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RESUMEN

Re s uUumen

Las resinas epoxi han sido ampliamente recon
ingenier2a avanzada, debido a su excelente <co
procesamiento y su fuerte adheessi -mana fdaivsotriencti
i ncorporaci-n en sectores exigentes como | a
ingenier2a civil y |l os sistemas el ®ctricos, a
alto rendimiento. Nos owen taajt &5 tm8cesnialals§ ket
Il i mitaciones estructural es y medi oambi ent al e
alternativas m8s sosteni bl es.

La mayor2a de | as formulaciones comerci al es ¢
de recursos f - -siles, en particul ar el diglic
renovabl e asociada a riesgos ¢gacrai hasswpl eatde buc
en |l a reproducci - n. Adem8s, | as redes pol i m
entrecruzadas Yy qu2micamente irreversibles, I
posterior. Esta falet aa dlea cacuwmdlaadid-and dcent e $ i
di f2cil gesti-n. A ello se suma | a inflamabi ||
calor intensamente y emiten gases t-xicos, |o
Estlasmitaciones no solo afectan al rendi mi ent
i mplicaciones directas en el cumpl i miento de
pol2ticas de |l a Uni-n Europea isobreeedesisooude.
Los compuestos reforzados con fibra de carbc
durabilidad, l o que | os hace indispensabl es

ferroviario, |l a energ?2a e-|litasyCF&Pdaténabaes
matrices termoestables convencional es, gue h
ignifugaci -n y sostenibilidad. Esto ' i mi ta

respetuosas con el mednboeambeenseen pRRamtaeas
circularidad. A medida que aumentan | as exige
|l a necesidad de alternativas funcionales y re
En respuesta a este contexto, |l a presente te

Vv

tri mer, recicl abl es, retardantes a | a || ama



RESUMEN

o en CFRP. E I enfoque de disefo se basa en
red epoxi . Estos enl aces permiten reaccion

formaci - n, otorgando al mahett ®a miepap aaiud ad ¢

_‘
®c oo 99 O”

]

ciclado qu2mico. Al mi smo ti empo, l a i ncoi

om8ticas favorece |l a formaci  -n de residuos

-

a mayor estabilidadmi®nmocagp?2augon mempoado

s-1l o responden a demandas t®cnicas, Ssino q

o S < Q@
® O S

fin de vida Yt il de materiales compuestos.

a elecci-n de | os enlaces imina como unidad
s enlaces i mina, formados por | a condensaci
seen una estructura relativamentoe pag etsemitan
pacidad wYWnica de romperse y reformarse baj

cle-fil os. Esta caracter2stica | os convi er t

> O T
> € 9 O o

troducir reversibil,i dad em npirsotmemaes tlear mod s
materi al durante su vida Yatil. A diferenci a
ur et-chiasrel f ur os, |l os enlaces imina ofrecen un:
compati bilciadacdonsiunmna®t ampl i a g-bma a ddoes . ¢ oAwpeune8sst
introducci -n en redes epoxi no requiere el u ¢
procesos de formulaci-n y reduce | os costes a
prwercsores de enl aces imina, como | as aminas ar
la vainillina), pueden obtenerse de fuentes r
de |Ia qu2mica verde. Asi mi smse, basatlasdemosgnt &
mantienen sus propiedades funcionales incl us:c¢
garantiza | a estabilidad a | argo plazo del m
estas razones, oOmoimhaadseel ppsest pathegi as m8s

de termofijos reversibles de alto rendi miento

Como resina base se eligi:- el triglicidil ®
contiene estructuras de bisfenol A. A partir
sistemas vitrimer distintos,ntabarbasda sesprrot
caracterizaci-n y evalwuaci - -n final en forma d

selecci-n del Gte no fue arbitraria, ya que s
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RESUMEN

enovable | o convierten en wuna plataforma atr

ropiedades mec8nicas.

En el Cagp?dadori be el desarroll o del sistema
urado Iim2nico -demrnobdadoote(VA) niylehaadg¢i pi

- O
)

i n de evitar reacciones secundlarcasacatre
itivo fue previamente incorporado a | a cade
fugo notabl e, a-94ddWxyamudo 2mnlda cief iLdOd c id-en  BL
|l ori metr2a c¢c- noras moisg miafrioma trievdausc cd e | 38, 2¢
beraci-n de cal or ( pHRR) y del 26, 3% en el

opiedades funcionales como mol deado t ®r mi co,

O Q@ o
S
N

[R— — [—

®X i t ou zdaemhi eennttor edcirn 8 mi co medi ante enl aces ir
apa sentaron una base s-lida para explorar

n el EBap2dlmdrnd:- una de | as debi-VAdases!| ommis ¢
nsidad de reticulaci-n bajo procesamiento
mon- mero arom8tico r2gido, el triue( preirmidio
mentar | a rigidez y mej or ar | as propiedad
nomi nado GTV, mostr - un comportamiento bal :
rmul aci - n4) palimagd&2GIW¥n duia resistencia a tr:z
m- dul o de Young de 1069 MPa. ConseFrv: ad
paraci-n, el remodel ado t®rmico y | a memor.
rma de prei mprteeg nyadsoes ustiin idi-s oplawrean f abri car

di eron degradarse selectivamente en una so

o ¢ O ® S5 O oo < O O m

mpl et amente | as fibras sin dafarl as. Este p
- X1 ccoosndnici ones extremas, representa una cont

eciclado m8s accesibl es.

E I Capseutentr - en resolver |l os probl emas pr
strecho margen de procesamiento de | os siste
roducci -n continua de prei mpr egnwrdorsu ewa & qen
e curado con enl aces I mi na, grupos fosforad

ri funci onal se obtuvo medi ante dgaoaa@an rwaianielnl ic
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seguida de fq@enaanoifemokonEROHIprtesn@antGt eun ¢ 0 mg

reol -gico estable y wuna cin®tica de curado ca
formul aci - n, se construy - un si steum Gemia
prei mpregnados por fusi-n, |l ogrando una i mpre

E I compuesto final ref ofFROAEF ) can chinkrauda ca
flexi-n de 1024, 5-9MP0&/ yL oc | na8ssi fgiwecdaemila s ielslif ema |
recuperar compl etamente | as fibras bajo condi
|l ternativa reciclable y segura en procesos i

iabilidad de integsas @esbdscsi ybemde escpta |

n < o

u transferencia tecnol - -gica.

En conjunto, esta tesis establece una estrat
e sistemas vVvitrimer epoxi de alto rendi miet
plicaciones estructurales avmRaR®madas, ¢ @amb inn s
|l ementos ign2z2fugos y enfoques de copolimeri z
e |l as resinas epoxi tradicional es. Desde un
omprender mej or ci-cnao ilnaf | eusyter uecnt uprrao pgiue2dna d e s

O O o O 9 o

I comportamiento t®rmico y | a resistencia m

—

rabajo demuestra | a viabilidad de fabricar

compromatedatadel producto final

Cabe destacar gue |l as met odol og?2 as propues
termoestabl es, abriendo nuevas oportuni dades
donde el reciclado a¥“n representaourenr etnd.ack
din8micos e incorporaciones funcionales &estr
materiales inteligentes, capaces de combinar
contexto industrial mar exdgempecli aseduhacionmeé € ¢
sistemas vitri mer desarroll ados ofrecen una
transformar el panorama de | os materiales con
orientado hadi & lla sogstcaniabiildiadla Adem8s, su a:i
y su compatibilidad con t®cnicas de fabricaci
alternativa realista y escal abl e partae nuinbal ensu.e

En definitiva, esta investigaci- -n sienta | as

IV
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m8s responsables, con menor i mpacto ambient al

industria como para | a sociedad.



ABSTRACT

Abstract

Epoxy resins have |l ong been recognized as key
due to their excellent ther mal and mechanical

to a wide range of substrathesr WwWheaszspfeadurn®

demanding sectors such as aerospace, el ectror
systems, as well agperfnormanpeodomposntef mai h
their technicalesadcwsamptregent tshesetur al and en

moti vated an active search for more sustainab

Mo s t commer ci al epoxy resin formulations ar
resources, particularly Dbispherneonewhbdiglcyocmpdo
associated with health risks such nasadednidtoicorni,n
polymer networks formed upon curing are highl
prevents their recycling or subsequent repr oc
accumul ation of ther mboecemawage e Mhrraaeoviesr ,ditfhf
inherently flammable and release | arge amoun
compromising safety in critical applications
performance of &ahsomhaeei @l r bat i mplications
environment al regul ations, such as EU policie

Carbon fiber reinforced polymers (CFRP) st anc
making them indispensable i-sspaedusairli eswismd he
defense. However, most current m&@FRPcempl wihi cb
same shortcroedynglsabifl noyn, fl ammability, and | a
transition to truly environmentally friendly
regul atory crocmpllaraintcyee aAnsd scuist ai nabil ity deman
the need for functional and responsible alter

Il n response to this scenari o, the pihasedt tF

vitrimer epoxy matri cersettamatantareamnecypplezhlf e
applicatCéR®. The design strategy involves th
the epoxy net wor k. These bonds undergo reve

hydr erleyfsoirsmat i on, enabl ing-hebhkr mg]l g edo/cfhié gnigrc

Vi



ABSTRACT

capabilities. At the same -ctoinmea i ntihhey igmrtorugdsu cat
structures promotes the formation of char res
t hermal stabil i tryetaanrdd asrytn epagrifsaimmda f dea.ankTha s |
technical demands but -;afl isfoeemambdgement ef feacmhy
The selection of imine bonds as the dynamic I
the condensation of <carbonyl and amine groups

conditions yet possess a uhbgmeuabdelimyl tdoste

heat or nucleophilic attack. This makes them ¢
into thermoset systems without compromising t|
ot her dynanmnasct ebrosn dasrr ediksaunlefsi,dei mi nes offer tun
synthetic compatibil ibtaysewi tchompolbmdad Mamgeverf
into epoxy networks does not require awmrternal
reducing associated costs. Environmentally, n
and natwural aldehydes (e.g., vanillin), can b
principles of green ®dlesmidsitvmeyr.s Fhuarvteh ebreneonr es, h o w
functional properties after-teumtmaterrecystahbh
significant performance | oss. For these reasort
strat edgeiseisg nfipreg floirgnnance reversible thermosets.
As the epoxy base resin, gl ycer olb atsreidg | eypcoixdyy
contains no bisphenol A structures and offer
renewabl e origin. Three distinkctatvedr bmseed s gc
encompassing t he synt hesi s of key component
performance evaluation in carbon fiber compos

Chappersents the devel opment of the GVD syst
agent derived -Aamomophlemndl i VA0 apred tfHe meh oseg
DOPO. To prevent undesirable side réatiesnsth
DOPO was first grafted onto the epoxy backbon
flame resistad94@®yY caabseviocgtUbn and a | imitin
Cone calorimetry shooMed3 &.ixgWwiifn cmaemdak rreaatcti @lIn

26. 3% in total heat rel ease (THR). Mor eover,

VI
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shape memory, and recyclability, validating tF

findings established a solid foundation for m

Chapbaedrdr essed the relativel ywWAI osw sd rears-sul ni dnekr
processing conditions. To i mprovehywdhdroexyghenyl
met hane triglycidyl ether (Tmte) wwast hi netnrhoadnucces
rigidity and mechanica¥4 $oremngthi omhexbpbi med
temperature of 91.1AC, tensile strength of 7
mai ntained vitrimerhepigpetthieesnalsuctleslaspisred,f
Sol femete prepregs were successfully fabricate
composites were chemically degraded in-an et/

destructive fiobefemeecawdr mi |l Thdegsadation pro

advance toward more accessible recycling tech
Chaptarckl ed the chall enges associated with hi
observed dur i mpg ecponetgi Mfuaduws cnaetliton. To ov-er c ome
based curing agent with phosphomed €E&O@OHentwaa
designed and synt hesi zed. Thi s trdtfamcrioon &l
condensat gwint hofvaPnGdIl i n, f odalmowegp hley efiRGH th ie 0 IG
system di splayed favorable irlheotompati bbehwwi
equi pment . Based onauthansatfeod nctud mattii nouno u sa- psreord u (
prepregs was developed, achieving uniform fif6&k
carbon fi berFR@&@MH)ohsiabtie e(dGtae f 1 exur al st9rdengt h
V-O classification. Most importantly, the vitri
degradation conditions, confirming its suital

procsessieni s al so demonstrated the-szsyndteemprodiuea

l i nes.

Overall, this thesis establishes an i ntegr at
perfor mance, sustainabl e, and functional vit
applications. The introductionr edfamdy mrdmmime nb sn
copolymerization strategies, effectively over

systems. Scientifically, the fipmaodiprgs yofrfedrat d

VI



ABSTRACT

governing vitrimer performance. Technol ogi cal

prepregs dgiereg amndl wemtl abl e met hods without <co

Notabl vy, the methodol ogies devel oped here ca
opening new opportunities for I mpl ementing ci
remains a chall enge. The adaptinegs mahecugltaat
functional group incorporation presents a prol
durability, safety, and environment al respons
by strict regulanalonde maardd g,i stimeg Viutnrcitmer syst

a versatile and robust platform with the pote
i n a technological environment progressively
Ul ttienlay, this research | ays the groundwork for

model s with reduced emrwirrno rbomeenretfalt si mpoac tb oarhd |
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CHAPTERTRODUCTI ON

CHAPTER 1

|l ntroducti on

1.Blackgrewrnd/: resin

Epoxy resincl|l@BB) of i mportant thermosetting po¢
various industrial fields sinclfelthZBhar actreti di
the presence of two or more reacthivpeulige olEPde
isypically | ow mol ecul ar wei ght prepol ymer s.
epoxide groups undpegiong@dpol ymer iozatriionng react
l eading to the formatitddmenfsi oin@gdi KIZOT loarehkts nk a

their excell ent mechani cal properties, di men
resistance, and strong adhesion to diverse s
adhesives, electronic escapasdl ansel astngcmat a
automotive, aerospace, cof#4tfruction, and el ec

O

RA

FigulTehel structur.e of epoxy group

Among commerci al epoxy systems, di glycidyl <
widely wused ebpiogyemohlonmnserr i(gi d ar’éd’'matta aokibnagc k
interactions contribute to the outstanding t
matefbdbpl $ i s estimated that approximately 85%

on DGEBRThis monomer is synthesized via the r
A (BPA) I n the presence ofesa albd 9 e hedt aslyynwstthean
favorabl e processability. However ,ndBPhAas sb edeen

classified by the European Chemicals Agency

di sruptor, posing risks to[bidth human health
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o)

Fi gu2@hemi cal ditgrl watitudrypd s p h e(D G E B.A

Il n recentbayear se,polxiyo resins have attracted

alternatives. Researchers have been developin
such as vegetable oil s, l'i gni n, and dasicdr al

chemifdall]sAuvergbheeprpaodrtadd the synthesis and po
ar omatbiacs eldi cepoxy monomer deri vedpg¥#rmrtoima leluyg ermeg
commer ci abbhaD&GEBApoxy resin (Araldite LY1564) v
i mprovements in tensile strength, strain, and
Resoltech Advanced Telrtdisnod ogegl Reesd nasn CHEOP ae[yo >
BPA and bisphenol F -b(aBsPeFd) , c aorplt a rmi czd mtge ntth ea rbd o

to reduce petroleum usage. Among various <can
commer ci all ynadvdialball e palxiFp guo-B) . MMsJt h t hre
reactive epoxide groups, Gte exhibits high fu

networks with various curing agents.

wall @ v
(@) 0) (@)

o)

Fi gu8@hemi cal gtyocetalk et ¢Ftppllysc]i dyl et her

The curing behavior of EP is c¢closely related
agent s i nchlyuddrea xeghhir beosx,yelt[cl,6 peugpc h r eacti ng with
through distinct mechanisms to form crosslink

(Fi gu)e Among these, -bpbBedolciuc i mgdrag»xylt s can u

2
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reactions with epoxy groups under elevated te
et her [A@Ak@gesresulting networks typically e
stability, and mechanical strength, making t he

transitiongt darhparmeotswierte ma® eri al s.

H OH

() R-NH, + 3 — RN

~ OH
(b) ROH + ' —> R-0__L_

Fi gudRedlcti on mechani smpenfi nggp ovi \t hg rda[f3F]ermriemg
(a) amine group; c(abr)b ohxyydr ogxryolu pgr oup;

According to recent mar ket forecast s, t he gl
11.58 billion in 2024, expected to grow to USI
by 2034, with a compound annuab Qo @Ev@hdreatle (¢
The -Rachafic region remains the | argest consun
electronics, automotive, and wind energy. Wit
l i ght weight desigmialasid tshies tdae marmd ef onmatEP i n €
to rise. However, conventional ther moset epox
curing and are inherently fl ammabl e, l eadi ng
pol hytiaaed fire hazards. Adaszedeseploxy tlystdcdense
excell ent mechanical performance, sustainabil

in polymer materials research.
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Precedenc Epoxy Resin Market Size 2024 to 2034 (USD Billion)

$19.39 $20.31

$16.65

20
$17.56 $18.48
$15.71
e stoqy $13.94 $14.81
s12.33 1%
$11.58
10
5

0
2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034

Source: htps:/www. precedenceresaarch.com/epoxy-resin-market

FigubTehel prediction of the[w&8Jue of gl ob

I n this context, the present studyriopeestyi g
rel ationships obfasedhewnrilng agamrtoxeydn{amnhnaeg d
bonde) reaction wit Hbatsheed cegnomeyr cmoanlolme rbiGt e. Th
a novel sustainable epoxy vitrimer network wi
fl ame retardancy, and recycl aldi ltiech,nitclals spmra

the devel opmepbabfreertepoxy material s.

1.R2ust ai chaablill & ngmyeeg/ soi fn s

I n many practi eoalseap pnaiteatiiadrss ,arEeP subjected 1
such as high mechanical | oads, pressure, temp
|l ead to creep, cracking, ganhdefsacvurce, | sfgnif
increasing the risk of failure. Like other (
irreversible 3D covalent net wor Kk upon <curing
insolubil ity arneds uilntf,ustihbeyl idannadts me remel ted
use. Consequently, a | arge ameéduwurste dofwaasdged,ki sd ar
di sposed of via incineration or | andfideing,
depl ei.Dpn

To address these |limitations, wvarious strate
t he sustainability of crosslinked pol ymer S
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introduction of suprzawd ke c wilsarhyidmoZtehmeld armdi

coordifrR2tflooni onif[c2@9n treervaecrtsiiobnlse physi cal c¢cross
i mi tdedalsiehd or recyclability, t he rel ativel
compromi ses the ther mal and mechanical perfo
Sy s t[e2ms]

A more promising strategy is the incorporatic
break and reform under specific external st
net wor ks, known as Covalent Adagitadl er &Nat wam d

without compromising the covalent nature of t

as reprocessability and recyclabil i[t2yb,wi2téH st

Based on their rearrangement mechanism, CANs
associat iFMegu®ANSIDiI(ssoci ative CANs rely on r e
reformation, as é&Aledreprl irfeiaecdt iboyn.t hHeo WDeived rs, t he
density during bond dissociation may | ead to
d mensi onal i nstability. I n contrast, associ a
t hrough bond exchanmgge bhetcthami simsnen piromwvaldi corl
stabi2l7rijty

(a) Dissociative CAN _ [ Loss of network integrity
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Vitrimers, a sSubclass of associative CANs, [
a thermoset network. At typical service tempe
t her mal behavior |like tradittopallodyhefrmoszitrsg

tempergtunde( Ddynamic bonds begin to exchange,

net wo2.&]As a result, vitrimers demonstrate in
wel dabi-Hedlyingeldnd recyclability. Owing to tfF
sustainability, vitrimers ar eclcaomlsa deeh e dmoas et
potential applications in aerospace, electron

1.Btate of the art of epoxy vitri mer

This section reviews the | atest progress i n
concept s, representative types of dynamic co\
exchange, and i mine metat hreg i su s taab avsaed| evaldira tm
systems. It also highlights the diverse funct.i

wel di rhge,alsienlgf, sahnade € yméTahdriojuigthye.pthhi di scussi on
design and exchange mechanisms, this section

to integrate high performance with environmen

1. Bakic concept of epoxy vitrimer

Since the pioneer| 29l twoirrkernd havedlgeai med adi gni
ability to combine the high performance of th
At the core of wvitrimer technology | ies the in

enabhe rearrangement of the network topology

mai ntaining the integrity of tHe&8.0dovalent net
A typical vitrimer i's composed of a highly
covalent bonding. When exposed to elevated t el

undergo associative exchange reaediinmyl ti aan avdl
as existing ones are broken. This enabl es cor

without reducing the overall crosslink densi
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temporarily depolymerize the material, the as
structur al intedriltf psdarregubpbtpcebei mgteri al
high temperatur es | iwkhel |nee cnhaainnitcaailnisntga bsioliitdy un

The viscoelastic behavior of vitrimand tbBego
Tv. gMharks the transition from a glassy to a r

pol ymer vdehines ®The threshold above which the

becomes sufficiently fast to induce network r
topological changes dominate anhypéhei sedbswortr kx |
[ 3.2]

The thermal response of vitrimersgand.r ifjefs Tep
<y, the material transiti onsg<f Tgm wih egrlea stshye sntea
remains topologically frozen despite chain mgc
exchange reactions, transformindgi gahfgdganat eri a

Conver syglgfy,evénTt hough the exchange reaction
i mmobilized due to restrlirctteldi £ h@aa sne mowii dddsgyit
LaniFelrry (WLF) Tehdvitoraneearons to Arrhenius

temperRitgu-T®)[12.7 ]

(a) Elastomer Viscoelastic (b) Thermoset Visclz'oel.z(ajstic
iqui iqui
T Tg<—>TV liquid T T.V Tg q
sl 1 nempexp| % | < )
S| : CURT) @ L
i i - ] :

Temperature —— Temperature ——

Fi gur®chHematic of phase behavior evolution o
regi @ng
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1. Iypedynoafrho o d sep oyt ri mer s

Depending on the chemi stry used to i ntroduc
categorized by their dynamic bond types, I ncl
i mine exchange, each offering unique advantag

1. 3ERotiyt r i baesreghtr @amsesteri fication

Epoxy groups readi |y react wi t h carboxylic
accompanied by the f drdma t3i3alnn3otflh eh ypdrreosxeynl c eg roofu
Lewisbs acids or organic bases, reversible tr
hydroxyl s under e[l 35v]aT leids texmpleamgair egacti on
rearrangement of the networ k, making transes:H

mechani sms i n epdxy uB)ipt2reil mer research (

L . <+ X L (" 2+ X L . <+ X
(b) 0 o § OH °\j:/°\ _o. o. Ho 0. OHo\
20N 1 JVM“V
OH h

- aR. _m
e o e Y L

Fi gu8(eal)dpol ogi cal rearrangements via excha
net work; ihbbkgsitagti on of tressest @@Bfvoc&asi o



CHAPTERTRODUCTI ON

1.3. 2. 2 tBp bweyredi enletc ange

Di sulfide bonds are relatively weak coval ent
without the needdefvoern eaxtt errncafhh ¢ceachyad ayesitosr er op e
di sul fide bonds map antl hywapoyr i ge rnnaa leldyti coerch WMh s a ke f i
exchalbgecl e(avage of di sul fide bondls nubfeoghi I
substitution within disulfide bonds [t3tBAlgger ec
common strategy invol-o@emst ainncionrgpoc @artimg@ agesmt

epoxsyi ke showanbl-Er dpr es exnatnaptlievse i-thicd mide o ddi, pdh e n
di sul-AFOE3,7¢8d t hi odi propi[o3p8ilandc @R hDEATAHAhenyl d

(AFD)3.9]These systems dehmeoanlsitnrgatan de xrceed \l celna b isl
high cost of diywyullifmidtealtamaephdsamaons.

TabllOvEer vi elwaosédbepoxy vitrimer .containing

Epoxy r . i Tensi Remol d
Curing TqAT _ Refer
monomer streMBr condit
Epoxisloyl 180 AC
_ 4-AF D 340 3.0 [ 37]
o0i(IESO) MP a , 1¢C
car daaoe )
DPTA 2.2 0. 4 150 AC [ 38]
epoxy
220 AC
DGEBA 2AFD 10B. 57. 7 [ 39]
MP a , 5

1. 3. 2. @ tBp dxweyresimioe n d s

| mi ne bonds (C=N), formed by the condensation
class of dynamic covalent structures. They ex
as imine condensati on, Exgha@)ggd,] Thaede i sny 8 £ e me

cat alryeset net wor Kk rearrangement and -mealtimgnc
degradability, and recyclability. Recent stud
into epoxy networ krsf aromarcdhe exvred by ma4diidg hr oo n f


https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/soybean-oil
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/soybean-oil
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1 1
(@ arNp + HzN’R = = Ar™N-T + H20
(b) Ar”N ¥ = Ar” L H2N’R
R’ - _R!
(c) Ar'™N +Ar” = Ar” t ArIN

Figu®®hel t hree typegaof iimmninee(chh)m aeasiedh 1$(gmE)
met a t[he0s]i s

1. 3.-BasBepdo wiyt ri mer s

I n response to gl obal i nitiat i vbeass efdo rv ictarribnoenr <
emerged -Asi emdleyxcoal t e rdneartii weed ttoh eprentorsoceltesum Sus
systems is typically achapplved thdsdgdéipl xwp man da
|l i ke DGEBA with monomers derived friom]regeriwab
[ 45, H46] nat u[rdad, ,aphBjudliidbaaged gc biiong agents con
groups such as carboxylic acids, phenol s, or

i mi nes. For exampl e, epoxy soybean oiblasedr ed
newor ks that wunder go ttreammpseerfadtOuiAdéfd elayy d e lait k e
and eugenol, with rigid aromati c -lbasx&d owietsr,i m
with I mamadveneéchani cal st r endgetrhi.v eQ@n ntohl ee ccuulreisn gs
acfde0]gallli,ehagicdihad I|[[bRijfereused to introduce mu
enabling dynamic Eogafl@nti Weibhlas<ebli ovkiitmrg mer s s
promise in terms of environment al i mpact and
vari abi Hietefdstmcki oeactivity, l i mited 4d4e@ntr ol

batch perfotmdgmgle i nconsi s
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Reflux
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%

Glycerol triglycidyl ether

140 °C/ 30 min
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CH CH
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Gte-VA network

route of VA and 5tlhHe

. 4 F exnpcat ni soiepoaniviyat fr i mer s

materi al desi

gn has

prepar

advanaoead, tthveornmd smeetrss  ih

t i f unfc tsihcampalng-heweli chign g ,s haelef-rmeesnpoornys, i vaennde ssst

. 4.1 Reshaping

to the reconfigurable nature of their ne
ditions. This is achieved through dynamic
t becomes fixed upon <cool i nogus Tfhoirs cfoenaptluer:
uctures and addigtuifiee Ilmasurf aceésrire@resent a
ol ogi cal rearrangement and reshaping of ep
h as heatAnelpioxlyt ,arceord fwaltnreibased on transes
hapemdew nd i raal shape by rolling the strip
pi ng/ACi tf odti gludioe @A[L5.3he epoxy acid vitrimer f
otubes was programmed into a stable AVO sh
ht with aWkcimntfemlsli awedfbw.@a&i ntaining the e
osur eFifigolel 18),Q) isi Thi s irradiation elevaated t|
to the photother mal properties of the nai
hange reactions. By repeating the ther mal

11
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transfor weds hRipgpklal A( p[)b.A]Once these configura
they remained unchanged even wheniCsubpdttati
complete stress relaxation and hi gAlb-Gnmaet mal S
aldemonstrated the water responsive mall eabil i

and toughness could be adjusted through wat el

i mmersed in water for fouur fhaowe sofana rtdwemd sk ate
compl ete drying, the material Fieg @il i¢ep5.3:] st ab
The reshaped film exhibited excell ent me c han

supporting a | dtaudr edfill Ot )l emast 240 g (

' 160 °C
=

iii)

Figut®¥a)l Thedmalkd reshaplimndybpeppBhduaedrir mehap
epoxy VYbH4difciimeNai een mall eability of [&pbdxy vit

1. 3. 4. 2 W lhdeianlgi nagn d

The wel di-megalainmdg seddabi |l ities of epoxy vitri me
bonds embedded in their networks, which enabl
such as heat ,[ 3.6]ghte,seonmr emcitstomrse al |l ow topol og
interfaces, facilitating coval ¢a@as,faaj]jdn thkataw

12
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this process is often descri bewelagdi mngt eor aau tad

repair.

The relaxation behavior of vitrigamed.s TBel ccwont
Ty, bond exchange reactions are extremely sl ov
fixed. When the goemgamat ahe doxaneeedxchange bec
all ow interfacial net work rearrangement. Acco

performegd whi Te>w&l ding of vitrb 8jer ther moset

Fi gul2ea)plr esents representative examples of re
driven by ther mal, phot ot her mal , and hydroth
reversible topol[o5g9]cFaolr riencsotnasntcreuycta ohi qui d c|
synthesized from digygcodybi phdreyl odnd,debaci
wel ded at 180 AC for 120 rRiiguit2eb)fldroml nompbeke
study, Car broeni nNancocedbewiittrriimemrs ) ( @hiTmodnuscterdat e
transmissi on waeslsdiisntgedande | mMa s1lg , successfully
materials with varying chemigcaincbmgosgt{onsat
vitri mer with i1identical chemi stry, (i) a ¢coc

t hermoset epoxy, and even (KFivguRe)[bed]mopl ast i

(c) With.fNT Light
@ -

No CNT

Light
CNT-Vitrimer ! Ngrmal epoxy HHHHH

(a)

. N

= [
(b) 120°C 250C ;
—p CNT-Vitrimer Light PE os: sazaasasas asessaaass
t—— \ lllllllllll vllll ll'-E
\ & ' r =
— —_— |:>
Figut?2a)lSchematic il lustration off5,&kh)e nlhcearl manell

i nduced welding6@fc)efiaxdywceidt wiemeli n§ 54f epoxy
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1. 3. 4. e riBdiraypsea mdelsiponsi veness

Shape memory polymers (SMPs) are a <c¢class of

programmabl e deformation and reversible shape

i ght, pH] 6.6 Thseoyl vieamt s shown significant pot e
robotics, intelligent actuator s, and flexible
typically -ekxdpdédi memordy aeéf f egf 6.2 pWhveemr nlea agtbeyd t ahbe
pol ymer chain segments become mobil e and c a
accompanied by a decrease in gsytshe m emgarogpryy

fixed. Reheating ¢grel ttamnpsr att ores abawe i T ener
recover its orig#dmalveshaa@d x@fhatcwenvwenyropygl e de
classical elastic shape memory behavior of po
Si ndged feor matciowrecycl e, which restricts their app

geometri o3 agre mlatpie] 6p3rJogr ammi ng

I n contrast, vitrimers combine conventional
reconfiguration due to the presence of dynami
materials are deformed wunder me ¢ M abnoi ncda | e x|l cohaadn
reactions are thermally activated, all owing p
Onc
t he mechani sd4mais gdnibrus teena d odpryi ven by net wor k r e
bon

to undergo multiple cycles of compl ex and pr

e cooled, the new shape is fixed and canno

d exchange. This enables programmabl e, irr

tail oer icnhge mtihstry of the dynamic bonds, Vvitri me
externali nctliuMdulIlnig temper at udter,oddeagrhitng moh eitrur
i ntegration into advanced aerospateomsalst emartg

materi al s.

1.Ft ame r eviatrrdia@ERP i n

Car bonr efiindfeorr ced p dlaypreecro mé CH RR)i spensabl e i n
transportation, wind energy, and aerospace, o]
specific strength, stiffnes$bdmuObiefrundbdtei pasal

14
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gl obal demand for CFRP has gr own steadily,
approxi mately 6 %, and the mar ket |[i&6]Hooneevcetre d
this rapid expansion inevitably results 1 n a
prepregs, manuf acodiifrerg coommpamentaasnd kemdaddi ti
production remai ns -iamt eenxspiewses, pvrea ratnlde re nleir glyl i g
need for efficient recycling technol ogies to
environmeh6.d] I mpact

CFRP t ycpoincsaifsiltyswo main component s: cRirsb otnh ef i b

most widely wused matr-i xnkad aneadfismembsli @ ntall g épéoy
net work with excellent mechani cal strength an
crdssnk density and aromhtycfbammablbee, OEBEPei 8¢
| arge amounts of smoke and releases significar
matrix and the correspornavien gf ICaFnReP rse &rauecd eduar ceys, .
additives are usually introduced into the epo
tyde)8t chemical bon[d6.;M]glT h(er euastete itod & EEhyapnee)n h a n c e
the fire performance of CFRR.nkNedv esrttrhueclteusrse, otfl
epoxy networks makes recycling of such compos.]
fl armeet ardant componentssefartle meaoomplicadti ag W
efficiency, potenti al environment al risks fro

formation of more complex residues during the

The devel opment of wvitrimers based on dynami
strategy to address thetrnedpatd+egndbloaicieéehmee mpd

Vitrimers offer significantfepootfenbtoitanl pfoolry meexrt

carbowefiinhb®er ced material s, enabling the reco\y
and facilitating the reuse of recycled mater
covalent bondsethave beeni mapl yst ems, only a

have focused on the design anctdaewdalndp @dmRtP. of

15
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1. 4Eslt er eamnppapngeh

Transesterification is one of the mosGANsi del vy
[ 70, A3] shiogmi @ (hd)Cheh7¢pa@altedebafrtdame epoxy
system prepared using DGEBA 9astid h yOerx-GeOp 0 X y r
phosphaph-& @antdrer efpBGRA) di ac-cdriansgy agemt , an:
tri azadbemeynel ol TBD) as the <catalyst for trans.

exhibited excell ent repairability and reproce
fl armeet ardant properties after rmeralcesasliing.cdHm
used initraeaseehereactions are often expensiyv

resin matrix, potermtrimalstywbaf fiegytiamg trleerlocrgs

Zhang[ EBhtarfoduced gl yiaehgtdri deocani agogystem
hydr oxyl groups 1in glycerol first reacted wi
subsequently attackbehdydepxyy egrt e@up d itnskyasgteesrm | |
could be custmid awiatohduwetr ncadt al ysts. Currently,
rrusing free hydroxyl groups as mul ti-funct.i

-

tardant thermosettingoressnsdgirdbel yi Fetorampq
nt ai nired aftdamé groups into curing agents o
t wor ks. Fet [ ddumphesi -leals ead DOPOy-dur daeagaagan
r epoxy resin and wused triethanolamine (TEC
processable anrdetdegrada b8 pg xle3adnres i ThThi 6 res
monstrated stable fl ame retar dC&mRdy ud fdt elre r
paired by hot prdesingcandealrlecweerfyoofnocmar!l

- S O
c o ®¢o ®¢ O ® O @d O

-

| utheonsecond approach involvescoméadgeapofgywgodrs
introducing free hydrroextydr dga notu pfsu mad toinagn aMi itthi e s
retardancy and recycla®iyinitthye.s i Zerdc cam pahicomsigehgo r du
with a tertiaryhi-spiknexyget gt yaoenj nd)ethyl di ph
and applied it as a tr anésaenshtyedrriifdec agy ©the nmotdo
dynami-ci ek émgerrv intertiwor k, which was fRFithereused
130c) The phosphinate groups in DPEA covalent|
inherent fl ame retardancy tMorbeavwert,het hvei ttre rnte

r&ctive primary hydroxyl groups in DPEA accel e

16



CHAPTERTRODUCTI ON

the reprocessability of the vitriPmeerveancd ednraths
chall enges remain when usi ng free hydr oxyl
modi fiers. Their relatively | ow catalytic ef/

vitrimer systems. Additiwofmafldege Mwwhdid exyaldj) girsd u
crdssnk density, this oftleinnkiemg,s pot eetdiuzleldy n

overall me ¢ h afn itchad 7r®é soiprer t i es o0

Recently, [ Zpphopededl t-dhey luastee do fp hM hal i mi de ( N
under go difrreecet ecsattearl yesstc hange reactions at app¢g
hydr oxyl groups. This strategy enables the <co
assated with traditional transesterification,
undesirable side reactions involving hydroxyl
reactions in the devealedpmalrato sceft hseunsgt amant aebrli ea,l s

new mechanism remains relatively |imited and

17
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(a) Flame retardant network integration strategy of vitrimer

B s . Q9 O
oo + ”OMW :',ZQS/ICL —> Epoxy vitrimers
200°C

OH
(DGEBA) (AA) O (oor)

| SN,
E OH :j\/i-t O O

IR e
>§\V/CQ.,}\/\\7/\5/\J .

(c) P-containing polyhydroxyl compounds

lOHI

o 4 oo B rRo

1 I
1 I
| I
| I
1 I
| I
| I
| I
! SB-hydroxyl H (OH! . !
! o self-catalyst '
: 0590 Curing prlmary hydroxyl o 0, o\/\'N‘,\,oT(\ :
I H —_— 2N .om E \ I
| QL 7 . |
: :O'P OJ\,N\/\OK/\WO JJ\*’\n« AOV |° P-@ :
' ' \ @ :
i |
1 I
| I

I

-} flame retardancy

Figuit®ekligning strategi ébsasfedr[ GFANgLme f ¢ taared a rett
net wor k i nt eogfr advsatoenrd s CARAddatnet@dyi)ni ng curing age.
mo no njerrds](-cegnttai ning pol yhye8foxyl compou
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1. 4Di2sul f i d ea pepxrcohaacnhg e

There are two main s trreattaergd aenst r fodg isslup if @ pdeer iemp @ X 1
One approach i o ettaaridmatnrto ded ceemefnltasmedi rect !l y i nt
by curing waidrht ai rdiimsgu | durdienWa nagg dettg§ .tadfF ¢ e d e DOMR O
onto the DGEBA mol ecul ar chaiAfrDangredbhséeqggenmt
retardanbasdaduépodrei gwiltedr DIm&F hi s materi al coul
reprocessed at el evated temperatures by hot p
and disulfide bonds into the network struct.u

ret ar dahnecayl,i nsge,| Baanbdi Irietpyr.oc e s

The second strategy involves desi gmetnagr caimrti
el ements and dispVr9ydehbéosnded Dacuereitnaglagent

l inkages and phosphonatéeéagdantFrs gutidipmebJshee f
resul ting materi al s exhibited enhanced flar
reprocessability and meechoanntiad anli npge rvfi adrrmamece .s yl
to theethanmant effect of phacsamhared se,a steh €S Os u Ig
sul-srfiuoh radicals during combaseéei bhamensdweéri ,bbnt
the emission of SO gases may introduce smoke

of such systems in CFRP.

19



CHAPTERTRODUCTI ON

,__ _______

| I DOPO AFD -i-jj 1

k. /cﬂ ....... _—

stirring stirring Curing l | " N
! ' —i 2 :
l
A | . ""

—==c N T | e ——————

(b) Flame retardant element designed in curing agent

H_J::]/\QNH EA, EtOH Q{EE O }"Cy

I
I
|
I
I
- i '
I
/LE N Homr TEA DOM s DDPM I
5 AC: OH Reﬂu;OHC—O—O ! :
NH. Ea, MeOH |

I

I

|

I

.--\NFQSSQ W«»@f@%@w

Figuid®eligning strategiosshsoeedf ChkPrmpeoetrartdamg
fl armeet ardant el ement[s7;&§ Jmntcoo reppoorxayt immogn opnheorssp h at e

bonds into {RA®]curing agent

1. 41In8 nexschampgpe oach

|l mMi ne exchange s an I mportant type of dyna
introduced into epoxy vVvitrimer net wor ks to ir
chemical degradability. Compameunder o amagisd ee
under relatively mild conditions without the
easily formed through condensation reactions
in molecul ar desiegn.havwo bmeaeinn depperl ogpehd f or i n
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epoxy syst-gots: methrod,nein which i mine bonds ar
prodedsisfand the more cosnmotnh egpipziomge he pdXx yp rmeo n ¢
agents that already contain imine fun[c&llJonal:i

Hi ghly aromatic imine structures have been
crosslinking and rearrangement reactions at e
mass transfer during combudt4difdr2 | Bod Waksgtaoc aeg
all 8prepar eadr caamatalcl i mi ne crosslinked epoxy Vvi
retardancy even at a high reprocessing temper .
net works can hinder the dynami c neexecdh atnog ec aorfe fi
bal ance the content of i mine | inkages or i nc

optimize the dynéemisce db eChAaNwsi.or of I mi ne

Il nspired by flame retbaedancyrsmeasegresenncae

the incorpor atcioonn ao fnirely cad fddraamweu se | domesretds siyrstt & m
[ 884]Adding such structures can i mprove fl ame r
functional groups may al so affect the curing

properties of the resultingrogémionmeks ai Ronge x al
agent was synthesirzecddrdanprepocy aitramer t ha
hot pressing nit851HOwdCerf oredcenssi ve i mine con:
mol ecul ar chains, resulting in inferiDuamecha
et[8B8¢vel oped an epoxy monomer containing bot

exhibited significant steric hindrance effect:

i mi-meesed CANs, it Iis essential hodbabmnceekbhb:
behavior, processability, and mechanical per f
I n the context of CFRP, the introduction of

matrix and simultaneous recovery of bot h t he
significant interes{8dFoel epathptdegr adpbt enpel
based on i mine condensation between dialdehyd
t hat an dexaad sneei loift ated matrix degradation in
recovemy bobmerest [dBunt hesi zed a degradabl e ep

met hyl cycl ohexanediamine, and epoxy resin, whi
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CFRP that could be degraded in ethylenediamir

fragments and fibers.

However, the dewvetl @pdnamats ei@fmivididt a mener CFRP t ha
achieve high mechani cal performance, fl ame r
unexplored but|[ &8 gh®p]spr cmirsiem@ studies have
retardancy with the dynarmas ech dv idtergirmedra bCFERMh.a
comprehensive studies on system-teées gre,r fpnromaed
under seirtviiocnes caorned sti |l | | acking.

(a) HO—Q—? K HQNNHz

o/>/\c1 o 0
A OO = Ppnoronqd

65°C 12h
o P o
/ \
> o \_¢ 0
o / /
o P=0 [N o-P-0 A
ch NH " —CHQ—OH > \—o~<4>»cn NH <_>/\( )N= cn—\\Jo—

| 1
[ 1
I I
| I
| 1
| 1
| I
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I H;CO OCH3 I
| 1
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| I
[ 1
[ 1
| I
| 1
[ 1
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| I
| I

Fr = iEmirm M AR S O SR S e SRR (WmiISO s om0 R OSRGOSO E S OSm{mcOm O TR ST ey wm L e wm, RS OUwR it e ]

— ] -
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X one b o

OHC o~ \(:E - e

Vanillin o\ N\/\N Z oL p/°
\
. NaOH /@( N, zN\/NH o° '“\ ,,N P N\/\N/
>  OHC (I’ ~o —rlk 3

| |
| I
| I
| 1
| 1
| 1
! I
| |
| 1
| Ny o THF, reflux, 48 h o’ DCM, reflux 40°C,36 h o |
I cl—p= F-cl _o o |
| ﬁ:P,h |
| 7\ CHO | |
| S |
| 1
| 1
I I
! |
| 1
| 1
| I
| I
| 1

ClI Ci

OHC N
HCCP

Figuib®ekligning strategiméemeed @ad. ChEINelpoebatar dgn
fl armeet ardant el ement[s82(mif® I opfoheatmean@nm Wmaets el e m

anidmibnoends i nto {B&]curing agent

22



CHAPTE®RBJECTI VES OF THI S STUDY

CHAPTER 2
Obj ect Thvi8su doyf

Imi fbemsed vitri mer systems demonstr-Areenhogalklke
processing, tunable network architectures, an

char formation for enhanced efalrare drreedieadidfadname

retardant vitri mer systems remains scarce, w
properties. There is stild]l a | ack of systemat
fidwen nf or cedT hciosmspeistiattea soon f ol |l ows the riesearc

property ipptaichmizatti applicationodo, -aemandanhb, dke
based epoxy vitrimer systems and to promote |

applionat in comeimuonuscsed i bemposites. The speci-

(Barsed on the design of dynahmsed oermd xeyn tv intert i

systems incorporating -damtnaei noboomgd sstamudtphesph
integrated fl ame retardancy, ther mal reproces.
(iBased on network structure optimization, t

epoxy monomers and curipol gogeni gataond Soriamglge
rigid epoxy mosfiomer snef 6r ps olceasiinm gi,atawersc conhi r
based fabrication.

(iBaged on -sngl aeproogss devel opmemtu,t othma t deeds |
h eme |l t prepregging system, optimize wvitrimer
continuoesnffobeed vitrimer compoyiard mwedlnarsiu
perfor mance.

(i Bpsed onipsbpgroge £ relationships, t o sys
influence of vitrimer network structure on ¢

recycling and gr egem eapp-p eomb thii ngahs cienfgt hceoxnipoosseittte
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CHAPTBR

Materials and Experimental Techniqu

3. Material s

Epoxy resin (Glycerploxtr iegluy wvliadi9e Ingt/enwdelé)g ,hw a&58 ep
by CarbosynhihdLoxdyphlenyl()4 met hane triglycidyl
bi osynth internaAmiomaph eDliathe.t hlyd2i imi ldiarz,ol 4 ( DMe
Ethyl ene Diamine (EDA), Tetrahydrofuran (THF)
di chl oromet hane -OiDEM)h,y!| aod mami de @BDMFB8 ACS |
triethyl amine, et hyl acetate, dphboys p-Bbd miac ho xy
Chemi cal -[TiohyddxdHghhosphaphenaxidhe eneDORO, 97 %)
provided by TCI EUROPE N. V. Carbon fabrics we
GmbH Composite Technology. The ©plain weaving

200 N52 g/Dmi oni zed water was obtained from the |
3.2 Characterization techniqgues
3.2.1 Fourier transformation infrared spectros

The FTIR spectmadres cocour iGitge ,agseenltf and epoxy vit
FTIR (Nicolet 5700) with the whaavfet enru nBb2e rs craannsg

resolutiton of 4 cm
3.2.2 Nuclear magnetic resonance ( NMR)

The T H!MNMRMARP, NMR spectrums of various sampl e
spectrometer (Br-wB-£400 AMBRYEe at Il IrobbDh temperatu
sul foxide (DMSO) as the solvent and tetrameth

33.2.3 Thermogravimetric analyser (TGA)

The ther mal decomposition behaviour of epoxy
nitrogen atmosphere wiTheampleaatgay punge aftl dv
90 mL/ min. The weight ofwasbe dsdmnpl|l ¢éeheantesnd ab

range between room temperature up to 700 AC.
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3.2.4 Differential scanning calorimetry (DSC)

The curing behaviour of epoxy vitrimer were ¢
wei ghing around 5N 0.5 mg were heated from 30
flow, following I SO 11357.

33.2.5 Dynamic mechanical analysis (DMA)

Dynamic mechanical anal ysis (DMA) experiments
Q800. Tensile deformation was applied to samp
I 1.0 mm. MeasuremehtAC weo el 3 & kAE d4ArCdamihne aatnidn
oscillation frequlknoki mgd dermHszi.t yT hef ctrloesssepoxy
using thedfoll owing

©w — (1)

Where sVthlei chkiosg dehsi Ryi ¢6m8IPBA&E Mo ([ &KI0, i i s
the rubbery state (AC), and Eré is the storag

Stress relaxation tests were conducted on a
of 18.0 mm I 6.0 mm I 1.0 mm. Each sample was

modul us of the samples was moniat arered over tim

The activapi dmoremdrmrgeys amMiveée adat eomi oed using

equati on:
74 zAOB (2)

where T representlsdetning etse gth et ecrhpaa raatterrd ,st i ¢

temperature, and R is the universal gas const

3.2.6 Tensile test

The mechanical properties of the epoxy vitrim
testing machine, f-@#l!| etwian¢atskhea pReSdf M5 pDe6c3i8me n' s (
I 3.0 mm I 4.0 mm) were prepareddssi iepremsnl

were performed at a crosshead speed of 10 mr

determine the average mechanical properties.
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The tensile test of CF monofilaments was per:

Carbon fiber monofil aments were randomly sele

The mechani cal -4€CrFo pveerrtei eesvadfuaG®W¥ wusing a CM
machine (MTS Systems) following the ASTM D882

mm I 10.0 mm I 2.0 mm.

The flexural prepaforesdotompesti t-fea®ir wierkkemdian
tests. The specimen dimensions were 70 mm I 1
a speéahickness ratio of 32:1 iumiacacradarmnoce twint
with a maximum | oad capacity idifs pll0abc eknNe nwta sc uurs
each test series, at | east three specimens we.

the reproduci byi loift yt haen dr ecsounlstiss.t enc

Calculation of U hefblrexecalanguad@ngichols sect
RE 22— €)

Whedfe i s the flexural strength (MPi@efl Ecit 60
curve (N), L is the support span (mm), b is t

the tested beam ( mm).
33.2.7 Scanning electron microscopy (SEM)

The SEM i mages were obtained using an EVO MAL'!
to examine the morphology of the tensile secti

carbon fibers (CFs), all dofl awkeirch owemdaoncat & dan

3.2.8 Raman

Raman spectra of original and recycled CFs w
mi croscope (Thermo Fisher Scientific) with a

power of 12 mW.
3. 2Shape fixity (SF)

The shapkK friaxiitoy wa$S studied using i mage analy

[ 12 mm] specimen was first heated to 130 AC

speci men was then bent and pl aced tihnet ot eampnoorl adr
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shape was obtained by removing the specimen fr
by heating the gspBlté memapdbovecovesr i stage was

min to compare the shap4é4.recovery performance
The&w@ds calcul atedewgsing the following

Y'Op p — pTW 4)
Whedeepresents the amngldhef atnlgd emwlfd,t heand i xe
from the mol d.
3. 2. S4lhfeal i ng

The -hseedIfi ng capabilities of epoxy vitrimer weil
Cracks were introduced using a blade with a ¢

topology of the induced cr adk s rwdads |tohreen-rch awi a

20 optical profil ometer (Zeta I nc.). After i
activated via convective heating in a convent
repaired cracksawgzedshpsepgtuieanal ypaofil ometry.
and after heal i ng, was examined wusing profil

anal ysis software.
3.2.11 Limiting oxygen index (LOI)

L Ol values were measured by wusing FTT (Fire T

di mensions of 130.0 mm 1 6.5 mm | 3.2 mm acco
3.2.12 Vertical94bhurning test (UL

The QUL was measur e@@4 bfyl eaame FcThiTanmbLer according
di mensions of the specimen were 125.0 mm | 12

ti mes unti l the results were stabl e.
3.2CaBe calorimeter test (CCT)

The CCT was performeld yciomai RGT t ©oon & Oc &I6GMNOI m
the size of 100.0 mm I 100.0 mm I 4wi0t mm2we0d e

mm in horizont al mod e .
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3.2.14 ThermogravimetriceclR)nfrared spectroscopy

The -ITRG spewdrcamsi ed out on a Nicolet 5700 spec

under an air atmosphere at a heating rate of
3.2.16r detiwal Andgsexperi ment s

The gel fraction was measur etdhebys amp)l e r dWe
sequentially i mmersed in. DMkEbaéeéquenml yemplee as a
i n vaccAGn fada n84t then wei)Jhe dgealgafimadtW oeqwas d

5
OO — pmnmnb ()
The swelling ratios wer e Weaswerqgaid ntb@lan e ri snit
HCI1 wt % ,NaQH nkMrE ,at room temperature for 24 h
taken out from the solutions. Excess solvent
swoll en sampl Wy .wdrhe waevieghedg( &t i o was deter
YY —— pmnmnb (6)
3.2.16 Gel ti me
The gel time was detawimngemcetussodg the wire
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CHAPTER
Bi-lms el amet arEphbaonx¥ t ri BhearnRet ar dancy a
Recyclability

4 1 I ntroducti on

CFRPalseen wi del ypeuseod mamchei gshh ruct ur al applicat
speed rail|, and automotive industries due to
di mensional stabil i[téy5]Haomwevear,r ddieon hreg snosted r
used€FRPs i nhereonoyclyabbe, and its fl ammability
i n sariettiyc al environments. Consequently, achi ¢
recyclability has become a keyeearhaaliloenn goeo mpno
matef 9@l s91]

Vi t rshewe attracted considerabl e attention f

integrity of thermosets with the reprocessabil

to overcome the recyclabilityyme[nmsa]atsi an s calfs s
in Chapter 1, various DCNs, such as transeste
have been successfully introduced into epoxy
wel ding, -l aclexcyed i nge.d exadweerveesre a rcolmpamr me c ha

dynamic properrdti a@&rsdantthepefrlfaomemance of vVitrime
underexpl ored, arsteidc wliarliynefrsr oiwimomaey abiti by
is oftentionsnefefti cit-eatngrechantf | atmendar ds. Theref
i mi-meesed vitrimers that exhibit both high f1l an

great significance f-peretmspmadcaeagthbeemosastei ng

I n recent years, DOPO and its derivatives as
wi despread attention from academia to iIindust
excell ent effecti V&8dsacaspdil atmeng eD@Pdaot it
whet her through chemical reactions or physi ceé

|l ohgsting flame retardancdy3]dadd O@dyinmdhreme ztedt
ar omat kcoo nit mii mda-bnags eDdOPrCe act i ve f-Ala)mef orettamel apt e

of an EP, feat wreitrag deamha mmad nfelcdhmeni cal proper:
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Al was 20% of Diglycidyl ether b-rephedaht Fepy
vitrimer -EP/ paGabO®Or dthieng® 4 nt eéeshte wWiLt h t he | i mi t
(LOI') of 35. 4%. Il n the cone cdIlpdHRIRMme tarnyd tt eod ta,
release (THR)-Alofde&®rPr/ DDOP Oby 26% and 27 %, Co
mechani sm analysis showed that during the <co
decomposition of t heAIDOtPrOa psgt e QHH lurr a&d ii cna IDSOPtCo |
free radical chain reaction in the gas phase.
i mi ne i-A DkOPoOmot ed the matrix to form a dense
oxygen and heaptriasi oemikdle &&ePxihd ®WDQAQRA@ enhanced
and storage modulus, which were attributed to
another examp8@2dpsiygngd ebaaeésdarpbikiynmonomers v
fl ame retardancy and good mneme o-EVPARaoMIt laii thye.d T
Schiff base bonds o-Dt amheddbpheagi meit haaed (DD:-

epoxy mon&mefed¥DBred a Schiff base bond for mec
thed Mond of DOP®O®aabeodn d.heThSec hepfdxy materi al s we
di amine hardener by adgR san ek W @oenepWoepnonratsiso n
rati o wadD2802,ackh8r¥ed t-68é4 VYOreatrtenhgrdndgaULOI

with only 0.66% phosphorus content. This beha
condensed phase mechani sms. aAbdsgheosnalblhaxahi
excel |I-leenal isred fcapability, reprocessability, ar
of dynamic imine bonds in the topological Crec

addressed thesramcgdgcdcmigecodhceamni sfactory Il am

Most reported net vdeerrk sv edt ielplo xrye Imyo noomefrss s isluc
t he endlioxcmumteing and reproductive toxicity ¢
increasingly restricted, partincuwlraomliygi n nttlee e
devel opment of gr eer,asseaf ee,poxy8 ssy@enijeamign &€les ebh
has emerged as a promising candi dhtee doat uroe

structur al stability, hi g ma&kamotgi vitt ya,n armd aé x
traditionlaadsepetepm@d eiuens . N e fv le &riredt eal r edsasn,t rvei st era rnce
deri vedt efermmam nG scar ce, and-p e rhfeo rdneavnedhed s rafeun It | yc
vitrimer materials still faces challenges rel
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I n ¢haptewe reported a f acpdref ccrt meapg cergyb it ot rpir nee
( Gv&DOPO, GVD), which exhibited high fl ame ret
excell ent mechani cal pr edpeerritvieeds . e pAO XQ,0 MWIRIE CCM ear
subsequentl y ctbhraesscke dwihtalr deneani(lVIA)nand DOPO t «

with high performance and versatility. First,
systematically invesdchagmateadl tihehdwieomalt mendi n
the reprocessability,epoxytwietriemgrecsabil ity o

4. 2 Synthesbased NRandhéri nand epoxy vitrimer
4. 2.1 Synt hesasedfharacdhndrl i n

The vémrisleldi mardener (VA) was preparedd eavheoredi
[ 55 Vani Il Iin (240 nmramoiln o plh8e.n204 g()5 7a0n dmmo | , 13 . 08
mL water and 210 mL ethanol, respectively, ant
then performed by stirring a, maglinleoawcpoeowdenmr i wi

of 80%, was obtained by vacuum filtration, wa

4. 2.2 Preparation of epoxy vitrimers

DOPO was first mixed with Gte while heating a
a transparent | iquid. The temp-$¥mraa\wAdraen di nccarteaal sy
DMel m were added to the for mer 4mmixt utroe oubntdaeirt
homogenous | iquid mixture. Finally, the mixtu
140 AC for 30 min. The cured epoxy Vvitrimers
GvD1, GVvD3, GVD5S, andprGVDt7i, n @ esspexcyt | wietl ryi. meér

was prepared usi nTga bdd-leeu mmmanrei zpeg 0 cteldairepeci fic

whil e the synt heSdcedsmélout e i s depicted in
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Tab4l€omposition of epoxy vitrimer
Sampl « Gt e ( DOPO (¢ VA (9) Catal ys
Neat ( 54. 6 0 44 . 4 1
GVvVD1 54.1 1 43.9 1
GVvD3 53.0 3 43.0 1
GVDS5 51.9 5 42 .1 1
GVD7 50. 8 7 41. 2 1
Synthesis rout of flame retardant epoxy vitrimer (o)
0 0/—</
H (o)
& 0/—</ O-P 2 100 °C, 5 min WO{O o
Vjo{ + > P
O\_AO ;/ °
Gte DOPO Gte-DOPO
+
. 0
7\ OH 50 °C, 2h \
o+ g P =2 A e
= o— HO
4-Aminophenol Vanillin VA

o WO, o OO
7

Epoxy vitrimer

Flame retardant epoxy vitrimer network

Polymer chain Hl -C=N-

DOPO + Catalyst

Schedd&ynt heti c pat hway and nroelteacrud aanrt

net wor k.
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4, 3 Characteristics of VA and properties of ep

4 3.1 Characteristics of VA

Fi gdt(eas)howsH tNhhMR spectrum of thel¥8.s&#tlbH,c hae nfi
CH=-N), 7.49 i), 1H,2D -up,-7IH23cm(-ARH, @. & &r (
1H, #®)0AB66779( m-H)2)H, 3. §@DECHs), W@HmM, gi (di cating
hydrogen efdwWer eahmemtcs eri stic absor ptd)i omf band
ami n o pahnedn call d e h yodtem)g woef n pvle(rie®@ not o b sleRr vsepde citmr utnt
of NAg@lbljwhile a new absorption be?2ordghihreg t o
HNMRand FEsBommidrhme successful synthesis of VA

(a) d I OH H,0 (b) Hydroxyl Aldehyde Imine
0 s %
N f

Vanillin

a 4-aminophenol

Transmittance (%)

d f
b (e
“ DMSO-d6
[l

I . T . . . 3264 1697 ‘1620
9 8 7 6 5 4 3 2 4000 35|00 30|00 25|00 21]'00 15|00 10|00 500
8 (ppm) Wavenumber (cm'l)
Fi gd-t(eall NMR s pect(rbdm Fdfl RVAs;p e etnri an oopfh ewaon i, | lainmn

4. 3.2 FTI R and DSC of GVD epoxy vitrimers

Fi gu2eapresents the FTIR spectra of GV and C
characteristic absorptions iegter etbsteirnvge dvialdr &
cm T ( ei@WbcXx | ddeef oG mati on vi bration), i ndicating
copmm etely consumed during the curing process.
at 3450 cm T, corresponding -bpehydgoafylthgeoeapec
in Gte. A distinct absorptibdbngabup620wam dDhsat
GV and GVD5 spectra, confirming the existence

exhibited charact eriHstsitcr epgecahksngatvi €m0 i ODWMI §
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cm 1 (P=0), ®©®ONd HD2WwWewvmri] (BRese characteristic

the GVD5 spectrum, |ikely due to the | ow DOPO
DOPO and epoxy groups, 30 g of DOPO was reac!H
yiedgdantransparent-30DBOd HenohedF3aBRBRCGRPPect her
absorption coriHespomnaoadamng24®0tdm P di sappeared,
1236 cm T, wane @2hamineg ;raeccquontdiiorn bet ween t he e
PPH bonds of DOPO.

Furthermore, the reaction behavior between Gt
i Ri gd2eb)t he DSC curve of GV exhibited a broad
range, corresponding to the curing process o0

endothermic peak at approximately 11t8r aAsQ,, atshse
GVD5 sample showed two characteristic ther mal
and a mild endotherimict peakcoidfhiesmedeshat a r e
epoxy gr oHupbsonadnsd, B ndi cating successful grafti
chains.

T o1 1847 =" (b)
a 9100 7
( ) Gte = ./ E(.:]\E by :.E* ! A
11620, T : i - : 150 °C

T ~—\T ¥
Gvps "\ | M

Gte-30DOPO

Transmittance (%)
Heat flow/(W/g)

DOPO v W \] ﬁ, 4]
P-H ho L’ %
: P-0. ‘
2430 ' I§9Z )
y /4 ! |236 925 % | : 118°C

T T T T T T T
4000 3500 3000 2500 1500 1000 500 1620 40 80 120 160 200

‘Wavenumber (cm'l) Temperature (°C)

Figd2(ea) FTIR spectra -20D@RE@, &Eivdh) COBE, c Gt ees
GV, GVD5, .and DOPO

4. 3.3 Ther mal degradation behavior of GVD epox

The ther mal degradation behaviors of epoXxy Vi
atmosphere. The TGA and FDhD@&3€anveasdeédbeécdi spl
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the key parameters includingy ,5 max% mdieng rdaedgart a
temper adkur en@dT resi dualsooke iwgh te Haibd6e @U nidie r( RN

conditions, al |l e poxy eypi tdreigmeardsat e omi. b iTtheed fa rt
20905 AC suggested that part of the C=N doubl e
bonds, which could be furthdgrmBb5rfeébembtegeaddant or
stable bonds resultedsiwmltules ®o@acorGd/, DGE8DAealGV

GVD7 indicate that the ther mal stability of G
of GV vitedomkr GVDhep®&xy vitrimers was higher
capability of GVD epoxy vitrimers could be a
vitrimers containing imine bonds -@¢ anttaienirngnag

memer ed hied ecompaealnds at high tempedatedes,el
crosslinking of the pgalrymonaf 2&kzoms!| gndt hmppoe
phosphaphenanthrene moieties |l ed to the aggr e
[ 98] Furt her more, it is worth noting that GVD7Y
at 690 AC, as it had the highest phosphorus ¢

37
(a) 100 1 36.1% (b)
\\\ 0.0 ==
g ’5\ £
£ 34.3% S
5 -
; 33 =
Z 680 B 024
2 601 &
g . Z
& —GYV 5 —GV
GVDI1 o ——GVD1
40 4 GVD3 - GVD3
——GVD5 = " | —GVDs
——GVD7 —GVD7
T T T T T T T T T T T T
100 200 300 400 500 600 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Fi gd8ea) TGA and (b)) DTG curves of GV, GVD1,
at mos.pher e
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Tab42ey parameters of GV and GVD epoxy vitr

Sampl e T?v's‘ Tnja>P1 TnjaxCZ Re 940
(AC) (AC) (AC) ( %)

GV 269 278 375 34. 3

GVDl1 269 281 372 35. 2

GvD3 268 278 373 35. 2

GVD5 266 279 373 35. 4

GVD7 268 279 380 36.1
a: Temperature at 5% weight | oss; b Temper .
Temperature at second maxi muAC wei ght |l oss rat

4. 3. 94Uland LOI of GVD epoxy vitrimers

The frleadanaer dant properties of epoxy -4 twarnteircal
bur ntiensgt Fhe resultdab43® ghes &Vt escamphn e rapidly
unabl e-expbi reUifsh -9uin dteestt.heColnlsequent | vy, it di
accordineg 4 s ttamedabld, and the LOI value was on
of fl ame r et ahred asnyts tDeQOWP G uibnsttoa ntt i al | y-9idmprewvwedd
of GVD epoxy vitrimers. When the DOPO content
abl e -t isregdi shfwitbwnng a 10 s igniti®Ad peri
VOating without any dripping and exhibited a
addition of DOPO exhibited a clear positive |

epoxy Vvitrimer.
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Tab4-3d Ol and UL94 results obtained for t

Vertical burt

Sampl - Ol after 1igni Drippi UL94 Rat
( %)

adi( s) ada( s)
GV 28 . 60. 0 / Yes N R
GVvDl1 2 8. 60.0 / N o N R
GvD3 29 . 8. 4 1.3 No V-1
GVD5 31. 2.2 0.9 No V-0
GVD7Y 31. 2.3 0.0 No V-0

4. 3.5 Combustion behavior of GVD epoxy vVvitri me

The CCT was used for -fatrdmecantanméryfzo mmandcde. T
obtained from the CCT for thiegwhenxta bkt ri mer
respectively. The addition of DOPO exhibited
epoxy Vvitrimers. However, the increasing cont

release rate (HRR) and total heat release (TH

The pHRR and THR ofarGd Wwetk reB/pPekWi mel y, wh
demonstrated a sharPfande88¢é6irdkdg/itsa eF4 N gk W/ milect
and 26.3% in comparison to GV. This decrease i
retardancy, found in94heThespltéesemde LOA RBOQEO
i mprovement , as thphadrecwmpesbstances ipmoshe

promoted the formation of na ederad e epanxlyo maltay «i
oxygen and heat. PRuU,y tdared mphenoxyher dDiLcal s genc
effectively quenched combusfi7T8nAlremgt wionk pHR
THR, the other two I mportant parameters for

performance index (FPI) and fiper goowahce at ke
retardant material f eatFuWwGrRe sv[af. VA sg hs TrolAdevian u e
ThevD7 displayed theshkWhamrsd tFiPe lod wWes 10 S5BEGRL o é
demonstrating the best flame retardancy among
heat combusaloks GEBCgpoxy vVvitrimers also decr
content, i mpphlaysien gq utetnec hgansg [d®®4gbi |l ity of DOPO
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1000
(a) 888 kW/m? (b) 80 1
|
~§ 800+ ‘ E 604 Decrease 26.3%
E Decrease 38.2 % = gy ]
~ R 3
£ 600+ ‘ g
& ile - : 3 40-
2 549 kW/m [~
§ Al =
3 400 Al e S
3 f —e—GVD1 F 20 —=—GV
i M W +— GVD3 & —*—GVDI1
20049 |\ ) /4 4 —v—GVD5 +—GVD3
; —+—GVD7 0- —¥—GVDS
——GVD7
0 T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

Fi g44(ea) HRR and (b) THR curves of. GV, GVD1

Tab4ddDaboof epoxy vi.trimers in CCT

FGR EHC/ Resi
TTI pHRR THR Tpurr F P
Samp (kwt (MJ/ at 3

(s (kWAI(MID ! (s)(As/ k' /') ( %)

GV 26 888 74. 115 0.02 7.7 17.1 28.

GvD1l 27 816 64. ! 130 0.03 6.3 15.¢ 29.°

GvD3 27 725 60. ¢ 130 0.03 5.6 11.1 30. "

GVDS5 26 549 53.¢110 0.04 5.0 13.¢ 31..

GVvD7 26 473 55.¢115 0.05 4.1 13.:2z 32.

a fire performance I ndex, FPIb=TTIli rHRR oWwT
FGR=pHRRE&IHrRr ti me to pHRR).

The residue at the testing time of 300 s of
31.4 wt% for GVDS, g ed e dtainrtg apdr tvii daly fi Ina mel
Further mor e, i nspection through dihgitt alh ep hboutror
residue of GVD epoxy vitrimeFisguwhBe mMhheh chems e
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component of the char residuediwadd eigdabhleer st
45 As for GV, the contents of C, o, and N el e

Il n contrast, besides C, O, and N el ements, th
contained P elements which werye. OFRo/r, Q@QV.DO1,, 1GV
GVD5, and GVD7, the presence of P el ement i n

compounds were produced to encourage the esta
Ssubsequently increase atnenghampyoeéd, ffameé hee
epoxy vitrimers [a0Othe condensed phase

Fi gdblzi git al photographs of (al) GV, (bl) GVD
after combustion; SEM micrographs of (a2) GV
GvD7 after combustion (f) EDS el ement al

Tab45&£l ement al composition and content o
Sampl e C( Wt %) O( Wt %) N( Wt %) P( Wt %)
GV 87. 4 10. 3 2. 3 0
GVvDl1 81. 3 13.5 4.5 0.7
GVD3 80. 2 14.1 4.6 1.1
GVD5 82. 8 13.1 2. 4 1.7
GVD7 83. 3 13.2 1.6 1.9
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4 3. 60l T ®@f gaseous products of GVD epoxy vitri

Red#ali me tracking of volatiles fromRtwbhepoxegctvi
the pyrolysis products extracted fRiogd6Gva)and
and. (Bhe main gaseous -fplrodmalises;od 8 GHS, weMm@ emror
(365% ,cmarbon, di2@¥i0deanfCOar omat i ¢ H)d d@@dluhned s (
pyrolysis products of GVD5 vitrimers were | i ke
Specifically, thKes ecatddhdgdé pd ecsapito® iuBi, n Fa tc olnPp3o4u,n d
1170, antd nd3@atmd the presence of DOPOO0OAahd it

These phecoosmpthaoirruisng compounds were anticipated

performance in the gas phase by effectively q
(2) o, e, | (D)

N-H H,0 P O-Ph|
! P=Q ' ) >

Y |269°C :
Mzss °c

Mo ___1285°C

L L,M
il -
L, U aa e e
LA .

1287 °C

M373°C

A ls00°C [

T T T T T T -
4000 3500 3000 2500 2000 1500 1000 4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm'l) Wavenumber (cm'l)

Figd6TeG R spectra of gaseous products for

Considering the results from di-féeraeredantanat:H
mechani sm of GVD epoxy SwihtedaiRkemelrns G\D seupromxayr i Vzie
DOPO displayed a positive role in both the gas

phase, the presence of phosphorus in GVD epo)>
formati on, enhanci ng itnhhei bmat etrhieal rbes| ¢adb9 @ |i ¢ fy |
Furthermore, GVD epoxy -tbDhtameresggéneeatadpha
HPOL, which can effectively quench active ra

combugstaio8iaf urt her terminating the combustion

combined effects in the condensed phase and t
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Additi ofCalNyJyoup hpgresent in the vitrimers, has:c
retardancy to some extentr.etlatr diasnti mpearhtaann ts nmso

which warrants more meticulwmousksi.nvestigations

| DOPO | /" Smoke
i : / particles s
. -mmm- -C=N- | ‘ ]b

Gas phase  _J

Condensed phase —

GVD epoxy
vitrimers

Sched@&chematic il lustrati.on of combust

4. 3.7 Mechanical properties of GVD epoxy vitri

Achieving a bal ance bet ween enhancing fl ame
mechani cal properties is of par amount i mport
investigated the mechanical per f or meamndc et eonfs itlhe
tests. Thefautvemndofst mrssge modul us (E6) obt ai
i Fi gdr e,a)and the correspondiabgbed dth@o wamiee pG¥ s
shifted to a higher temperature range with in
rigid DOPO which re$§tlodFoedinlse anltaigh-CHMDITA Qo tsy
much higher than that of the GV (~75.4 AC). T
of DOPO increasing, but only the E6 of GVD3 w

explained by the crossliwhicdg ddassictay caff aé pdx
pr es e nltaebdi-@&i nCompared to the GV sampl es, t he
vitrimers decreased as the DOPO content incre

deecased after the epoxy Hrotp DOPOGt eese@dtingg
of the amount of epoxy group for fpaLhbpnglO66PDPS
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This was the reason why the E®& of GVD1, GVvD3
GV. Compared with QGWDlr,bgtshked 626, obfutGVviDiBe cr os s
GvD3 was | ower. This result demonstrated that
by rigid DOPO exceeded the decrease of mecha
deng$iltOy ]

The results of the Fegd7 e@anidek4es Alrle pPhessam
exhibited typical tensile behavior of hard pl e
with DOPO concentration up to 5 wt% showed ver
content of 7 wt %, tcefrtcems51%3 sMRa nfgarh @\e ctroe aZ
Further mor e, the increasing DOPO content vyiel
epoxy vitrimersaniThal dpcopaséeg mashowing to t
in the[heB8WwWotkrestingly, the tensile modul us ¢
exhibited a tensile modulus of 2958N190 MPa,
The increased tensile modulus was readgdhrably

network such as aromatic rings and li0mgurity a

60

50 4

(a) 3.0x10° -\“\‘_ —f_GV L is (b)

1.5x10°
40

0.0 304

Stress (MPa)

20 e
—GVD1
10 - GVD3
——GVD5
——GVD7

Storage modulus (MPa)

-1.5x10° 4

-3.0x10° 4
T T T T 0 ] T T T
40 60 80 100 120 140 0 1 2 3 4 5 6

Temperature (°C) Strain (%)
Figdr7ea) DMA curveélagaifn&® taethp tsdataurne ,c u(rbv)e ss tor
during tensile tests for GV and GVD ¢
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Tab46aMec hani cal properties of GV and GVD epox

tensil e tests

DMA test result Tensile test

SamplStor T, ’ E& Ve Tensi Tens El ong:¢
modul . Tq+t 5 (0 modul stre at br

( MPa ( EmoI/B)c ( MPa ( MPa ( %)

GV 290°'75. 125. 3 0.9 268114 51N: 5.ND.
GvD1 253!76. 126. 2 0.6 27011 582 4 N®D.
GVD3 260:78. 128. 2 0.6 270920 5082 4 .N®D.
GVD5 132!80. 130. 1 0.327867 483 3.N®.
GVvD7 118!'80 130 1 0.3296889 482 2 .N®D.

astorage;, modslsts nk densities

4. 3.8 Reprocessing and recycling of GVD epoxy

We chose the GVD5 sample to characterize the
vitrimers due to their superior flame retard
behavior was investigated via a. hfost spghriogyans einn
48 (abhe GVDS5 powder could be successfully reti
140 AC, because of topology rearrangement I nd
hi gh t eniplelrOgt ur es

A transamination process occurs between the
containing[ &@i]hoe rgeg foaurpes, t o decompose GVD5 conm
was chosen. 0.1 mol/L EDA solution (solvent: |
2 h, asFepd®Be( bBi nce-itmheneamixrcdhange reaction
complete network could be recycled after t he

recycled GVD5 was obtained by hot pressing at

4 3
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(a) Reprocessing by hot press

C=N + C=N v ‘; - =N + rnn {1[\
P H DOPO 1 DOPO
Hot
C=N + (=N~ e =N + e C-N—
’ press H H
_______________________________________________________________________________________
Fea il

(b) Closed-loop chemical 1'ec_\’cllng N
EDA solution / F 0\(:11 @ - Hot press - J
50°C.2h ﬁ 80 OC 24h 140 °C. 10 min o i

I8N 5 e )

i+ Transamination between imines and amines ! |« Tmine metathesis .
R T E— ANl O M N Py T CeNp e LN e e (N e (EN Ty
u poro R " T oro P i DOPO H H H DOPO |
A B I A
o G A NH, £ AN N L e o 4 oo (=N 2 e CEN o o O
TGN T N S N + M A | i H i

Figd8(ea) hot press reprotespiopemnf c&VDbecyb)

The mechanical properties and structures of 1
reprocessabiliRkiygé@tha( a)e csahrodwa (bkjieti rtsati.rne scsur ves ar
spectra of GVD5 and reprocessed GVD5 sampl es,
Figuye(d8). The tensile strength remained at 1(
under goi ng rtemor ocoeusnsdisn g ft wo ti mes. The consi st
GVDS5 further kRenthemedalthatrdacture of GVD5 r

reprocessing.

The recycling efficiency, defined as the rat.i
cal cul ated to beFi9%34B% (%,) .aasiWis h(ogyaerc ulnat e t wo 1
accounting for this result: -C1-DPPoand PBPrO@®keann
repaired during decomposition, and (2) t he s
di spl Bygd9epnpc)yhe FTI R spectra of the chemicall
with t-pea&€=Mt-1,lh6wcOhcnwas consi stent with the o
asserted the good recyclability of GVD5 featu

4 4
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To assess the performance status of our wor
associated with the epoxy vitif[®@ér ©©dnt,@9ni dgd

as shéwgdbPe(d)n terms of LOI value, our wor k
fire safety. I n terms of mechanical propertie
the recycling efficiency of stress Fe&dohed hel
bi obased thermoset for versatile applications
GVD5 v
(a) ®) == —
404 < rcproccsscd GVDS
& 2
?, 304 g reprocessed GVD5
% § W
20+ = |Chemically recycled GVD5 i
——GVD5 N il
10 1 1* processed GVD5
——2" processed GVD5 :
——— Chemically recycled GVDS || C=N
0 T T T III' T T
0 1 2 3 4 4000 350() 300() 1500 1()00 500 1620 1560
Strain (%) Wavenumber (cm'l)
100 4 5000 15 r 120
LOI
(c) g - L 100 (d) (%) —— VNTMSi-EP/DDM
~ 804 4000+ R r2 o ) 10 HVPA/GDE
= = - o < < < A7P3-D230
< = = o q 2 « = 8 z — HVP-BDA
= 604 530004 & S 3 ke r9 = 2 —O—BEV-6
g Ej L g B I s leo & —#— GVDS this work
7 404 20001 = A Lo £ i
T |3 - “ 9 2l |
= 204 = 1000 4 l‘ & = f -3 'f L 20 E
0- 0- = s 0 Lo }20 % 10: 1 \
V i A chasi ensile strengt!
G‘JDS e N . 66\]05\"’2wc\c66\ Recycling efficiency of str(v:-;:) rome g
v O 1“6 0 \‘e‘“-‘cg\
Figd49ea) Straeass curves, (b)) FTIR spectra, (c
el ongation at break, and recycling efficiency
(d) Radar map probing opti mal LOIt,h et esntsrielses so

i mi ne bond d@Bdbxy 9vi,t r9i9merlsl1, 112]
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4 ummary

Il n summary, this work presentepeéerfborfmapoey Rip@ |
vitrimers exhibiting high flame retardancy an
retardant materi al DOPO withinthbeefkepmeyr eanar
even at a |l ow | oading of DOPO.w#GWDS,hifne athuer ien
achievwed aa i\hg@ 4i nt etshte, Wi t h a rel atively high 1
pHRR and THR of GVD5 &ec3r é@as ad slpye cx8.ve|l% ,armcd n
epoxy GV, owing to the high efficiency of DOP
good reprocessability and recyclability due t
GVD5 exhi brt eecéiamiilc al properties |ike those
demonstrate the mul ti feummocxty orneasliintsy, oefx pcaomdrien o i
performance applications.
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CHAPTER
Bi obapedkyVi tri Merc hankndalnceamepdSnar t

Functionaliti es

51 I ntroducti on

Prepregs are key intermedi GERP mgperciadaly icong
cont i @Gk onpy egnated with[1h2r mbbelyt oidereexcel |
uni formity and storage stability and serve as
integration and automaerédr manockbacompiosgtest. hiA
syst emshasepdo xgyr epmrgegbedimvehd opreferred matri:
composites due to their outstanding interfaci e
and excellent me ¢ Ld®mi.c alHlobnpeewrefro,r mammeceent i onal
predominantl|ly -demeéwal| & rment rnoolneum resources &
di mensional crosslinked networks upon curing,
These drawbddlkcanpgosdhadilgmiges for their broade

manufacturing and circular economy.

Currently, the fabrication of prepregs 1 S me
i mpregnat-meint ainmphegnati on. The solvent i mpreg
by adding organic solvents, ; thereby sf ampil lei tt at

requires relati vellyl 7l]Hbomv eevgeuri, p nseonltv ecnats trsesi due
composite performance and introduce henvimednme
i mpregnation method reduces viscosity by heat.
approach offers a cleaner, more efficient pro
favored I-s1c ailreduptod@adcti onntduwei ttho tihes pal ngnm

manufacturing.

Il n t he3 cflhaaprece ar ébaarmste dbiiomi ne vitri mer system w
bal ance between fl ame retardancy and recycl abi
and a narrow processing wpnepfwelysihdosdbmeagrte unif
i mpregnation method. Common strategies to ad
vi sclosBdA29] modi fying mol ecul ar strucfauRkés bR2&c
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Howevetrhese methods often i mprove processabil
Therefore, how to extend the processing win
performance remains a <critical sci entiiofni cofch

vitri mer materi al s.

Il n recent years, various material design str
and perfor mance of vitrimer Ssyst ems. For e
function@llRQ3dd dPpihZednreeé 1Q@5Jjand car bjolncéalanehbhaese
mechanical properties and i mpart smart functi c

onto the surface of nanoparticles may suppres
vitrimbeabi sg@gl tapabitly.t yCampmarreedc ywiltatbi hanof i |
bl ending offers greater flexibility and desi
dynamic network behavior. By Dblending flexib
architecture,siadarygs salnidnkiengaxcdd i on behavior can
bl ending polyurethane segments has been shown
in thermoplastic vitrimer systems, whil e the
s rengthbaseeppk kg7 pPmserthel ess, poor compatibi

may still i mpair recyclability and reprocessi

Based on t hestehicso ncshiadpetreart ipornosposes a si mpl e a

strategy toepractliseswamdrefieolrimaigohees eidt ri mer s . I ni ti
stoichiometric ratio betwkeendthbaeadd ph@aitne ey
agent VA was optimized to rendudce psyystesmi maa c tHi
resulting materials exhibited incomplete cur|
overcome this, mat aoned)GWiatsr idmnreevre | fooreedt byabt egd
aromatic epoxwvywyrdomnxmerh,entydi)s(mMmet hane triglycioc
curing with VA to constrUhbhet mnedehsehygt &EmMmusxhi b
a wide processdbgmwalnadmgy wift upe x oehlelaelnitn go raobciels

(7))

=]
® d® O =T

ape memory performhecerepadedeicptbrde di dbemp
t only retain shape memory fawmdcdn€gosntnrad d ttiyv e uf
covery usingdgrhami ¢ usdgl waemtvs.des new insight

vel opitbrag eidmiepeoxy vitrimers with extended pr
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properti eshealhiennrgnalamndldegradabi |l i tme,l tasprweplrie:

processing and multeifmufmenr ¢ ®th ad o m@ao Hiomhed.i ber

5.2 Synthesis of wvanilllin based hardner and e
5 2.1 Synt helsased fharachndrl i n

The preparation met hod4 2s 1t meds aviné | asrott hdbte irm
5. 2.2 Preparation of epoxy vitrimers

The GVvepomersgnt hesi zed via cdard¥Asaamdncatalc
varying the stoichiomett&go chyadano»ylofgrepwxs igmr o
3:1), the resulting pXoldu;t¢@Y wedprd dé8pegotiwed,I
the prepa+#lédtl)ommb@d?2 ) GBVGA, -dinmetlhyl i mi dazole (D
mi xed i n a béenikre,r ,t segn rpoewr dri nto mol ds and c

To further optimize the network struclt,urae an
series of GUtVriemeoxy wasi ny.emnhe sViAz e da nuds icrmg aG y s
condensation reaction. DepeomdTef8glon7tBe aod al
resulting product2s wWElrVearn-aabGT®¥idp act iGVIa&lnyd. tBocet
GTV series samples wer e praenpiatriked eu diinmg tt hma xseadr
for 5 min to obt aixnt uar eh o(mo4dg.enOe ogu)s, rfecslilnowreid b
g) and DMelm (0.18 g), with continued stirring
was poured into aluminum molds of predéteer mi n

detailed formulTab3len i s provided in

Tab3ldor mul ati ons of the vitri mer GV

Sampl Gte (Tmte VA (Catal yEpoxOH Gel tim

GV1(1 14.0 - 12. 0.18 1/ 1 4
GV1( 2 14.0 - 8.0 0.18 2/ 1 5
G V1 14.0 - 4.0 0.18 3/ 1 60
GT?\ 12.6 1.40 4.0 0.18 - 51
GT\ 9.80 4.20 4.0 0.18 - 4 8
GTM 7.00 7.00 4.0 0.18 - 4 5
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5. 2.3 Fabri edetFi on of GTV

GTM was selected as the matri xr eiesfimr d od d dimap
(GEMCF). The designed composition of the compo
wt % resin. Gte (7 g) and Tmter¢d ag) &er ACmiwp
Subsequentl vy, VA (4 g) and catal yst (0.18 g)
thoroughly at 80 AC. The prepared resin was tF
| auyp t o produce preefprepgespr ey ewerlaayeut, stac!
polytetrafluoroethyl engr d PSTFEYTr ibragy, atf 014 ® whkd
10 MPa for 1 h.

53 Characteristics of epoxy vitirmer

5. 3Syint hesi s, thermal and mechanical propertie
As shdamb3lent he gell(tl)medbs(®fGCGW&r e 4 min and 5 |
whild @6¥Yhibited a significantly prolonged gel
t he &poxdy oxyl mol ar -lr,atwhoeroef t3hiel riedu@W¥Wdt bydr
decreased system reactivity, resulting in ext
suitable for melstiengfproedsseipogyofcompbertes.

many unreacted enpeotxwo rdgr oruepssulitredt hen i nsuf fi ci
significant reduction in mechanical propertie
without substantially affecting the gelati on

foranmtuilon i n this study.

The synthetic roufSeheébade THA-WadHasd sapavnay iwni tri m
i ncorporating dynamic imine bonds, was synthe
the-bhsed curing agent VA. The dynamic natu
rearrangement vi ahoiwnSobneS@et whhebi smpasts t he

vitrimer withlkaeéxogl |l shtapeeimemory, degradabili
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Lo on
A SR SN 0 ) \
O o ) N )-om . o\ M9 e
W/\O/\ A~ 0/\\_" L\ /\L /I’\\J’ N4 ‘_\ "~ \/W‘O’\'(];’f\(}/\?—" \\://_' ‘\)=> ;
o C o ) . oH j HO \_/ R —
J \ /
A~ i ;4 0
A ] 'Rt HO . ~ \_/ on
Y SN TCHy ')
p N 4
0. éi, , )
Gte ] * Catalyst o
Lo M,,_J\';)
Tmte 1

Epoxy vitrimer (GTV)

Schebi®ossi bl e mechanism of curing reacti

GV-1 Network GTYV Network containing Soft and Rigid Segments

g Epoxy Gte m====Epoxy Tmite Network Rearrangement
B =N A-— Copolymerization via Imine Metathesis

Scheb&dlet wor k rearrangement of epoxy vitri

The functional groups of epoxyFivgb6titemerTshewer
VA sample exhibits a characteristic peak at 1
(i mi neg 8blondlj2Bdi cating the presence of imine g
the reaction -pro@f¥&¥sE&TeVsand h@awyl es retain thi

cm 1T, confirming the successful i ncorporation

The curing Hdelhadi &TVofwaGVinvestigated via DS
us to optimize the curing treatment -ter amhcev
systems. Both systems exhibitebtoae exathemomi
hydroxyl andFiepbklg) gTlhhepexdt herImi @c puerask dtor 1 A
whil e4 Gofevaks at 170 AC with a broadeempeonéai lee
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ri-agening of Tmte, because it i's an aromati c

which partially overlaps with the main exothe

DMA was used to analyze the t herFmogmeiccéhcani c al
il lustrates titarwvansi atnidonstiom agan modul us with
derived from these mealabiRkndiggwasari edesdmmareidz
peak oficuheet awas foundlto3bel I B8C568ICLGAEC G¥r
3, and 91.-4. ACs ftore GolrVvoporti on of aromatic epc
t hgofT the samples also rises, owing to the ent

Using Florybés i deal rubber elasticity theor)
storage modul us 4+n 50hAClubTdrey catl @tuéTatbB-ce val u
2, the crossl i-Ink @ew8TViaed BaNeGY77 mol/mj, 16
mol / mj, and 788 molth/emjs,t orreasgpee cntoidvuelluys. aMh en AC
GT¥® and3,GTVWndicating that the intrinsic rigi
enhancing the stamppgeopmbdueéusr asslannk densi t
significantly highf#rexhioBist ecnkadkeowet yst &Gm¥ge
MPa) compaBe@dl18868GMFPa). A possible explanatio

have indpkkasemseparati on, thereby negatively |

Ther mal stability of the cured materials wa
(TGA) gbtedhpdabid2es how that all materials remain
200 AC, allowing for safe relaxation tests to
al |l samples reveal t wo degradation peaks: t he

degradation, while the second, around 400 AC,
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1

—_ B

S 2

-~ =

g [GV-1 | &

E W-MW 2

E |GTV-2 ! g

5 Ww E

£ |GTV-3 ! =

' g

I
GTV-4 | =
1620 “ VW
T T T T T M T 1 T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 60 90 120 150 180
Wavenumber (cm™') Temperature (°C)
2000 100
- —a—GV-1
() (d) 3
-4 751
= 1000 - -
.“_.:: 000 “ G
z . s
E o) E\_ -2z
= 0 g = 251 )
=] =0 W
= r2E s =
& 18,5301 Z 0 z
& =
g 91.1 e
w -1000 4 N 254 —_
jRaem———— 0 -50 4 i
-IUUU M T M T a T T T T T T T
0 30 60 920 120 150 100 200 300 400 500 600
Temperature (°C) Temperature (°C)

Figbli(ea)l FRTspectra, (b)) DSC curves, (c) Storac
(d) Thermogravimetric -tur @€V @In/dandAdT GTcMur ves

Tab32dbMA and TGA par almeatnedr sGTof vtihter iGher s

Sampl Tg-DMA E®at 0 vP( moPB)/ Tmax@AC Tmax@ AC

( AC) ( MPa)
G Vi 18.5 973 177 287. €& 397.¢€
GT\ 30. 1 1810 160 287. & 400. €
GT\ 55. 1 1858 185 290.¢ 401. €
GTM 91. 1 1446 788 305.2 399. €

astorage, moodvlsbs nk densities
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The mechanicall,pfidMdnti aeandofGTEVwere evaluate
tesrtisggbfe €a) ,53ablTdhe tensile strengl hwama mMewuael
0.8 MPa and 1 MPa, respectivel vy, due to i ncon
Youngd6s modulus of GTV increased with the stoc
valafes73.4 MPa and410&w6i MRaafer 9TdYnd 1069 ti
GV1, respectively. HoweMderl,7 he wasacti gme f $ craait

of -GV(60 %), as the introductiramngiadfi tbye mznedn e rroi
density, thereby restricting polymer chain ex
GM1LI (1) is an epoxy vitrimer with an adjusted
adjusted to 1: 1. It exhibited a tensile stren

modul us of 2713 MPa( 1)e&o ndpebrwbeads ttaoa 4&@V. 3% i ncr e as
strength and a 250 % iFmpgréeveebmanpta riers ftrhac ttwernes i
and Youngbés modulus of wvarious epoxy vVvitrimer

performanke of GTV

8O P 50
V-
(a) GTV-2 (b‘) 'i,% This Work
GTV-3 HMF-GAN-EP/DIFFA @
60 ik 60 - ¥ CHDASD_SN5
GV-1 (1) SSM
& 0 E B P-AE-MV,
= 4 =
7 40+ Ve = a0
] 3 , 4 I
= / = EDCS-HP3
- S, - . WPUAD-4
20 4 0.3 // 204 HST3 A * EPOXY/BN-40
0.
L '3" w L b EDCS/FDCA
e — — . . r | . .
0 20 40 60 80 100 0 1000 2000 3000 4000 S000
Strain (%) Young's modulus (MPa)

Figb2(ea) Strass cdr vES¥li2 &GM3TV and, GTVW)
Comparison of tensile st r-4[s38,drBd]9%oungds r
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Tab33oungds modul us, tensdfl et ¢ a@MBsGTHYndi fr iam

tensil e test

Sampl e Youngds Mc Tensil e Fracture

( MPa) ( MPa) ( %)
G V1 1NOo. 2 0. 8NO. : 60N38
GT\ 2N0. 5 1. 7NO0. ¢ 95N43
GT\3 36 N4 17. 7N1. 51N28
GT M 1069N110 73. 4N3. 7N1
GVl (1) 2713N94 51. 2N4 2NO0. 2

Fi g68mresents the fracture surface morphol og)
testing, analyzed using -ISEMg b ¢)@) af prpaecatrusr er eslua
smooth with mini mal pl astic denfechm@tiBafl,hiisndi
observation aligns with its | ow Youngbés modul
epoxy groups I|likely contributes to the weak ¢
transfer and premature btas!| u-DEGJ BB e haen dl NG TeV C
3F(gBBgc,) the fracture surfaces become progre

|l ayered morphol ogies. These features suggest ¢
facilitatedcbgssihicmkiasmg density and-4&ygamiec i
53(),) with the highest Tmte content, di spl ays
mi crocracking, c hfaaialpdm@d |Tshtei ct roafnsbt i onl e r om

progressively more fractured surface correl a:
density, highlighti ad nthee rcartiitoi danl truolien go ft hteh

and fracturkebepaxyovi ofi mer system.
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"Qﬁ 1000kV_ 0.40nA  OptiPlan ETD 65 x 1.95mm 7.9 mm IMDEA Materials q 10.00kV  0.40nA  OptiPlan ETD 65 x 1.95 mm

DY 1000kv  040nA  OptiPlan ETD 65 x 1.95mm  9.5mm

Fi gB683EM i mages of the -BEpoklyd,ve(Tdadi nET.: GT&) C

Stress relaxation is a fundament al property
advanced functi-bpali hgeanduphdgpammhbirli meys w
bonds, stress is alleviated through topologic
at elevatedldaemp@®hbl untebuence of temperature
of @&GTWas analyzed through stress relaxation t

transition i ng+ hed rlu)b e rsyi nscteattene( Tr ear r angemen
mobility state of the polymeric chains. As 't h
as evidenced by the shift of the rFalgabdagtai)on c
The rel axB®tdiedrn nteidmeas( whechi mbe normalized moc

the initiad= nmodeul,uswa(s@I3&G ¥héch atogleéssively ¢
273. 7, 189.5, and 197.6 s at 120, 130, 140, a
enhanced activation of i mine exchange reacti

rearrangemehtramdha ) dstdiog s

56



CHAPTER OBAEPOXW TRI MERCHANI EXKHANCEMENT AND SMART FUNCTI ONAL |

The activapi dmrermdrrgeys s(4E avlasx ateiteemr mome@T Vi si nq

equatabouladq.&a?8 | bpear correlati-énwiwas pbeetrivedg
against 1/ HFi ga4e,)s hcoounf iirnmi ng that i1ts relaxatdi
The Ecalculated from the sl ope of this |linear
reported rMakdagekdf ma@O.B6r vitrmbiomEisgd2wi th dynami
—110°C
() 191 (b) 551 e
0.8 5.70 7
go.s- -%555 /’/
5.40 ,"/
0.4 | //
W
5.251
0.2 T T T T T T T T T
107 10° 10! 10? 10° 235 240 245 250 255 260 265
Time (s) 1000/T (K1)
Figb4#ea) Variation of relaxation moduf#es (dyer
Dependence of relaxatiod time on temp:
5 3.2 New funct4:.onladéifftiinegs, osfh a3TeV memory and r
The @T\Wwpoxy vitrimer demonstrdt edprmentptte mg s tfn
investigat-heal imgo sheapeeméemory, degradation,
healing effi criiggnbedye wisersd oavida awkesr ei v iGTiMbl y reco
convective healing process. Similarly, profil
flat sumrdaacwe mpy.st
200 150 °C izz 1% :::
) 10 min 150"5 -
FigobRe-héaling photographs and map contour ¢
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GTM demonstrated outstanding shalpieg ®feand®r y p e
rectangul ar specimen was deformpdundéenpn an' &kt
force and subsequently cooled to room temper a
shape remained intact. When reheated to 110 A

f orm, cogbfaisrendi sghalpe memory behavior.

Additionaléewyhi lGSiWagpet memloey characteristics

150 AC, the rectangular sample was reshaped i
before cooling to room t empeehreaattuirneg tfo xlIiinlg AGQ
transitioned into an "I shape, which was the
temperature increased back to 110 AC, the " 1°

heating toglh@l ACecthegotiar shape was fully r

The shape memord4y iesf fprcit malmii IvGeTiVe ntlmo piyt s per |

mol ecul ar chains adopt a conformation with ma

stability. When heated ahoane eitghdere rttrilaen stidp wlno
transition)ftempleeatiae Mmobility increases, all/l
chain conformation to a | ower entropy state.

in this tempor ar V) ns laafppdereeldgmsowi rroerhmneeantti,n gt he mol
mobility, restoring their highest entropy contf
This mechani smsgaper membhg #Hehpahedgan @fdT BOYV T

Route 1
Programming at 110 °C

Cool to R.T.

Recovery

At110°C

30s S0s 60s
Route 2 =
Programming at 150 °C : A ) Programming at 110 °C
Recovery Coolto R.T. Cool to R.T. l
at150 °C
Reco‘ ery
w

40 s

Fi g66*hape memory phéatographs of GTV
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The chemical ddgwadativah uat e@TVYsi ng EDA solwu
soaking and stirriMngoarpl|td eAg fddrs sd | hi,endeW e t
exchange reactions between the pnsetiwortkfda, g arliwm
14 8]i gb67 ea.)

Recycling tests dlemoentsatirnaetde di ttdhiaty &m¥lbl) e amrdo p
Tab34 after chemical degradati on. Foll owing t
MP a, with a fracture strain of 4 %. The tensi
fracture strain efficiency watsen5s7.l1le 9%.t rAefntgetrh
MPa, with the same fracture strain, showing ef
results hidhhampht tmanhetHBerdoxgnablei @EW¥ t o a
selhdal ing, shape memory, chemical degradation,

(

60

a)
N

Stress (MPa)
-
S

20

Original
First recycling
Second recycling

T T T
0 2 4 6 8
Strain (%)

Figbf7ea) Photog#dagbgratiaGifren in EDA solutions,

and second recycli-Ag tensile curves

Tab34d ensi | e fatarcdtsugadgam dof -4 eiciyctl e mgi IG& Vt e st

Sampl e Tensil e Str Fracture St

Original 73.4N3. 2 7
First redyc 71NO0. 6 4
Second reedyc 67. 6N0. 5 4
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5. 3.3 Preparation 4GB properties of GTV

CFRP are typically composed of CF embedded w
mechani cal pr oferstyisda Amow aGThWee IGTevt ed as t he ma
fabricati-énredhe ®Bda3y¥ preheated ap BO ACepaoél ¢
4 prepregs. Three | ayers of pHAEPregmpwereesta

CF weight fraction maintained at 65 %.

The BTN e x hgbhaistesd Tshape memory hieh&&éd,oaya As

rectangul ar sample was bent to various angl es

to room temperature, effectively |l ocking the ¢
recovered its original mead tirdrdgaf@doae godpfe . t Fd e
GTMCF in different angle molds exceeded 85 %,

perfor mance.

To assess wh&eQFedevenleop@GTVsurface defects dur

recovery, we compared its tensile streagth af
CF. As dshogwBéhbmbab%% the tensil e -4CtFr eanfgtelr oofn
recovery remained 98. 4% of the original, whil e
were 94. 3% and 68. 4 %, respectivel y. These con

def ormatctieses within Ttviw@©F tea xnleishi ttshemiGi mal sur f

bending region, which have negligible impact

500
Original

a ——mi"
(‘ ) " - ( ) One time SM 416.5 MPa
. ‘ 400 Two time SM 410 MPa

92 —— Three time SM

92 1

91

W

=

<
1

284.7 MPa

Sf (%)
=
=
1
Stress (MPa)

[

=

=
1

88 4
100

86 VMA 0

0 2 4 6 8 10 12 14 16

90° 135° 180°
Mold angle Strain (%)
Fi gb8(ea) Shape fixCFy (a)i densi-4C&THMuur vietss oofr i G
state, after one, two, and three sha
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Tab35densil e stres®farr @AV raancd-QE TeAofsttea,ra it v o , and

shape memory cycl es

Sampl e Tensil e Str Fracture St
GTM-CF 4 1\8 0 1 81

One ti me ¢ 4 18 1 [
Two i me SM 39 0 il
T h rteieme SM 2 8\b S\l

Finally, we investiga#€d. the metge d dadr loinero,f §
react with amine. Thus, we i miEeF sied anrEDAang
(solvent: DMF) and degraded té@eyomhtngxt hée 80D0s¢
I nitial 4€F wlhae GUVIYy submerged in the EDA sol\
The Schiff base underwent aminolysis with EDA
net wor k. Af tferba2s ehs, itnhet hSec hmaft ri x weé&r gt8empl et
il lustrates the entire degradation process. T

yell owi sh, | eaving behind clean CFs and achi e

Before After

Fi gb69Rhot ographdCBfpohem&TVbef ore and after

sol usi on

The surface morphol ogy of CFs before and af
depi cRieglb-tien Compared t ditghed @\ian gihre CHRst gawlred C
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5100 cexhibited a smooth surface, free of resi
enl arged SEM i mages of a sirmglgebl € P b yjanrdo fai fl taem
recycHiugn®1 () revealed no discernible d#4fferen

matrix resin underwent complete degradation d

500« 847 ym 62 mm

Fig6t&EM of (a) virgin CFs, (b) virgin CF mo

recycled CF. monofil ament

The Raman spectrum of recovered fibers exhibi
suggesting that the surface of tHHFe g@GR®E(@as mi
To further assess any changes in the mechani cze
postecycling, a detail ed anFailgyGstiks, bwtalse preu f tou rme
and rupture strain of the recycled CF monofil

fibers, wiéeéhsthengehsretaining 97% of its ori
recycled CFs maintain similar surface mor phol
to the virgin fibers, making themstswdy ade rmor Ot
an effedéswveumntoinve recycling poopess sdamradn & otr a

CFRP applications.
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8

(a) Virgin CF (b)

Virgin CF
Recycled CF

Recycled CF /‘

=)
1

Intensity
Stress (GPa)
=

~
1

T T T T
500 1000 1500 2000 2500 0.0 0.5 1.0 1.5 2.0

ai 0,
Raman shift (cm™1) Strain (%)

Figbi¥a) Raman spectra of vir-gtnaandofeeyctyge

recycled CF.monofil aments
5. ummary

This study depeefopeadbacaedhbigpoxy vitd,i mehr sygh
systematic screening of gel time and processir
of narrow processing windows iamar meydhtaeenst afl o rl
prepreg applications. By optimizing the netwo
t rthsy(dr oxyphenyl ) met hane t rbiagleydeciiodmitla @enti hnegr c(uT
agent , -4t hrees@GTV athmeved appgenmaxi Bt AlCy, 45 omii di
processing wbhaded poepmedtfabri&atriessn.n Tehxehi b
excellent overaflgofp®ni dar A&€pnceenwitk atrength ¢
of 1069 MPa, and el ongation at brheeaad inmfg Abpé
shape memory behavior, and recycl abi ¢iinfyor Bad
comypiot es containing 65 weight ddr cpeanretprfeigb err ove
The composites demonstrated outstanding mechai
MP a , mai ntained excell ent Sshape mehesyr ianicv e
fiber recovery usink pmownedses| aenefkfedhi e woe:
applicati on pboatseendt i eagd o xoyf viinmirnnemer s i n t-he dev

performance caoamposite materials
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CHAPTER
Bi obasedRefFadmadant Epoxy Vi tFi ame :
Ret ardadeghani cal Strength

6. 1 I ntroducti on

CFRPs are widely wused in aerospace, def ense,
excell ent specific strength, [didé6kli ona-heseé¢ alb
performance applications, i ncreasing demands
recycl abil ity ofl47o,mplo#s8i}thei snacdcentieadts, t he deve
based prepreg systems that s i mtblatsaerde oaursil gyi ne X
recyclability has emerged as a promising strat
and ciogcomar ec

Commercial thermoset prepregs are typically
compl ex molds without the need for handling 1|
efficiency and ensyrlidmg. pli3vEumat rciomsi esiemcyn
undergoes thstagset agesadmgehdda,r tB al sy agreo g $ luil n
cur ptib1]Thset aBje i s particularly <critical for [
reaction directly determines the [vlbs2pxddssi de
reactivity during this stage can cause prema
insufficient curing may | ead to r dgsli5m,.f [1ow,]
Therefore, precise controdt agveeri st henec uafi ntgh & i

chall enges in prepreg resin design.

Al t hough numerous prepreg products are avai
predominantly based on conventional t her mos
reproce[ssaAd, | Fu§]jt her mor e, their devel opment h
from recent advances i nmsmeatrdr ipaollsy meai ennectew o r ek
characterized by dynamic covahext yemdespatedgodne
by enabling thermal repr-healpit@d Howeyerrempsth al
vitrimer systems have been optamezed!| dong bahnc

unsui table for conti haA®LupSpececipfriega Iplry,duics 3 wens

6 4
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control, processing window, t her mal stabilit>
addressed. As such, there is a clear need to
reactivity, excellent fl ame resi $ance,al amd e 1
applications.

To address these <challenges, t his chapter |

phospbtonuai nibag edimibi@ed curing agent ( FROH) ,

glycerol t ritgel ytcoi dfydr neutlhaetre (aG vi tri mer resin
cat dlryeset condi ti ons. Thi s-psypseesemi mdg f adaptexitiel
aut oma-medt hotmpregnati on process is employed t

whcih are subsequentl|l Y agyens clliadetad G+ &OCBRP) mul t i
compositesprtéedgiumgd. hhie resul ting materials art
mechanical performance, fl ame retardancy, and

for application i n t he -pseursftoarimaanbcl ee croamnmpud saictt eusr.

6. 2 Construsema wino md t-nkedi eh oitmpr egnati on equi pment

To evaluate the sui tbadbsied tep ooxfy tvhiet rd enveerll torpeesdi

prepreg processing, a continuous prepreg fabr
study. This setup aims to athoepvefefktiafenti a
mol ten resin under controlled temperature and
with stable quality and controll able propert.i

The entire prepregging syst e lgadinesnils g6ref f o

22 (a) fiber unwinding unit, (b)) resin heating
(d) winding unit. I nitially, continuous reinf
i nto the syst ecnonthrroolulged eaw intoeennsdGaimgde r ol | er s a
fiber alignment and apply appropriate tension

the subsequgntstprgeeceslshe fi bers then enter t h

equi pped wit-bomt ntnelmped ahe@ati ng chamber. Her e,
preset temperature range where its Miiddasittiyn
without excessive fl ow. The temperature i s op

the resin system to achieve effective fiber w
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After resin i mpregnation, the fiber bundle p
l' ightly compressed by a pair of heated roll e
among the fibers and precvesied yi xondg odischt haes r
accumul ation, which could hinder subsequent p
of the final composites. I f necessary, the im
and are thetnho cobdlllestad it he winding unit und
di mensional stability and structural i1 ntegrit

Throughout the prepreg fabricatnohugpirmngesss:i
temperature, impregnation 8dpaerdbermbhetogag, al
in real time to meet the prowleatsi ornesq.ui Theimse ngr
setup not only serves as a practical pl-atform
based vitrimer resin system developed in this
future studi esproeg campli inwatuisonmnpsr i nvol vi ng ot

systems.

Release paper

c. Roller compaction unit
_ @ _
@ @
a. Fiber
unwinding unit d. Winding unit

b. Resin heating and
impregnation unit

Fi g61&®i mplified schematic of the prepreq
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Fi g62Rhot ogr apfassfembhe ds@lrfepreg devi ce

6. 3 Preparation of curing agent and epoxy prep

6. 3.1 Preparation of FRA

FRA was synthesized by a quintessenti al conde
oxych[ & 6Riflrest, Vanillin (45.6 g, 0.3 mol) and
and dissolved in 200 mL et hyl acetate in a 50

stirrer. Then, 15.3 g (0.1 mol) of throsphlrekuasat
After maintaining the reaction at 0 AC for 30
was complete, the mixture was poured into abo
continued to stoiwn ftoor r3000 mmitne nipoe rcaotoulr ed. Af t er
suction filtration, a white solid was <coll ect
with ethanal and then dried at 70 AC for 24 h

6. 3.2 Preparation of FROH

5 g of FRA was fully-ddimesdhlyvéadr mamRade mbi DMF) N,
ami nophenol was dissolved in 20 mL of et hano
magnetic stirring at 50 AC for 2 tdedfteesmi

67



CHAPT&ER OBASED -REAMEDANTE VHPFFGRAWER: PROCE SFSIABMHE. IREYTARDANCY ANEC
MECHANI CAL STRENGTH

in a milky white emul sion. The mmxtawnrde twas reen

precipitate was dried in an oven at 80 AC to

6. 3.3 Preparation of epoxy prepreg

Il n this sVWAIdsyysttehne dGtsecri bed in Chapter 3 was
types-baksebdi epoxy vitrimer -VAr eprepd s gwmiEehemdaep a
and-FQRCGH prepregaffdlaame . Uniediwietcht iao nsaulr O Gaacreb odn
g/ m] was used as the reinforcement in both <ca

Due to the shorVYA gseylstteinme( aopfp rtohxei matteel vy 5 mi |
the melt i mpregnati onbanededhomdet Tderwdoremplaoyed
and VA were mixed at a massoxgmgbydrokyl: hoB a¢ cc
1:1) and reacted at 140 AC for 4 min. The mi X
and dissolved in tetr gy dre@ininr a8 WA @ HEpR2 actm a r
car bohabwabse risrenderin the resin solution, and dri
yi el di ngA tphree pGteeg .

Il n compar i-RP@H syhset eGh eexhi bited a | onger gel
processi-agt omastedci prepreg fabrication system v
mi xed at a mass ratio otfavddrioXglormespondi ng: L
to obtain a homogeneous and transparent resin.
the molten resin bath, and excess resin was r
resin tank, f ol Ipowad RIOWH Gpigre garse gslirogns-38. e

Fi g68f fabricated rolé¢i mffocoead i puoeprsed i Wietr h

6 8
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6. 3.4 Prepar aftiibosri mff orcaed onomposites

Si xteen | ¥pensn dROHESpe epregs wepeesdsadcked fhahb
carbomefiinhber ced composites with anVA plpa noixn antaets
were cured at 140 -AROHorami mat eZhlveA@ hicarGez
resulting composites exhibited wuniform thick

subsequently used for evalwuations of mechanic
6. 4 @Rldrmat FROHofandpert i-rekRBROHT Gt e
6. 4. 1 Char &®RtAe rminda tFiIR®OM

A phospbot astiasgegdbiicnt er medi ate monomer , FRA,
straightforward condensation reaction between
FROH were further panmipaopeliemeapea.nt roducing 4

HC,

onj(
.
a_f :@ Ethyl acetate
Ma
0 HO 0 //P\ P
POCl, Vanillin FRA
()\
CH,
HLC, —o0

OHyC
II()ON!IZ ||()~©>.\' 0
4-aminophenol /\ © /0
> 0 0
Ethyl acetate FROH @—/

CH,

Scheed®ossi bl e mechanism for FRA and [
To confirm the chemical structure of FRA, T H
As shdowmg i@, the signal at 9.9 ppmCHOrgrcpmwm.nd

The multiplet si @§mad sppm itsheatrtarnigheu todd 7t.04 ar o1
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while the peak at 3.8 ppmCHonredmondse ti¢g Ct NMR
FRAiI(g64(), eight distinct carbon signals are
with the proposed chemical structure. The str.
carbon (C1), and the peaks at 151r e, atltdrdi.Blyt e
the acampBCibe CB, C2A, and C7, respectively). T
to the met hoxy ncarhkeon T(PCANMRI gup@E)t 5 amsommgFRBRADp
appears at 18. 7 ppm, i ndicating that the conc
been compl etled63ucke@es]lsful |y

| b Resl
(a) S (b) {Hy (c)

c1
H1
’ C3cy

coel,
c2

C5Cé |

1l

12 11 1 8 & 7 & 5 4 3 2 220 200 180 160 140 120 100 80 60 10 0 40 20 30
& (ppm)

cs

c7

\

cDCl, _
1

8 (ppm) 8 (ppm)

Fi g64(ea)H NWMB) C HBHNEBG) P 8IpM&ctra of FRA

As shoFfung@®be In the FTIR spectrum of FRA, t he
1704 cm 1T is attributed to the stretching vib
aldehyde structure of vanillin is phesagnwead ad
approxi mately 1284 cm 1 corresponds to the F
1026 cm T i s 1&s shoocnidateidb rwaittihon® . These <char a
successful condensation readtiomg beat wehen frwoa mi:
i nter medik@an eFF®WA,, a new absorption peak appeal
stretching vibration of the imine bond (C=N).
in FRA has reacted amihophenaimi ho I§gm otmpea oBSTTIAR
spectrum of the cH#ROH, epbey dvistapipmar aGte of t
peaks at 847 c¢cm T and 910 cm 1T demonstrates t
he curing process. A broeotatdr ibkhiHtdsdtte® 8@ 5 n g mv i k

—+

onfirmingpenhiengrirneggact i on of epoxy groups a

-+ 0O

unctionalities. Additionall vy, the retention
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incorporation of dynamic covalent bonds into
(1284 cmoOi ) 1&dRd €m T1) vi brations further v al

phospbtonuai nirreg,arfdlaanhe epoxy vitri mer system.

FRA

FROH

Gte
"\\‘ﬁ v

Gte-FROH

Transmittance (%)

| Cc=N! ' |
 OH T P=0
P ‘

|
| e
'

R
P-O
T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500

‘Wavenumber (cm'l)

Figeskehe FTIR spectra 4fROHRA, FROH and

The curing bemROH ogy tfemh hwa sGtienv e s tHiggaGtreed by

6(a) The curing reaction proceeds over a broad

centered around 205 AC, indicating that t he
temperature. The onset of the e@oAGermocrss gon
to the initial stage of the curing reaction.

of the FROH straftcitwirtey rwidtulct et hé sep@x@ay groups
reaction rate and higher activation energy. C
temperatures. Based on these results, 180 AC

To determine t heiqpiB(esplo wsu rtihreg gteiFR®OH acu 1 @ dh
at 180 AC for 30, 6 0,, al, c ull2a0t, d dlebbOy e eagnfdb alc8tOi
approximately 90 wt % at 150 min and further i
completé&i gwbeopy. apdegant optical i mages of sa
di fferenti11d8uOr antiingn s b(edloir mmansi ahtiemn RKIF. Samp
than 150 min exkrhbhickedgswal IDIMFg daared t o resi du.
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within theahetwatrd&dnbygoegré@st, the sample cur
excellent resistance to DMF, confirming the f
curing at 180 AC for 180 min was established
anadharacteriz-eROBNnvDtritmer Gsgst em.

(a) —— Gte-FROH (b) 1001

| |
80 - —

Heat flow (Exo up)
Gel fraction (wt%)

0 T T T

50 100 150 200 250 (1} 30 60 90 120 150 180

Temperature (°C) Time (min)

Fi g66(ea) DSC c-BERQHE ohd &toermemr mal conditions; |
Gt-RROH cured at 180 AX8G omilmidigegeadefntc uri ente ss a ndp
O DOWMF i mmerlmmagas ¢ftl) cured samples after 24
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Fig6T7mresents itbeperatasiet fwrROHI Iseg sdfem Mar Gtng
The resin exhib-i hduaed yypisabsirtemcbeéelbavi or che
systems. As the temperature increases §$rgmi 880
Within the proces860nAC,windewvio$c®dDity remain

appr oxi matoedl ymPlal.0s , demonstrating excellent f
exceeOdAE, 1@ sharp mnibserivedyi s nadsictay iing the ons
crosslinking reaction. According to |literatur
processing typically ne@®d rmPal svidwroisng yt Ire nig
tosene adequate fiber wetting Whe6bPFh#HROHmMI zi n
system maintains an ideal v i BBAcCq s ietxyh i wii td cvg e
processabiblaisteyd fpare pmelgt fabricati on.

10°y —=— Gte-FROH

1074

Viscosity (mPa-s)
s
L

T T T
50 100 150 200

Temperature (°C)

Fi g67\W scidsimpyr at ur eF RQH vree soifn Gituer i ng heat

Il n addition, the gel time of -FR@Hsyydsteanmae x HiC
a gel time of 590 min at 100 AC, indicating a
window at this temperatuoes fTbhbrscoharaaobasi me
processes used in prepreg -MROHMfraedium i mgt o ml B
rheol ogi cal refasedmenmtepr egr pmekessing but a |

wi ndow, maki ngatirti xa rpersoirm sfionrg cnronti nuous fi ber
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6. 4T Rer mame amani c al pr-eR@Ht i es of Gte

The thermomechani c-dA P RG@iHd s st @ems t wer &t ev al
as shdowmgBBe Thecurames cl eardFROBhewhti higgtod Gael o
60.3 AC, comparedAt oAdddi tdi ArCalfloyr, GF&OHI aing i n (
significantly I[-VWAveri ndiamattihnagg gorfe aGteer segment
flexibility is primarily atrtROIHh utwdd ctho ntolhe omod
‘i"conjugation betweenbamosmabutc alimg $ii mdcchrge i a t
introduce internal rotati onlad ®&.g ]rlene dcoonm, tVrAansctr,e at:
system rel’i'dsntealaclty omis bet ween aromati c r i ng¢

<

more rigid network.

Moreover, the storage -mMBOH|I mai cuaves aekheghe
Gt-A i n the rubbeyy iredi oat i(ragpovepelri or me c h a
temperatur es. gDetshpeiRt@d eistys t leonwele mbnstrates enh
of the cured network. According to the cl assi
Gt-RROH anWA Gfte 30 AC were calculated to be 91
respedmabvigl y5Thi s dsilgihrerk acemsity confirms the
perfor ma#HrKROHofi nGttdhe rubbery state and reflect

crosslinked net wor k.
3000 4
i —Gte-VA — Gte-FROH
2000
_ L3
=
-
& 1000 -
g -
E‘ )v 80 1o 124 _2 f/%
) 04
g sl
F]
o
£ -1000 1 .
a -—
2000
‘\"‘—“—~.—-—-....__.....-0
3000 . . . . . .
40 60 80 100 120 140
Temperature (°C)

Fi g68E2MA c urGteéda mdt-eR O.H
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TabgldMAantdnsi | e pdort-¥Aen@Gd-feKk O.H

Sampl e Gt-¢¥A Gt-EROH 2mm &GtREOKF
TE(AC) 75. 4 60. 3 /
Ve ( mof)/ m 302.2 919.0 /
Tensil e( MRa) 49NTO 31N20 /
El ongation ¢ 4. 1N0. 17.6KC¢C /
Maxi mun Lose / / 546200
afc( MP a) / / 102M6.00

aglass transi tcroms stleimplchdamusriatl y strengt h

The ther mal -SRGQHbhidAVA yQitad &v &l uated by ther mo
( TGA) under a nitrogenFi gwhexndadb-&, Tahse sihnoiwni
decompositiong)t e mpAStwaatsur2e6 9 TAC, whi chROK atl 0s ¢
271 AC, indicating t hat t he t wo materi al s €

decomposition stage.

However, the two systems show distinct therm
(appr oxiiMétoe IAVF)RGHWGteex hi bits a higher mass | 0ss
suggesting a more concentratedndegtradalt-noocopt
VA displays two separate degradation peaks, c

and the subsequent breakdown of the polymer b

Notably, the +WROH mreshdgd ofemPptee at ures 1 s si
Gt-¥A. At 690 AC, -EFR@Hchaaclyeed | apprfoGtmat el y 49
for-V&ateThis difference is |okmphkaptnddaenitongt eol
FROH, which promote <char formation during t#h
devel opment of a more stable carbonaceous st
potential f[l@me I.kl,ard@aN]cy
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120

——Gte-VA
—— Gte-FROH

80 -
£ 40 r1E
= s
. =
2 0- 5
] 2
= k.
3 04 5

—
-80 4
-0
-120

100 200 300 400 500 600 700

Temperature (°C)

Fi g69TGA cuGw\eAaon@t-EROH

Tab@2d G and DTG-Viha aa FROHEtast MM s.pher e

Ts o8 Tma L1 Tmax2 Re 94g®
Sampl e ) ) )
(AC) (AC) (AC) ( %)
Gt ¥ A 269 278 375 34. 3
Gt -€ ROH 271 275 / 49.7
a: Temperature at 5% weight | oss; b: Temper .
Temperature at second maxi muAC wei ght | oss rat

The mechani cal-VA raonpleR@tHeevwse roef eGtael uat ed t hroug
showhi g 61 @ nTdabgle t héstsrtaiers scur v eWWA reexwha ali ttsh at t

brittle fracture behavior, with a tensile str
4 . %. This i ndVA apcesss eéshsaets Gtiegh sti ffness and s
toughness, whi ch i s characteristic -FOROHri gi d

demonstrates significantly enhmagtcledofdul.i2 i MRz«
remar kabl e el ong®wtioaf laéc tbirgehgnkeesosté edln7de | & sotui ¢

capacity. This improvement is primarilip)attri |
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l inkages in the FROH mol ecular structure, whi i
material 6s ability to abso[rb7G, rlahinjs ammamde,f oal
the ultimate t eMmMRBROH ei sstirewgnt WtAlpd n Gisleagtr eaft | Gt
el ongation at break highlights its superior o

suitabl e for applhiedattioums ntetsast acdhaemared ohimpbi | i

— Gte-VA
—— Gte-FROH

40 1

30

Stress (MPa)

20

10

0 1 1 1 1 1 I 1 I 1
0 2 4 6 8§ 10 12 14 16 18 20

Strain (%)
Fi g61&t retsrsai n CtieAa re@t-redRfO.H

6.4 .C3h e mire il s treamprceg e s €d gnrga daantdi o n

Figeilel |l ustrates the chEROHa$ &mgkeli(tsaa)n caen do f( )
show the morphol ogi cal changes of the sampl e

temperature in various solvents (H O, 1.% HCI

Fi g6tlé presents the corresponding swedFIRiOiMg r at
sample maintained its structur al integrity in
demonstrating good di mensi oA<a@dorsdiarbg Itid yt haen ds v
the highest sweslelrivregd riant iDOMFwa(s7 . 0 %) |, foll owed
and acetone (3. 2%) , whil e the | owe st swel | i1
pronounced swelling in DMF is attributed to it
I n acedvironments (HCI), chain relaxation or |
to the increased swelling, whereas the more
( NaOH) results in suPereirarnl |[HF&Ohesoapdce ttahs et
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