using!ImageJ.!

!

!

Figure!5.21!–!Image!of!a!polymer!droplet!formed!on!a!glass!fibre,!being!measured!using!ImageJ.!

Reproduced!from![66]!
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To!measure! the! IFSS! of! the! samples,! an! Instron! 3342! universal! testing!machine!

equipped! with! a! 10! N! load! cell! was! used.! The! washer! with! the! attached! fibre!

hanging!vertically!downward!was!placed!on!a!hook!as!shown!in!Figure!5.22.!

!

!

Figure!5.22!–!Image!of!the!microbond!test!setup!on!the!Instron.!Reproduced!from![66]!!

!

The!shear!blades!were!moved!closer!to!the!glass!fibre!and!then!the!polymer!droplet!

height! was! adjusted! so! that! it! was! below! the! blades.! To! image! the! samples! and!

blades!closely,!a!microscope!with!45x!magnification!equipped!with!a!video!camera!

was!used.!Once!the!sample!was!positioned!correctly,!a!load!was!applied!at!a!speed!

of! 0.1! mm/min! (all! tests! were! performed! at! ambient! environment).! Figure! 5.23!

shows!a!schematic!of!a!droplet!during!the!microbond!test.!!

!!
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!

Figure!5.23!–!Schematic!of!droplet!during!microbond!test!

!

The! load! applied! on! the! microbond! sample! was! displayed! by! the! software! as! a!

function! of! displacement.! Once! the! load! reached! a! peak! and! then! dropped! to! a!

plateau!like!what!is!shown!in!Figure!5.24,!the!test!was!stopped.!!

!

!

Figure!5.24!P!Example!of!a!typical!loadPextension!plot!output!from!Instron!Bluehill!2!software.!

Reproduced!from![66]!

!
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To!calculate!the!IFSS!of!a!sample,!the!peak!load!at!droplet!de^bond!was!divided!by!

the!fibre^matrix!contact!area!according!to!Equation!5.2.!!

!

mB__ = $
Bno

(X0n
!

Equation!5.2!

!

where!Fdb,!D!and! ld!denote!the! load!at!droplet!de^bond,!diameter!of! the!glass!fibre!

and!embedded! length!respectively.!The!average!IFSS!was!calculated! from!around!

20! fibre!samples! for!each! treatment!condition.!More! information!on! the!microbond!

test!procedure!can!be!found!elsewhere![66,!146,!147].!!

!

5.3.8! Atomic!force!microscopy!(AFM)!

The! majority! of! the! thermally! recycled! glass! fibres! before! and! after! alkaline!

treatment!showed!possible!surface!scratches!or!pitting!under!the!SEMr!to!determine!

whether! these! were! surface! flaws,! an! AFM! analysis! of! the! fibre! samples! was!

conducted! using! a! Bruker! Innova! AFM! (tapping! mode).! Individual! fibres! were!

mounted!on!an!AFM!plate!and!different!regions!of!the!fibres!were!scanned!in!a!3!x!3!

µm! area.! Height! and! phase! images! were! flattened! with! NanoScope! Analysis!

software!at!2nd!order! to! remove! the! fibre!curvature,! thus!only! revealing! features!of!

the! surface.! Where! potential! craters! or! flaws! were! detected! in! the! height! image,!

NanoScope!Analysis!was!also!used!to!investigate!their!depth!and!geometry.!Using!a!

fracture! mechanics! model,! the! depth! of! these! features! can! potentially! allow! the!

back^calculation! of! the! strength! of! the! fibre.! If! this! strength! value! is! similar! to! the!
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measured!strength!by!tensile!testing,!then!it!can!be!said!that!the!flaw!studied!under!

AFM!contributed!to!the!strength!of!the!fibre!(is!a!critical!flaw).!Chapter!3!gives!more!

details!on!the!AFM!analysis!procedure,!and!the!theory!of!AFM!can!be!found!in!the!

Appendix.!!!

!

5.4! Results!and!discussion!

5.4.1! Effect!of!alkaline!treatments!on!recycled!glass!fibre!strength!

Figure! 5.25! shows! the! average! tensile! strength! of! recycled! glass! fibres! after!

treatment! in!hot!and!concentrated!NaOH!solution! for!2!hours!at! various!molarities!

(7,!8,!10!and!12!M).!

!

!

Figure!5.25!–!Tensile!strength!of!thermally!recycled!glass!fibres!after!treatment!in!hot!NaOH!

solution!for!2!hours!at!various!concentrations!

!
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The!strength!of! the! thermally! recycled!glass! fibres!appears! to!be!very! low,!around!

0.63! GPa.! At! this! strength! the! fibres! would! be! deemed! unfeasible! for! reuse! in!

second^life! composite! applications.! Results! in! Figure! 5.25! indicate! that! treating!

these! fibres! in! hot! 7!M!NaOH! solution! for! 2! hours! can! significantly! improve! their!

strength,!approaching! the!1.5!GPa!target! [14].!As! the!concentration!of! the!alkaline!

solution!increases,!it!begins!to!have!a!detrimental!effect!on!fibre!strengthr!from!8!to!

12!M,!the!strength!is!fairly!similar!to!fibres!that!were!thermally!recycled!without!any!

post^treatment.!It!was!likely!that!at!this!point!the!bulk!network!structure!of!the!glass!

was!compromised!with!the!severe!alkaline!treatment!conditions,!hence!negating!the!

positive!effect! from!removing!surface! flaws.! It!was! found! that! the!mass! loss!of! the!

glass!fibres!after!alkaline!treatment!was!significantly!high,!being!around!36.2%!for!7!

M!and!peaking!at!45.5%!for!12!M.!!!

The!strength!results!in!Figure!5.25!show!that!a!concentrated!NaOH!treatment!at!7!M!

can!have!a!positive!impact!on!recycled!fibre!strength.!Reducing!the!treatment!time!

and! molarity! of! the! solution! to! below! 7! M! might! result! in! greater! strength!

improvement! of! the! fibres,! however! this! will! require! a!more! in^depth! investigation!

which! can! be! carried! out! in! future.! The! next! section! veers! away! from! aggressive!

alkaline! treatment! conditions! and! instead! focuses! on! milder,! more! cost^effective!

means!to!regenerate!the!strength!of!thermally!recycled!glass!fibres.!

!

5.4.2! Effect!of!pHPscale!alkaline!treatments!on!recycled!glass!fibre!strength!

This!section! looks! into! the!effects!of!very!mild!NaOH!solutions!(pH!above!7,!up! to!

14),!heated!to!95!°C,!on!the!tensile!strength!of!recycled!fibres.!Treatment!of! fibres!

was! also! performed! in! hot! water! without! any! added! alkali,! which! was! given! a!
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theoretical!pH!of!7.!The!true!pH!of! these!solutions!was!measured!before!and!after!

fibre!treatments!and!reported.!!!

Figure!5.26!displays!the!strength!of!the!recycled!glass!fibres!following!treatment! in!

pH!7,!10!and!14!solutions!at!various!times.!

!

!

Figure!5.26!–!Tensile!strength!of!thermally!recycled!glass!fibres!after!treatment!in!pH!7,!10!and!

14!solutions!at!various!times!

!

The!strength!of! the!glass! fibres! is! too! low! for! reprocessing!after! thermal! recycling!

alone! (0.63!GPa).! Fortunately,! a! significant! amount! of! strength! can! be! recovered!

through!chemical!treatment!of!the!fibres.!Figure!5.26!shows!an!improvement!in!fibre!

strength!after!a!simple!hot!water!treatment,!reaching!approximately!0.9!GPa!after!5!

days.! There! appears! to! be! a! trend! where! increasing! the! pH! value! leads! to! a!

decrease!in!the!time!required!for!strength!recovery!of!the!fibres!to!be!at!its!optimumr!

for! pH!10! solution! the! optimal! treatment! duration! is! 4! days! as! the! strength! of! the!

fibres!reaches!1!GPa.!For!pH!14!no!strength!measurements!were!made!after!2!days!



199!
!

due! to! significant! dissolution! of! the! glass! fibres.! Overall,! the! pH! 14! treatments!

appear! to! have! a! detrimental! effect! on! fibre! strength! at! the! prolonged! treatment!

times!investigated.!In!fact,!no!values!were!obtained!at!1.75,!2!and!2.25!days!as!fibre!

samples! failed! prematurelyr! these! samples! were! assigned! strength! values! of! 0.5!

GPa.! It!can!be!deduced,! from!the!results! in!Chapter!3!and! the!previous!section!of!

this!chapter!involving!concentrated!alkaline!treatments,!that!a!shorter!treatment!time!

of!fibres!in!pH!14!solution!(which!is!essentially!1!M!NaOH)!would!lead!to!a!strength!

increase.!This!would!maintain!the!notion!that!increasing!the!pH!value!of!the!solution!

decreases! the! time! necessary! to! regenerate! strength! of! the! fibres.! Eventually! the!

fibre! strength! declines! once! it! reaches! its! optimum! as! shown! in! Figure! 5.26,!

particularly! in! the! case! of! pH! 10! and! 14! treatments.! As! discussed! earlier,! the!

decrease! in! fibre! strength! with! prolonged! treatment! could! have! been! due! to!

substantial!leaching!of!metal!ions!from!the!glass!and!breakdown!of!the!bulk!network!

structure.!

It!has!been!postulated!that!the!strength!regeneration!of!thermally!treated!or!recycled!

glass! fibres!by!concentrated!alkaline!solution! involves! the!etching!of! the!damaged!

surface! layer.! This! theory!might! also! hold! true! for! fibres! treated! in! high! pH! value!

solutions,! especially! if! they! show! a! clear! reduction! in! diameter! after! treatment.!

Figure! 5.27! gives! the! average! diameters! of! fibres! (from! tensile! testing)! after!

treatment!in!solutions!at!different!pH!values!and!treatment!times.!

!
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!

Figure!5.27!–!Average!diameters!of!thermally!recycled!glass!fibres!after!treatment!in!pH!7,!10!

and!14!solutions!at!various!times!

!

There! is! little! change! in! the! diameter! of! fibres! after! treatment! in! hot! water! over!

several!days,!suggesting!that!a!mechanism!other!than!flaw!etching!could!have!been!

responsible!for!strength!increase!as!discussed!previously!in!the!literature!review.!A!

slight! reduction! in! fibre!diameter! is!observed!after! treatment! in!pH!10!solution!at!4!

days! and! beyond,!which! is!where! a! significant! increase! in! tensile! strength! occurs!

according!to!Figure!5.26.!The!diameter!of!fibres!decreases!considerably!even!after!

0.25! days! treatment! in! pH! 14! solution! as! shown! in! Figure! 5.27r! this! is! not!

unexpected!given!the!much!higher!concentration!of!hydroxide!ions!now!available!to!

react! with! the! glass! surface.! These! results! suggest! that! pH! 10! and! 14! solutions!

exhibit!an!etching!effect!on!glass!fibres.!For!the!case!of!pH!10!treatments,!this!could!

be!the!mechanism!by!which!fibre!strength!is!increased.!

Irrespective! of! the! nature! of! the! treatment! applied! to! the! fibres,! they! appeared!

cleaner!compared!to!when!they!were!thermally!recycled!only!(see!Figure!5.28).!The!

cleanliness!of!chemically!treated!fibres!can!be!attributed!to!the!removal!of!residual!
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char.! Furthermore,! the! pH! 14! treated! fibres! appear! gummed! together,! which!

suggests! that! the! prolonged! treatment! of! fibres! in! concentrated! alkaline! solution!

could!have!led!to!other!products!being!formed!that!are!not!readily!removed!by!acid.!!!!

!

!

Figure!5.28!–!Images!of!thermally!recycled!glass!fibres!after!treatment!in!solution!for!2!days!at!

(a)!pH!7,!(b)!pH!10,!and!(c)!pH!14!

!

The! appearance! of! the! solutions! before! and! after! fibre! treatments! was! also!

examinedr!although!in!all!cases!the!fibres!were!cleaner!after!chemical!treatment,!the!

pH! 14! solution,! particularly! at! 2! days,! was! browner! in! colour! compared! to! other!

solutions!(see!Figure!5.29).!!!

!

!
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Figure!5.29!P!Images!of!solutions!after!treating!thermally!recycled!glass!fibres!for!2!days!at!(a)!

pH!7,!(b)!pH!10,!and!(c)!pH!14!

!!

The!discolouration!of! the!pH!14! solution! suggests!more!of! the! char!was! removed!

from!the!fibres,!and!perhaps!other!reactions!might!have!occurred!between!the!alkali!

and!glass!resulting!in!products!that!gave!the!solution!its!off^brown!appearance.!The!

true! pH! of! all! these! solutions! before! and! after! immersion! of! fibres!was!measured!

accurately!with!a!pH!meter!to!provide!further!insight!into!processes!that!might!have!

ensued!over!the!course!of!the!treatment.!Figure!5.30!displays!the!measured!pH!of!

the!solutions!at!different! theoretical!pH!values,!before!and!after! they!were!used! to!

treat!the!recycled!fibres!at!various!times.!

!

!
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!

Figure!5.30!–!Measured!pH!of!solutions!(25!°C)!prepared!at!different!theoretical!pH!values,!
before!and!after!treatment!of!thermally!recycled!glass!fibres!at!various!times!!

!

The!measured!pH!of!the!solutions!before!fibre!treatments!(0!days)!agree!reasonably!

well! with! theoretical! values,! particularly! for! pH! 10.! The! absorption! of! atmospheric!

carbon!dioxide!can! result! in!solutions!becoming!more!acidicr! for!pH!7!solution! the!

measured! value! is! clearly! lower! (more! acidic),! possibly! because! the! absolute!

number! of! hydroxide! ions! was! so! low! meaning! even! little! absorption! of! carbon!

dioxide!would!have! led! to!a! significant!decrease! in!pH.!The!pH!14!solution!has!a!

measured!pH!of! just!below!13r!however,! it! is!worth!bearing!in!mind!that!the!pH!10!

solution! was! prepared! by! dilution! of! the! pH! 14! solution.! The! fact! that! the! pH! 10!

solution!had!an!accurate!measured!pH!suggests! the!pH!14!solution!was!prepared!

correctly.!The!inaccurate!measured!value!could!be!due!to!the!pH!meter!approaching!

the!upper!limit!of!its!measurable!pH!range.!

With! the! exception! of! the! pH! 10! and! 14! solutions,! the! pH! 7! solutions! appear! to!

increase! in! pH! value! to! around! 10! when! they! are! used! to! treat! the! fibres.! This!

indicates! that! the! fibres! themselves! could! have! been! self^treatingr! the! leaching! of!
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metal! oxides! such! as! CaO! and! MgO! from! the! glass! might! have! increased! the!

alkalinity! of! the! solution! resulting! in! strength! regeneration! of! the! fibres! in! some!

cases.! The! measured! pH! of! these! solutions! remains! around! 10,! regardless! of!

treatment! time!of! the! fibres.!On! the!other!hand,!because!of! the!very! low!absolute!

number!of!hydroxide! ions! initially! in! the!pH!7!solutions,! there!could!have!been!an!

abrupt! increase!as!a! result!of!particular!contaminants!on! the!glass! fibre!dissolving!

into!the!solution.!It!can!be!argued!that!such!contaminants!would!also!dissolve!in!the!

pH! 10! and! 14! solutions,! but! because! the! total! hydroxide! count! in! these! solutions!

would! already! be! significantly! higher! at! the! beginning,! any! pH! change! from!

dissolved!glass!fibre!contaminants!would!be!irrelevant.!

The! results! reported! in! this! section! clearly! show! that!mild! alkaline! treatments! and!

even! water,! prepared! at! elevated! temperature,! can! regenerate! the! strength! of!

thermally! recycled! glass! fibres.! Although! these! treatments! are! for! an! extended!

period! of! time! and! not! as! effective! at! improving! fibre! strength! as! a! short!

concentrated! alkaline! treatment,! less! corrosive! chemicals! are! used! making! the!

process! easier! to! implement! and! safer.! The! next! section! focuses! on! developing!

treatments! based! on! a! silane! (APS)! to! try! and! improve! both! the! strength! and!

interface!of!thermally!recycled!glass!fibres.!!!!!!!

!

5.4.3! Effect! of! hot! APS! treatment! on! strength! and! surface! functionality! of!

recycled!glass!fibres!

So! far! it! has!been!proven! that! concentrated!and!mild! alkaline! treatment,! for! short!

and!prolonged!treatment!times!respectively,!can!recover!the!tensile!strength!of!glass!

fibres! thermally! recycled! out! of! an! end^of^life! wind! turbine! blade.! Although! these!

regenerated! fibres! can! potentially! compete! with! virgin! fibres! in! terms! of! strength,!
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they! still! require! a! sizing! to! aid! their! adhesion!with! the!polymer!matrix! in! the! new!

composite,!and!to!protect!the!surface!from!damage.!As!discussed!earlier!in!Chapter!

2,!one!of! the!most!vital!components!of!commercial!glass! fibre!sizings! is! the!silane!

coupling!agentr!not!only!does!it! improve!the!bonding!of!the!fibres!to!the!composite!

matrix,! but! it! also! protects! the! surface! from! damage! due! to! handling! and! the!

environment.!One!of!the!most!commonly^used!silane!coupling!agents!is!APS,!and!it!

naturally! has!an!alkaline!pH! (around!pH!10.6!at!1!wt%! in!water).! It!was! therefore!

expected!that!the!1!vol%!APS!solutions!used!in!this!study!would!have!a!similar!pH.!

Treatment!of! the! thermally! recycled!glass! fibres!was!performed! in!APS!solution!at!

95! °C! at! treatment! times! similar! to! those! employed! previously! for! pH! 10! alkaline!

treatments.!The!tensile!strength!and!IFSS!of!these!fibres!(using!PP!or!PP/MAPP!as!

the!matrix)!was!measured!through!single!fibre!tensile!testing!and!microbond!testing!

respectively.!!

Figure! 5.31! shows! the! tensile! strength! of! the! fibres! after! treatment! in! hot! APS!

solution! at! 1! vol%! for! various! times,!where! the! hydrolysis! step!was! carried! out! at!

ambient! temperature.!Treatment!of! fibres!was!performed! in!hot!APS!solutions! that!

were!hydrolysed!at!elevated!temperature!as!well,!and!the!previous!results!on!pH!10!

NaOH!treatments!is!also!plotted!here!for!comparison.!!

!
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Figure!5.31!–!Tensile!strength!of!thermally!recycled!glass!fibres!after!treatment!in!hot!1!vol%!

APS!solution!(hydrolysed!hot!or!ambient)!or!pH!10!NaOH!solution!for!various!times!

!

It!appears!that!the!strength!of!the!fibres!increases!steadily!with!treatment!time!in!hot!

APS! solution! (ambient! hydrolysis),! from! around! 0.6! to! 0.8! GPa! at! 20! days.! This!

contrasts!with!the!pH!10!NaOH!treatment,!which!leads!to!a!more!significant!increase!

in!tensile!strength!(to!1!GPa)!of!the!fibres!and!at!a!shorter!time!of!4!days.!Heating!

the!APS!solution!during!the!hydrolysis!seemed!to!have!had!no!considerable!impact!

on!the!strength!of!the!thermally!recycled!glass!fibresr!this!contradicts!with!the!results!

in![13]!which!show!that!APS!solution,!when!hydrolysed!at!elevated!temperature,!can!

recover! a! substantial! amount! of! strength! in! thermally! treated! fibres.! The! data!

presented!in!Figure!5.31!seem!to!suggest!that!APS!solution,!whether!hydrolysed!at!

ambient! or! elevated! temperature,! does!not! significantly! regenerate! the! strength!of!

thermally! recycled! glass! fibres! when! treatment! is! carried! out! at! 95! °C! and! for! a!

prolonged!period!of!time.!Moreover,!treatment!of!the!recycled!fibres!in!1!vol%!APS!

solution!under!standard!conditions!(room!temperature!hydrolysis!and!treatment,!and!

treatment!time!of!15!minutes)!resulted!in!no!improvement!in!tensile!strength.!!
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Figure! 5.32! shows! the! strength! of! thermally! recycled! fibres! after! treatment! in! hot!

APS!solution!for!5!days!(hot!hydrolysis)!at!different!concentrations.!

!

!

Figure!5.32!–!Tensile!strength!of!thermally!recycled!glass!fibres!after!treatment!in!hot!APS!

solution!(hot!hydrolysis)!for!5!days!at!various!concentrations!

!

The! results! in! Figure! 5.32! indicate! that! varying! the! concentration! of! APS! solution!

does!not!have!any!benefit!on!fibre!strength.!In!fact,!increasing!the!concentration!to!5!

vol%!seems!to!start!reducing!the!effect!of!the!treatment!on!fibre!strengthr!this!could!

be!due!to!a!thicker!layer!of!APS!forming!on!the!fibres!resulting!in!filaments!bonding!

together! making! them! difficult! to! separate! and! thus! leading! to! lower! measured!

strength.!!

The!pH!of!the!APS!solutions!in!this!study!was!measured!with!a!pH!meter!before!and!

after!they!were!used!to!treat!the!fibres.!Figure!5.33!displays!the!measured!pH!of!the!

APS!solutions!at!different!concentrations!after!treatment!of!fibres!at!various!times.!!

!
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Figure!5.33!P!Measured!pH!of!APS!solutions!(25!°C)!prepared!at!different!concentrations,!before!
and!after!treatment!of!thermally!recycled!glass!fibres!at!various!times!

!

The!pH!of!the!1!vol%!APS!solutions!is!around!10.4!to!10.5,!similar!to!the!literature!

value!of!pH!10.6![45,!46,!103,!104,!130,!131].!Overall,!there!is!very!little!change!in!

the! pH! of! the! solutions! before! and! after! fibre! treatments,! though! there! is! a! slight!

increase! for! the!case!of!1!vol%!APS!(ambient! temperature!hydrolysis)!at!20!days.!

The!pH!of!the!solution!marginally!increases!with!APS!concentration,!from!pH!10.3!at!

0.5! vol%! APS! to! pH! 10.8! at! 5! vol%.! The! fact! that! APS! solutions! are! alkaline!

indicates! that! hydroxide! ions! or! hydroxide! ion! containing! species! are! present,!

meaning!they!can!potentially!react!with!the!glass!to!modify!surface!cracks.!However,!

results!in!Figure!5.31!and!Figure!5.32!suggest!that!APS!solutions!have!no!positive!

effect!on! the!strength!of! thermally! recycled!glass! fibres.!Furthermore,!no!apparent!

diameter! reduction! was! observed! of! the! fibres! after! any! of! the! APS! treatments!

conducted!in!this!investigation.!This!suggests!that!hydrolysed!APS!solution,!though!

alkaline! in! nature,! does! not! react! with! glass! in! a! similar! manner! to! NaOHr! the!

interaction!is! likely!to!primarily! involve!the!bonding!of!the!glass!surface!to!the!APS!
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molecules,! forming!a!protective!barrier!and! improving! the!adhesion!of! the! fibres! to!

the!polymer!matrix.!The!interfacial!properties!of!the!thermally!recycled!glass!fibres,!

and! the! extent! to! which! they! can! improve! after! treatment! in! APS! solution,! were!

examined!and!reported!in!this!thesis.!

Figure!5.34!shows!the!IFSS!of!the!fibres!after!treatment!in!hot!1!vol%!APS!solution!

(ambient!temperature!hydrolysis)!for!various!times,!with!PP!as!the!polymer!matrix.!

!

!

Figure!5.34!–!IFSS!of!thermally!recycled!glass!fibres!after!treatment!in!hot!1!vol%!APS!solution!

(ambient!hydrolysis)!for!various!times,!with!PP!as!matrix!

!

The!IFSS!of!the!thermally!recycled!glass!fibres!with!PP!matrix! is!very!poor!without!

APS! treatment! (below! 6! MPa)r! this! is! attributed! to! the! fact! that! the! bare! glass!

surface!is!polar!in!nature!due!to!the!presence!of!silanol!groups,!which!do!not!interact!

with!the!non^polar!PP!matrix.!So,!it!can!be!concluded!that!thermally!recycled!glass!

fibres! not! only! possess! low! tensile! strength,! but! also! poor! adhesion! to! the! PP!
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polymer!matrix.!Some!polarity!can!be!introduced!to!the!PP!via!MAPP,!and!the!IFSS!

of!fibres!with!these!PP/MAPP!polymer!matrices!is!explored!later!in!this!chapter.!!

Results!in!Figure!5.34!show!that!hot!APS!treatment!of!the!thermally!recycled!glass!

fibres,!where!the!hydrolysis!step!was!carried!out!at!room!temperature,!significantly!

improves! the! IFSS! with! PP.! There! appears! to! be! no! trend! of! IFSS! with! APS!

treatment!time,!as!it!mainly!fluctuates!from!10!to!14!MPa.!!

Figure! 5.35! displays! the! IFSS!of! the! fibres!with!PP!when!hot!APS! treatment!was!

applied!up!to!5!days,!and!the!hydrolysis!step!was!carried!out!either!hot!or!ambient.!

!

!

Figure!5.35!–!IFSS!of!thermally!recycled!glass!fibres!after!treatment!in!hot!1!vol%!APS!solution!

(ambient!and!hot!hydrolysis)!for!various!times,!with!PP!as!matrix!

!

Overall,! heating! the! APS! solution! during! the! hydrolysis! process! does! not! have! a!

considerable! impact!on! the!extent!of! the! increase! in! IFSS,! though!at!5!days! there!

appears! to! be! further! improvement.! Although! the! data! presented! in! Figure! 5.35!

suggest!that!hot!APS!treatments!can!significantly!improve!the!adhesion!of!thermally!
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recycled!glass!fibres!to!a!PP!matrix,!in!practice!PP!is!usually!combined!with!a!small!

concentration!of!MAPP!as! it! typically! improves! the!adhesion! further.!To!determine!

whether! this! is! the! case! for! fibres! treated! in! hot! APS! solution,! the! IFSS! was!

measured!using!PP!blended!with!MAPP!at!1.5!and!12!wt%.!Figure!5.36!shows!the!

IFSS!of!thermally!recycled!glass!fibres!with!these!various!polymer!matrices,!before!

and!after!treatment!in!APS!solution!under!different!conditions.!!!!!

!

!

Figure!5.36!–!IFSS!of!thermally!recycled!glass!fibres!after!treatment!in!various!APS!solutions,!

with!PP!and!PP/MAPP!as!matrices!

!

The! lowest! measured! IFSS! is! found! in! untreated! recycled! fibres! with! PP! as! the!

matrix! (below! 6! MPa).! Because! MAPP! is! slightly! polar,! using! PP/MAPP! does!

improve! the! IFSS! (to!around!12!MPa),! though! it!appears! to!drop!when! the!MAPP!

content! is!high!(12!wt%).! It!has!been!discussed!previously!that! including!too!much!

MAPP!in!the!PP!can!have!a!detrimental!effect!on!the!IFSS!of!glass!fibresr!this!could!

be! due! to! an! increased! number! of!MA!monomers! reacting!with! the! fibre! surface,!
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meaning! MAPP! could! not! react! [66,! 67].! When! APS! solution! is! applied! to! the!

thermally! recycled! glass! fibres! under! ambient! conditions! (ambient! temperature!

hydrolysis!and!treatment,!and!a! treatment! time!of!15!minutes),! the! IFSS!increases!

only! slightly! when! employing! PP! as! the! matrix.! On! the! other! hand,! using! a!

combination!of!PP!and!MAPP!drastically!enhances!the!IFSS!of!the!fibres,!peaking!at!

around! 20! MPa! for! PP! blended! with! 12! wt%! MAPP.! When! hot! APS! treatment!

(ambient!hydrolysis)! is!applied! to! the! fibres! for!3!days,! the! IFSS!with!PP!matrix! is!

better!than!when!ambient!temperature!APS!or!no!APS!treatment! is!used,!reaching!

approximately!12!MPa.!Conversely,! the!IFSS!diminishes!with!MAPP!content! in!the!

matrix,!dropping!to!around!9!MPa!for!the!case!of!PP!combined!with!12!wt%!MAPP.!

As! discussed! earlier! in! Chapter! 2,! APS! hydrolyses! in! water! and! then! molecules!

condense!to!form!short!APS!polymer!chains!(oligomers).!The!condensation!process!

involves! the! removal! of! hydroxide! groups! from! the! hydrolysed! APS!molecules! as!

they! combine! together! to! form! a! condensed! oligomer.!Heating! the!APS!promotes!

the! condensation! of! the!APS!molecules,! resulting! in! longer! and! hence!more! non^

polar! chains.! Because! of! this,! increasing! the! concentration! of! MAPP! (which! is!

slightly! polar)! in! the!PP!matrix! can! lead! to! poorer! interaction!with! the!APS!and! a!

reduction! in! IFSS,!as! indicated! in!Figure!5.36.!When! fibres!are! treated! in!hot!APS!

solution!with!hot!hydrolysis,!the!IFSS!again!increases!slightly!with!the!PP!matrix.!On!

the!contrary,!the!IFSS!improves!considerably!with!PP!and!1.5!wt%!MAPP,!reaching!

a!similar!value!to!fibres!that!were!treated!in!APS!under!ambient!conditions!(ambient!

temperature!hydrolysis!and!treatment).!Like!with!the!case!of!non^APS!treated!fibres,!

the!IFSS!of!these!fibres!then!begins!to!decrease!with!more!MAPP!in!the!PP!matrix.!

The! disparity! in! IFSS! of! fibres! treated! in! hot! APS! solution! with! ambient! and! hot!

hydrolysis!is!not!fully!understood,!though!it!is!likely!to!be!due!to!the!structure!of!APS!

and!how!it!is!affected!by!temperature!during!the!hydrolysis!and!condensation!stage.!!
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The! results! presented! in! this! chapter! indicate! that! hot! APS! treatment! has! no!

additional! benefit! on! the! strength! or! interface! of! thermally! recycled! glass! fibres.!

Ambient!APS!treatment!can!deliver!improved!IFSS!of!the!fibres!with!PP/MAPP!at!a!

shorter! time! and! without! the! need! for! elevated! temperatures! either! during! the!

hydrolysis!or! fibre! treatment!step.!With! regards! to! fibre!strength,!none!of! the!APS!

treatments!performed!in!this!research!resulted!in!a!significant!improvement,!despite!

the! fact! APS! is! shown! to! be! alkaline! in! nature.! The! next! sub^chapter! looks!more!

deeply! into!the!surface!state!of! thermally!recycled!glass!fibres!using!the!AFM,!and!

whether!the!supposed!flaws!detected!with!this!technique!were!critical!to!their!failure.!

!

5.4.4! Examination!of!surface!flaws!of!recycled!glass!fibre!by!AFM!

It! was! discussed! in! the! literature! review! that! potential! scratches! or! craters! were!

recently!observed!of! thermally! recycled!glass! fibres!under!an!SEM.!Given! the! fact!

that! these! features!were! not! detected! previously! for! thermally! treated! glass! fibres!

suggested! that! they! were! present! as! a! result! of! the! recycling! procedure! in! the!

fluidised!bed,!probably!by!abrasion!with!the!bed!sand.!This!section!details!an!AFM!

investigation!into!thermally!recycled!glass!fibres,!with!or!without!concentrated!NaOH!

treatment,!which!showed!possible!surface!pitting!under!the!SEM.!The!height!images!

from!the!AFM!would!confirm!whether!these!were!indeed!flaws!on!the!fibre!surface,!

and!by!measuring! their! depths! and! inputting! the! values! into! a! fracture!mechanics!

model,! the! strength! of! the! fibre! can! be! back^calculated! and! compared! to! the!

measured!strength!obtained!by!tensile!testing.!

The!fracture!mechanics!model!used!in!this!study!is!shown!in!Equation!5.3![51].!

!
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Equation! 5.3! relates! the! strength! of! the! glass! fibre! (σf,av,! in! MPa)! to! the! fracture!

toughness! (KIc),! which! was! measured! to! be! 0.91! MPa!m0.5! by! Feih! et! al.! [51].! c!

denotes!the!critical!flaw!depth!(m).!The!geometry!factor,!Y,!varies!depending!on!the!

geometry! of! the! critical! flaw! (0.73! for! half^penny,! and! 1.12! for! straight).! This!

equation! allows! the! calculation! of! the! strength! of! the! glass! fibre! from! the! critical!

surface!flaw!depth,!and!does!not!take!the!gauge!length!effect! into!consideration.!It!

has!been!reported!previously!that!as!the!gauge!length!of!the!glass!fibre!test!sample!

is!decreased,! the!measured! tensile!strength! increases! [47]r! this!could!be!because!

as! the! length! of! the! fibre! sample! is! reduced,! there! are! statistically! fewer! severe!

surface!flaws!that!would!be!critical!to!failure!of!the!fibre.!An!ideal!experiment!would!

be! to! scan! the! entire! area! of! a! fibre! at! the! gauge! length! used! for! tensile! testing,!

however! given! the! nature! of! AFM! and! the! fact! that! half! the! fibre! is! mounted! on!

carbon! tape,! this! approach!would! prove! to! be! too! challenging.! In! this! study,!AFM!

analysis!of!the!recycled!fibre!surfaces!was!therefore!conducted!in!a!similar!manner!

to!that!described!in!Chapter!3.!Figure!5.37!shows!a!representative!3^D!AFM!height!

image! (and! corresponding! phase! image)! of! the! surface! of! a! glass! fibre! thermally!

recycled!from!the!wind!turbine!blade!waste!using!the!fluidised!bed.!!!!

!
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Figure!5.37!–!3PD!AFM!(a)!height!image,!and!(b)!phase!image!of!the!surface!of!a!glass!fibre!

thermally!recycled!from!an!endPofPlife!wind!turbine!blade!using!the!fluidised!bed!!

!

Despite!the!fact!the!fibres!were!not!treated!in!alkaline!solution,!there!appears!to!be!

some! residue! on! the! fibre! surface! according! to! the! height! and! phase! imager! this!

could!be!residual!char!from!the!recycling!process.!Some!of!the!heightened!regions!

however!do!not! translate! to!phase!shifts,! implying!that! the!topography!of! the!glass!

surface!was!affected!by!the!thermal!recycling!procedure.!Because!these!fibres!were!

not! treated! in!alkaline!solution,! the! roughness!of! the!glass!surface!could!not!have!

resulted! from! etching,! but! probably! from! deposits! of! the! silica! sand! dusts! of! the!

fluidised!bed.!The!fact!that!some!areas!of!the!height!image!are!darker!than!the!bulk!

further! suggests! that! craters! were! present! on! the! glass! surface,! which! was!

suspected! earlier! from! SEM! studies.! NanoScope! Analysis! software! was! used! to!

measure!the!depth!of!some!of!these!potential!craters!or!surface!flaws,!as!shown!in!

Figure!5.38.!!!!

!
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Figure!5.38!–!Screenshot!of!NanoScope!Analysis!software!being!used!to!measure!the!depth!of!

potential!surface!flaws!on!a!glass!fibre!thermally!recycled!from!an!endPofPlife!wind!turbine!blade!

in!the!fluidised!bed!

!

Figure!5.38!also!gives!a! line!drawing! (distance!around!600!nm)!showing!both! the!

depth!and!geometry!of!the!surface!craters.!The!graph!suggests!these!possible!flaws!

are!more!U^shaped.!The!c!values!given!in!the!bottom!table!indicate!the!exact!depths!

of! the! three! craters! selected.! These! depths! were! entered! into! the! fracture!

mechanics!model! (Equation!5.3)! to!back^calculate! the!strength!of! the! fibrer!values!

are!presented!in!Table!5.1.!!!

!

Table!5.1!P!Predicted!strength!of!glass!fibre!thermally!recycled!from!an!endPofPlife!wind!turbine!

blade!using!the!fluidised!bed,!based!on!crater!depths!from!the!AFM!

! ! c!(nm)! σf,av!(GPa)!

! ! ! Y!min!(straight)! Y!max!(half^penny)!
Crater!1! ! 15.88! 3.64! 5.58!
Crater!2! ! 10.55! 4.46! 6.85!
Crater!3! ! 7.90! 5.16! 7.91!

!
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The!measured!depths!of!the!craters!are!very!low!resulting!in!much!higher!predicted!

tensile! strength!of! the! fibre! than!expected! (measured!strength! from! tensile! testing!

was! 0.63! GPa).! Even! the! lowest! of! the! predicted! strengths,! from! crater! 1! and!

assuming! the! flaw!was!straight,!appears! to!be!3.64!GPa,!which! is!even!above!the!

strength! measured! of! typical! pristine! glass! fibre.! This! implies! that! neither! of! the!

craters! detected! under! the! AFM!were! critical! to! the! failure! of! the! fibre.!Given! the!

small!area!of!fibre!that!was!scanned!(3!x!3!µm)!it!was!going!to!be!challenging,!even!

after! numerous! scans,! to! identify! the! critical! fibre! flaw.!Fortunately,! after! scanning!

just!a!few!regions!of!a!fibre!thermally!recycled!from!a!model!epoxy!composite!and!

treated!in!alkali,!a!surface!with!very!deep!and!potentially!critical!surface!craters!was!

observed.!This!scan!area!was! then!expanded!to!10!x!10!μm!to!see!whether!other!

neighbouring!craters!were!present!on!the!fibre!surface!(though!scanning!in!a! large!

area!is!usually!not!recommended!since!it!could! lead!to!damage!of!the!AFM!tip! if! it!

ends! up! travelling! away! from! the! fibre! and! onto! the! carbon! tape).! Figure! 5.39!

presents! 3^D! AFM! height! and! phase! images! of! the! fibre! that! showed! possible!

surface!pitting.!!!!

!

Figure!5.39!P!3PD!AFM!(a)!height!image,!and!(b)!phase!image!of!the!surface!of!a!glass!fibre!

thermally!recycled!from!a!model!epoxy!composite!using!the!fluidised!bed,!and!treated!in!90!°C!5!
M!NaOH!solution!for!20!minutes!
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As! before,! some! changes! in! height! correspond! to! phase! shifts,! indicating! that!

residue!(most!likely!from!alkaline!treatment)!was!present!on!the!surface!of!the!fibre.!

The! craters! observed! in! the! height! image! do! not! appear! to! result! in! a! change! in!

phase,!suggesting!that!these!features!are!indeed!of!the!glass!itself.!What!is!unusual!

is!how! the!craters!seem! to!be! in!a! line!on! the! fibre!surface.!This!could!potentially!

have! been! the! contact! point! with! another! fibre,! so! separating! them! during! single!

fibre!sample!preparation!might!have!resulted!in!damage!as!indicated!by!the!surface!

flaws.!Furthermore,! treating! the! fibre! in!alkaline! solution! could!have! increased! the!

prominence! of! the! craters! through! the! etching! effect.! Figure! 5.40! shows! how! the!

depth!of!the!craters!was!measured!using!NanoScope!Analysis.!!

!

!

Figure!5.40!P!Screenshot!of!NanoScope!Analysis!software!being!used!to!measure!the!depth!of!

potential!surface!flaws!on!a!glass!fibre!thermally!recycled!from!a!model!epoxy!composite!using!

the!fluidised!bed,!and!treated!in!90!°C!5!M!NaOH!solution!for!20!minutes!

!

According!to!Figure!5.40,!the!craters!appear!to!have!a!smaller!radius.!The!depths!of!

the!craters!along!with!the!predicted!tensile!strength!are!displayed!in!Table!5.2.!
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Table!5.2!–!Predicted!strength!of!glass!fibre!thermally!recycled!from!a!model!epoxy!composite!

using!the!fluidised!bed,!and!treated!in!90!°C!5!M!NaOH!solution!for!20!minutes,!based!on!crater!
depths!from!the!AFM!

! ! c!(nm)! σf,av!(GPa)!

! ! ! Y!min!(straight)! Y!max!(half^penny)!
Crater!1! ! 142.68! 1.21! 1.86!
Crater!2! ! 276.71! 0.87! 1.34!
Crater!3! ! 245.21! 0.93! 1.42!

!

All! three! craters!possess!a!measured!depth!of! a! few!hundred!nm,!which! leads! to!

calculated!strengths!that!are!more!comparable!to!the!measured!strength!by!tensile!

testing.!Specifically!crater!2,!which!is!almost!300!nm!in!depth,!results!in!a!predicted!

strength!(assuming!a!straight!surface!flaw)!of!0.87!GPa,!which!is!not!too!far!from!the!

measured! strength! of! 0.67! GPa! from! the! tensile! test.! These! results! indicate! that!

severe! surface! flaws! on! a! fibre! can! be! detected! by!AFM,! and! the! depths! can! be!

measured!and! inputted! into! a! fracture!mechanics!model! to! predict! the! strength! of!

the! fibre.! Because! of! the! nature! of! the! technique,! discovering! the! flaw! that!would!

lead! to! the! failure! of! the! fibre! (the! critical! flaw)!would! be! challenging.! The! current!

method!of!determining!the!strength!of! the!fibres,!which! involves!single!fibre!tensile!

testing,!seems!to!be!more!straightforward.!!!

!

5.4.5! Case! study! into! the! costs! of! industrialPscale! alkaline! treatment! of!

recycled!glass!fibres!

The!results!reported!in!this!chapter!show!the!positive!effect!of!chemical!treatments!

on!the!strength!of!thermally!recycled!glass!fibres,!particularly!hot!alkaline!treatment!

(7! M! NaOH! for! 2! hours).! If! this! treatment! were! to! be! scaled! up,! the! commercial!

feasibility!would!have!to!be!examinedr!this!would!include!an!evaluation!into!the!cost!
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of!using!chemicals! to!prepare! the!solution,!and!also! implementing!heat.!There!are!

other!factors!which!would!have!to!be!considered,!such!as!the!cost!of!downsizing!the!

composite! waste! material! into! smaller! fragments! for! fluidised! bed! recycling,! and!

running! the! fluidised!bed! itself! to! recycle! fibres!out!of! the!composite.!As! this!case!

study! focuses! more! on! the! expenses! associated! with! the! alkaline! treatment,!

parameters!such!as!the!operation!of!the!fluidised!bed!are!not!assessed.!

There! are! ways! in! which! the! alkaline! treatment! cost! can! be! offsetr! one! is! by!

charging! companies! for! collection! of! composite! waste.! Currently,! the! cost! of!

depositing!composite!waste!in!landfill!(landfill!tax!and!transportation)!is!around!£140!

per!tonne.!We!can!charge!this!amount!for!collection!of!composite!waste,!difference!

being!that!instead!of!going!to!landfill!we!would!recycle!the!material,!making!it!a!more!

environmentally^friendly!disposal!option!for!businesses.!Another!method!of!offsetting!

the!costs!of!the!treatment!would!be!to!sell!the!recycled!glass!fibre!once!it!has!been!

regenerated.!The!current!price!of!commercial!chopped!glass!fibre!is!£0.8!per!kg,!so!

assuming! that! these! regenerated! fibres! can! compete! on! performance! with!

commercial!chopped!fibres,!we!can!charge!at!a!similar!price.!!!!!

Before! investigating! the! costs! of! the! treatment,! an! estimate! on! the! volume! of!

solution! required! needs! to! be! given.! Usually! the! composite!waste!would! have! 70!

wt%!of!glass! fibre,!so! if!1! tonne! (1000!kg)!of!composite!waste!was!collected,! that!

would!mean!around!700!kg!glass!fibre!recycled.!From!conducting!large!laboratory^

scale! treatments,! it! was! found! that! 5! L! of! alkaline! solution! was! needed! to! fully!

immerse! 100! g! of! glass! fibre! (when! using! a! cubic! container).!When! applying! this!

ratio,!it!is!calculated!that!35,000!L!of!7!M!NaOH!solution!(9800!kg!NaOH)!would!be!

required! to! fully!submerge!700!kg!of! fibrer! in!practice,! the!solution!volume!can!be!

reduced! if! the! fibres! are! treated! in! smaller! batches! but! this! case! study! looks! into!

crude! estimates.! The! cost! of! heating! the! solution! to! 95! °C! also! needs! to! be!
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considered.! According! to! Process! Heating! Services! Ltd,! 2872.22! kW! power! is!

required! to! heat! 35,000! L!water! by! 70! °C! (25! to! 95! °C)! for! 1! hour! (h).! The! price!

charged! by! Scottish! Power! (excluding! VAT)! is! around! 12.376! p! per! kWh,! so! this!

would!add!to!£355.47!(assuming!that!the!vessel!is!self^insulating!after!the!1!hour!of!

heating).!For!simplicity,!the!cost!of!tap!water!(which!is!£0.001!per!L)!is!considered!in!

this!case!study!with!the!assumption!that!it!will!not!adversely!affect!the!treatment.!!

As! well! as! treating! the! fibres! in! alkaline! solution,! they! also! have! to! be! rinsed! in!

diluted!HCl!and!water!to!remove!residue.!It!was!found!that!rinsing!fibres!in!10!vol%!

HCl! solution! (3.7%! concentration)! for! a! prolonged! time!was! effective! in! removing!

alkaline! residue.! To! make! 10! vol%! HCl! solution! at! 35,000! L,! 3500! L! HCl! (37%!

concentration)! would! be! required.! Taking! into! account! the! density! of! HCl! being!

around!1.2!g/ml!for!that!concentration,!4200!kg!of!37%!concentrated!HCl!would!be!

needed.!31,500!L!of!water!would!also!be! required! to!dilute! the!HCl! to!10!vol%.! In!

this! case! study,! the! assumption! is! that! rinsing! the! fibres! repeatedly! in! this! HCl!

solution! and! rinsing! in! water! thereafter! is! sufficient! to! remove! residue! from! the!

alkaline!treatment.!!!

Table!5.3!below!gives!the!quantities!and!cost!of!chemicals!for!alkaline!treatment!of!

700!kg!recycled!glass!fibre.!The!cost!of!the!NaOH!and!HCl!are!based!on!bulk!orders!

from!Alibaba.!

!

!

!

!
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Table!5.3!–!Estimate!of!quantities!and!costs!of!chemicals!for!largePscale!alkaline!treatment!of!

recycled!glass!fibres!

Chemical! Quantity!required!! Cost!per!unit!! Total!cost!!

NaOH! 9.8!tonnes! £227.10!per!tonne! £2225.58!
HCl!! 4.2!tonnes! £68.13!per!tonne! £286.15!
! ! ! !

Tap!water! 101,500!L! £0.001!per!L! £101.50!
! ! ! !

Heat! 2872.22!kW!power! !£0.12!per!kWh! £355.47!
! ! ! !
! ! Total!cost!of!treatment! £2968.70!

!

When!glass!fibres!are!treated!in!alkaline!solution!on!a!large^scale!in!the!laboratory,!

around! 10!wt%!mass! loss! occursr! although! this! is! lower! than! the! values! reported!

earlier!in!this!chapter!from!small^scale!treatments,!there!is!still!considerable!strength!

recovery.!The!benefit!of!a! reduced!mass! loss! from!scaling!up! the! treatment!would!

be!that!more!glass!fibre!is!recovered!for!selling!as!regenerated!chopped!fibre.!A!10!

wt%! loss!of! 700! kg! fibre! from!an! industrial^scale! treatment!means!630! kg! can!be!

recovered,! and! selling! these! fibres! (at! £0.8! per! kg)! would! result! in! a! revenue! of!

£504.!This,!combined!with!the!composite!waste!collection!fee!of!£140,!amounts!to!a!

total! income!of!£644,!which!partially! covers! the!expenses! related! to! the! treatment!

(which!is!almost!£3000).!Even!without!considering!other!processes!like!fluidised!bed!

operation!and!sizing!application! to! the! fibres,! the!expenditure! from!carrying!out!an!

industrial^scale!alkaline!treatment!of!the!fibres!still!far!outweighs!the!revenue.!There!

is,!however,!potential! for!profit! to!be!mader!provided! the!alkaline!solution! remains!

effective,!it!can!be!used!multiple!times!for!treating!recycled!fibres.!This!means!more!

revenue!can!be!earned! from!collecting!a!greater! volume!of! composite!waste,! and!

selling! greater! volumes! of! regenerated! chopped! fibre.! In! addition,! the! leftover!

chemical!solutions!might!find!uses!in!other!industrial!applications.!!

!
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5.5! Conclusions!!

Recycling!glass!fibres!from!wind!turbine!blade!waste!(using!the!fluidised!bed)!leads!

to!a!severe! reduction! in! their!strength.!The!work!carried!out! in! this! research!study!

indicates!that!chemical!treatment!can!be!an!effective!method!to!regenerate!strength!

and!interfacial!properties!of!such!fibres.!Treating!the!fibres!in!hot!NaOH!solution!at!a!

high!concentration!of!7!M!resulted!in!a!significant!improvement!in!tensile!strength.!A!

further!increase!in!solution!molarity!led!to!reduced!strength!and!very!high!dissolution!

rate!of!the!fibres.!!

In! this!work,! the! recycled!glass! fibres!were!also! treated! in!milder,!pH^scale!NaOH!

solutions!for!a!prolonged!time.!Results!showed!that!treating!the!fibres!in!pH!7!(water!

only)!and!pH!10!solution!at!elevated!temperature!over!several!days!almost!doubled!

their!strength.!There!was!a!slight! reduction! in! fibre!diameter!after!pH!10! treatment!

(within! error)! suggesting! that! flaw! geometry! modification! through! etching! has!

probably!been!responsible!for!strength!increase.!

Because!of! the! slight! alkalinity! of!APS!and! the! fact! that! it! is! a!widely! used! silane!

coupling!agent! for! glass! fibres,! it!made! sense! to! treat! recycled!glass! fibres! in! hot!

APS!solution!for!an!extended!period!of!time!to!try!and!regenerate!both!their!strength!

and!fibre!surface!functionality.!It!was!found!that!although!hot!APS!treatment!had!no!

significant! effect! on! the! strength,! the! IFSS! of! the! fibres!was! improved! particularly!

with!PP!as!the!matrix.!Despite!this!observation,! it!was!clear! that! treating!the!fibres!

with!APS!under! room! temperature! conditions! led! to! the! highest! increase! in! IFSS,!

especially!with!PP/MAPP.!

It! was! discovered! from! SEM! imaging! that! some! thermally! recycled! glass! fibres,!

before!and!after!alkaline! treatment,!possessed!craters!on! the!surface.!These!were!

examined!in!more!detail!using!an!AFM.!Using!the!measured!depth!of!the!craters!or!
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flaws! from! the!AFM,! the!strength!of! the! fibre!was!back^calculated!using!a! fracture!

mechanics!model.! The! unusually! high! predicted! strengths! from! the!model! implied!

that!although!surface!flaws!were!detected!under!the!AFM,!the!ones!examined!were!

unlikely!to!have!been!of!critical!size.!Finding!the!critical!surface!flaw!of!a!fibre!might!

be!possible!with!the!AFM!but!given!that!only!small!areas!can!be!scanned!each!time,!

this!approach!might!not!be!feasible!enough!in!practice.!In!spite!of!this,!it!can!be!said!

that!surface!flaws!of!glass!fibres!can!be!detected!using!SEM!and!AFM,!and!to!the!

author’s! knowledge,! this! was! the! first! instance! of! natural! surface! flaws! being!

detected! and! profiled! on! glass! fibres.! In! fact,! some! of! the! flaws! identified! on! the!

fibres!had!depths!which!resulted!in!a!calculated!tensile!strength!that!was!quite!close!

to!values!obtained!through!tensile!testing.!

Finally,!a!case!study!into!the!costs!of!treating!recycled!fibres!in!alkaline!solution!on!a!

commercial! scale! was! carried! out! and! reported! in! this! chapter.! The! cost! of!

conducting!alkaline!treatments!of!recycled!fibres!on!a!large!scale!would!far!outweigh!

the! revenue! (from!composite!waste!collection!and!selling! regenerated! fibre).!Profit!

can! potentially! be! made! if! the! treatment! solution! is! used! repeatedly! for! multiple!

batches!of!fibres,!provided!its!strength!regeneration!effect!does!not!diminish.!

!

!

!

!

!

!
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6! Conclusions!

It!is!widely!accepted!that!subjecting!glass!fibres!to!elevated!temperatures!leads!to!a!

severe!reduction!in!their!mechanical!properties,!hence!rendering!them!unfeasible!for!

reuse!in!composite!applications.!The!work!reported!in!this!thesis!generally!involved!

treating! glass! fibres,! damaged! by! thermal! treatment! or! thermal! recycling,! in! a!

chemical!solution!to!regenerate!their!strength.!The!majority!of!these!treatments!were!

based! on! hot! concentrated! alkaline! solutions,! such! as! sodium! hydroxide! (NaOH)!

and! potassium! hydroxide! (KOH).! This! chapter! summarises! the! conclusions! of!

Chapters! 3! to! 5,! which! reported! on! the! experimental! investigations! conducted! to!

achieve!the!project!objectives.!The!key!aim!of!this!research!study!was!to!develop!a!

post^recycling! treatment! to! regenerate! enough! strength! in! thermally! treated! and!

recycled!glass!fibres!to!allow!their!reuse!in!second^life!composite!applications.!

!

6.1! Regenerating! the! strength! of! thermally! conditioned! glass! fibres!

through!hot!alkaline!treatments!(Chapter!3)!

APS^sized! E^glass! fibre! bundles! were! heat! treated! (HT)! in! a! furnace! at! elevated!

temperature!(typically!450!°C)!to!simulate!recycling!conditions,!before!being!treated!

in! concentrated! alkaline! solution! (heated! to! 95! °C)! to! regenerate! strength.! It! was!

found! that! lithium! hydroxide! (LiOH)! solution! had! no! positive! impact! on! HT! fibre!

strength.!However,!both!NaOH!and!KOH!solutions!were!able!to!significantly!improve!

the! strength! of! the! fibres! at! concentrations! of! 1.5! M! and! above,! and! when! the!

treatment! duration!was! at! the! scale! of!minutes.! After! investigating! the! dissolution!

rate! of! the! fibres! in! both! alkaline! solutions,! it! was! discovered! that! NaOH! solution!

was! the! most! corrosiver! this! could! have! explained! why! a! relatively! milder!
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concentration! and! treatment! time! than! KOH! solution! was! required! to! recover! HT!

fibre! strength.! By! analysing! the! fibres! through! Fourier! transform! infrared!

spectroscopy!(FTIR),!it!was!suggested!that!the!eventual!decline!in!HT!fibre!strength!

with! prolonged! alkaline! treatment! could! have! been! due! to! significant! bulk! glass!

network! degradation.! Fracture! surface! analysis! indicated! that! the! failure! of! such!

fibres!was!still!likely!to!have!initiated!at!the!surfacer!so!despite!the!breakdown!of!the!

bulk! glass! network,! the! surface! would! have! had! to! react! first! with! the! alkaline!

solution!and!hence!remain!the!weakest!region.!Analytical!techniques!such!as!atomic!

force! microscopy! (AFM)! showed! that! alkali! treated! fibres! possessed! a! rougher!

surface! due! to! the! etching! of! the! glass! and! the! presence! of! residue! that! failed! to!

remove! after! the! acid! rinsing! procedure.! It! was! hypothesised! (and! supported! by!

fractography)!that!the!mechanism!of!strength!increase!of!HT!glass!fibres!by!alkaline!

solution!involved!the!smoothing!of!the!sharp,!severe!cracks!on!the!surface.!!

In! this!work,! the! effect! of! alkaline! treatment! on! the! properties! of! virgin!APS^sized!

and! bare! glass! fibres! was! also! examined.! Overall! these! treatments! had! a!

detrimental! effect! on! the! strength! of! virgin! fibres,! an! observation! that! agreed!well!

with! the! literature.! The! strength! of! APS^sized,! HT! and! bare! fibres! after! alkaline!

treatment!eventually!converged!at!around!1!GPa.!It!was!interesting!to!note!that!the!

strength!of!alkali! treated!HT!fibres!never!surpassed!that!of!virgin!bare! fibresr!even!

when! optimal! alkaline! treatment! conditions! were! applied! to! the! HT! fibres,! their!

strength! never! matched! that! of! virgin! APS^sized! fibres.! The! precipitous! drop! in!

strength!of!virgin!APS^sized!fibres!led!to!the!assumption!that!most!of!the!protective!

APS! coating! was! removed! from! the! fibres! by! the! alkaline! solution.! A! mass! loss!

study! of! the! fibres! before! and! after! alkaline! treatment! indicated! that! despite! the!

removal!of!the!majority!of!the!APS!coating,!the!virgin!APS^sized!fibres!were!overall!

more!resistant!to!dissolution!by!the!alkaline!solution!than!the!HT!and!bare!fibres.!
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6.2! Kinetics! of! dissolution! of! glass! fibre! in! hot! alkaline! solution!

(Chapter!4)!

Given! that! the!strength! regeneration!mechanism!of!HT!glass! fibres!by!hot!alkaline!

solution!was! thought! to! involve! the!etching!of! the!damaged!surface! layer,! it!made!

sense!to!investigate!the!kinetics!of!glass!dissolution.!In!this!study,!glass!fibres!were!

individually!treated!in!hot!KOH!and!NaOH!solution!at!different!molarities!and!times!

before!being!measured!for!diameter!reduction!using!a!scanning!electron!microscope!

(SEM).!Results!showed!that!NaOH!solution!etched!fibres!up!to!twice!the!magnitude!

of! KOH.! Furthermore,! the! rate! of! dissolution! of! the! fibres! increased! fairly! linearly!

with! time,! and! also! as! a! function! of! solution! temperature! and! concentration.! The!

kinetic!data! from! this!work! fit!well! in! the!shrinking!cylinder!and!zero!order!models,!

suggesting!that!the!etching!of!the!glass!fibres!and/or!the!diffusion!of!hydroxide!ions!

through! the!solution!could!have!been! rate!controlling! factors.!The!poor!agreement!

with! the! 2^D! diffusion! model! indicated! that! the! diffusion! of! the! hydroxide! ions!

through!the!product!layer!on!the!glass!fibre!surface!was!unlikely!to!have!been!a!rate!

determining! step.! Using! the! reaction! rates! and! rate! constants! from! the! shrinking!

cylinder!and!zero!order!model,!the!reaction!order!was!determined!to!be!0.43!–!0.49!

for! KOH! and! 0.31! –! 0.44! for! NaOH.! The! activation! energy! of! the! reaction! from!

employing! the!zero!order!model!was!58!kJ/mol! for!NaOH!and!72!kJ/mol! for!KOHr!

this!disparity!suggested!that!diffusion!of!hydroxide!ions!through!the!solution!required!

less! energy! if! NaOH! was! used! as! the! alkali,! hence! resulting! in! greater! fibre!

dissolution.!The!activation!energy!calculated!from!the!shrinking!cylinder!model!was!

similar! for! both! alkaline! solutions! (79! kJ/mol! for! KOH! and! 74! kJ/mol! for! NaOH),!

implying!that!once!the!hydroxide!ions!were!at!the!glass!surface,!the!energy!needed!

to! initiate! the!etching!procedure!was! the!same!regardless!of! the!nature!of!alkaline!

solution!used.!!
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6.3! Regenerating! the! performance! of! thermally! recycled! glass! fibres!

(Chapter!5)!

Glass! fibres! experience! severe! loss! in! strength! and! interfacial! properties! during!

thermal!recycling/treatment.!In!this!work,!glass!fibres!were!thermally!recycled!out!of!

an!end^of^life!wind!turbine!blade!using!an!in^house!fluidised!bed.!Various!chemical!

treatments! were! then! applied! to! these! fibres! in! an! attempt! to! regenerate! their!

strength.! It! was! found! that! treating! the! fibres! in! hot! and! concentrated! alkaline!

solution! (NaOH)! for! a! few! hours! led! to! a! significant! increase! in! tensile! strength,!

approaching! the! 1.5! GPa! target! required! to! allow! their! reuse! in! second^life!

composite! applications.! When! the! treatment! was! too! aggressive,! however,! a!

reduction! in! fibre! strength! was! observed! because! of! the! degradation! of! the! bulk!

internal!glass!network!structure.!The!fact!that!almost!half!of!the!mass!of!the!recycled!

fibres! was! lost! as! a! result! of! the! treatment! highlighted! the! extremely! corrosive!

behaviour!of! the!alkaline!solution.!A!case!study! into! the!costs!of! treating! recycled!

fibres!in!hot!alkaline!solution!on!an!industrial!scale!was!reported!in!this!thesis.!It!was!

found! that! the! cost! of! chemicals! and! heat! can! be! partially! covered! by! charging!

businesses!for!collecting!their!composite!waste!and!selling!the!regenerated!fibres.!!!

The!recycled!glass!fibres!were!also!treated!in!milder,!pH^scale!NaOH!solution!to!see!

whether! strength! can! be! regenerated! in! a! safer! manner.! Results! showed! that!

treating!the!fibres!in!pH!7!(simply!water)!and!pH!10!solutions!for!several!days!and!at!

elevated!temperature!can!almost!double!their!strength.!Whilst!the!strength!increase!

was! not! as! considerable! as! that! from! concentrated! alkaline! treatment,! this!

procedure! was! safer! and! more! economical.! APS,! a! widely! used! silane! coupling!

agent,! is! slightly!alkaline! in!nature,!meaning! there!was! the!potential! to! regenerate!

both! the! strength! and! interface! of! the! recycled! fibres! in! one! chemical! treatment.!
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Unfortunately,! it! was! found! that! treating! the! fibres! in! hot! APS! solution! for! several!

days! led! to! little! or! no! improvement! in! strength,! however! there! was! an! observed!

increase! in! IFSS! when! using! PP! as! the! polymer! matrix.! A! standard! room!

temperature!treatment!of!the!fibres!in!APS!solution!showed!a!better!improvement!in!

adhesion,!particularly!when!using!PP!combined!with!MAPP.!!

Potential! surface! pitting!was! found! on! thermally! recycled! glass! fibres! (before! and!

after!alkaline!treatment)!with!SEM!imaging.!These!features!were!probed!under! the!

AFM! to! find! their! depth! and! geometry.! In! addition,! the! measured! depths! of! the!

craters! or! flaws! were! used! in! a! fracture! mechanics! model! to! back^calculate! the!

strength!of!the!fibre.!Because!of!the!high!strengths!predicted!from!the!model!it!was!

concluded!that!the!flaws!observed!under!the!AFM!were!unlikely!to!be!critical!to!the!

fibre!failure.!Nevertheless,!this!was!the!first! instance,!to!the!author’s!knowledge,!of!

natural!surface!flaws!being!detected!on!a!glass!fibre.!

!

!

!

!

!

!

!

!

!
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7! Future!work!

In! this! research,! a! significant! amount! of! experimental! work! was! carried! out! to!

address! the! project! objectives.! Although! it! was! found! that! certain! chemical!

treatments!managed! to! regenerate! the!mechanical! properties! of! thermally! treated!

and! recycled! glass! fibres,! there! are! areas! where! further! research! can! be!

advantageous.!In!this!section,!potential!experiments!that!can!be!conducted!in!future!

are! discussed.! The! areas! for! future! work! are! described! here! under! the! relevant!

chapter!headings!of!the!thesis.!!

!

7.1! Regenerating! the! strength! of! thermally! conditioned! glass! fibres!

through!hot!alkaline!treatments!(Chapter!3)!

In! this! chapter,! it! was! discovered! that! treating! thermally! conditioned! glass! fibre!

bundles! in! hot! NaOH! and! KOH! solution! at! a! specific! concentration! and! time!

significantly! regenerated! their! strength.! Although! promising! results! were! obtained!

with!alkaline!treatments!of!the!fibres,!they!were!only!heat!treated!at!the!lower!end!of!

the! thermal! recycling! temperature! range! (450! °C).! Above! this! temperature,! the!

alkaline!treatments!had!little!or!no!effect!on!the!fibre!strength,!unless!a!prewashing!

step! was! introduced! before! the! thermal! conditioning! procedure.! Because! thermal!

recycling!processes! typically!operate!above!450! °C,! it!would!be!beneficial! to!do!a!

more!detailed!and!systematic!investigation!into!the!effects!of!alkaline!treatments!on!

fibres! thermally! conditioned! at! higher! temperatures.! Such! a! study! might! provide!

further! insight! into!why! thermally! recycled!glass! fibres!(recycled!at!around!500!°C)!

require!at!times!more!aggressive!alkaline!treatment!conditions!in!order!to!improve!in!

strength.!
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AFM!examination!of! the!alkali! treated! fibre!surfaces! indicate!a!build^up!of! residual!

deposits!and!etching!of!the!glass!itself,!resulting!in!an!overall!increase!in!roughness.!

There! was! found! to! be! a! relationship! between! the! roughness! (Rq)! of! the! fibre!

surface! and! the! measured! tensile! strength! at! that! particular! alkaline! treatment!

condition.!FTIR!spectroscopy!also!proved!to!be!a!useful!technique!in!examining!the!

chemical! structure!of! the!glass! fibres!before!and!after!alkaline! treatment.!There! is!

therefore!the!potential!of!both!AFM!and!FTIR!being!effective!tools! in!pre^validating!

that! optimum! alkaline! treatment! conditions! had! been! applied! to! the! thermally!

conditioned!fibres!at!450°C.!Further!research!could! involve!a!systematic!study! into!

the! effects! of! alkaline! treatment! conditions! on! the! roughness! of! the! fibre! surface!

measured!by!AFM,!and!also!the!degree!of!absorbance!of!silicate!and!silanol!groups!

from!FTIR! analysis.! It! was! shown! from! the! diffuse! reflectance! FTIR! data! that! the!

reststrahlen!effect! [102]! resulted! in! the! inversion!of! the!silicate!absorbance!bands,!

often! making! it! challenging! to! see! clearly! the! trends! with! the! different! alkaline!

treatments!applied!to!the!fibres.!These!derivative^shaped!bands!can!be!removed!by!

Kubelka^Munk! transformation! [148]! to! make! it! easier! to! observe! the! change! in!

silicate!absorbance,!and!can!allow!quantitative!data! to!be!extracted!from!FTIR.!By!

carrying! out! this! investigation! along! with! AFM! studies,! we! will! be! able! to! deduce!

whether! the! alkaline! treatment! condition! (and! hence! tensile! strength! of! the! fibres)!

directly!affects!the!FTIR!absorbance!and!fibre!surface!roughness.!

To!the!author’s!knowledge,!the!work!carried!out!in!this!project!was!the!first!to!involve!

examining! the!strength!of!both! thermally! treated!and!virgin!glass! fibres!before!and!

after!alkaline!treatment! in!conjunction.!Results!proved!that!the!strength!increase!of!

thermally! treated! fibres! and! decrease! of! the! virgin! fibres! eventually! led! to! a!

convergence!at!around!1!GPa.!Further!research!into!the!processes!that!result!in!the!

strength! increase! and! decrease! of! thermally! conditioned! and! virgin! fibres!
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respectively! would! be! of! benefit,! as! it! could! help! with! understanding! the!

convergence.!!!!!

!

7.2! Kinetics! of! dissolution! of! glass! fibre! in! hot! alkaline! solution!

(Chapter!4)!

The!research!presented!in!Chapter!4!involved!treating!individual!bare!glass!fibres!in!

hot! alkaline! solution! and! measuring! their! diameter! reduction! accurately! with! an!

SEM.!Results!suggested!this!was!an!effective!method!of!analysing!reaction!kinetics!

of! glass! fibre! dissolution! in! alkaline! solution.! The! reason! why! bare! glass! fibres!

instead! of! thermally! conditioned! fibres!were! used! in! this! study!was! because! they!

were! stronger! and! therefore! easier! to! handle.! Carrying! out! a! similar! experiment!

using!thermally!treated!fibres!would!be!beneficial!though,!given!that!in!practice,!the!

hot! alkaline! treatments! would! be! applied! to! thermally! treated! fibres! to! regenerate!

their! strength.! It!might! also! be! useful! to! analyse! the! reaction! kinetics! of! thermally!

recycled! glass! fibre! dissolution! in! hot! alkaline! solution,! to! see! whether! there! is! a!

disparity!in!behaviour.!

Although! measuring! the! diameter! reduction! of! the! glass! fibres! after! alkaline!

treatment!can!be!an!effective!way!of!determining!the!dissolution!rate,!it!can!only!be!

speculated! how! the! dissolution! reaction! proceeds! chemically.! Given! that! E^glass!

fibres!contain!various!metal!oxides!as!well!as!the!principal!component!of!silica,!the!

overall! dissolution! reaction! is! thought! to! involve! multiple! processes! that! occur!

simultaneously!or!at!different!stages.!Krauklis! [149]!recently!published!work!on!the!

long^term!dissolution!of!glass!fibres!in!hot!water.!As!well!as!measuring!the!diameter!

change! of! the! fibres! after! the! water! treatment,! the! concentration! of! ions! that!
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dissolved!from!the!glass!into!the!water!was!also!measured!using!inductively!coupled!

plasma! mass! spectrometry! (ICP! MS).! The! employment! of! such! an! analytical!

technique! could! be! useful! in! this! research,! as! it! would! provide! further! information!

into!how! the!various!constituents!of!E^glass! fibres! react!with!alkaline!solution,!and!

whether!these!processes!are!dependent!on!each!other.!

!

7.3! Regenerating! the! performance! of! thermally! recycled! glass! fibres!

(Chapter!5)!

In! this! research,! a! range! of! chemical! treatments!were! applied! to! glass! fibres! that!

were! thermally!recycled!out!of!an!end^of^life!wind!turbine!blade!using!the! in^house!

fluidised!bed.!It!was!found!that!a!hot!concentrated!NaOH!treatment!(at!7!M)!of!the!

fibres!for!a!couple!of!hours!was!able!to!significantly!regenerate!their!tensile!strength!

to!allow!their!reuse!in!a!second^life!composite!application.!A!systematic!investigation!

into! the! effect! of! treatment! time! and! alkaline! solution! molarity! would! help! in!

determining! the!optimum!conditions! required! to! recover! recycled! fibre!strength.!To!

offset! the! environmental! and! economic! concerns!with! using! concentrated! alkaline!

solutions,! they! can! be! subsequently! employed! in! another! application! such! as!

geopolymer! synthesis! [150^159].! To! produce! a! good! quality! geopolymer,! a!

combination! of! very! concentrated! NaOH! solution! and! sodium! silicate! would! be!

necessary! as! the! alkaline! activator.! Hence! it! is! important! that! not! only! the!NaOH!

treatment!is!effective!at!improving!fibre!strength,!but!is!also!within!the!molarity!range!

required!for!use!as!feedstock!in!geopolymer!production.!Sodium!silicate!happens!to!

be! a! by^product! from! the! reaction! of! the! silica! component! in! glass! fibres!with! the!

NaOH! solutionr! thus! the! fibre! treatment! process! can! be! tuned! so! that! a! sufficient!

amount!of!sodium!silicate!is!produced!in!the!NaOH!solution,!and!the!NaOH!solution!
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concentration! is! also! high! enough! to! use! as! an! alkaline! activator! in! geopolymer!

synthesis.! Another! approach! could! be! to! by^pass! the! fibre! strength! regeneration!

process! altogether! and! essentially! dissolve! all! the! recycled! fibres! into! the! NaOH!

solution!to!produce!sodium!silicate!for!geopolymer!manufacturing.!

Finally,!it!was!discovered!that!the!strength!of!recycled!glass!fibres!can!be!improved!

by! treatment! in! a! milder! pH^scale! alkaline! solution! (or! simply! water)! at! elevated!

temperature! for! several! days.! Whilst! this! treatment! is! not! as! effective! as!

concentrated!alkali! and! requires!a! very! long! treatment! time,! the!advantage! is! that!

the!procedure! is!more!environmentally^friendly!and! less!expensive.!More! research!

still!needs!to!be!carried!out!into!the!effects!of!pH,!treatment!time!and!temperature!in!

order! to! find! optimum! conditions! to! regenerate! fibre! strength.! If! the! strength! of!

recycled! fibres! can! be! increased! more! significantly! through! milder! alkaline!

conditions,! then! this! could! prove! to! be! a! more! commercially^feasible! treatment!

option.!!!!

!

!

!

!

!

!

!

!
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A! ! Appendix!

A.1! AFM!theory!

A.1.1! Introduction!

Atomic! force!microscopy! (AFM)! is!a! technique!used!widely! to!analyse! the!surface!

topography!of!a!sample.!As!well!as!generating!high!resolution!topographical!images,!

AFM!can!also!be!used!to!measure!mechanical!properties!like!the!Young’s!modulus,!

and! the! sample! composition.! AFM! image! dimensions! can! range! from! a! few!

micrometres! to! hundreds! of! micrometres! in! the! x^y! direction! and! usually! a! few!

micrometres! in! the! z! direction.! This! chapter! explains! briefly! how! the! AFM! probe!

interacts!with! the! surface!of! the! specimen! to! produce!a! topographical! image,! and!

the!principle!setup!of!intermittent!contact!AFM.!!!

!

A.1.2! Interaction!of!AFM!probe!with!sample!surface!

To! produce! an! image,! the! AFM! probe! needs! to! interact! with! the! surface! of! the!

sample.!AFM!probes!are!typically!made!of!silicon!or!silicon!nitride,!and!comprise!of!

a! tip! attached! to! a! cantilever! and! its! base! according! to! the! schematic! diagram! in!

Figure!A.1.!

!

!
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!

Figure!A.1!–!Schematic!diagram!of!an!AFM!probe!showing!the!cantilever!and!tip.!Reproduced!

from![25]!

!

The!probe!is!usually!moved!using!a!piezoelectric!tube.!The!AFM!probe!is!positioned!

as! close! to! the! sample! surface! as! possible! and! is! then! engaged,! analysing! the!

topography! of! the! surface! in! the! x^y! plane.!When! the! tip! arrives! at! a! heightened!

region! of! the! sample! it!moves! up,! and! the! cantilever! bends! upwardsr! conversely,!

any! recession! in! height! causes! the! cantilever! to! bend! downwards.!A! laser! shines!

onto!the!back!of!the!cantilever!as!it!makes!these!subtle!movements,!and!is!reflected!

onto!a!photodiode!based!detector.!The!next!section!looks!more!into!the!principles!of!

intermittent!contact!(tapping!mode)!AFM,!which!was!the!mode! implemented! in! this!

research!study!when!examining!glass!fibres.!!!

!!

A.1.3! Principles!of!intermittent!contact!AFM!

The!more!basic!contact!mode!AFM!involves!the!tip!touching!the!sample!surface!to!

measure! its! topography.!Due! to! the!nature!of! the! technique! there! is!often!damage!

inflicted!on!the!sample!and!AFM!tip.!To!overcome!this!issue,!an!intermittent!contact!
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mode! (or! tapping! mode! as! trademarked! by! Bruker)! of! AFM! was! developedr! a!

schematic!of!the!setup!is!shown!in!Figure!A.2.!!

!

!

Figure!A.2!–!Schematic!diagram!showing!the!feedback!loop!electronics!for!AFM!in!intermittent!

contact!mode.!Reproduced!from![25]!!

!

In!this!mode,!the!cantilever! is!oscillated!at!constant!amplitude.!As!the!tip! is!moved!

towards!the!sample,!it!experiences!atomic!forces!that!results!in!a!similar!force!being!

directed!on! the! cantilever.! This! force! leads! to! a! reduction! in! oscillation! amplitude,!

which! becomes! more! severe! the! closer! the! tip! is! to! the! sample! surface.! The!

piezoelectric! tube! then! alters! the! cantilever! position! in! the! z! direction! in! order! to!

keep!the!oscillation!amplitude!constantr!it!is!these!changes!that!give!information!on!

the! topography! of! the! sample! surface.! Because! adhesion! force! and! viscoelastic!

property! can! vary! with! the! material,! tapping! mode! AFM! can! also! be! used! to!

distinguish!between!different!phases!in!a!specimen.!!!!!!!!!!!!
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A.2! ! FTIR!theory!

A.2.1! Introduction!

Infra^red! (IR)! spectroscopy! involves! passing! IR! radiation! through! a! sample.! The!

sample! can! absorb! some! of! the! radiation,! or! the! radiation! will! pass! through! (be!

transmitted).!The!IR!spectrum!gives!the!molecular!absorption!or!transmission!of!the!

sample.!An! IR!spectrum!will! not!be! the!same! for! samples!with!different!molecular!

structures,!and!so!this!spectroscopic!technique!is!very!useful!in!qualitative!analysis.!!

!

A.2.2! Parameters!in!IR!spectroscopic!analysis!

The!electromagnetic!radiation!in!IR!spectroscopy!can!be!split!into!far^IR,!mid^IR!and!

near^IR! regionsr! far^IR! ranges! from!around! 400!–! 0! cm^1,!mid^IR! is! usually! in! the!

range!4000!–!400!cm^1,!and!near^IR!is!around!14000!–!4000!cm^1.!The!wavenumber!

(ṽ,!cm^1)!is!the!number!of!electromagnetic!waves!in!a!one!centimetre!length,!and!is!

derived!from!the!wavelength!(λ,!m)!according!to!Equation!A.1.!

!

ṽ =
1

λ$9$100
=

y

)$9$100
!

Equation!A.1!

!

where!c!is!the!velocity!of! light!(2.997925!x!108!m!sec^1),!λ! is!the!wavelength!(in!m)!

and!ν!is!the!frequency!(number!of!vibrations![sec^1!or!Hz]).!!
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An! IR! spectrum! typically! presents! the! absorbance! (A)! of! the! sample! against! the!

wavenumber.!The!absorbance! is!directly!proportional! to! the!sample! thickness!and!

concentration,! and! coupled! with! the! extreme! accuracy! and! sensitivity! of! FTIR!

detectors!and!numerous!software!algorithms,!can!allow!quantitative!analysis! to!be!

performed.!The!absorbance!and!transmittance!(T)!are!related!according!to!Equation!

A.2.!

!

C = 0/.
1

j
= −0/. j !

Equation!A.2!

!

The! transmittance! for!each!wavelength! is!obtained! from! I! (intensity!of! IR! radiation!

passed! through! the! sample)! divided! by! I0! (intensity! of! IR! radiation! entering! the!

sample),!as!shown!in!Equation!A.3.!

!

j =
m

mz
!

Equation!A.3!

!

Different! functional! groups!present! in! the! sample! (for! example!O^H!and!C=O)!will!

absorb!IR!radiation!at!different!wavenumbers,!which!explains!the!complexity!of!the!

IR! spectrum.! In! order! for! a! particular! molecule! to! be! IR! active,! the! molecular!

vibration! that! occurs! from! absorbing! the! IR! radiation!must! cause! a! change! in! the!

dipole!moment!(μ)r!μ!is!a!measurement!of!the!polarity!of!the!molecule.!This!explains!
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why! homonuclear! diatomic!molecules! such! as! H2! and!O2! are! IR! inactive! as! they!

have!no!dipole!moment,! or! there!might! be!a! very! small! change! in!dipole!moment!

from!their!molecular!vibrations,!leading!to!very!weak!IR!absorption!bands.!!

!

A.2.3! General!setup!of!an!FTIR!

There! are! numerous! advantages! of! FTIR! compared! to! classical! dispersive! IR!

instruments,!such!as!better!spectral!quality,!increased!speed!of!data!collection,!and!

the! fact! it! is! a! generally! non^destructive! IR! spectroscopy! technique.! The! typical!

components!of!an!FTIR!spectrometer!are!shown!in!Figure!A.3.!!

!

!

Figure!A.3!P!Basic!components!of!an!FTIR!spectrometer!

!!

The!Light!Source! is!where! the! IR! radiation! is!emitted.!The! IR!beam! then!passes!

through! the! Interferometer! where! the! spectral! information! is! converted! to! the!

interferogram!signal.!The!beam!then!approaches!the!Sampler!the!radiation!is!either!

passed!through!the!sample!or!is!reflected!from!its!surface,!depending!on!the!type!of!

FTIR! analysis! being! employed.! The! sample! absorbs! the! IR! radiation! at! particular!

wavenumbers,! depending! on! the! nature! of!molecules! present.! The! IR! beam! then!

travels! to! the!Detector! for! final!measurement! of! the! interferogram! signal.! Finally,!

this!signal!is!digitised!and!sent!to!the!Computer.!Fourier!transformation!then!takes!
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place,! which! converts! the! digitised! signal! into! a! spectrum! that! can! easily! be!

interpreted! by! the! user.! Modern! FTIR! instruments! are! equipped! with! various!

interfaces,! and! the! one! selected! for! analysis! would! depend! on! the! nature! of! the!

sample!being!investigated!and!the!type!of!spectral!information!required.!

Examples!of!FTIR! interfaces! include!diffuse! reflectance! (DR),!specular! reflectance!

(SR)! and! attenuated! total! internal! reflectance! (ATR).! The! key! difference! between!

these! techniques! is! the! way! in! which! the! IR! beam! interacts! with! the! sample,! as!

shown!schematically!in!Figure!A.4.!

!

!

Figure!A.4!–!Schematic!showing!the!IR!beam!paths!in!(a)!ATR,!(b)!SR,!and!(c)!DR!

!

In!ATR,!an!internal!reflection!element!(IRE)!is!present,!which!is!usually!a!diamond!or!

germanium!(Ge)!crystal.!The!IR!beam!hits!the!edge!of!the!crystal!then!interacts!with!

the!sample!surface.!The!beam! then! leaves! the!crystal!and! is!directed! to! the!FTIR!

detector.! The! penetration! depth! of! the! sample! depends! on! the! refractive! index! of!

both!the!sample!and!crystal,!and!the!angle!and!wavelength!of!the!entering!IR!beamr!

usually,!the!sampling!depth!would!be!a!few!micrometres.!Due!to!the!absence!of!an!
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IRE! in! SR! and!DR! interfaces,! the! IR! beam! can! penetrate! further! into! the! sample!

(few!hundred!micrometres).!With!the!SR!interface,! the!IR!beam!enters!at!an!angle!

and!reflects!off!the!sample!surface.!DR!is!better!suited!to!rough!sample!surfacesr!in!

this!technique,!the!IR!beam!approaches!the!sample!orthogonal!to!the!surface,!and!if!

the!sample!surface!is!textured,!the!IR!radiation!reflects!off!in!different!directions!and!

fed!to!the!FTIR!detector.!Because!of!the!high!penetration!depth!of!DR!it!is!ideal!for!

analysing!inhomogeneous!materials!such!as!glass!fibres.!Due!to!the!IR!beam!path!

for!SR!interface,!it!is!more!suitable!for!smooth!samples!and!is!used!commonly!in!the!

analysis!of!coatings!and!contamination!of!metals.!The!low!penetration!depth!of!ATR!

means! it! is! better! suited! for! analysis! of! thin,! homogeneous! materials! such! as!

polymer!films.!!!!!!!!!

!

!

!

!

!

!

!


