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RESUMEN

Esta disertaci-n se centra en el di sefo mol
retardantes de |l ama intumescentes (I FR) <con
a | a |1 ama, |l as propiedades mec§§oiscaodsmpuebt
polipropileno (PP). Medi ante wuna combinaci
mol ecul ar, copolimerizaci tln ganwdal, e nstee cyonsd o
clases de sistemas | FR efiictireengersa/ smal¢ircooimo | (G

copol 2mero que contienecdMP3f grahai macgemol ®c

basada en -BARBMIi niSe (Alvestigaron sistem8ti c.

estructura mol ecul ar, seél ngcom@orftoarnmaecnit-on ddee

mecani smos de acci-n retardante de | | ama, CC

racionales para compuestos de PP de alto ren
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En | a primera parte, se sintetiz- una seri
MN-&8, n = 1, 2, 3) mediante | a insetesdil-incidoe
N®i)) con diferentes grados de a@greadacicon deem

MCA) wunida por enlaces de hidr-geno. Est as

amonio (APP) par a-nf/l ArPR3gr/ PPompbee exa@asni O MN &l
agregaecn -snobdreel INeSiefyclandcdioa maet andaet e€ a
ayos de hilo incandescente (GW), 2ndice d
0. El PP puro mostr - un 2ndice de i nfl am;
AcC, mi entras ®uaulosondtmpidant @B/ &P RP pe
anzaron | a c¢lasificaci-n m8s alta, super
egaci-nn ad¢ehf NEmando que | a estssudcticria &g
ci al par a emecjicaar aar |laa |rleasmas. E I v abl o, de |
ntras qttBd APP%(/ PNPTiaPocamMmado@5] os-nd ARPY € PtPo s
28 % en peso superaron el 28 %-0de EbOI j
traste, el si st emma nMC s/upRR/-PH a( spirnu eNb&i UL
i fiesto el papcel NSiicro@r AiPPo dels eesgweélt @atd O ¢
O mostraron una notable resistencia al fu
PP puro fde dd ebh59as k Wune/ AfPaPr)d PP5 %(eMNSa
oxi madameht eEMO0ODn#dWeten de r endiObi5e rstian] d:-lk W
n todos l-0ws Gi.eh&ealdmhhaiEva el PP puro, mie

crecimiento del fuego ( FBGImo sdtirs-milnau yme nnmo8r
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|l i beraci -n de calor ( HRR) y | iberaci-n tote
confirmando gue un mayor -ngr@amdo@modve - a qurneag ae fi
i ntumescente superior. EI an8l i singd APP) mdPPr &\e
descompon?a antes que (MCA/ APP)/ PP, favorec
protectora dée0Ocalk, nh3APBYDIPP retuvo m§s del
mi entras que el PP puro no dej - pr8cticament
electr-nica de barrido con espEXx3)r oisncdoipcaar odne
MNSn/ APP gama&s -de carb.-n densas y continuas

25%( MBIBAPP) / PP mostr - |1 os conb8 n%)doys gm8lsi cila
indica una mBRyotLasteemgpgpaafS?ia infrarroja co
( MN8V APP)/ PP mantuvo su integridad estructu
mi entras que (MCA/ APP)/ PP <col aps- sever amen

espectroscpp2apoirntransf ormada de F eu rAiPer ( F

redujo |l a emisi-n de fragmentos hidrocarbona
(radi cla) esl ®#Oque di sminuy - |l a eficiencia de
gaseosa. En resumen, | a i ncorporaci - -n de
pi per azsinlai/diemiéen | a red de MCA gener - macr
agregacmodul abl e. E I comp8é AtP® ) /oMR | moz a d o

significativas en LOI, GWFI , FPI y rendi mi el
THR y FGI. Este trabajo demuestra que contro

cambmeas es una estrategia eficaz para disef€e

para poliolefinas.

La segunda parte se centr- endd®h Quevoooobp:
f-sforo (P), nitr-geno (N) vy silicio (Si), s
mon- mero PNSi con fosfato de melmmihR dfMPqgi.e
para PP. La copolimerizaci- -n interrumpi - | a
y el comportamiento t®r mico en comparaci - -n ¢

(MPP)-pabit mer i zcaMP . prPeNsSeéent 2 ttrreansyi caib-lnanwami e|
durante el procesado del PP, mej orando | a di
poli m®rica. EI an8lisis morfodMPgpasarenede f
l ami ndm@emy @5esferas o ba3rOrlash nM§s npeg oueafnadso (I 2a
de esfuerzo y |l a absorci-n de eneardédP/aPP En
mostraron fractura dYctil, mi entras que MP I
compuest-odlMPP WP present27 &8 n%aamelnd oeldengaci
fff



una mej Br & kel | B3 resi stencia al I mpacto resp

una resistencia a |l a tracci-n similar. Las
rendi miento superior: el c-o#BgVPe PtPo adcrmanz0 %n
super a 960 AC, una temperatura de i gnici-n

LOI ®e B0 wuna cl adi.f iLoascienms aylos94 eV cal ori me
reducciofeé% dal PHRR 9% arll|l 87t asa m8xi ma de

(PSPR) respecto al PP puro. La combusti - -n s
form8ndose una <capa densa —rica &e€en Si/ P/ O/ C
espectroscop?2a Ranmfaint ii aadic--n u(nme mary orrelgaai - n
espectroscop?a de fotoelectrones de-OSay,os X
P-O-C yN,P demostrando wuna red sin®rgica que

rendi miento de -cr&MR/dRP alecdaln2P-NSa@ilenétlr as que
|l i beraci -n total de hutno %( PSMBIYL diesrmiercd y evragm
comparaci-n con MPNSi/ MPP/ PP. E I 2nd2%e de

indicando una excelente seguridad cont-ra inc
FTIR vy cromatograf2a de gases-G@ctbMpP) adamasesa

gue | a copolimerizaci-n promovi - egmadhaori mac
carbonizaci-n sincronizada, generando menos
fase condensada. La integraci-n de P, N y ¢
carbonizaci-n en fase condensagda &l rfeadrumear |
reticuladas establ es. En conjunt o, este est
equilibra eficazmente el refuerzo mec8nico,

compuestos de PP-c ol rceoppacelsfeme rvo?z aP NoSriomet edor
alto rendi miento con excelente combinaci-n d

En | a parte final, se si APtAPt)i y-ueurrca nma ecrnem
aluminio y fosfato de piperazina mediante po
mel amina (MPP) para consltFR) rpamaciPBdsiebmm d & Ri

de aluminio (Alj] ) en | a cadena fosfato fac
carbonosas y gaseosas, mej orando | a compacic
Este enfoque resolvi - redt acodnmapnrcad nai sdoe hlalbamau a
t ®r mica en sistemas | FR/-IPPR €lbavso¢lbo3ud ldely
equival ente al |l ogrado con un 20 % de | FR co
a .22%, GWI T al canz- 850 AC, GWF | super -a 960
32 mm6y min. Los ensayos de cal or2 mett o%den con

fé



PHRR y 2de&4 em2 PSPR respecto &l vRRepuryo.el EIFRHK

el nivel-l1Abuedemoéfirando alta seguridad frer
de humo. Para mejorar a%n m8s | a conducti vi
boro (BN) y nanotubos de carbotr&®/ PPMWCAITsD em
| a omejsi nergi a, mejorando simult8neamente | a
I I ama. E I comp-uERt BP5MbsiOr / 2BAueni PRIKRK ¢e B8
en PSPR, junto ©of aumentf asi de lda 7/nt @romidaeac ty
t ®r mi c a. En contrast e, BN y MWCNT destruyer
rendi miento retardante y aumentando | a emi si
FTI R, espectroscop?2a Raman Oy XRBRE&Ealndacanomnn
fostarbono, generando capas densas ricas en
| D/ 1 G) . Los a@Q@/INMS icsonffGAr marPyn que | as espec
' i beraci-n de volt§tuiclteusr-ayar fhroedav i® Mmo c aeng nt e
rendi miento de r2sbtdpa+d & RBPHEA -6 dEarld 5 Al O |
| FR/ PP, confirmando una excelente estabilid:
mostraron que el d &g PePs tnoa n3 Alv 0O wn2a0 Adl t a t
el ongaci-n a |l a rotura supa@&ctiorsian mMmO®s ¢a yd al
En resumen, | a introducciPARP,dpuhaomaonombl Pe
permiti - mej orar simult8neamente | a retarda
supresi-n de humo, obteni ®ndo sad tcao ngpeugeusrti odsa dd

rendi miento mec8nico.

En conjunto, esta disertaci-n establece un
mol ecul ar para disefar sistemas | FR mul tifun
A trav®s de tresowniaolreprageeregaci vna/sAroH)e c ul

copolimerizaci - n a«awPa)l eyn tceo o(rsdiisntaeccma--INFEFNRGeit 81 i
se demostr - una c-fanaiemmli and ie:nrt oe stLrowc truersau | t
ajustar el grado de agregaci-n de | as estru
capas compac-Pay uvheas nbnbiSci - n dfeindirerst eq uen
copolimerizaci --N-Sidemanomnr-anerascé®mpatibilidad
equilibrio de propiedades mec8nicas. Adem8s,
refuerza |l a integridad delr amdad -Ilna yc dnmb icroancdiu
entre seguridad frente al fuego y funcional:/|
excelente retardancia y tenacidad, | os si st
|l as 1 nteracci onesmesnitno®&r gh,caN, editrg Albsdeld &n

é



conoci mientos adquiridos proporcionan una ba

de |l ama de nueva generaci - -ncoume® idntse praemn - m¥
supresi -n de humo -¢nr @huerod®m ematrrcwc tnuorladc ul
propuestas no se | imitan al PP, sino que pue
ingenier?2a, abriendo el camino haci a mater
aplicaciones rawvminza,d asutecomediect y construcci
incendios y | a durabilidad son requisitos si
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ABSTRACT

This dissertation focuses on the molecul ar
fl ame retardant (I1'FR) systems to simultaneo
properties, and multifunctional PEMhfougnanae
combination of mol ecul ar aggregati dhni gamdr ol
coordination strategi es, three classes of €
nNitrogemassead i maar o mor )e,c uad e p h ¢ g/mNIB/O $-dudsr/ tmavinnrion g
copol ymecaMR)P_NSand almasaddumh ywhumi d mRAR)o.moTlkRe u
relationships between molecular structure,

retardant mechani sms wer e |siyssht ermaattii ocnaa Il yd e sniv

—

or -pheirgfho rPrRa comenposi t es.

I n the first part -baas esde rmaecsr oonfenl peicturl segsé n(/MN,
were synthesized by -snkbkeconnghar pienagzwimieh @Hh
varying aggregation -bdbengreade smey @mmu miac haydird g ¢
framework. These macromol ecules were combi ne
form (NMMPP)/ PP composit-msagdheqgetfifeerct omf f IN
efficiency and char for maii ®n(n¥&s ,n@glxisomiyrged ti
(Lol , uL 94, and Neane PPalshmwwiweat erl gtmanstbs .| 1 t
(GWFI) of only 725 AC, whil e PnP APRR)p oasci htieesv eca
hi ghest <classification of over 960 AC. The G
NSh structurheat ctomd ialmisntgessed i wiome f a aimeaviop ke |
for enhancing flame retardancy. The LOI val
3/ APP)/ PP reached 25n/7%P)AIHAP 2c80 mnpto.s% t (eMN Sic h
above 28% #®&ndatyi ny4 Vn contrasnh) MLAlI &P P P&
test, highlighting tnhe ks red rogo smi itcha rAdPtPe me f et
reveal ed remarkable fire resistance. The pesc
k WL m, whil e-nZABPMNPIP decreased t9. afgpeoxiime
performance index (FPRI YoexaesgddNEMsOS55ompma) le
skLmjlkwor neat PP, while the fire growth ind
3 exhibited the | owest heat release rate (H
hi ghest FPI , confirming that-n aprho ngohteerd asgugpr:
i ntumescenTheerfrhd grieewmicrget ri ¢ anal yai/sAPPYGRP
decomposed earlier than (MCA/ APP)/ PP, facildi

eff



At 500 AC, MHF3APWMNIIPP retained over 16% resi
e . Scanning el ectramspnercgiose o P-ED Jt s cen
indicatedn/thPAR pMNoSdiuced dense, continuous ¢ch
I con. T8¢ ARBYof MRSisampl e exhibited the hi
i con content ,-Pissydneradii nng. einmfamarad St her ma
e strong banv APP) éPPemtai n{ INBed structur al
exposur e, whi |l e ( MCA/ APPphBRe cahbhbpgpsed ssv
ansformr rindaapy d( BTpleR)t end nAfPiPr nseudp ptr heasts eMN Siy
agment emissions (CH , CH , L£=Cpdawcalsél ea

reduced combusti on epfhfai sce e m clyni basntdmma n | a

=)
o
=)
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= =
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corporating smal.l asmoluinctasn ocfh aprirp enrga zsi kneel/ ept

—h
-

amewor k gener abtaesde dn intarcorgoemrmo/Iseicluilceosn wi t h t u
ti mi ze3dd APNPNSIPP composite exdi bOL edGWFQni F
d residue yield, and reduced HRR, THR, an

ntrolling molecul ar aggregation within cha

O oS ©

i @er f or mdmcaed,i nlgow FR systems for polyolefin:
The second part focused on -adMm)oveodntdeindirr
phosphorus (P), nitrogen (N), and silicon (S
PNSI monomer with melamine phosphate f(oMP) . T
PPCopol ymedi gmatutpobad monomer regul arity, alt
behavior compaoégmeirizetdh MPN&SI f mel ami ne poly
PN&EIieMP di spl ayed glass transition and ther ma
i mpr owipreg sdion and interfaciaMorphlbéDigorm alvi taf
reveal edcdaMPapaPNBrcl es tr-lainks é os-Im@mpl)e $irnotbo pslnaatl e
sphericlailkeorpar@diO Ilrem) ,( 200Mhancing stress trat
ConsequentdMpP/ PPPNSiomposites exhibited ductii
MPNSi / MPP/ PP fractuced MPb PPt tcbmpoEhe el &RANIied
i n el ongation 3at3 %briaengpk orethenat 3i n I mpact S
16 MPNSi / 4 MPP/ PP, whi | e mai ntai ning similar
bal ance bet ween st Feamméetharamdht t aweghnensgs. con
performance. Thce MB/ RWR . Yo MmPPNiStie achi eved a
gl ewvre ignition temperature (GWI T)-0 orfat8i7rbg .A
Cone <calori meter rse soufl t 3 .s6h% wierd RHRRIcamdn87.
production rate (PSPR) compared with neat PF
ef ff



17 s after ignitPOEMNyiIi tbr mhag bBagenséehd8it acte
barrier. Raman spectroscopy iphdriadatoe dr aayrhh d rec
photoelectron spectroscopyOfXPER eahrnbdndhed t
demonstrating a synergistic network that rei
c@8MP/ PP reached 61.4%, while THR and total s
61l. 9%, respectively, compar edawitt h nMPRNS i(/FNRA P
42 .23, i ndicating eMeechdrindt ioveammdlly s g eu ssian
coupled wi Il RYI Rn¢@drapsy r o rycsamemstsosg r sapehcyt-r omet r
GC/ MS) showed that copolymerization promot e
degradatboni zati on behavior, | eading to few
phase reactions. The integration of P, N, a
i mpr oved -pchoansdes ncsheadr r i n g -pbhuats ea | csoombr uesdtuicoend bgya sf

crosslinke@vesrtarlulc,t utrreiss study demonstrated
effectively balanced mechanical reinforceme
composites.@MPl hceopPoNSyimer provi des -pepfhrommasmnaeg

| FRs wineéd ctoonbghness and fire safety.

Il n the final part, -PRAAPhy bcroind amand rnaggmoaal | eucmui I neu
pi perazine phosphate was synthesized via po
polyphosphate ( MPP) to comBRYutor aPR.ybTha I
aluminum ions (Al'}] ) within the phosphate b
carbon, and gas sources, thereby improving t
|l ayer. This appr oach -oaddd rbeestsweede atnhtey acacandm oenh atrr
onductiPPtyyBabemBIRy 14 wtFERAobrlaoiasdeidngt,heAlL Ol o
guivalent to that achieved withl RR, withéo IcOI
urther increased to 32. 2%, GWI' T reached 85I
atings weme dolhiheBde2 mm and 1.6 mm thicknes
an 84.7% reduction in PHRR and a 72.2% decr e
ncreased by 4.7 ti mes, andO) hedERbnsernahedoc

- = o o

afety and smoke Tsoupgpurregshseiron nepfrfoivcei ennecayt. c onc
oron nitridewa(lBMN)d, camrdomulntainot ubes ( MWCNTs
OAIFR/ PP composites. Al O exhibited the bes:s
onductivityrdadcy. ame¢ FEAPPOcCchbMpAki te show
eduction in PHRR, an 88. 2% reduction in PSP

O N T O

-

and 48. 9% in ther mal conductivity. Il n contr

~
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char structur e, resulting in infeMdcohanfiisrtei cf

studies wusing FTIR, Raman spectroscopy, and
p hos phaatbe n i nteracti ondP/O/C-hgeesndeca e ii 1 g widtem s ef
graphitizaddrani o)l .owFGO MSndc olfhyf i r med t hat al
suppressed volatile release -aamadb@mofmod melwa thie

residue yield incredas®RdPProm 5H2. 2% FiRonPPBAAI
confirming e x cehldsent stcaomidleintsye.d Mechani cal
5Al O-I/F2ROAIP composite maint aathiean hatghbrtealg he
400% anmotacmedc i mpact Jdir smugnmargf 3bGek-Jbmr od
PAP hybrid macromol ecule, together with Al O
flame retardancy, ther mal conductivity, and
composites wi tnhd hriogbhu sfti rnee cshaafneitcyala per f or man
Overaltthis di ssertation establishes a cor
engineering straéekefyciencygesmghi nguhcghonal
systems for polypropylene. Through trhorleleed ep
mol ecul ar aggnm/eARR i gy s t( eMN)S,i coval eatMPcopol )

system), and metl &IR coysrt ckim) gt Hfao meck édebifno s mMa uc ¢
relationship has been demotnsnirmg eggh é iTehgeg 0 e ru
of nitrogen/ silicon charrimPgishruchtaur esorenan
effici-emasegaisnhi bi ti on, whil e -miotpreshiylenecroinz a |
monomac tsi nroviee d welveerl compatibility and balanc
Furthermore, the introduction of aluminum icC
t her mal conductivsbughtachbioembi ngtitbe obndire
per famcm in PP composites. Beyond achieving
toughness, the developed |l FR systems al so
interactions among P, N, Si, and Al elhednmnent s
work provide a theoretical f owredeetriadn oho rf |
retardants that iIintegrate multiple functiona
and structur al reinforcement,e isntroat@&@gsenglpe
herein are not | imited to PP but can be exte
paving the-perayofoanbtbeghenvironmentally sust
applications in elect,roandshuialudiomg t matee rcioanlf
and durability are simultaneously required.
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ABBREVI ATI ONS
A O3 Al umina or Al uminum oXxi (
Al DHP Al umi num di hydrogen pho:¢
Antioxi sanpegtast YN SESe ek
AntioxidanTr i sd-t2elbatt yl phenyl ) phos
APP Ammonpaulny phosphate
ATH Al umi num hydroxi de
awoy Average carbon monoxi de
aC Qy Average carbon dioxide Yy
aMEHC Average effective heat ¢
BN Boron nitride
C Speci fic heat capacity
DOPO 9,-t1® hyd9erx-ap hos p hap h-& Boaxn tg
DSC Di fferential scanning cgi
EDS Energy dispersive spect:
EG Expandabl e graphite
FGI Fire growth i ndex
FPI Fire performance i ndex
FR FIl ame retardant
FRI FIl ame retardant i ndex
FTI R Foustireamsform infrared s
GC/ MS Gas chromatography/ mass
GW Gl ow tweisrte
GWF | Gl owi f Eammabi l ity
GWI T Gloeowi re ignition tempera
HRR Heat release rate
Il FR I ntumescent fl|l ame retar
LDH Layered doubl e hydroxi dg
L Ol Limiting oxygen index
MCA Mel ami ne cyanurat e
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MD H Magnesium hydroxi de

ME L Mel ami ne

MP Mel ami ne phosphate

MP OP Mel ampiymephosphate

MP P Mel ami ne polyphosphate
MWCNT Mulwal | ed carbon nanotub
N MR Nucl ear magnetic resona
PA Pol yami de

PAP Pi perazine phosphate
PEPA Pent aerppiolspihtad le

PER Pentaerythritol

PHRR Peak heat release rate
PML R Peak mass | oss rate
PPAP Piperazine pyrophosphat ¢
PP Pol ypropyl ene

P R-MA Pol ypropyl ene grafted wi
PSPR Peak srnmoodkuec tpi on r at e
PTFE Polytetrafluoroethyl ene
pycC/ MS Pyroltgaserchromatography/
Td, max Temperature of the maxi.f
TGA Thermogravi mmetric anal )
THEI C Trisfy2droxyethyl) i socyan
THR Total heat release

TPU Ther mopl astic polyuret hij
TSR Total smoke release

TTI Time to ignition

TTP Ti me t o rpee aeka shee artat e
SEM Scanning electron micr o]
SPR Smopeoduction rate

XPS X-r aph ot oelgeedtrromscopy
XRD Xray diffraction




Ther mal diffusivity

Ther mal conductivity

Bul k density




CHAPTHR

Il ntroducti on

1. BlackgrBoahgypropyl ene

PolypropPdense a polymer obtained through the
as il liunstEiaded |l maiymlthesiazedordinati on pol yn
Zi eptNlagrt a catalysts, whi ch remai ns t he mo s t
produftfi2@fbhi s process employs transition me
chlorides, Iin combinathaboanl wstbh ©bpgacbakumi hi
mol ecul ar weight, and excellent mechanical p
under moderate temperatur e-pahrac ep rcebamyduarddad oimrs obr
to conventiNabnala Ziaeaql gst s, met all ocene cat
advanced alternative. These catalysts allow
mol ecul ar wei ght di stributiomgh amet-bcéosred eme
processes are not genlwi dadysadopat edpiphilcartg
used to produce specihaletnyh apnocleydp rtorpaynl sepnaer egnrcayd
resi s[t4aflcee r adi cal pol ymerization of propyl
higlemperatupeessdr @&i gandi ti ons. However, du

structure and broad mol ecul ar weight adi stril

produlcpn.
) 4,

Fig.Syhtthesis route of polypropyl e

Owi hg its excellent processing plealf amameadce
mechanical opyppeptyiesne i s one of -purepomest
thermopl as.ff i8@Tip@d e meharacteristics make PP
applications, of fering both economic and f ui
strength, good fatigue resistance, and out st

i tssaturated hydroc®8rkamsehaifnthtesectadrvea.nt ag ¢

applied i n automotive composites, househol c
packaging fil ms, [alnDdl sb wvielrdsianaif Ifnesctyeira mal ess. g s th a
it a preferred materi al i n many industri al a



However, PP also has signi f ifciarnes kllti mist aat ihoi
fl ammabl e material, with a | i mi% dengo nosxtyrgaetni ni
it sfhiagnmakiartinoys.p hjg¢fEpder t her mal oxidative c
at temperatures above 300 degrees Cel sius,
This degradat imon e pwieb ejthd e ss ulbsw ancleai ns ue lhe faisr
al dehydes, a nwdh i kceht oanrees , h iafj fi[BR[dffc]] &phmadbV er , PF
tends to form molten drips during combusti on
i gni[tifdB.h order to extend the range of appl
require higher fire safety standards such

i mproving its flame retardant properties is

1. @Qverview of f(lFaRMel uteitanmd afndr pol ypropyl ene
The -t hakeret f |l ame retardant strategies for p:
beyond traditional hal ogenated systems, dr i
presdgud@iaBlIClhrrent approachétseempkbasizenmahog:

alternatives with high efficiency. Among the
gained prominence due to their ability to f
ofrfieng effective fl ame i nhi bi {fR2aeveawwhhl el i

nanocomposite strategies employing material s
graphene are being extensively explored for
to enhance both fl amerfetmadaa cylt y%dRve¢ mlemds dinnm
trends afl amei netaddants f un2sldadasddy mer ginst ihe Iy
syst[ea2fld,&lombi ning multiple flame retardant |

Additionall vy, t Hea sceav ealnadp nseunstt aad fn albilee f | ame
global shift tow2PO3IDPs riethert maderdddasncement
processability, cost , and compatibility r

mul tifuncpermnfmad mameeg hf | ame retardant solutio

l1.13rt umescent ffloaamePP et ardant

Among the various strategies developed to en
i ntumescent fl ame retardant system stands c
approaches.sbyFRofmnogi anporous, expanded che
which provides flame retardancy through t hei
suppression of volatile degrfadea¢ i oompo Diduicd

smoket @amidci ty during combustion, and absenc
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significant research interest i n recent yeal

fl ame retardant systems. Il FR can be broad]
i ntumescent systems. The formefE®@pgpitdhnal layc tn
component, while the | atter is developed thr
gas sources, and carbon sources|[ 83 2achieve e
1. Pahysical i ntumesc®®Pt systems

Upon ther mal exposur e, the intercalated col
vaporize, generating pressure between ,the gr

as show&iBhis process transf or-Imsk & Gs tf rrwoant u rt es

worim ke morphology. The expanded graphite, C
forms a continuous i nsul,atwhnigc hlsaeysevra boane tahoet hp
barrier, effectively |imiting heat transfer

the release of fl ammable vol alt33les, thereby

Sl

S0, H,0 O, ...
I

e
’ -y /4 Fuel
P4 @  Matrix

Fig. 1.2 The mechraaplimt ef expandabl

When used al one, E® e¢ralmidiaintt s elf if mict ech cfyl a me
|l oading of 25 wt. %, the |l imiting oxygen ind
around 23%, and the material f-2a4drmet itomalachuren
test. Nonetheless, it is noteworthy that des

testwt®o PG enables the PP composite to achiev
20RWLMm n cone cal or i km&k)mye att e[sfAJ4FJrERN | 8t s&2 mi ng|
contradictory behavior may be attrliibkwd edharo



formed by EG, which is |l ess |likely to accun
during LOI andewswesttiblalal prbauvindengy good shiel di

of cone calorimetry.

Due to the | imited efficiency of EG when
primarily f ocompdneont nsuylnteir gamsd i eno d.iokrimud tait c
representative approach involves the combi ne
retardants t-ontomescenteasystém. Chemically

a continuous and compact <char tbrawctiuerral ciomtpee
EGderived char. At the same tfime,y tskid ulicthw rtel
expanded EG contri but e troetiampdante dp d rnfsaurl ma n o

a synergistic effect Fooert weexeanmptlhee, taw omecl oanmpi onne

~

MPPJi pentaerythritol system at a mass rati (

]

etardant perf ormance wi no%potlhyipsr olpiyR esgest aMh e
esulting PP cobOpfos2d e7dDchmnetd-&WBtr at nsgaablLa t
of 1.6 mnmut WMebBGli0s used to partially replac
o 33.2%, and the -ThoOpositegpassebetbamé&Lt hi
hRHRR is reduced by approxi-fnrage | fyo r5@@d actoi nopn

]

~ o~

results suggest t hat the hybrid physical/ ch
structure with significalnd3@®]ymielnahrans g d e rbairgti
retardant effects have also been obhswalreas be
ammoni um p o l(yAPhPo)s-p/d maneanrg a f 8[M3 8 sty rsft ®@ane mo d i f i
APR 3.9]t i's important to note, however, t hat
i ntumescent fl ame retardants is af wrriitnstadnd
a 1:9 mass ratio -dfl afd®t & rod amotd i f @ refdo rArfRéPn c e C |
inferior compared td40D9i addmedisfitbde ABBual of
associated with 48@s ed hhogprhiod ufse rprod cyermreer has
[ 3Whder the catalytic action of this hybrid
temperatures. Meanwhi |l e, the decomposition
promot4€ionkbeg within the polymer maphi Ki @and
structures. Dur i ng c elmbnuksetdi onne t wohrekvsr ssgseurs et rti ant
mel t that fills the voids within the EG cha
t hereby el i miard dteidn gi ptolpMoasemveftf{ edtoad. fl ame r
relatively | ow efficiency such a94-0Wwargaateisn g m

PP typically requireswta %Pagh ilada dienpd aexeoreeend i
7



has been shown to reduce the total required
increasing the LOI and du@d4[243s]si ng heat rele

Modi ficati on of EG primarily i nvol ves s u
strategi es. For exampl e, silane coupling re
monomers onto the hydroxyl groups -macisfeingd or
EG with improved compatibility and dispersi
di methyl di ethoxysil ane, di met hoxydi pheny

met hyl tri mgt3tedsx ywed b-th@ahsydbrx-p hosphaph-eBant hr e
oxXxi(M@eP)gr afteflddlTheeess modi fi cations have bee

interfacial interaction witdaethlhe dmpnlty mdf i ma te
Further mor e, i ntercal ation technology has r
modi ficati on of EG. l ntroduci ng -cnoamtogpiamritn gc
compounds (e.g., DOPO derivativeyg) emetameen tth
catalytic charring aphdb5464d@dnsi on behavior of

Il n summary, expandabl e graphite exhibits e
upon fire exposur e, providi nwareyfifneget isxenhbhar
However, due to the inherently |l oose struct

effechasedEGsystems typically struggl e94 o0 ach
vertical bwirtnhi nrge lrdaitsiampgfdyet efwor e, future r ese
Sstrategies to i mpr ovehetsh e ns torfu ctéehser deluxepiamtdesgdr |

1.28hemiimalumescehodor spBt ems

Chemically intumescent fsbhméhretramdtamne s ¢ipd
source (dehydrating afgemmin,g a@fcamtbdn as g@arsc e
(bl owi n[g4[®@4d98J0th) ess ot her wi se specified, all/l
refer to chemically intumescent systems.

The acid source plays a key role in catal
thereby inducing adedigriddnadl o wmc eslThiencl uded di a
and monoammonium phosphat e, but due to their
phased out. More commonly used @gircd héaa®epc e s
anphyta@ahe carbon source provides the backbone
by undergoing dehydrati on ahrdadciatriboomalz ad d rolno
are mostly polyhydric aPE®hdI|st arsaulc.h Hesweweart

hygroscopicity and ther mal i nstability, t hes



ch-dapbrming derivatives such as triaZhee gasmp
source is responsible fofl ammheaellsea ngadeas gepo
decomposi tfiaani, Itidaiteebspansi on of tigensyat emg
structhed @asle mel amine, APP (which readaedses an
[ 5[19[298% a matter of fact, certain component
functional rol AP.B nklo rMPiPn ctaann caec,t bsdtnul t aneou:
gas sources. Pi perazine pyrophosphate functi
Moreover, some mol ecul es are des4agnedd tcoa ribmoc

and gasensacburicneg t he m-ctoampoerehd d&HFERynn g R Fi g.

funcspiromarily in the condensed phase by for
during combosmipwiwecrSbecan generally be divic
[ 5[43[53[69[73:8 ]

(aAt relatively |l ow temperatures, the acid

dehydrating agents to pr omo thea stehde ceasrtbeorni fsiocua
(bDuring esterification, the system mel ts
polypropylene, resulting in the formation of

released by the gas sourcd,oatmhe molten syste

(After these reactions, the system solidif
| ayer acts as a barrier, inhibiting the rele
from the external flame to the polymer matr.i

o 0 >250°C ) )

O — e RS g}

o o o OH  OH

NH;  NHj x\%o»' -

(1) Acid source L

e

HO, . OH >250°C WO O __Ow 4 i

HO™ “OH > B S Heol
@ Charring agent Cross-linked char

>250°C NH,  NHy : .
HzN\AIr,NHz ey HN'ALNH’ALNH +5 NHs! | .
NH; 2 T ' Expanded char layers
@ Blowing agent Inert gases
Fi g3Thl. me@sheaemfi simnt umescent fl|l ame retar

I n I FR systems, the acid source is typica

regarded as the primary fl ame retardant, whi

components thatndgsedtfonmathiceomtafledlowemeume



in practice, aside from the commonly wused ac
nd ef f iscoiuerncte amoildecul es have been devel ope:
ynt hesi s -fodr mmiorvge | a gcehmatrs t he mo sgt ecfrfietcitciavle a
ystems. Il n recent year s, research efforts

a
S

S

advanced <carbon sources and on designing e
arrangement o f functional gr oaudpcksi twiotnh i ns itghne
attention has been given t aetthe daet e lsymmemts
e

nhance overall perfor mance.

1. 3ChBaffor mi ng agePtmP for | FR
The primary cfadremgiomg easgerft s hiamcl ude pol yol s

based compounds, organic amine derivatives,
organic amine derivatives haveandnewigkdl yasapp

due to their high efficiency and structur al

aPolyols and tChFAi r derivatives

The most repr-ese@rAast i REER.poTThyeolsystem compose
mel afpiMEd&vps the first | FR formulation to be s
appliedPr.&sfiCalnti8do, et al . conducted pioneeri ng
investigating the composition and structur e
retardancy of polypropylene. Their work est a
f | armeetdaa nt mechani sm, as des5¢cy[i6H2HdS ibms emrueswnit o
studies have dbasédpkeEBRMFYBAGIRGER) VOV ,t dd t he
high density ,ofPeixghdrbdxysl sgrromnms hy gr etszrogpa rcti t
efficiency stildl reqguires further I mpr oveme
variety of PER derivatives. A representative
wi tthr i chl or d ph ofscidnepeh @t a e r pht chsrp P IBRA  w ha arh

subseqguwenittlhy vari ous functi onadFAg6BRMPA ittos eclofr
can be coRAWPRPIMAIP wWiotrheft laament motWwWhéencathieomagsi
ratios of PEPA to APP and PEPA to MPP are 1
PEPA/ ARP and% PEPA/ MPP systems enabl &83the LOI
anal so a®Ohi eavtehneg9diLnver t i c al 6[duBrinoinmigl ¢ es1 . 1 s
obvitohuast tfloe me magr ef fi ci ency of PEPA nbelcFoRnes
Owi ng hypydr oxylPERBherutpd thiee d @ toe ibtei @alesi gned i nto
meanwhil e the water relsiimittradmcicéen @ a ywA sb gar oroepsrud vt
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extensive research has been condlwcptiecd It o edaecvt
i ngreiddnenaide phosphenyl phbsesphaey s oBiamteldo roind
these
mol ecul aransdt rfulcame erset ar daarhei siededdd lcaT d®.cdaci d

sour ce

t hat
ef fi

approxi MOt ewvlty %25t hese

reactants, several representative

d e mifcoalns ng corr espdArPdAVMmMR anFdR nseylsat neim
pyrophosphat eomMMBOP}3on of ulp®lr ewsasli wens od n dP HtRMRe
FR systems bal[s@%q6Qng[BBEBRA i & e-t e tf d tachser &
ency in PP codmpaedbll& Rt syshams of AtPER
sy stvanmartisumidandI0O &ahi

V-O rating, tdeatons-heathil dagnet perfor mance

synergistic

compomHHeomwesv.er, from a theoretical perspecti v
of fer i mproved properties, @adtcoecmpatrilhiliinty
Tabl dt dudthieoemul at i ons ian Ryfoll admedrat e vaisd an
CFAs
: | FRormul a | FR PHRF
CFA ChemiScalctur e (Weight r(wt. L Ol Re.d
OH
PERS59 HO OH 3APP/ 2PE 25 27.¢52. ¢t
HO
P E P[A6 ! 0=P’\9(? on 2APP: 1PE 30 32.¢( |/
PEPA 6« 0=P’\%’ on 1MPPPEPA 20 33%(78.:
O 9 0\
—p- —P— 0-p=
B[C6P5P]( OP\(;)>/\O<PjO/\€0/PO SAPBMEIBBCPP 30 33®% 83. <
Q 0
=p- -p- 0-p=
I i
| 8. 3MRR7i m( 25 28.¢ |/
[ 6[6qg 7 é%
0\\1)/0
(II)
9 0,
=p- -p- 0-p=
o opyogo/\{po
rlm 1MP@Pri me 30 | 87.¢
[68] N

11
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0 o)
S[BeC 9P]( S e e IAPRSBCPO 25 30.f{75.:
o]

[ 70]

)(\0\,/0
DOPNF o o 18PBMPADOPN 30 31.:(~75.

~p-0 O—p-
[ 7 1 ] 7LO/P\\O O//P\OJ(

Y il O
—p-0 0-P-0 0-p=
BSPP(  s=K00 000 JAPRMPRBSPP 30 32 0(82. ¢
X

. o v
SPSAT: =_ o0~ 2APP/ 1SP 30 24.(58. ¢
0]
THEI ( RO as
(73] o 2APIFHEI C 30 34.(78.¢
{,
[0] [0}
H 0O Mmo WO\/\NJ\N/\/O\/\NJ\N/\/OM
THEI | A No oo 2APP/ 1-ABHEb 30 32.¢(71.¢
[ 74] g 8
O 0

Aho T 1APP/HBPAN 20 30.(86.

[{a)

PNHBP
[ 75]
b-CD[ 7 ¢ & 0 3APBLCD 30 21.: |/

% 0 SAPP/ WODI 30 33. ( /

el NH{»LH NH- o

PE J&

OH,
O

aApartb-CT[)IoknrfmuIations einabéae P®4LI-OWe bltIbemm) .
PPHHR ducti on pePPentotmgared +&® pure PP.

Il n addition, PER can react wiihnthi oapmgs gha
|l i ke phosphate ester [ 79hirsciotaftmgdsamel aant
dehydrochlorination reaction with-cphéayhipb:
PER derivative, BSPPO, whose structure cl ose
on BSePxPhQab ictosmpar abl e abil i ttyhlatde eslupmr 8 PtOh e
providing a sl i ghrteltyarhdiagnhte tp ol &ipcrhonpnyfl beantee b e ¢
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by gduwledainrt asitnriunéghat ber deri vative, DOPNP, con
groups and is synthesized from PER7Aheapent
opti mal formul ation ratio, with a total Il FR
achieved B81LACI% and 4p avsesretsi ctahle blLr nahgnges Now
the |l oading amount of the DOPNP is significa
its high charring efficiency. Furthgomdr e,
compatibility with the PP matri x, ensuring
adverse effects on Fuhrea ladaAc hneanl ieccaull ep rcoappearbtliee s
reacting with the PP matri k7Rhtshaltglo bleenl BR
based on SPSA exhi bndtsarothd rnyt mefdfeirciten cfyl,a meh e
treatment enables the double bonds in the CI
chains. This chemical meichlaage ahelapsd t dhepmats
fl armeet ardant PP composites.

I n addition to PER,-baosencer ChAot maovioe ¢ dnlye sp ol

hydroxyethyl) il socyanate (THEI C) and its de
[ 7[37[47[5MBHEI C i s a triodtrcomteaistirnugtarter,i avhiem
serves as a fundament al moi ety that promot e:
the construction of | FR systems. Addithanaof
PER, suggesting inherently high charring eff
APP at a |l oading of 30 wt.% can achieve a LO
fl armeet ardant efficPEHeyi vampaesd Howeher, a

THEI C is its hiWhkenwat0rePWtHESH Qi biihé¢dryporated ir
the LOI ameéttamelamtamati ng of the composite s

water i mmer si on. Afetadrmedh @ , ha lhres L fl wdt egrhetr
decreases from 34. 8% to 26. 9%, 9a&and eirtt i fcaill D u
tefTBherefore, the same research team perfor

on THEI C to obtain a crosslinked THEI C deriywv
the f+keeamedant efficiency slightiwerdeée®©deasudd,
However, the water resistance of the[deri vat
Additionall ysxcatrhbexmenhbomer (Phenyl )-cphdepbedi
with THEIC via dehydratommhaitmomi pg oOHEHERd @hios

When combined with APP, this | FR sryeatradlmneé x h
perfor mance, achieving an LOI of 30% at a t
performance is I|ikely attributed to the syn

13



combi ned wihtahs et-rhieclt agmreglsa nt plaacd p toinn e f b & izZ&Ze5nje st
Mor epvir i s | mport arbtastead nCotAe dtelratv aftor empsql yha@
gr oups sdiogebse tnyoetr p,er tyerhaomdeext ri n provides a
b-CDis combined with APP, it exhi-bot i a¢y mbkam
retardantowewawnv, owhen some of the hydroxyl 0
addition deasorctgamanfadroe crossl inked cycl odext
chemical combined with APPFaffaxhmbndg €t eaxdeht e
efficiency. Thi sH rgeraccup so,n whitc ho dHHcngcst ol Nopns sa nnt
can al so participate in dehydration[ #éJacti on

Il n summary, polyols and their derivatives I
agenrnbwever, most of these compou-hds maséeabmhbl
particularly regarding water resistance and
them, -bRERA anbdasTeHlEIdCer i vati ves, i n Wwkieaah t h
partially or fully reattedanéexpkibitiboth Bhne
indicating promising aspopmd cadtmpaoumpdst entclal a
TRI MERve already been commercialized as f 1l an

b)Yriazine @dEAI Vvatives

Among the various carbonizateit@am daagié ntmo dad U ri rce
tri ébaisreed CFAs exhibit the highest efficienc)
and applied.-bSeedrpliodudtagi mavei all irzadl.y Dleen

ring meembesed heterocycle containing three

formula C N H and exists in three iIisomeric
stability, the tri aZiomre uster @ ina tf d eendesrseliosvgebrimy .
the tertiary nitrogen atoms in the ring enhé

can serve as a gas source during combusti on,
result, triazine derivatheeiss aok @FFApPbdolgeammpll
the various tri atzriinaez iinseo nmeetrrsy c ttuhree 1i,s3 ,t5h e mc
design. Representative compounds containing
mel amine, and cyanuric acid. dernthleys eys ed amru
for synthedasedgderi aatnees, aCl igrcomd ait mat
undergo stepwise substitution reactions at d

occur with -HuctHepsdivp ac aOdehydrochl orinati on

14



Based on their chebhasadc@hAddetalrassi tireadzi
nolni nneoalrecul es
ILi neéaili adzeirnies@FA v e

I n the design and ®Hypstlde CiIFAsof thienegmpi cal ¢
first substituting the first chlo(@bngbyat om o
using a smal/l mol ecul e, such as an amino al ¢
remaini ngClhregcoupe. CThe resulting difunctio
di velnsaeni nes to form |linkasedaCFAsSNol Etal syntl
di spl &y.d4d Numer ous rhesweerddweglr aumpsseri es of |
introducing various aliphatic amine backbon

structur e.

j:\l NHR
N” N - HCI X
STEP 1: | + R-NH, —— > NN
A A PPN
a” N a a” N al
NHR NHR
NI SN -HCl N)%N
. + H,N-R-NH, ———>
STEP 2: Cl)\N/)\CI 2 2 |- NH—Rr—NH
N n

Fi gAThl. gpnepatrauti @enf or -dernievaat itwre aCH Anse.
Tabl eufmari zes t e sleidn e€CFrAst diexzilmped i n re
t hei rr dtl aarmeant performamee¢e ardannBaPesyomte mk l
fundamental synthetic strategy described abo
be obtained by empl oyi nign dtifd efriemdt retacp, vteh
usedcamppi ng agemaseidcr ® aoil erewll ediahdnemsdrei a
[ 78] as wel | as or glamagmyg[ig[28[pdh4ep clc a@asni mes hyl a
met hanol a&mihryd ami ne, et maardo Iseomioand d i @Wieoh vee he
compound PEPA is al so a s dhiytdarbolxey | c[a8f©& iQudicattuer €

Recent advances have al so i rctarpopd uncge da geerna nsa, t
Schi ff bases containipgbjphehel isecbpdrexelp, g
design of the main chain backbone, aliphatic

among whi ch et h g[0HIGRE[BE5H[68d €& ]and pi perazi
[ 9[09[19[29[39[49 &]r e t he me sp | owyieddeed vyi ew of t he ro

formul ations in Table 1.2 reveals that this
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with ammonium polyphosphate. The resulting
compared to those based on most polyols and
based I FR systems ca#r 4e0Varbatei nPgP & e0l aaccfha eedviey ga

25t .®he primaetyafdame mechani sm of | FR syste
similar t-bastsbdtspétPmBR, in which the acid so
and reacts with the carbon source dmeepr omot
di fference | i esniitnrrotiggedn peresencengf wé h@ipmont he
heating, triazindglammadl eamgmasesessuehnas ni
Mor eover, under acid catalysbenacheys flagy éi :

hi gher degr ee rcefd ussrtar maghgdeact hgr mal |y st abl e ch
providing enhanced fl ame retardancy to the P

Table 1.2 The structures, f ot mu ladaetirin @/nast iavned
CFAs
. Il FR For mul |l FR PHRF
CFA ChemiScmalict ur e (Wei ght f(wt . L Ol Red .
NH,
A . )
CA 78 N|N 1APPEA 30 31% : /
N/)—NH—C2H4NHC2H4—HN
n
NHC,H,OH
TEM NN 2MPP/ 1TBI 25 31. C77.:
[ 79] '/ A Nu— C,H,NHC,H,—HN

n

NHC2H4OH
16 APP/ ZEe®BA.
4 A

J; 16. 6APP/ 8. 25 30.172.¢

CFA 8 25 37.0C |/

)—NH —C,H,~HN

5
PETA L

[ 81]
ANu— C,H,—HN
NHCH3
MTEC A
N7 N 76 APP/ 19MEIl 22 29%¢943¢
[ 82] —J\N)—NH—C2H4—HN——
L Jn
| NHCHCH, _ 25 / 86.
CNCD \ '
NN SAPP: 1 ONMCI
3 |
DAL 8 _J\N/)_ NH=GH-HNT 30 36.°% |/
CNCO . ) ‘
HAL 64 AAPP: 1®MC( 25 34.:81.°:¢
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CNCA
DA[ 85

PTCA
[ 86]

SiMCA
[ 87]

NHC,H,OH

N™ SN

' N/)—NH-(CHz)ﬁ—HN

HN@

)—NH —C,H,~HN

n

n

i@
NN
' N/)—NH—CZH4—HN——

S

NHC;HSi(OH);

NN
' N/)—NH—CZH4—HN——

N

]

SN
N NH-{CH}-HN
n

0
O/\@‘P o
o
N
|

N/)—NH—CZH4NHCZH4—HN

%
o O-p=0

)\ (o}

N N
TN
N 7 |n

NHCH,CH,OH

NHCH,CH,0H

N SN N N I\
' N/)-NH—CZH4—HN—|'\N/)—N N

n

2APP: 1EGMC(

2APP/ 1PTC

18. TAP®BIA

16 APPICFMI L.

4APP/ 1PEP

3APP/ 1PEP

7T6 APP/ 19EJT

16 APP/ 4TTEF

7TBAPREFA
Y Beol it ¢
4 A

30

20

30

20

25%

30

20

21

22

40. :
27.

35. ¢
31.°¢
33.¢
31. ¢
(m= 2]
35. ¢
(m= 4 ]
34. ¢
(m=6
35. ¢
28 %
34.

29.
38.:

/
181. ¢
/
90 %
79. ¢
/
70.
81. ¢
192. ¢
85. :
/
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NHCH,CH,0H NHCH,CH,OH
CER |3 Ay 7TBPREFA

QP o) Beol ite 22 35.71 |
[ 93] NJ—NH C,H HN—I\N)-NHvNH - 410 I ¢
CH,
Lj:{CHZCHZOH
ETDP( ﬁ\
NSy o 10APP/ SEMDP/ 20 30.:81. ¢
94 . I ~ I
[ ] NJ—I\HOE—OR N
_Q
S[CQFSA] bt 4AAPPLCES 24 28.¢61. "
l‘{\)N_/—\
7NN,
NH
H[AQPGN] )\g @ 1APP: 1HAF 25 29.:t72. ¢

/)—NH —C;H,~HN-P-NH-C,H,-NH
n

aAl | formulatlons I i stleld 9i@n Ma(t & .ngamme. enabl e PP v
PHHR reducti on-PPecompbhage o0 PRre PP.

Il n addition to the cont rcihbawtrinonn go fa hieH de intgr |
capping structure on the side chain and the
more significangr dmmtaicd o onetEakvei oorhher i ngredi
thaye the priinmarlw eglr ddgphssyydr ead g0t imoemhge t IAd n
the same time, other properties of CFA, such
closely r elastiecd sEorutchausgseapl e, when the main c¢
and diethyl enee rTBVIi mel aaqiultes ,wi th et hanol ami
fl armeet ardant performance than the CA mol ecul

94 0Vrating and comparable LOI, the I FR syst
|l oad[imM8ABlLrt her mor e, when the diethylenetri a
replaced with ethylenediamine, the resulting
synergist, enables the I FR systemwto[% G®lach &
While the contribution of the synergist cann
than 3%. Therefore, it can be inferred that
fl armeet ardant efficiency. Trhiise ailss oc cemmpd mliyn su

construct i-maseod GCHKAsa.ziBhesed on this coere str
ethyl enedi amine CFAs with varFioous nssitdencger,oupg
mol ecul e copnhteaniynlianngi nmen g\r oup enables its | FR
in PP at a | o@wdiwigi oé ohé yPBBRwvYal ue decreas
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PP whischattributed tootbBemaremsenplembbebut &
formation of graphitized car botho annamd 8¢ toerrets
However, di fferent aromati-cetsamdiaxritur e$ f iexihe
i nstapbenyINaniline demonstrates greater eff e
containing a triazinelethyl enewlheanmsmmbibmaedbo
with APP in a 2:1 ratio to fornPRatn d FIRO&disn @&
20 wt whischapparently | ower t hbaans etdh ast® Sahcehm.e v ¢

addition to ethylenediamine, otfhoerr dceosmngonnilnyg
include butanedi amine, hex ame tSh ylde reesd ihaamvien es,
t hat when the morpholine structure is introc

the main chain can significantdbpsedf  CkArCe Cl
compounds derived from Dbluetnaendeida nainmi en e e xamidb i
performance in combination with APP, as dem

significantly greateayé®pBansi on ratios of th

I n addition to |linear diamine molecules su
buil ding block for constructing the main <c¢h
When alternately | inked with t railaszoi nree purneistesn,
typi calCFAlAO%1928b1] s t y pfeoronii ncghaagent al so ex
fl armeet ar dant efficiency. When combined with

|l oading to af®hreveng Ub 94rVical burning tes
of 2250 wEFo®. example, an I FR system based on t|
side chain achieved arm L@ltiwagl,uea nadf a3 49.21%,% U
at a |l oading of 24 wt. % under|[ Qthewe\adirdley ttiyp e
of side chain also has a significant -i mpact
based CFA mol ecul-€EBA HKRolrecmilse¢e ameat utihmg San al
chain exhibits excellentt-l oberdatompaditi og, t
328 AC and a maximum decomposition rate tem
thermal resistance ranks among the highest r
t he processing reggi rpel nesnttisc s ofan-de gefvoeenmman @ @ ¢
engineering plastics, i ndicating promising a
APP for wuse-rienn aRR,anitt se fffliacmeency i s inf-erior
based systceend eTfhfiiscireendcuy may be attributed t
temper a-CbAe whi &h coul d del ay the rell@dde of

Il n addition, as previously discussed, pol yo!
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CFA candidates dud otroni nlygeicrapiamhén eyt CElaseq:!

are frequently introduced as side cha-ins in
containi ng8[7WOYBh e esthiami ng efficieaay aimi hbhes
containing molecul es i's significantly highe

synergistic advantagehofheitrtrogryat iesg wnitthr poe

Il n addition to employing single amine type
to construct the | inear backbo[nHd39[d9 @ [CIFAA mo |
strategy is often adopted to balance synthes
a CFA molecule composed of a triazinel/lpipera
with APP and Zeolite 4A as ean AIF R aslyuset eoni, 3a3c.
22 wt. % |l oading, pleacdiongniing alRngyshemsopepoc
the same design principdieagmimegp hgticyg!| pipepat an
reaction | ed to &l armgtna rfd anath 9é fiufieiccrifeaansdeyn.é m c o
the critical role of the pi per aAzdidni et i sotnrad d tyy |
i ntroduct icoonnt @fi nds magnfi vro4dl'i phenyl sul fone into
framework resulted in the formation of ETDPC
the development of a hicphlry sgproanmh intgi 4 &R lyasrt
with APP and MPP, reached an-9l4@lV rvaatliuneg oaft 3o0r
wt . % | oading, along with 91 1 812 .h&% arf @d eanteind n
structures -hAree.phbHbewbwveus efforts have al s
phosphami de units into the CFA backbone, suc
reveal ed that HA®MNaedantei poedfpatrmaved h t hat of
the nitroxyl radicals generated by HAPN cou
propagation in the gas phase by 96dJenching ac

Il n addi tficornmitmog ethbrachant ef ficiency, the wat
a critical fact egrerimn semsvd rcien gs ttatbailri tlyong hi s
most practical -aptpdrndant opmp ogir td@ salmewlei clo ar
required to pass the 85/ 850 standard test.
excel |I-,mingr atnitan performance when exposed to
extendef@ 9Bpongdt he af orementi on ebda s&FA nmmaotl eercil
exhibited a water contact angle of 107 A, [
pol ypropylene composites incorporating ETPC

-

et ai ned vtehretiircadlL b9u4r ni ng rating even after

hour s. Il nterestingly, when the ethyl amine si

20



the resulting CFA exhibited a water [cOIn]tact
This comparison clearly demonstrates that hy
hydrophilicity than i mine groups. As a resul
rich side chains, al JOBPlwewserp ddi ewd Bdlrs t reams iy
et hanol amine side chains unexpectedly exhibi
to the presence of bulkier ofg®rfi d hemisne es e
contain a high density of I mi ne groups and
relatively short, the resulting CFA mol ecul e
absence of hly&dIrJoxyl groups.

Il n summary, -blaiseelarc htamiranignegents represent

class of CFA structufesmieghebiitcngnexceAi@m

polyphosphate IS t he mo s t commonly setmpl oy«
representative and efficient backbone S t
triazine/ethylenediamine frameworks. As for
achieved with ethyl amine, ethanol amegajrongm
water resistance, It is preferable to avoid
Neverthel ess, even when hydroxyl groups are

' i near macromol ecul es remaiznshaseldatsitweailcyt ukr e
pol ymeric nature. Commaltedukte pohyeiksj orblEes.
CFAs still offer a significant advantage in
| No#hi néai adzeirnies@EA v e

As di s pTabyleah ilitNBe cdseeafr-baeeradzcharring ag
triazine wunits are primarily derived from
triglycsdglanur at e, al l of whi ch ar e
[ 9[89[901 0 Q110210 30 40VBhjen t hese monomers react \
chemicahey fmordnmcam@gPEFrAsontrast, reactions
reactants l ead t o t he -mfod reraetliiggghnt oG F A b rsat nr cuhx
[ 9810110203403 pPapI7t] i s al so f eamadlbd culteo @FA:
from reactions bet weemufftuinicad 2 iomea | mareamdrant a
control |l ing[ 2810éOWrleielde rtate opr epar ati on of I i r
synt hesliisneodrQRoAgy pzicmé | y does arp@ti nrge gu ierpe a&Ars
they are often 9ynt hedihzoead witeh asiomuét aneous
of fering a relatively simple and efficient p

Tabl38hé. structures, f or mul mdlInionhesai ea nAMAfs| a me
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. | FR Formi | FR PHRF
CFA ChemiScmabct ures (Weight (wt . LOlI Re d
I 2APBPT 25 33%1 |/
RN R 20APP/ 5 25 34. :73. ¢
R
DOPO NTSN 0 0-P=0 2SDOPO/ 14, 30 35.(81.:
[99] Wl )LN N 0
R R H H
OH (o] OH
R\)\/\N /L/\)\/R
A 07 N"So 3APP/ 1 MP |
(100 on oA 30 31. /
-0 OH OH
HO R
PT % 22APPLBRE 25 32.° |/
Clus Ay T\
[ 98] S 20APPLBERY 25 33.¢(80. !
i ) 21 APB/ES 25 29%:71
EA 10 N)%N wN o
e i 17.5APP/ 25 32%(84. ¢
“r” 0
N S 25 32%:83. (
BTlEOTZ Ay i 2APP/ 1BT
[ N ; 20 31.( |/
“R” SR .
$ S
3 N N
HPCF, I Qvﬁ?w@
N JAPBHPCFA 20 31.(86. :
FUER - S
H
PCAT A [N 3PAPRPCAT 20 30.:84. "
[ 104 AN
JrR N R‘%
i
HCFA L .
(105 Y Ao 3APPCEA 30 33.(76. ¢
ROONTR,
:
4 o
NH
HE P D A 0 3APP/ 1HB 25 30.(76
[106 3 @
_NH NZ NH
.rfR R'«,.
3
R
HBPU ™ o o '
(107 JNL)lN JLN NJ% 2APP/ 1HE 30 31.181
,NHN/NH\ H H
apl | formul ations | i stleld 9@n VMaft@.ngamme. enabl e
PPHHR reducti on-PPecomptage oD PRre PP.
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| n t rcieanztiereed reacti ons based -m@mactyamtus iichc
piperazine and its derivatives, et hgmenedi am
1, Z2,r4 azol e. Among these optionsrazChAe stnrdu
ethyl enedi amine exWmiebhiar damte éfi giheise ncfyl.a meor
composed of onl-imol3e ovul. ¢oi tpreiraazismal Her i vati ve
of APP successful |-y rianpiarg etdo alp didly ip¥4\ypyd eace

exceeding 33%. It has also been found that

mol ecul ar aggregation state, can signific.
macr omol ecyliprerarci arei-Gdeursitveasteidvwea,ist FuT AP P, t he
pol ypropylene composite exhibited a slight!l

suppressi dmBafot RHRRexample is the HPCFA c¢omj
through the reaction between -bwla)nuphaos pchil me i
The I FR system constructed with HPCFA achiev
of 84.t766t alt laoadi[nlg0T3ojif s 2Pemwlt o¥mance exceeds
Ssystem. However, It I's I mportant to note t|
significantly | ower than in the APP/ HPCFA
ystems with | oweer £IFIAy cmotentdesarealleen due
roduction cheati Earf tshCelahmao he r compound that C
onst r-luichnearontriazine structures i s mel amine

gas source in conventional | FR systems,

s
p
c
a
chemically bonded wittsh droganinstamicreg <eérgEgme mi
can undergo addition reactions -waséddi sbcyahna
such -mGP@da HEMPBIJOWAM]|di ti onal |l vy, mel ami ne can
chl oride compounds via a hydrogen chloride &€
and branched CFA mol g & 0Tbhges -fcsbuaami naygs eHHB PR D A .n C
mol ecul es str onglfyo rdme pnegn dpse rofno-rtetae c & v &rf ma me m
| FR systems incorporating these CFAs gener al
achieve effecti veeh filsanmeoweert airnd aenfcfyi,ciwehncy cor
derived from cyanuricMeh¢éeovede tame eopgxani gr @
i socyanur at e -ocpaem i unngd eardgda triiomng reacti ons with
el evated temperatures. This reaction yields
such -Gfs. PHowewvestem&ERi ncorporating such comp
|l oading of around 30 wt. % to achieyemedéetict.i
ef fi c[i11eOn0Oc]y .
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Il n summary;l i amamg ¢emomed nEFAS, those synt he
chl oride and organic ami ned agarmartalelfyf i ex einlei
potential issue arises during tke RAsesrtnhti naea
progresses, Il ncreasing steric hindrance and
solvent may hinder complete substitution of
may remain in the fimals kCHA rp raopdpul citc. aftTioienss proe
certification.

c Pt hami deri VEFAVvVves

Asummary of-déheveédi aampeunds discussed above

prominent structural features is the combina
amines play a <critical r-né tea rilbha wiit noirt & taht ri onugg hi
interaction with acid sources. This highlight

bl ocks for synthesizing CFA molecules via re

—

t o fbiasszidnec hemi cal st eAhAtarereviewsngohcl ude
e I s, papechaohdided 0 8P AL A L1A”2cJommon strate

amin
i nvol ves combi ni ng pciopnetraaizniinneg wsittrhu cpthuorsepsh otrou
h

suc as pipheasapzh adteev eowe ro, the phosphorus <con
typically insufficient toréendudananetféctien
resul t, these compounds stil]l require bl end
complFeRt esylst em, and thus, t heSpeccainf iaclaslol yh e pad

reacts with various phosphate groups to fo
[108a0pafapij]lt al so undergoes dehydroc
hexachl orocycbaothreinyH pshplsphd me Ip rdadarbcemali edecu | a
pi perbaazsiende CFA [dlAjlBuleer ee. t he presence of a

acidic groups in these molecules, the overal
MPP required in the for@ukeatal bn tbhegehteral
pi perdaezriinneed compounds has been further i mp

systems achieving effective flame retardancy

chemical compositioninganbabeor I i gpet ytr ccuolnatrrl
containing piperazine derivatives, i's that
promote intramolecular synergistic charring

faster and tmb a A ehéeectnitveeo mmi egulbaerhacechar oI

conventional systems.
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Table 1.4 The structures, dmirGaAlsat i ons al

. | FR Formul | FR PHRF
CFA Chemical str (Wei ght ro(wt . LOI Re d
PPAP I |
(108 “OJFE;"“ZN\_/N"ZO‘E;O?L,.“ 7.5APP/ 4PPA 20 33.6 72.C
(0] [0]
F';(A)g oo n_nso-b-ofu 2P P ATRIP P 20 29%5 |
+ -0
ROp_ o
ATP I - (K .
(110 ;II,VN\\P(NH»MMZ 3APP/ 1ATP 25 30.0 77.¢
RO 0%
Ko~ on 0 K
HEMN & 2 00 i N, e 1APP/-MHP 25 30.7 74.:
[111 RO CH, 0"/ —
LL'R R’y
Pl /\
c[Plchz, RN NN 2APP/ 1CPC 30 37.5 88. ¢
’JR/\N’\R‘Z'
[0]
BPOP, FE-
(113 s 3APBPDPA 30 36.0 [/
aAl'l formul ations | i stlld 9@n Vtati @ .nZgamme. enabl e PP

PHHR reducti on-PPecompbhage o0 PRre PP.

dPol ymlea styipce CFA

Based on the structur al characteristics of
groumwsaisnf eér seodeegdrhtagai n pol ymers containing am
potenti al t Sogner wea uals eGFAsa.ve conlaermrmem| a&stei
pol yurethanrPel) [ 11411831 6] and pol yami dePA)

[ 1121809 AR 1R2A2R3R4Rabs] car bon sour,ceass isnh olwnR
i Ri gbFilr.stly, TPU/ APP combinations are capabl
fl armeet ar dant 1lTdlef € ¢tame r et ardancy of PP/ TPU/ A
by the characteristics of TPU, particul arly
hi gher hard segment content tends to enhance

i nce@asamine group concentration associated

dehydration and crosslinking rHeawetviextsa rtihre t
for neiffg ci ency of TPU is relatively | ow, and
of up WMot dO0Oawhi eve excellent flame retardant
combined with conventional CFAs to optimize
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mat eri al proper tencsap swlrateexch niERet &Pt o umt ar ¢
and the resulting IFR system shows i mproved

resi stance, and compat i bbialsietdy g$cyodntpdgamrse.d t o tr

%R\OJ\E,RZEJ\OJ; {(&\/\/\H\n /{'&M
PA 6

TPU

PA 11

III o PII o o
N NSNS
H (o) H H 0o
ES-6 Copolymer

I;I o I;I o I;I (0} o
LNWEW&NM} JFN\/\EM
M-170 Copolymer PETA
Fi gbChle.mi cal structures of representati vc¢
Among polymeric polyamides, PA 6 and PA 1
[1121af9NMh]len used indifieoimcuadg!| ygast shatrheir
i's rel aCbwmp btyoe tPOAW.6 , PA 11 possesses a | ower
chains in iIits molconudlrabutmpuovedecompathbil |

|l FR systems incorporating PA 11 and PER as ¢

ch-apbrming performance compafl & ihijen tPlAGs @ sb ase

a cthamr mi ng agent , t he i ncorporation of a
pol ypropylene, can effectively improve its ¢
PAG6, APP, and MEL at a ratarmsioon 1rOatli0o 5a nedx h
However, this system suffers from severe mel
mont morillonite, cahladdmleaddmeadvddsdpawpamkd
forming agents can significantly 1 mprove t he

matrices, such as t he6 camp®d7 Ma miAde| ltpdaniigetc ul e
pol yamides, these cneastsernigaltse nmaplesroa truerdeusc ea npdr oe
reactions, particularly the -degmiadgtiagenbf s
comprising these copolyamides and DPER dem
mechani cal pr op eyrsttieenss cuosmpnagr eanltyo DsSPER or t
However, a notable drawback remains the rel:
systlema3l2o0] enhancfeortnhnien gc hpaerr f or mance of such |
effective strategy -mmlveodveleagrhtsy ht hear zipomdg y am
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polycondensation reactions between highly ef
A typical example is the PETA mol ecul e, synt
aci d. The |l FR system based on PETAelachf eve
approximately 25 wt. % in PPetwrthnsi ghiffrccen
to PA6 4dnd 32415

Overallsbapeldfymrdmirng agents represented by
' imitations in terms of efficiency and comp
future research could focus on deporgati in@gn nof
di verse monomer uni t s, etaa rndianngt tFRoP dceovnepl oospi t fe
comprehensive properti efsar nMonrge opvaetre n ttihael i onfh ¢
| FR systems mayadlueoriemymi i @ gihlisa@m art eedya seisg ma na
materials, aligning with the goals of green

1.23Rlonomol EERYat ems
|l ntumescent fl ame-moédteamud a@ntde swigtnh i at®igma@lte t

including carbon source, acid source, and
approach effectively avoids probt¢@msons uicim

traditi-oompomant i systems. Compared to conven
formation relies on intemorodceuwlud agy srteeanacst i WM
reactions at el evated tempesatandsstfadbd2ag] chda
Therefore, they have become a major focus

mol ecul e flame retardants can be classified
design and chemical bondi ng of fruwn dcandeet. a |

typical structur é&slher essegroengentygpde i Mbiag.edl .or
particl delwdmdiqruees which i mpart excellent syn
t hat originally Ilyacek fa rc ifreeaatteAcdersglpyi icuaaia ke x a mp |

surface modi fication of ammonium polyphospha
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Representative mono-IFR: 5 o
“’ﬁ‘j \__\\) (
0 7 =X
~l>ﬂ OHI\/_\'HzO B- 0%3] 0]‘ {(]Hﬁ o ||\/_\II;D B ()Hg u]; >_ )—‘/_\"‘Hz o- fj 0 i‘ O'H F/_\-Xé
! NH, ! \i]J : N
7PAPO-3MP .| ) reospsi ) S HTPPP &2
HyN" \J\\II H,N \.\'A\.\'u: /
NH, NH, 0- P
NN NN 90
H,.\"*\Skﬁﬁ HN “NI NH
il} _O‘['E O+ﬂ >_h o Wf-{D ﬂ‘]’() Ni, _Oﬁﬁ{o}l Hoﬁg'oj 1 o 0
N7 N H " on o' 1\2\1\ ]:><:0 0=p:0 0- ls B ():‘p=0
S OZF HNSN N, o E;CEH Hg‘.ll}o \(}/\ Yo ©
HN__N__NH, HBN__N__NH
PV L5 meer UX (ﬁ’EPAP .
NH, \'\[;-1 o ﬁ]{%
SOH
HN by _< o. N__D
lo] ( 1 —NH
l(u Ehl h N- c,ll._g_g_g_g_oL )\H/ \/\0 _<\ % ’|TU\\/\TTT\/\1)\P‘]><:; 4}
" ppmpp b EADP N ° THECP
0
/(I)\/\@;}':() o /\Q)?\on 0/\@3\,:0
PETBP |y ¥ e PSTBP |v*x o°. o PPPAP l ~
s s Aok < Pno - 5_‘\_\_?\_ n

Fi gbRelp.r esent-afERvet moaontour es developed r
Fir &t ggp,rle.sents the structures of typical r
that their fundament al structur al units are
di scus sceodmpmounletnit i nt umescent f |l ame r etiacrdant
aci dsgtdPanpaRdBRaAaBLIB2brganit?22pBREAPABIR 7]
pol y[oll3slmel|l pmMPAREABARB LB 2]t ri az[iinZ2adPBrdP}36 ]
pentaerythritdll3@BdAddpin}ans Jeryatsrdieptso s p Hilmy8l] gr o
Among them, certain copolymers of piperazine
fl armeet ardant perfor mance, reqgui r%,n ga sa dsdhiotw no ni
Table Lt5is worth noting that the copol ymer
mol ecul ar arrangement , resulting in materi al
traditional systems whi dHl 2016208|r tadil yl y acwhaean si
and propbasi onameirmiscalr e -molmedwlre IsFRgl gener
superior efficiency or faster action compar
functional groups | eads to an i mbalance amo
mol eculancgfiitl|l alFpo kReasnpbeptitmal mol ecul e
a UL -094ramting at a high |l oading of 40 wt. %,
functional[ T38pdmenmtisghl y probable that its

i mproved when combined with APP. Similarly,
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efficiencmolasc wl siinmgtliemescent fl ame retardan
| FR system when [ & Bldhhedreedf owietmio IfAfrR.Ise nigH R, t he
proporbhasginmoeps in their molecular structure
aci d, car bon, and gas sources, the incorpor:
can also significantly ¢eaBéapRadg 8f]l ame retarda

Table 1.5 The structur es, rmmoonronmuollaetciuo nasr a nFdR f
Mo n-loF R (IV\IIZ;FQ.% LOI I;';ER Resi dtu
7TPARBMP 127 20 28. 1% 81. 2% 8. 3%
T4 .8P128 20 30. 2% 85. 1% 22.5%
HTPPR 29] 25 30. 5% 93. 7% 61. 2%
TPNM130] 20 29.3% 76.6% 15. 7%
MPP[ 131] 20 30. 9% 82.3% 21. 0%
PDMHPL 3 2] 23 26. 7% 92. 5% 12. 6%
EAD[P133] 25 31.5% / /
THEQPL 3 4] 20 29. 3% / /
PETBR35] 25 29. 5% 71. 0% 21. 8%
PSTBR36] 25 29. 5% / /
PPPAR37] 40 29. 0% 79.8% 32.8%
PEPAR38] 25 29. 4% 52. 9% /

aAl'l formul ations | i stlld 9@n Vtati @ .nZgamme. enabl e PP

PHHR reducti on-PPecompbhage o0 BPRre PP.
Il n additionaggaregatl enmtecbnol ogy has eme
effective strategyerffor maecvee !l dgFiRngs yhsit ghms .

macroscopic particle scal e, di fferente compo
monomers such as tetramet hal il8tardadvfoinly bney cl
hand, t haegsger engiactreod particles facilitate rapi
the bonding monomer structures contribute ac
Moreover, they provide syoemgisbong tatahgtie
retardant efficiency.

Ammonium polyphosphate is a molecule that
due to the |l ack of a carbon sourcefornmi Tc@nn
effect on its own. T h e reexfcchraen,g e s wnrofddPd®Pd ¢ @b a b

introduce carbon sources have proven to be
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acid, gas, and carbon source systems. -lnitia
formal dehyde resin canf ovonmdiem@ataebil itmprane w

Neverthel esst antdantf | @afmfei ci encyt r e mafl onrsnmianngs u f

agents are stildl requirefl4iadapymbi sevxedbdbpsi m
reported the use o f sil ane coupling agent s
crosslfilMidignogvel | as the-dcpbealyl met hgnef didi, €¢
mel amine and [dispgepoaeontshriutceal crossl inked s

APP, respectively. The resul-®@ihlgamedi é¢ti add &R
materials at a .%.Toladimadil feiveed ARP 2Wi twit a cr os s
by hexamethyl ene diisocyanate andOcyatodgxat
| oading | e elwhafch23 swtsuperior to its corres
[ 7[610 4ot her modi fication approach involves i
an ion exchange between organic amines and t
a stmgdleecul e | FR system. Commonly wused organ
[147diethphé48pmhyé dnefdijpannd nadl 1 yAfamfFoe exampl
the resulting piperazine-Opaolayp mhags phatéde |aocahdiie
wi tLhOdaf 31. 2%, WwhefeasmBdddi wied APP only yield
attaining ahy$4@Wl i%4 irmptoirtga.nt t o note that fo
either surface coating or i omeaxudriateg emanet lhe
to reduced t hedmakr yeabifouthuersewarcd .i n

1. 83S2nergists for I FR systems
Synergists in IFR systems play a cruci al ro
mechani sms mainly involve catalyzing and pro

integrity and intensity of tdfe tcdxairc |samycekreg &
[ 15T2hjese synergists accelerate the dehydratdi

system, facilitate-ltihnek idnegc ornepaocstiitoi nosn oafn dp hcor sor
char |l ayer formation at | ower rtemperaasturods h.
fl ammabl e gases. Currentl vy, extensively stud

oxi[dle53magnes|[ a4 praind d a[nlufmb Joaxd deef L1 @p dki de
met al sal ts and hydroxi[de%8]al umi nmaunmu mhyppomp h
[ 159K 0]al umi nunm 1®Hdgnsipchkaetllel & @ hnai I ctkaetl ¢ Ipehdj]apth at e
stronti urnmldéarabso neetl el as organic i norwgadniecd hy
carbon nanotubeg¢ 16abnhd lewho dvii ft ihe df IINbGe6XjEEIM@®s e met &
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components catalyze the dehydration of carbo

t he -crmlsisng and charring of phosphiansuli attiemgr

char | ayer. Layered double hpydsioxiades,t derema
and -sébwase properties, demonstrate excell e
suppressi on[ ldpaaged8bji Irietcieenst. year s, silicon an
incladl ngonmn 8@9,Pr!l dei |l ses@apkbdlsapeldlOivtee mi cul i
[ 171]4A E8[09[37t7e€2 Imont mJrli7l3l]xinliiteeone fill ed hal
[174kBnd z[ 92] Moalvaetattracted attention. These
t her mal stability of the <char but al so indu
enhancing fire resistance. The | atest resea
synesr gt bBat Il ntegrate <catal yt@indi icphpairargdn gh e ast

resistance functions within a iamtgalreb baadcdki t i v
[ 176]Jas wel | as metfal I dDfrhmave beamewairdled v e
mat erials not only provide more efficient C
properties and ther mal stability. Further, t

excessive amountlse odrniequi caolmpirmtmua mesdent f | an

[ 1719n] summar vy, catalytic I FR synergists are
origin, and multifunctional integration, dr
retardant PP for high performance,l ilcawitomsi. c

1l Bli-masfeldame retardants

Il n recent years,badveddeivame pmetnd rsdtdnltlimafrarl yp
focusked&Yxnt ems or their individual component
classified into three categories: phytic aci
bi omass mol ecules cpntaai sk hglWAimedaagk ilhieagng o ps
acid serves as a suitable alternatAngienoou@ con
containing biomass molecules can provide tF

hydr ox yclongtraciunpi ng bi omass mol ecyll8D]mainly a:
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( Representative biomass monomer: A

o
o—imon (WOID f /\/\H(J)\ H,N i i
e = H,NT N () 2
HOL ‘/0]1 (l) 0\\‘/()}1) HN NH, 2 H R ) p \/\/\H‘\O}D \)‘\O,Ip
7o o' 4 NH, NH,
o on Histidine Arginine Lysine Alanine
o o 4 NH, NH, 0 o
HO ™ \ 0 / Do) o N .
o | HO N N >N N NH NH
HO—P=0 H,N | /g </ | </ | y | /g
I 2 ;
ol ol N"o N \N) N N)\NHZ N"o
Phytic acid (PA) Glycine Cytosine Adenine Guanine Uracil
Om NH, om :
Y o) o o
HO NH, HO) , HO o HO) n
Chitosan Cellulose
e 0" et _ ’
0=%=0 H (or lignin) . /\ /jl
|
G/\ow HO om H@—l'l’—o oY Sy
\ / : oB
n Pigni o—
Furfuryl alcohol Alginate Lignosulfonate Nucleotides
Typical basic reaction using biomass monomers:
o o o
+ R-NH, — HsNGER R-NH, + HO—{’I—O—{’I—OH —_— R9NHSC)®—{§—0—$—%H3NQR
(I)H (I)H OH OH
_R CH,OH K 0
j\l Hj\ R-OH NH NH
NN -HCI NN + N)%N - CH,0H )§
| + R-NH; —— | 3 N N
PEFN R A R 1L I
a” > N"a NTONTON NH “N7HN NH N7 HN
H H HOH,C~ ~CH,OH R-o~ : ~o-R
\ eee /
Fi g7iCllassi c biomass monomers and reaction
Representatively, phytic acid can react wi
with typical reactf[amtligmei | jac@ dhd@i 3nbgi opnih gpsesr aazminreo
[ 184pBhnd so on. Additionally, metal 1ions <can

[ 182geci ficadmbyecal si hBReobtained from the

pi perazine at a molar ratio of 103renablbeat
|l oadi ng%ofHR2Weweér, due to an unbalanced gas
[ 18l1lnN] anot,ihgmpes bwpdy yreamhidnees ed mol ecul es wer e
from phytic acid aamdmébFgwin.i % laomadciesg, Wi hdéd L (
30%, withOar &Jtti ®¢, Vand the PHRR decreased by
the mechani cal prope[rtdVv®|s eweee, ImeHgari y ea esiadi
were used to modify | ayered dooabéeulhg dirRIi sy
or to be combined with tradiftl®algBwerRRrt o id
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the amine structure iIis nbsepdopé&ERI wyseleest e
retardant efficieht4fends to be moderate.

Regardindebi eomdsamine sources,fohmyngaaghba

For i nstance, glycine and cytosi nemocanc url eeac
CFABl18d4apBHoOlwever, |l FR systems constructed wit
relatively | ow efficiency and often require

achieve satisfactory fl ame retardamay.dulyyt os
a pyrophosphate salt that integrates both ceé
this compound withOPE®Rtianhpi aveésaULOB40WV 30. 0
20 wtl188]lanine has been used as a sidasgmdoup
CFA structures, where the resulting |IFR syst
to achieve effed¢tliBgs ifdeasme preataeridna nfciyner al s
exhibiting IFR characteri st[ilcOsinfwheddi treated
as a carbon sourcaers omda ,cfl itkled saed e®ii onnea s sg u a |
and vuvarraeciclapa@abdge gpds sources to [md&dn | ad cki tliFdRn
the amine group enexdlmrasngend twistam Aol died ii eobht a
APBased fl ame retardant[s19dut with average ¢

The main biomass sources containihh9aljydr o
celluleosetfdbhal pLaéf e gnosluffip&@dad®nd nucl eot
[ 200]For instance, hydroxyet hyl cellul ose ¢
phosphoric acid and subsequemtollyecuéactl FRi t
enabl es PP to -Gacrhateivreg aatULa 9l4d0sMdangh owa 8 Ou sve
similar mol ecul ar designsebat dayppi edfigiexiciy
to be combined with expandabl e g[rla®dthlgpt eat e &
and |lignosulfonate are often used to modify
fl armeet ardant] 1@radplelr @8 9swleci fi cal |l yymodbfli ech BDH
enabl es PP to0 reelacshsiUl c®4 i ¥ 186i] g3ndo switl .f% nlad
modi fied LDH, after being further coated wit
31.6% and WlhtIhgVat 20 WMAdl@d tio@amdalnlgy, nn PPl eo
can be chemically ¢roafnadd eihrytde trhee i me lnaemiwoe

bi-mased mol ecul es can serve as ef[f2e0ch]i ve syn
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1.6ther phosaplkdr §$ ame retardants
Apart from intumesoaoatth efrl apnieaseddoafridanaear €, et ar

al so candi draddeisiPdRerd fplhaome@ horus is the si mpl
retardant in terms of chemical structure. It
of 10 wt . %, i t-r eeinmafbd recse dg | PaPs st-@f irbaetri eg eamd Ui

23. L 2MRe]d phosphorus is also commonly wused ir
to create a [sZyH®wgvetjcdeéfeatits tendency t
mo s t red -lphsoesd hfooumul ati ons use microencaps.!
either on their own or blended with other f
red phocompthiomed with magnesium hydroxi de and
retardant mo[ddMklchahoestot BPudies indicate t
red phosphorus enhanced ther mal stability of
when microencapsul ated red phosphorus is com
tri hy[dzO®Mije i ng combusti on, t he met al hydr oxi
phosphorus decomposes between 400 and 500
form a phosphoric aofdthbheamahgroal (-plpasai dia
fl ame retardant effect.

Phosphate =esters represent the | argest C
production volume. Traditional phosphates s
retaf@0BpP. example, Dblending triphenyl phospl
been empl oyreat afrodra nftl ammoedi f i cati on of PP and
system, triphenyl phosphate primarily func
hypopheosgdtist in the condensed phase, resul ti
conventional phosphate esters generally hav
susceptible to moisture absorption and migr
|l i qguiwlsi ch | eads to high smoke emissions an.
their practical @moflpthiomsdpih@an.e Astarr g9 wlutp, on
polyolefin is an eff-emcgrati shrdptmapg yin-taég exBirhpma
stab[i206]ly.is also i mportant to note that pho

effect in polymers, which is considered when
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TPP [205] Co < HN N
: PPR [206] —N HN, ~
/P\- ‘\'%
0 >/—N\ n TI i ﬁ——< N
-MH 1 N YN K \\—(
(IT" ll)_H >=N HN/ N NH : NI
H-P-H o N \__< >~x 1
o “NH, o IN N e
AP A Ny ="\
Ay 2 L
5 P’ - -—C s
o H H® % H,N” N7 “NH, °
Co-PNA [207,
MH@AHP [26] MPHP [208] 1207
9 O 0 ?@ o ‘;?_0@
Cle 4 0 el
p—i O O P— 4 @O—P i
I O
oy @ @
SEDOPO [209] SEDPPO [209] SEDPP [209]

Fig.8 Olhemstcabctures of other phosphor
As di spl ayedpoilrypFRFogmpmlyglogdhes phntdeogpadal the

deri vahte vee thei-phdaaesogadbhehigmg effect s, cal
retardants for PP. However, they are often c
ot hceormponents to achiedvaa damh[a2edd)d2 iAo e .

example, a hybrid structure formed by hexach

ions enabl ed PP -0 or aatcihn gg vaet aa UlLo w 41 &/a%,i ng of
wi tlhOla of [ 26 7T %.

I n gemegtalhoefse fl ame retardants exhibit | o
especially in reducing peak heat release rat
have a significant drawback in that they can

properties of h &ée slphhernadufaame ,ng f |l ame retar dan
explored for applications where only moder at

specific functional properties are required.

16l norganic flame retardants
Among inorganic flame retardants, magnesium

doubl e hydroxides are the most widely used t

i n hydroxyl groups, whi ch rel easenwdatfeorr mv a
protective | ayers of magnesium oxide or al ul
the ambient temperature and dilutes fl ammabl
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serve as physical bafr2iHolwe veo , i hhiebrt mao mb a:
requirement of high | oading | evels, general/l
retardaitly.s high | oading often | eads to a s
properties; t hus, they are commonly wused ir
modi fied Vi a surface treat ment s, mi croenca
perfor mance.

Magnesium hydroxide can be combined with ¢
enhance t he2l¢léncABHcygnd ammoni um pol yphosph
and 20 wt. % respectively, the PHRR and THR c
32% compared to neat PP. Additionally, ATH
associateld2 WN{thabAIPWP,. t he combination of ATH
fl armeet ardant performance than either al one.
h

eat absorption and | ower decomposition tem
t han ft hMH, oenabl ing a broader temperature r ¢
reactions, thus more effectively inhibiting

combined MH, ATH, and zinc bor2alt4deHs ot yphealfl
show betrteetrarfdaanntie ef fi ci ency than MH and ATH.
carbomdatee caAlat eDHQGLDHKt udi es have reported
intercaltbaredqqui DPs only 20 -Ovtir.r®4 tion aPcPh i ewheera
C needs 30 wt. %P/ HPecdmpo wift eksDH s aiCsd P Phi gh
composites, attributed tPo etntheanghoagplcdraus sg
crosslinking reacfk@b$% during combustion.
Surface moand istartketywu dieveg | @mpeghantordf b emd i on
r et ar[dalfetirsn.s t, afisaler f ace modi fi cation of MH has
L Ol of PP composites b'lyoddic2grEn f ameé ygOa f2t iwr g
with poly(trimethyl ol propane ester) yields h
PP to 29. 3% at[ 23A]dvitt. i% A alaldy,ngsurface treatm
stearate can i mprove MH dispersionrehatdanPP
perfor[nalBe]sei lessttategy ofl ipke pMH ipnagr tniacnloe s os
di spersion a@emhastid¢gensi ft heamal y stability of PF
promising potephtil@d weavpeprl,i chue om®. cost cons.|
applicat i-nmentsalofhyndarnooxi des in PP remain | imit
sti || r eleyfifnregctowecoptt i ons such as natur al

stringent enviartamomesnt alt heregpu oduct-gomaundapa
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hydromagnesite is declining, whil e chemical

derived from waste brine from salt][ R[]t ri e

Il n conclusion, -allumibrugre d madgaenei umt ardant s
moder atreetfdradreent efficiency, they are widely
smoke suppression ability, potentfiidll et s, rar
environmentally friendly characteristics ens

l17Summar y

Based on the above review, i-t et ar ccavyntdemo d it th
strategies for pol ypr efpryelee nien tnuamensl cye nfto cful sa noen
i norganic flamecoepasdaet $| amedrRAhaog anhemy :
are particularly favored due to their enviro
toxicity. However, they often suffer from
mechanical properties. fTthiecideensti ginl aamed rceotnasrtdr

is the key to achieving higher comprehensi ve

mont morillonite, and | ayered double hydroxid
fl armeet ar dant evfefriadile npceyr faomrdnasnmce. Through sy
excell ent flame retardancy even atreltawdlaoad
modi fication of polypropylene is expected t«
sustai,nalbow i agdi tive content, and i mproved
research directions wil/ i nclude the devel op

constructdomal o fs ymmdregiasrtdiacn tf |saydsetpet nms aunnddneargsat n

of f-rl atmeer dant mechani sms. Addi tionall vy, by
modi fication, and intelligent functional des
flame retardancy, mechanmobalti puope¢erirbinas ] tpr oo

t hereby promoti ng -rtehtea radpapnliti cpaotli-gopnd oopfly EfEl dasmei n

180bjectives
Based on the pmaocsgrnecsilsudaldoven,ati tt he devel opm
i Nt umescreenttarfdame systems remains an effecti
materials with enhanced fire safety perform
groups apdurhé s8esign of i ntumescent fl ame r
hi ghfoharng efficiency.

This dissertation aims to develop a series

systematically enhance the fl ame retardancy
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properties of polypropylenel evenposti it esct umBaygl ¢
regul ation, the research seeks to overcome ¢
such as high |l oading | evel s, i thet edriebtitaarndeadn tm
efficiency, thereby prometrifrog mahe eoddemitbepdma

fl armeet ardant polypropylene materials. The sp

1 To design and synt hesi ze hi gklaysedf f i
macr omol ecul ar charring agents with control
c ondepnhsaesde -r et ame ant effects through s-ynergi

baseddaand gas sources, thus enhancing the o

2To develop covafrentarylabonadaegpot yaames t o a

and compatibility i ssues o f physically bl €
i mprovements in flame retardancy and mechani
adhesion and processability of PP composites

3To construcbasedai omumesmcent fl ame-retar

ion coordination strategipehasd mpmrhivhintgi ocrh aat

|l oadings, and to further achievekenstsappatsedi
and ther mal conductivity by introducing ther

Through a combination of Acontrolled aggr
coordinationod strategies, this dissertation
efficient, environmentally-rfetiaeddalny,s iP®a dc, om

providing innovastsaffetgohodi mobtfdbunbtgbnal a
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CHAPTER

Mat eri al s ainzdatGhoarr act er

2 Material s

Al | chemicals and materials wutilized in thi
commercially ffametrehat ditbimé seawell opment of
retardant systems, as well as mol ecul ar prec

novel-retamdant compounds.

2. Bake Polymers and Additives

The polypropylene (PP) empl oyed throughout
(T30S) supplied by Zhong An United 6Coal C
polypropylene grafteeayMAi t lgr mmé& t € Ngw aasa hsyodurri ceed¢
frompmddasm Sai nuo Chemical Co., Ltd. Two-types
di ebrut yl phenyl) phosphite (Anti ox( J¢ear t168)
butdhlydr oxyphenyl )propionat e] ( Ant iQhxeintdiacnatl 1 (
|l ndustryrFi@o. ,2.11t d.xhi bi ts thhaes e ppeccliyfmecr samd ca

M 1\@
n m

PP-g-MA

0
0 O, OH
0’7&})
HO o o
0
[}
)
0" o
%D\k ol

Antioxidant 168 Antioxidant 1010

Fi g. 2.1 The chemé cpdl pymenuwstamesaddi ti ves:s

2. Flamd ar aandt S uncti onal additives

Ammonium polyphosphatlellQ&8PpP, whaes Flraonvi NHd b
Addenda Chemical Co. , Ltd., whil e mel ami ne

Tai xing Fine ChemidrciappiCng ,a¢gendt, Thel aneir afl
soud cferom Dai kin Fluorochemicals Co., Ltd. M
< 5 Om) was supplied by Shandoinge dVealdomign Cr e
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(Al OGO5RAT 50 nm) was procured from Nanjing

boron nitride (BN, 50 nm) was pur c hwaslelde df r o
carbon nanotubes ( MWCRDs )n,m vaintdh | ccinagiBenten sa nayfi
were supplied by Shenzhen Guosen Pilot Tech

(PPAP) was $yynutskeediodddwimg established proc:¢

[ 10T%h]e chemi cal sfturnuccttiuorneasl ffoirl Inearizn 2r e di spl
n h
_I_P_o r F . N-H-O
o- " ‘H/(\F H  N— N
NI, g FT" H'N—<\\JJ€ H-N \_}:0
APP PTFE 4 H NHO H HV,H
>N H H %\_
H-N o N
0 %1\>: H " ~
-I-#-O-]- -0 H ~N-H-0 H N-H
- n \ \ ;
o H N=( N H
NH, o o N— N-BH-N =0
* n -+ \+ _ H N N
NZON Ho—{—P—o HN  NH, o-ili—o-]-H 27 NeE-d  ®
s on om " H R
H,N7 N7 NH, ;
MPFPP PPAP MCA

/

Fig. 2.2 The chemicfalnctaidaicdli vesof ncommsr

2. xh&8mical s foofr mowmelh efsliasme r et ardants

The chemical precursors employed in this wor
from Beijing I nnochem Science & Technology
purchased from Shanghai Al addi np Brinogdyaemiincea |
( 99%, m0Oaad cyad9aw) cwacedobtained fr-ormee&heji

Smoke Suppression and Fl ame Retardant Co., L
was acquired from Fuchen (TianjpmhosEhaetme c@MF
was supplied by Shandong Brothers Technol og
phosphate) (Al DHP, 98%) was procured from Sh
Ltd. Piperazine phosphate (PAR) |lwasngyprobeses
adapted from previ paéibhje psubrluicsthuerde noeft h dhdess.e ¢
in Fig. 2.3.
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¢ N 0 I\'I o
I\ C1-Si-Cl \VAN Y \f 0
HN,  NH o ML NN, Ho—P-oH
x>
— H,N” N7 NH, H TOI' H OH
Piperazine  Phenyl trichlorosilane  Melamine Cyanuric acid Phosphoric acid
9
HO—P-OH 0
i I
o o o HO—P-OH
NH; TR ST o
A HO-FP-0 H;N  NH, 0-P—OH AP
A _ AL
NZN OH OH 0‘\13’0 0 _0
PNE W p )
H,N" N7 NH, HO' OH HO “om
MP PAP AIDHP
- J/

Fig. 2.3 The chemprealursobreicti orkisg htt lim@sin s.

Dichloromethane (-@P@dbB%yodndmahsgdybkcde (N
from Fuchen Chemical Reagent Co., Ltd. Prior
Tetrabutyl ammonium (99 %) was suppliedisby Be
et hanol (99%) was sourced from Fuchen (Tianj
ot herwise, all water used throughout the exfg
via a |l aboratory water purification system.

2. Characterizati on

2. Zhkmical Structure Characterizati on
The chemical structure of the synthesized ma
anal ytical t e c hnitgruaenss,f oirmc liundfirnagr eFo g riHdd r& ) S

nucl ear magnet-statesbNMBhcepaatyf dldcacpy ,o na ndX RA

Foustiramsform I nfrared Spectroscopy: Struct
materials was obt-aypedFU$Rngpaotr BdDNmeMEr, whi
the raneg@0o0ém40D00This technique helped ident
the chemical bonding and mol dbel apecnfecaste
f ol | Piwrss t the sample iIis mixed with anhydro

specific ratio (typicallapwspateéf) ahdntpehl e

Since KBr has good transparency in the infr
absorption characteristics in the infrared s
KBr pel |l et i se tFhTelnR pilnascterdu memtt f or scanning,
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spectrum of the sample is recorded. This met
of various solid samples, especially those t

SolSitdate Nuclear Mag-Seate RMRINFpELtT BoLbdDdy
P, 2MNMR spesymtiahmdl @ emklrees acqui r eEC ZWs0iOnRy  a
type nuclear magnetic resonance spectrometer
probe. These spectra provided detailed infor

bonding characteristics.

X-ray Diffraction (XRD): The crystallinity
evaluated usa0t@peandiXfRIDract omet er . XRD ©patte
scanning speed of ®r.anAgenimf, ThAveoi 69AIt h@hi2s
information about crystalline and structur al
physical properties of the material s.

2. 2. 2-Reltamegdant Performance Evaluati on
The fl ame retardant performance of the prep:
several standard tests.

The gl ow wire i gni tion test simul at es t h
components and assesses the material s resi s
conducted -wugpeagamp&P&Ht us (Wazau Co69BL2d. ) i
and | E21806%3%= mmdgiedsy r e f |l ammabil ity -winrde x ( C
i gnition tempeTeasttursep cGWheTn)s measured 60.0 I

wire penetrating the sample to a depth of 1.

The Iimted oxygen index (LOI) measures th
to sustain the combustion of a materi al I n a
under -extnigemed conditions. L OI val ueyspewer e

i nstrument based on the ASTM D2863 standard
130.0 I 6.5 1 3.2 mmj

The QUL vertical burning test is widely use:
materials by observing dripping behavior, fI
the speci men. This test wWayp e c oveea milu decgatd i ouns i tn e
chamber in accordance with ASTM D3801, with
For e&ddh vl ti cal burning test, five -stpegi mer
ignition process. Fi r sntp,e dt hsep ebca tmteonm i osf etxhpeo sve
10 seconds and then the flame is removed. T
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how | ong the specimen cont-erttesgtioshars n.al s
second ignition is applied, and the second a
dri pping behavior is obser v-bdy npardtrioopulearsl yi ¢
cotton positioned below the specimen94 whi ch
classiTheaspoani.fic rating.clriteria are shown

Table 2.1 The specific rati.ng criteria

Criteri a V-0 V-1 V-2
Afterflame time afte 010 O 30 O 30

Total afterflame tim O 50 O 25 O 25
Afterfl ame + aftergl

O 30 O 60 O 60

(s)
Dripping ignite N o N o Yes
Burn to clamp (compl N o N o N o

The <cone cal ori meter test provi des a com

guantifying parameters such as heat rel ease

production. Cone calorimetry was ecrarar iheedato utl
of kBM:jmccording to the | SO 5660 standard. Th
I 3 mmj in size.

To assess the ther mal i nsul ation and barr
combusti eny,pea tTheaOmal i mager was used to rec
r eail me . This provides insight i namd tihet edirairt
Samples used in this analysis had di mensions

2.2.3 Mechanical Property Testing

The mechanical p-repartaes pblypeopybhmeae comp
investigate their structural integrity and a

The unnotched Charpy i mpact strength was
sudden external force and crack initiation.

mmj were evalu-atetpast ngeani XdF aptphaer aUNIES E M
| SO -1 789t andard. This test provides <cruci al

absorption capability of the composites unde
The tensile properties, including tensile
modul us, were measured to examine the compos:s

tests were condugpedebdbecar GNT6 104 icweorsssahle atde s
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speed of 10 mm/ min, folllewandattde UNEsE&h&aBa

insight into the materbeadrisngtecdp acistsy, dwltita
mechani cal performance evaluation in enginee
2.4 Thermal Conductivity Measurement
The thermalasWomdiucKiwv) tgf (the prepared polyp
aluated to investigate their heat transf e
assessing the ther mal i nsrueltaatritoann i aanhda . f iTrhee rte
conductivity was calculated using the cl assi
o = @il
wheUrepresents thermal diffusivity (mm]Ls T

and s the bulk density (gbLcm j) of the sampl

Ther mal di ffusivity measurements were perf
LFA 467 HyperFlash | aser fl ash-papmgarsatoms d@Ne
i's particularl ywasweidt dthlien ffor msol plrhesp a rha tcikonne ¢
the speci mens were carefully controlled to e

Speci fic heat capacity (C ) was obtained t
using a PerkinEl mer STA 6000 ther mal analyze
nitrogen atmosphere with a heating rate of 1

The denefitga¢h sample was measured by t he
anal ytical bal ance, ensuring consistency actr
2.2.5 Ther mal Behavior Anal ysis
The ther mal stability and transition behavi
di fferenti al scanning cal ori metry (DSsSC) an.
techniques are essential for under $seapeiragut
and overall thermalt ardlawmnst sgsd eonfs. f | ame

DSC analysis was conducted using a Perki
accordance with the UNE EN | SO 11357 standar
was weighed and sealed in an aluminum pan.
22MC or 240 AC at a constant heating rate of
to avoid oxidative degradation. The resul ti
mel ting points, crystallization behtkhéeopol am

mat r i x -roert af rl daamet additi ves.
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The ther mal decomposition behavior was ev:
8000 analyzer, following the UNE EN |1 SO 113E¢t

20 AC/min from room temperature to theedegr a

a nitrogen atmosphere to simulate inert t he
determinati on of i nitial decomposition t e
temperatures, and residual char yirdalachcsy wmidc
thermal resistance.

Together, these thermal analyses provided

and chemical stabil-néetyarodarnthes ydstveerhs,p edf ffd rair

t heir sui tsaabfiel iptoyl yfnoerr ifci raeppl i cati ons.

2.2.6 Morphological and Compositional Char ac
The morphol ogy and el e rneorvteale dd ifsltarmeb urteitoanr doaf
and fracture surfaces were thoroughly exami:H

coupled with emaygypeactspescopye HEDSUYct elch eu sain

a ProX facility at an operating voltage of
surface features, mi crostructure, and the f
provided additional i nsi grhd sdii sntt roi K thtei cen ewmetr
retardant systems, particularly identifying

met al s t hat areresaedantl métohamies ml ame

2.2.7 Ceélhhesres-&dtaamedant Mechani sm I nvestigat.
The chemical Sstructures of the char residue
anal yzed aysiprhpptXel ectron spectroscopy (XPS) ,
Escal ab 250 Xi etuiappead i wmt { 1 AB6 .K68t aiV)ed XF
information on the el emental composition and

idepth understanding of the surface charact

present in the char | ayers.
Raman Spectroscopy was employed to invest
residue. The Raman spectra were recorded usi

with a 532hemm healsieumas the excitation sourc

detection of structural changes, such as the
carbon structures, which are cruci al I n unde

Additionall vy, Fourier Transform Infrared S
the functional groups and bonding character
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provided valwuable information about the pr
phosphates or hydroxyl groups, that play a r

formation process during combustion.

These techniques, I n combinati on, all owed
residue's chemical structur e, whi creti asr deasnste
properties and the mechanisms of flame inhib
2. 2. Ph@sse -KRetaammedant Mechanism I nvestigation

The-pghaasse products released during the ther ma
analyzed to i nvetsdrndgarnte meéeechadniasmes. The pyr

during thermogravimetric anal ysia HrTdaGQyNpieewe r €

FTIR spectrometer. This seotnuipe pcloemdedl vapea
functional groups present in the gas phase,
volatile compounds and ptrheesisri opnot ent i al rol e

To further iphasti gheei sheygasher mal decom

EGA/-PX3-0Ppe pyrolysis apparatus wer e anal
chromatography system coupled with a Clar us
combi mdt iGCh MS al |l owed for the identificatio

during the pyrolysis process. By detecting |
based fragments, this techniqgue helped el uc
rteardant systems inhibit combustion in the g

Toget her, these techniques providetdase com
fl armeet ardant mechani sms, shedding |ight on h

combustion process to suppress flame propaga
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CHAPTBR
Fabrication of -BEBspeédr-R@hianmiedn i Agaet anc

I ntumescent F|l ame Retardant Polypropyl

.Introduction

Among the various components in | FR systems
considerable efforts have been devoted to ¢t
i ntumescentlONiflf rogein&iyni ng groups are common
mol ecul ar str ufcdmumiersg odgdmtes.e Rdimresent ati ve
based on pi pe[rHYlHi2rie pti pieaaznee/ tri 420j30e/ et |
pi perazine/ethanol amine/ tr[i9%4z]i na/hdi amitma duizph
phenyl en[e2d2 2aJdo mpar ed t o-btasadi tiaobain poluyacls,
rich molecules exhibit signif-iebaattdgnenpante
Among thembapieglemaziené es have demonsttated p
in I FR/ PP composites.

Il n parallel, t he -ciomd @an mo mat iuonni t &f i it loi ccohn:
systems has also proven effective for furthe
i ncl ude [Ri2I2@x4anielsse $ @R 2Edanreds si |[iZ@E]whii okx i d
have all contributed to more stable and pro
suggest t hat ecoommbtianiinnign gn iptirpoegreanz i -0 @ n tsa ir ruicrt gu
groups may synergistically e/nPhPanscyes ttehnes.c harr

Il ntriguingly, [®OWrbmprag\vin@u st wot vpdayp eda zihme It
agenthkT (a smal | med | eucsutleer) (aand maRcTr omol ec ul
piperazinel/triademengtrmnapé detnsat gPTper for med
charring efficiencydeasmdt el eaamevi m@gt anredaad vy, i
compositions. Similar observations have beer
phosphaphenanifRR2&Ra8/RAsnidl oxlamephaphenanazsh9lene/
structures, whi ¢ h -reexthairbdiatnetd bseuthpaevriioor cfolmepnaer e
counterparts. These studies underline the c
even subtleuomrasatclhasges i n thetaggraadatgiron
can significantly enhance performance.

Buil ding on t hese insights, t hi-lsondeddy

macromol ecul ar structures based on -rmehamin
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piperazine gsoupsoandnphenwk core charring s
degrees. It is hypothesized that these charrtr
synergistic charring proceskKkurmwtheér monme,niiumc mp
aggregation degreesiofi tbe ot pecthures/ pbeaype

the i ntumescentr ecdhardrainnng paend ofrlneanmec e of t he

3.2y nt mdmicy omol ecnl eenMABEhi ng piperazinel/sil
Thepe mpirfeipamat bmdNSn i ncl udes Fi weatstyepshe pi pe
skel NtSaas®ynt hesdeheydrboyc hl ori nati on reacti on
phenyl trigchas odospl aGuerdc riAm BFigg .ou3. Ipi perazin
0.45 mol) was di ssol ved in 700 mL of di ch
trichlorosilane (21.58 g, 0.10 mol) was ther
mai ntaining the temperoant umiex tbhuerleo wvalsO sAuth. s eTghu
35 AC for 1 hmermi Afuee toobehgwt10 AC, tetr
g) and an aqueous sodium hydroxide solutior

continued stirring for 10 minutes. The resul
funnel J] oawved tlyeeous | ayer was removed. The o
mL of water and separated again. This washi
complete removal of I mpurities. Final ly, dic

reduced pressure to obtain-2t haeeapN&duc ta moFuonrt
anhydrous piperazine used were 0.375 mol an

conditions and procedures relmained the same

Fig. 3yhthlesiisntreorumée&d{ otfe, 2, 3)
Af ter that, -mnheolobddtcali @edamMN&S&i chemically bo
cyanuric acid to obtaitnhrmagrho nmoyldarsosgteanis | bAN S
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exhibitedSpeciFiNig@al33®,..0 g) was dispersed in
in anthked flask and stirred at 80 AC for 3
nd cyanuric acid (112.7 g) were introduced

a

90 AChbar @Wnder continuous stirring. After
vacuum distillation. The resulting.sdohedf waasa
p

roduct was groundhboaendOparticle size of | es

Hydrogen bond
self-assembly

Fig. 3.2 The synthesis-nrout=els, 02f, mdacr omn

3.C3onstruction of flame retardant PP composil
The -bRRed composites were prepared through
formul ati ons @BhAoviThed pirAm maalyldéehtameystem uti
intumescent fl ame retardant compomseat od fainma
mass ratio of 3:1. For comparison, a referen
APP and mel ami rwe t ¢fyoarnnuircdgars kel et ons, al so at
the first step,ncdluldi mgw that rPj] arkagt d i any | &dRd ia
modi dwere weighed precisely according to the
were then pr esnpiexeedd menc ha nhic@h mi xer to ensu
befroeletpirmgcessi ng.

Table 3.1. The formulas.(wt. %) of the
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~

MNSn MCA APP PP Ot her a
PP - - - 99 1

22 %( MNBPFPP 5.5 - 16.! 77 1

22 %( MABPPHP 5.5 - 16.! 77 1

22 %( MBIBSPFPHP 5.5 - 16.! 77 1

22 %( MCA/ AF - 5.5 16.! 77 1

25 %( MNBPFHP 6. 2! - 18.7 74 1

25 %( MABRPFHP 6. 2! - 18.7 74 1

25 %( MBIBRPFHFP 6. 2! - 18.7 74 1

25 %( MCA/ AF - 6.2! 18.7 74 1

28 %( MNSRP P P 7 - 21 71 1

2 8 %( MASPRH P 7 - 21 71 1

2 8 %( MBISR P 7 - 21 71 1

28 %( MCA/ AF - 7 21 71 1
*Ot her additives included PTFE (0.4 wt. %), a
1010 (0.3 wt. %).

The-bpreended mi xt ur-eo wa t i-shcgrdetww nebxat raus deeer ( Mo d
271822, Labtech Engineering Co., Ltd., Thai
was carried out at a barrel tempematzer o oad th
di spersion and therebnbardanbi adtdytovesheTheae
pell etized for subsequent mol ding.

Standard test specimens were fabricated fr
techniques:

Il njection Mol ding: For mechani cal and fl a
processed in an injectid00molMTAYbg Mamakbhnaeey (
China). The barrel and mold temperat ureerss wer
such as injection pressure and cooling ti me
and mold design.

Compression Mol ding: For specific charact
oxygen index tests), samples were al so prepe
L PS50, Labtech Engineering Co., Lt d190TAGI | a
under a <constant pressure of 50 MPa for a
eliminate internal voids.
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After mol ding, al | specimens were conditi o

relative humidity) for at | east 24 hours pri

3.4 ructure characterization of i ntermedi at e
The FTIR and NMR spectra of-n taree sp/rnd sheersti ezce di

I n the FTIR spectra, a characteristic absorp
SiN stretching vibration, cl eamlty biomdi chaettiwe
anhydrous piperazine and phenyl trichlorosi |
absorption bands were identified,Hcotrretsphind

at 34 2i&Hicsm rieetching at QR4dt medcRBAg a&m 1108
CiH stretching at 3066 and 3044 cm S]] &doomast i
at 1144 cm T. The FIl R osmpewtnrdaes onvfe rael If otumrde & ¢
refl ecting tdhecihrentilcoasle Icyo mpeolsaittei ons. These s
with the expected mol ecul-rari sttt & uloe diiuatt ehsefr tvle
the molecular structure, nucl ear magnetic r
NMR escpgra oh 6shei &dSi each displayed a single
symmetric silicon environment in the mol ecul
were observed among the samples, wHhgrcegabdhob
or spati al di stributsiidn cofnTnmep et £2i8IMVR ampdk cp |
3 ., 8Bc3) provided additional structur al confir
(peak a) was assigned to ime camlgon whi 6é ms t

approximately 130 ppm (peak b) was attribut

group. The theoretical molar ratios of- carbo
silicon groups weore -Kail £.ud aZ, efdontdo NI®-24 : 21T Hfeofr
experiment al integr al area ratios (a:b) obt e
1), 1.523):,1 a(nNdSi-B.)38:whicKSiare in good agreen
predi d¢ti osnusmmar vy, the combined FTIR amd NMR

intermedi ates were sucdetshetdl gtsyot heseszed
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(a2) 230,12 26 (a3) a B¢
n ppm v — )
-
| e
a:b=1.93:
mmwwmw LWWWMWMM s ’ e ‘
8 b2 29 b3 13
£ : :
g A L = h " ab=1.53:1
& oot Vrpdbr bt . ‘ ‘
2 29 3
(e2) |-30.51 ppm  C8i| | e
' : I Lo\ a:b=138:1
L e et ——
4000 3300 2600 1900 1200 500 -200 -100 0 100 200 -100 0 100 200 300
Wavenumber (cm™) Chemical Shift (ppm) Chemical Shift (ppm)

Fig. 3.3 The FTIR a#dd NKR 3@ede3t(rca) oNSi( a)
The FTIR spectra of the synt hesiazed dmascprl can
in BiLgA broad absorpti on27b0adn dc m ni twhaes roabnsgeer vi

attributed to hydrogen bonding interactions.
bonds between the carbonyl groups iHCaPE of cC
of -NSintermediates, indicatingntimacrsanclessul

struAddreionally, characterisboithhmakB8Sipmtniecaint s
were also retained iH nsttrhet clpiercigC Héat, i 8 h&ct? i uadninsn ig
2780, 2828, and 1396 c¢cm T, ar omaN isct rsekteclheitnagl
994 cm T. Notabl vy, akhi bheed abbghptisdnf ban
spectra -of i hher WNe&Sdi at 8 3IdhpwnwhinchFifgurt her
presence of hydrogen bonding and the -struct.

f ormati on.

MCA Hydrogen Bond

Transmittance

27802828 1396

4000 3500 3000 2500 2000 1500 1000 500
Wavenumbefcmi?)

Fig. 3.4 The F™Wl RansdpeMGA.a of MNSi
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Thermogravi metric anal $¢6,a3%demaesnsitirlausetdr ad e
i mpr ovement i n t her mal stabi-nd.i typeapiofni ctah ¢
decomposition onset wasmmerpatoxri enadfe | MNi00 AC
correspodmdiinngt eN&iedi at es. nFumt3Ep)rgnd me;3 MANSi s |
compound exhibited superior ther mal resi st a
MCA ane, NIsighlighting the enhanced structur
conferred by-dhydewowgé&domsvbmildyi. s not eworthy t h:
degradati on behacvh aomrg eadf aMNShi gher temperatu
decomposes rapidly above 400nABGewiame heglsi ¢ih
stabl e -nt hiam tNh&imp ehriagtchur di s phgyi ng a reduced
this threshol d.

100 pes Imrpmvell rh-e - 100
thermal stability !
S0 F : \ \ WY I “:,:""" . 80 \‘
O \ L e —— MNSi-3 \
Z60} D52 “ < - - - NSi-3/MCA
Z° — NSi3 Z60f
2 —o— MNSi-1 >
~ 40} —— MNSI-2 B 40l
—— MNSi-3
:” | - T _\I(,:\ P ,“ 20 I
L) [y (b) e
v : I . I — = 0 1 . 1 ; 1 i ! ; | ;
100 200 300 400 500 600 100 200 300 400 500 600

Temperature / °C Temperature / °C

Fig. 3.5 Thd al) @A Scv,Sieasndof( b) MNSi 3, MCA

Mor phol ogi cal observat3epnseteameSEMbD @B madibls
|l arger, mor e compact particles 36odmpar i st o
mor phol ogical change is attributed el tame ne
and cyanuric acid during synthesids$spdoseoeen?n
ray spectroscopy confirmed thryhemogaendomst
across -hhpaMNStcl e surface (excl udiEmDgS)hy dirhd gse
uni form distributhohraméeéwoakss wehat efhechNbive

MCAderi ved net work,g afnorzreidn gnaa r wdnall s amimar ystt
macr omol eclu,] edNIMNaSnid3 MNeSrie successful |-ly,

cons:
NS?2, an®, NBespectively, as functional i nt e
demonstrated enhanced ther mal stvammi Ibiyt yst rao

hydrogen bonding and effective mol ecul ar ass
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(c2) %
Fi g.Th®. 6ni cromor phol ogy -and( ERSMKEEBEs MNEa) M?
MCA.

-t

3.F5l ame retardancy of fabricated PP composit ¢
To comprehensiveltgtavdbhoat pethermbame of t he

composites, a series of standardized fire te
gl eewre ignition test, [-9 dmi ¢ e mtgm goaxtyegdetun,r n anndde x
calorimeter test. Together, tiHhasetmdt acdespm
ignition resistance, fl ame propagati on beh:
compo¥heemain results are detailed in Tabl e
Tab32e The results of GW LOI, and U

GWt est (3 UL 94 (3.2

Sampl es L OI

G WF | GWI T th(s) t(s Rat i

PP 725 750 18.6 Bufn 0o No

22 %( MNBRYFHP 825 775 24.38 0 Buf No

22 %( MRBRFHP 825 775 24.7 0 Buf No

22 %( MBSRFHFP 850 775 25.6 0 Buf No

22 %( MCA/ Al 750 750 22.7 Burn 0 N o

25 %( MNERFH P 875 800 26. 7 0 4.t V-0

25 %( MANASRPH P 900 800 26. 9 0 3. ¢ V-0

25 %( MBISRFH P 925 800 27. 3 0 3. ¢ V-0

25%( MCA/ Al 800 775 23.4 Burn 0 No
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28 %( MNBRPH P 960 850 28. 0 0 2. ¢ VO
2 8 %( MRSRYH P 960 850 28. 2 0 2. ¢ V-0
2 8 %( MBISRYH P 960 850 28. 6 0 2. ¢ VO
28 %( MCA/ Al 825 775 24. 2 2.0 Bur N o
* The fl ame burned to the cl amp.

The wliow fl ammability test evaluates the i
a heated metallic wire, typically ranging fr
surface. The highest classificadicatahgaiena
thermal stability uAdeshdivn3®2c na nich pHiegh. ke SWF nu
of neat pol ypropylene was measured to be 7
However, when 28 wt. % ofntansyisr teunmecsocrepnots efdl a
MNSmn was incorporated into the PP matrix, th

of A>960 ACO. Further moeméed APtPHd PEPWIF Dronful tah é o3
hi gher than that of agmntr eerPlPandemdd rctatiimgi @nis
additid®n7evikeiad.s t hat compos-nt ABPxosysai@amngoh
outperformed those based on the traditional

This clearly tdreemomisp@me ieyslh echcant cor e snruct u
intermedi ates played a pilietobamrdamtol ef fi inc ieenrhay
n/ APP @aysthemgh t he weinghetorfersa omeircerisr @@ fawhl &i% |
in 22%0MANBP)/ PP, 1.16 wt. % in 25%, -amei rl. 30
contribution to the <charring process was s
attributed to the f-annattireimnccgtcrhaa rr d bauysetr, dseirl
marcomo | ecudnarst MNSit ur e, i n contrast to the |
Mor eov &ri,7l IFugt.r ates a trend of increasing GWI
of pi per asziilniedgpmegiyodbups swkelhemon.heSPNeSeantli c al
MN S3 , which possess a higher degr ee -lof str
eXx htieod supereoar ddmtmeper f or maeoabandddks actnidor
among charring goonuptduoti gei fh&dmiclty bmanrdr itehre re
fl ame remasdam€may.y, the aggregaiiocoof mpipeésae
t he-nNSiramework serves as a critical-nfARRPOTr i

|l FR system in polypropylene composites.
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Fig. 3.7 The GWFI results of flame retard.

The LOI test is commonly wused to deter mine
to sustain combustion. Neat polypropylene ex
its high flammability. Howevne/rAPRueisnbteuhhef I am
retardant system, t he LOI values of the res

Specifically, wth e(MNSIW ABP) t MR @C2Emposite incr
representing a 7.1% i mprovement compared to
increaswvdd %ad 128& hr €2 800 MNKEARPI) 6 P ,-2 28PN MNP,
and 28%/MNESB)a/lchR eved LOI values eyodddimeg 28
retarldmnacdydi ti on to LOI enhancemen%4 svteandarad
reveal ed whath dov2t8V¥AN 205 A-m&@di fi ed PP composite
hi gh€®staVing, i ndktahgogshapgdbebba¥i or and e
I n starketesampbées containing MCA/ APP -withou
silicon funemnawmaely g2 0 MEA/ APP)/ PP, 25 %( M
28%( MCA/ ARR)I/IRR t o ®cdhirave ngnymndL showed si gt
values under identodZbetndl|l aencsulrtes avnader scor e
N S-in cor e sttuculuae] y pahe psiid @ rcaomi nfeunand opé
promoting an effective intumescent mechanisn
stable and insulating char | ayer is I|likely f
redamt effici encMoroefovtehre caomomegdidtheed t hy ®tee MidN,;
MNS3/ APP/ PP composite consistently exhibite:i
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ttributed to the more extensivVecaggségatctan
he MNMNS$iIramewor k.

Fur tdeme cal ori meter tests were conducted |
n Fi(&) the neat PP exhibited a sharp and i nt
el ease rate (AHRR)n ocfo nlt5r9als tk, WktnhMb Sind A®PMPp or a
ntumescent fl ame retardant system significa
he PHRR values of the compasitepresesapprord
ear | yAddd %itomel it iymes to PHRR (TTP) of neat
5%( MNSAPP)/ PP were 125 s, 75 s, and about 5
5%( MNSAPP)/ PP was quickly suppressed to a g
ampTreesse results indicate that although 1ign
n theethahant samples, the combustion inten
n thenb&KNS8AdI| &br mos, due to the rapidTof or mat
uantitatively assess the fire hazard potent
ndex (FGI) were calculated wusing the ti me
efined as the ratio of TTItotro oRHRR,t egaraded |
nd potenti al danhberhigharfthe BEPEnathe safe
I .(&) t he FPI val ues f-ro/r A PtPH € P<Pihtrosasan p 62x6c%e( e
. 055 gL m|stikghhi fi cantly sur passiin)g, tihnadti caft i
ubstanti al i mprovemermrturitmefr moe es atnéde ycRaé rviee
f the rate at -wériehalasd i maer kdedley orpp&8d(@c)ed. A
he FGI of -nhAPRBPLPR RMNSampl es rlelingi wadchel swal
1. 7% | ower than that of neat PP. This signi
ffectivenesms/ APP tstyest IMSiin sl owing down co
educing fire hazard.

Il n summary, the combined analysis of PHRR,
5%( MNSAPP)/ PP composites exhibit superior f
ure PP andaMEA/ A®Pmul ati ons. Thetemhoduded i
he synergi stAiPlP @inflecdpkébet ’veehet ohsn -t he MN
macr omol ecul ar structure.

Tab3 8. Typical parameters of selected sar

TTI PHRR THR a¥HC TSR axOY axQy
Sampl e Resi
/I's | kWEr/ MJ1 / MJE /dam / kgl / kgl
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25 %( MNSAIPP) 23 411 119 41. 267:0.C 2.79 16.1¢
25 %( MNSAIPP) 26 394 119 41. 26070.C 2.85 17.6¢
25 %( MBISAPP) 24 386 116 40. 218:0.C 2.84 20. 3¢9
25%( MCA/ AP 24 525 132 44. 18570.C 2.92 11. 4¢
PP 28 1591 151 52. 210¢60.C 3.60 0.7%
l6bo —— PP —~ 25% (MCA/APP)/PP b ’
(@) —*— 25% (MNSi-1/Appypp | 007 F (b)
—A— 25% (MNSi-2/APP)/PP . 25%(MNSi-2/$PP)/PP°
1200 |

—o— 25% (MNSi-3/APP)PP | _ 0,06

T

25%(MNSIi-3/APP)/PP

(\g 500 o
= 25%(MNSi-1/APP)/PP
< 800 | 400 0.05 -
5 300
................ 200 L P
= 400 : : 100 0045 T
TR i .2_0 0.02 [ S8
, SR 0.01 : : :
0 200 400 600 800 13.0 .0 7.5 7.0 6.5 6.0
Time / (s) FGI/ (kW-m’z-s‘l)
Fi g.Th. HRR curves, FPIlI, and FGI dat a

Despite the similar overalwt {dM&@Hé ALY 4 PdPan
composites exhibited distinct di fferences i
3.8(a), after reachi nyy/ AMR)I/rP PP HsRaRmp | teh ema2 5% (a
heat release rate from appricxinmattoe!l yhel 0D5 &(
1/ APP)/ PP am®d APP%( M®Si This extended suppres:
sustained and effecti3xonhbhai mi @gr sgsEpemdi ngly
fire safety indFGks,showbhfdn ngedPdl addt hat b
3/ APP)/ PP a2d APP%( M®PSipossessed higher FPI va
25%( MNSAPP) / PP. These data confirm that an

pi per azisnell/ipchoennyd k-al e tndaatrensa dcNoSnit ri butes to

retardancy and i mproved overall fire safety
systems in pobAypgrmaopgylceane fracttror contri buting
i's the increasatded hdur irergi dumbywemieoan. -The ch

n/ APP)/ PP compowti t%isn egscaekedodbrast to neat
residue due to complete ther mal decomposi ti

aggregation degrneei ncfr etalskeedcornde NSiIi nal char
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demonstrat inn g rtohnmeott eMNSrior e ef fi cient char for
barrier, insulating the underlying polymer a

The enhancepdh acscen dpeenrsfeodd mance was al so refl
release (THR) val ues, whi ch decr em/sPeRIP)WYyP Pmo
composites compared to neat PBR..)99F Td ®Rminrad d sw
prior [9B23@Gsuggests a epglaauwsaink| enefclhaamea s m. A

of combusti on, the phpeheamircal Mygi emnites ach W
derived from APP to form int-dmasndemptol gyipdrmosp
groups. As combustion progresses, these int.
evoluti on, i ncorporating se@mam®S Porf o g slei nPkPe
structures. This process results in the forr
char | ayer that effectively isolates heat an
: 751
25%(MNSi-3/APP)/PP P-C
g
3
g
E
5
F
P
polyphosphate 118
P-OH
1013

4000 I 33IOO ' 26|00 I 19|00 I 12|00 I 500
Wavenumber (cm™)
Fig. 3.9 The FTIR spectrum of residue
Il n the gas phase, the aveEHWHGE pfbDecteseihs
t he compl eteness of vol ati |l-e/ AcPoPMb/uPsRt i © @ mp OA
exhi bitEtHECd veaM ues of appr,oxwhmacthe | we rdel sMJgknkigf i c

t hat of neat PP. This indicates an increased
by the elevated -@0pragku€® I3e s eTehcke imeathaabnlies m
this phenomenon i s | i kceolnyt atihne nrge Iferaesee roafd i ha

PO L) during ther mal degradation ofneogypho

species in the fl ame, iinntreerarcutpitoinnsg gbrinde sienoprabr
fl armeet ardant effect.
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Smoke suppression is another critical aspe
of the composites varied wint hsttrhuec taugrger-e gTahtei o2
3/ APP)/ PP sample produced a TSR ohfe 2vl1a83uem]
exceeding 2600 m] LIn/f APR)/rPR haerRrd2 AD® IMNEBWYS is a mp
The superior s mok-8c asrutpgisreiesy asiyt of bMN8id t o it
forming ability, which resulgatifoom ahhsghgg
promotes the formati on -roifcha cmoare |caoyrepra,c te fafne
more decomposition products and reducing the

I n conclusi on, the enhanced fl ame retardar
25 %( MBIBAPP)/ PP composite can be attributed
aggregated pispéi @opinnef@mahmeaydmd&kni um .poTlipHos
structur al feat upreasfeacriddita@aale s q bepthdehs gnagsc leanrd

formation, thereby delivering superior fire

3.Boarrier effefctf evméd acdham resi due

It is widely acknowledged that the formation
essential for the intumescent fl ame retardan
t he ther mal shielding capabigthempeoft the chbac
an intuitive infrared thermographic method
temperature during flame exposure. The infre
are presented i n Fig.ma3Xilnbu m wshuirlfea cteh et ecnoprerreast
the test area are summarized in Fig. 3.11.
surface, charring reactions were initiated,
protective lagrds .ofAfftleamel Oexspeosure, distinc
observed among the wta.(pINE&¢ APROT Pl yompbsi 26
smal | dre mpieghat ure regi wh s( WCAAMpPAaPrPe) d PtPo stahmgp | 25
superior t her mal i nsul ation performance. A'S
di fferences in thermal stability emerged. At
di splayed <cl ear si gansd odfe ftohrenrtamha lo nd e d rna dcaotnitor
n/ APP)/ PP composites maintained structur al [
even after 60 seconds odegendentf chamegesposu
baslWwrface tempewatune,Figs 3. 11, further cor
barrier eff ec/t APOPf stylsed e MNSiAmasgdt her WNISat i o
25%( MBIGAPP) / PP composite deimemper at edet lae eal
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| owest recorded maxi mum temperatures across
role of the highly aggr@8gawbddcbdhaoningbstreudc
of denser and more effectisvearcehacronlsa ysetresn.t Qmw
cal ori meter resul ts and support t he concl
pi perazisniel/ipchbennygr oums maictr mimmo | MNGBIl e s enhanc
shielding performance ofi mpmreoviesaltthe gf lchrae

the composite system.

1 Os 20s 30s 40s 50s 60s 270°C

S OUT

1.
(a)
Char layers n 1L"‘ ‘
ISRl D) ) )
£ 7 T . anaees
S eeBDD)
N , ,
) — u ol —tll 25°C

Fig. TBe 10nfrared ther mal i maging pictures
(a) 25%(MNWRI)/ PP; L2BAPPH %PMNS¢ APPY Y%PMNSI d)
25%( MCA/ APP) / PP.
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~ 200 I3 e ?3
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;‘2150 B ’l N &gé "
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50 AP APl g

O L 1 " 1 " 1 2 | - 1

1 30 '
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Fig.TRBe lmaxi mum temperature of the test
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3.C’tlharacterization of char residues

To further invephagatfelamadaodbnheobadi sm, the
obtained after cone calorimeter tests were

3.12(e), neat PP | eft al most ncoo mmpe xit ceu et hafr
decomposition into volatile flammabl e gases.
l ayer wf . (®¥CA/AFPP)/ PP sample was severely dis
vol atiles during burning. This result cl ear
failed to produce a continuous and colhresi ve
comparison, the sur fwac(é&N®oirAHAMR) /oRYR ecso nopf o stihtee
Fig.@Qe), displayed significantly more compac
MCA/ APP system. These findings suggest+ that
sil-basead core-ngkelndtoorn heNSMCA st r ucctiunrtee rraecstuil
with APP, effecti-Velt mi eghabici hgytbat tharsyst
n/ APP/ PP composites produced denser and mor ¢
i mpr ov erde tf d reddshictyi.onal | vy, el ement al mapping

was uniformly distributed thmduwrgPhPoutamphescl
presencebasedi tompoaunds, known for their the
pl ayed raolceg uicn apromoting the formation of coc
Mor eover, amohAgPR hea iWNISe s , t he c¢ha&r APWPr f/ PPe s
and 25%/MNFBSR) / PP composites appeared mor e

comped to thal/ APPR2/5SPRPMR . MNIShHi s observation fur
that a higher degree of strucdiulriadomggareag ag |
enhances the char quaklriettya,r dtamu s Tpheangfeoa simiamugcett. U
features of the residual char |l ayers are 1in
observed in the GWFI , LOlI, and cone cal ori me

the MMRAIPP system as aadamtt uinmte sRR ncto nmip casmet erse.t
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Fig.TBe 1@i git al phot oel ementodr aphiemebt os,
di stribution on the suitfABPRpIPRPhatb) a2 8 v( N

2/ APP)/ PP; @B¢APPY %BPMNSI(d) 25%( MCA/ APP) /

To further elucidate the chemical composi

i nteraction mechaniestnardmong come ord é mtme, el e
performed using EDS, and the Noéesabl ywt .a% e 86
( MCA/ APP)/ PP composi te,n wshtircuhc tluarcek, e de txthieb i ct cer
carbon in-stilgmifesiachue y | ower than tweée. &ar bol
( MN8V APP)/ PP composites. This result -olearly
structure plays a <crciotnitcaailnirnogl ef riang nmeenttasi niinn gl
thereby enhanci Agoncgh at h-reb @l k&t isoyns.t e ms 5 t he
3/ APP)/ PP composite displayed whe %ltiognpas tedr ¢
5.7 .f%r 25%(MNFI)/ PRt afedr 62 569%( MNWPSi) / PP. These

suggest t hat the higher degree of -sgtlriwcotnur

6 3



backbone3o0opr M8t es more efficient charring ¢
the fkeamedant Adkdiftoiraomaalcley., the BeéaP®UWePPRT
showed el evated | evels of both silicon and p
retardancy of this composite is mainly attri
MNS3 andAsAPcPonfirmed by tI1Be,lRDBem8ppand PneFé
homogeneously distri but edc haacrr,o swsh itchhe |siukreflayc e
the formation of more compact and thermally
fl armeet ar dant el ements reinforces the barrier
condepnhsaesde f | ame .retardant effects

Tabl &@8h8. 1l ements contents of sur f ace

Sampl es Si P N 0 C
“Twt D% T wt T% T owt T % T wt D% T owt T %

25%( MNSAPP) 0.15 14.60 11.1 68. 2 5. 87

25%( MASAPP) 0.22 15.17 11. 2 66. 7 6. 60

25 %( MBISAPP) 0.25 16. 18 10. 2 65. 7 7.58

25%( MCA/ APP 0.00 19. 46 9.19 68. 1 3.22

3.18htroduction

Thermal stability and decomposition characte

t he underdreitmg ddrdtamenechani sms.3. A3t hd | usiti
decomposition t eaempE@MN8BIUARR) ORPthem@Rdsi tes we
that owt .(MEARLAPP)/ PP sample. This obhsARAPRFati cC

system can accelerate the ther mal degradat.
mol ecul e, the-spilpeoaziconel/ephlsdnmyulcmmac eopoles@unlt e
mor e vreeeacwhich | i kely facilitates earlier de
fl armeet ar dant component s. Such early decomp
intumescent fl ame retardancy, as it rentalbd es
initial stages of comb/uAPPOMNPP Moomepveirtt esal é

residual yields than ( MCA/ AP0/ FRARC,i n ntdhiec attei nm
NSnh core structure significantly promotes <ch
it was al so observed tWwat((%NBd APV ®PPalbeght
decompose at temperatures above 60N AC€Cre Th
contributes to enhanced char formati on, t he
potentially due to the -medtatuowtedrye |l @ow il oawf f

integrity within the charred residue.
6 4
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9\160 Advanced
= Decomposition
e
o)
@ 40+— PP
= | — 25% (MCA/APPYPP
— 25% (MNSI-1/APP)PP
20— 295% (MNSI-2/APPYPP
L —o— 25% (MNSI-3/APPYPP
100 200 300 400 500 600 700 800
Temperature [ (
Fig. TBe 1 BGA curves of PP composite
The volatile pyrolysis products released a

analyzed using FTIR spectroscopy, aaxdla)he co
For neat PP, the predominant volatil-@H pr oduc
(2966, 1 &HO( 292 37,) ,1469(tM583)¢mCi ), =CH (3079
and C=C (1647 cm 1), cdrspizBtlegntcowt riaspr evihel
2wt .(WMN8V APP)/ PP composites showed significa

2966, 1380, 2923, 1459, and 890 cm 1, indica
release due to the -n/nNAKPR poyxattem.n ToHI atnheeu gVoNeS
retardant system can effectively interact w

egr adrautritohne.r compar@i®)onr eevne aFisg-2t/hAaPtP ) 2 PRB( MNS
5%( MBIGAPP)/ PP exhibited even {CHweraitd bosnosr pt
ompared td4d/2APR)MRPL This observation confir
i per azisnel/ipchobennyclor e structure enhances the ¢

f fl ammabl e gladsceiotuiso n@mnl d-¢ 9 atpahionsipnhgor siIgeci es

d

2

c

p

0

detected. Specifically, t he absor pifOiPormanlhand s
PO species|[1URBEdP/Ambngeltyhe test e/ ARPpP/IRRB,
showed the weakest absorption at these wavel
degree -3f pMO@BOted the r etoqmnttaiion ngf cpmpomlenn
condensed phas®eansTihsitse neg f fweictth itshe EDS resul
e

nhancedromhag -mretdarfdamte ef f indiAePrPc ys ysft etmh e MN
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/L 0.40

- 7 e | (1S3 — PP — 25% (MCA/APP)/PP
3079\ /2966 ,m b 035F — 25:/0 (MNS-1/APP)/PP
#2923 1380 890 sk — 25% (MN§1-2/APP)/PP
——r B — = . —— 25% (MNSi-3/APP)/PP
8 25%(MCA/APP)/PP 104¢ rs L
RS L] o
= (=
£ PS%(MNSLUAPPYPP M | Y Y : g 020 §
= (=]
s : B0.15F
W’_WNSHMPPWP : 0.10 ( '\
A+ 4
“—‘/\\M—“"W\r’\—‘. L, =
25%(MNSi-3/APP)/PP Wr\/\/v 0.05 b 2966 cm™!
(@) 1102 (b)
0.00 . . 1
4000 3500 3000 25002000 1500 1000 5001200 800 300 400 500 600 700

Wavenumber (cm’™') Temperature / (°C)

Fig.(&@h®24FTIR curves ofs, puyanobdyéby pheduet sac
CHgroup during heating.

3.Mechanical properties of PP composites

The mechanical performance of the PP composi
i mpact strength of approximately 124 kJ/ mj
However, the incorporation of féametiremaidab
parameters. A <celfdeaerctneagdtaityueondsdsege was obser .\
flame retardants increased, both i mpact str
This deterioration iissrpuptmaan |of arhatrriibxtcean tt
introduction of fl ame retardant particles. A
l i ke morphology with relatiwmwetendgmdl t opaggr €
| arger par thydresgedud abdbinadeaalsg €enlbfl y . Conseque
( MCA/ APP)/ PP composites exhibited higher i mp
( MN8V APP)/ PP counterparts.

Il n contrast, the tensile strength of the <con
of flame retardants, i ndicating a negligibl
reduction in toughness and dfl etxhén/(AMNRB)I/ ARPhe
composites remain within acceptable Iimits f
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mm PP BN (MCA/APP)/PP (MNSi-l/APP);;I;P I (MINSi-2/APP)Y/PP s (MNSi-3/APP)/PP

150

130} , (a) (b)
i i 30F
~120 . —120?
E S25F =
S o §20- 1203
g £ A
2 30 . 3
z & 460 £
3 208 210} 5
£ 5 30 =
~ 10} = 5| =
0 L N Y J L T J [l T J 0 L J L J 1 J 0
PP 22%FR/PP 25%FR/PP 28%FR/PP PP 22%FR/PP 25%FR/PP 28%FR/PP
Fig.R8sulbts of mechanical properties: (a
3.COncl usi on
As shown i n t he gr aphi cal sseum#easrsyadfo fchN/&Siimgi.
macromol ecu) eswe( MINSuccessfully constructed

(N®i) with varying degreedoafledgdyICAgdtriamewbdn
core skenepbayddia crmuncimag tvimé ei mtnuneenshcae nt
efficiencny/ AFFP)(/MNPSicomposites. Compared to t

n/ APP system i mparted significantly i mprove:i
i ncluding higher ' i-mi t endg | ampmgb nWii neg e ik gl igtkio
temper at u9d;0Vamd iangulL Addint/i PoMmPRa)l /I ByR ctohnep d SMNtSe
| ower PHRR and total THR, demonsemant sg wemp
mainly attributed to the symercgoirset iacn dc hbaortrhi n
the PP matrix, which I ed to the formation of
with silicon and phosphoirtuess ed cemtednitosi. AR2N\DHINL D |
-with aggregateeaipi gpema-Aditsq/cpalyerdysisuperi or f
perfor mance, as evidenced by higher LOI, GW

THR and FGI val ues, -lUchoPnip)a/rPePd staomptl ee (TMN Si d e
hi gher degree of aggregiatiooni acaotdestpn petr arze
efficient 1internacand nAPoPet wieheemr edNVSienhancing
Il n summary,titchre dfnce rpmalalc oamowsrtr ucft uUN®Iis mar
the flame retardantmper 6 momaocockesf MNSering

t he desiegfnf iocfiodvwoeyht umescent fl ame retardant

67



Rise

GWFI
LOI

Charring ability

Barrier effect

Fi g. 3grladbp iTihceal summary of this cha
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CHAPTHR

ConstrucPi per aozfi-Beg &d | @Dreendr i ti cl tMol ec

Toughening / I ntumescent Fl ame Retardze
4.1 I ntroduction

| n t he previous chaptrert,ar daantsy nseyrsgtiesmt i @ o
pi perazine/phenylsilicon framework with a p

which significantly enhanced the fl ame reta
demomsated that this system effectively i mpr
synergistic charring mechani sm. Ho we welr |, t he
verticalO bruatniimngg cvan only be achimeedetwwhedan
exceed$. 29hws drawback is primarily attribu
pi perazine/ phenyl silicon component, whi ch i
thus requires stabiiionati ingn ntehwoudkh far mgdr @
cyanuric acid. N e wceyratnhuer| aet ses , ¢ otnhpel eme I[faummicntei o n
gaphase bl owing agent and does not significa
l'imiting the systemsyoverall charring effic

Il n additi on, t he mechani cal property analy

decline in touglkhassaat hiogldi hgame Thi s det e

poor compatibility between t heg filnanwee arke tianrtdeal
adhesi on. To address this, retarndcanctr umolaé c utl
t hermopl astic deformation behavior, enabling

bl ending and thereby iompravingomptolsi dies penr 3 ic

Recent studies have highlighted that the m
of f-Meatmer dant groups have a significant i mpa
retardant systems. For examplbeascetdaer aggr ggat
has been shown t o effectively enhance t he
pol yphosphat e, |l eading[ 9Bl tmperomerde f | tame ¢ lee
modes bet-weearfilbamegroups play an i mportant
Previous research has demonstrated that bl o
mel ami ne phosphmdreg nyearedt |Idarmxest sairldeamea bl ock cop
superior performance compared to physically
Notably, such block copolymerization disrupt
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in a ther mal softening effect t hat promotes

properties in th28fFi nal composites.

These advances underline the critical 1 mpo
design in the devel opment of efficient | FR s
architectur e, it i's possidlee at fdiacsitienmect yt, a nteloa
behavior, and mechanical performance. Based

design of a fnowmedl{ r palgp@isrpbiolr imsmmred af damé mono
derived f-Xoam ntihet NiSe. Thi ermaedmartwasmet amoin
at various feed ratios t or estyanrtchaensti zpeo lay meerrs .e
is to achieve a synergistic improvement in b
pol ypropyl ene, adafefgeyr i fngr at hree wdpesvtefl mrpmemdade olf

pol ypropylene composites.

42Synt hesi-caM®f cBNSBSI ymer s

The synthesis described in this slecrtaamt scowmis
phosphoric acid t-ghegingldras(pnpermedngt si | &
the second step, the monomer PNSi undergoes

to form a randomly copol-gad®r i ek myan dmdli &c

il lustrated in Figure 4. 1.
Il nitially, an 85 wt. % orthophosphoric acid
mL of anhydrous ethanol under stirring to en

to 40 AC. Subsequlen(td0y,g,a O.olduf tnibol ) hdifonr ESGt ma
added dropwi se-baséed swetem.habDoting t his p I
introduced into the system was continuously
compl etion of the addition,att he0 rleGcftdron2 mh

resulting intermediate, PNSi, was finally is

As il lustrat ecdMP ncdpagl yrmerls W&NiSeé synthesi ze
reaction between PNSi and MP. Four variants
to MP (10: 10, 12: 8, 14: 6, and 1s6:: 4BNSIT han d yN\
were weighed according to the ratios |isted
mi xture was transferred to a vacuum oven, wl

vacuum of approximately OnpEkrMPar eAfitnesn deo a lhie
ceMP copolymers with various monomer rati os

exceeding 99. 0%.
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(

e N
N PNSi-co-MP
nsi1 () *IYA
N r A
(\N/Si\N/\ + Ho-l'f'—OH b YI
HN\) @ " Phospl?:ric acid
o:ﬂ":m
’ @ Q)
T of-on ye @ apy st Il
¥ HO—E—OH A . " AT
I R AN Oy Dee
o NH; o I% ba
M’S"N/\+ N,*N 280°C 1A
HO, HZN‘)©K’NH6’P H= SN NH
Ho Ry Ho' oH : : Copolymerization molecule
. J
@ f Self-polymerization \@ @
(Tt TTTTTTTT . T T ]
i MPNSi 0 ' i )
: o=f-on X : In comparison:
E [:] i i E i{> 1. PNSi-co-MP molecule
i . i) /@NON’H& P ! 2. MPNSi/MPP mixture
Fig. 4.1 The pcrodP amalte owl apfoal iydhS&tirhiez esde Imhacr om
( MPNSi ) / MPP mixture.
Tabl eed4dilng amounts of .PNSi and MP m
I10PNSEIOM 12PNSBEMF 14PNSS MP 16 PNSB MF
PNSI 10: 10 12: 8 14:6 16: 4
PNSi / 100 120 140 160
MP/ ( 100 80 60 40
I n addi tspeabldiyy meri zed mol ecule from monomer
buil ding the mixt,uraes sdyisstpelndyMePd\tSa b/ MBPFPg 200 . 3
monomer was placed in a vacuum oven and subj
1 hour under a vacuum pressure of approxi mat
MPNSi, was obt &ynedhebwagri hthengurchased MPP
the dehydration process of MP monomer.
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Fi g.The. 2reparation process of MPN!

43Fabrication of PP composites
The frleamer dant polypropylene composites were

|l isted in Table 4. 2. The processing and mol
injection mol ding, and compr essi ont emotl dwintgh
those described in Section 3. 3.

Tabl eodmll ation (wt. %) of .flame retard

mP N &iaMP MPNSi MPP PP Ot he

PP 0 0 0 99 1
10PNSi O0OMP/ 20 0 0 79 1
10MPNSi / 11 - 10 10 79 1
12PNS8 MP/ 20 - - 79 1
12MPNSi / 8 - 12 8 79 1
14PNSS MP/ 20 - - 79 1
14MPNSi / 6 - 14 6 79 1
16 PNSH MP/ 20 - - 79 1
16 MPNSi / 4 - 16 4 79 1

*Ot her additives included PTFE ( 4 wt. %), a

1010 (0.3 wt. %).

44Structur al characterization of PNSi and MP
The primary r-Bw eanseirstas , ofNSSi , C, H, and N
4 (D) . I't should be noted that hydrogen (H)
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equi pment . F odadsoewvirnega ctthieb racti édt ovetemo (NISOo s phor i ¢
the resulting product, PNSi , I sO aenx peelcet needn t tag

composition that was verifd.ea) by the EDS res

& (b) PNSi 3425 n1144 (€)
f,' 13006 SRR
& ! | L e 1210,
' g i Hd
2 ) ’,\ F[g_]/\ H E MPNSi | |2800-2500 589
& gl FEPN G E R |l
8 1 @ |1‘ E | i E
| NSi-1 [ = NSt -
K | '\WW
| 1626
0.0 015 lf() 115 ZTU 2500 0‘,5 l.‘O I_IS 2‘_0 2.5 4000 3560 3060 ESIO(} 2060 ]5I00 IOI(J() 500
Energy / (eV) Energy / (eV) Wavenumber (cm'!)
Fi g3Th4e. characterization results of PNSi mo |
results for (-4) Pbpi FAhR ¢byvasSilof PNSi,
Further structural confirmation was provi
4 (), PNSI exhibited charact e-25b80Ti,c matbtsroir lpu ti
to the pNHsengreowgs, indicating the formati ol

signals <corroborated the presence of ot her
[ 122B 2B 4Ji ncl-Hid(i 42 N, c mhenyl (Ph) skie) et al V|
Ph (11144 PO T()1210HddmP2Up. cThhese spectral fe
further evidence supporti mdiet lpg oploesmidc ale acdm
for MPNSI synthes4s2Dsaei tlobustmcsatsedniil ar Fibg.ck
an FTIR profile closely resembling that of
appearance of a new absor pti onRrOPpebaokn dat T8h9 8 (
indicated that a dehydration ©dtndenmnuptsi i rPe
Mor eover, Fasf(sbhyownt hien j TP NMR spectra of MPN!:

phosphorus chemical shi-galsy mdruir 2z enteiro rc olnd d r tmo
chemical environmeonmnt aif nith@o ptheostpithwe uyw, t hes
results demonstrate the successful synt hesi

pol ymer.

73



(a) -8.4 ppn:szo.s o (b)
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Fig. 4stdSeNMRI spectra (a,b) anddMRR®ngatter
monomers a-pdl ymerrzael bn products, r es

The PRMNMWHA copolymers were synthesized vVvia
bet weei@Ht geoBps of the PNSi and4 MPalmbnioomer sk
spectra of t-t@PreamptiesgeRNEbi ted a characte

cm T, attribute@®Ptoditntkea gfesr. mathiien odbfseRP vati on
of the polymerization reacti on.

Further structural char acitsdrait zatjitdPn NiBERsS amc
anal yses, as presented in Fig. 4. 4 . I'n the |

and 120.8 ppm were assigned to phpepthiovelyat
spectra of PNSipolMAmeranzde dt hperiord uscelsf di spl aye
whereas theaMPouopop ®®INBmer s showed broader Si g
attributed to the random nphowse hofr uso @ad loynme 10
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di ver se chemical environments within -the ma

pol ymerization processes (i.e., PNSi to MPNS
in the P atom chemical shifts.t whddietaikasn alolry,e
well with the feed ratios of the respective

monomers ambltymeiri zedl counterparts exhibite
whereas -dde EeN®ol ymer s addnmo nasmorraptheodu snec har ac
4. 4c) . This significant |l oss of crystallini
regul arity caused by the random copol ymeri ze
reaction was a tdhepoltyhmaenr i izmdk wme drean &t isend f of
components. Finally, morp@loregieadle datMiPlay sit & e

copol ymers exhi-bi kedmar gdhet oggtwpt ht &@&nt hi ckn

I n contrasnd NMPRNSappeared as irregularly s
collectively confirm the -s&MPcedpfodly meyrst hesi
P—O—P8?6

10PNSi-co-10MP

12PNSi-co-8MP

14PNSi-co-6MP

Transmittance

" 1 " | " 1 " 1 " 1 " | L
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber / (cm™)

Fig. 4.5 The FTIR sp&Ptra of copolyn
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10PNSi-co-10MP

Fi g.SEAM Gnor phol ogiceddP,0ofP NDiur NRNNSIi, MP and

45The mechanical properties of PP composites
The representative mechanical profperT Ases o0
shown #n(7aF)i gasn.d 3 (e), all four polypropyl ene

ceMP copolymer exhibited significantly higher
i ncorporating the mixed MPNSc#WPP PPy ctoenp.o s N

achdewean el ongation at break of 120. 8 %, app!
16 MPNSi / 4MPP/ PP coshtar pabehaWwhdrastdfaentth ec ofnpa
is il lus#dr(@d)eed HFor Ftigpge MPNSi / MPP/ PP sampl es,
occurred after yielding, |l eading to abrupt f
t he -8NP/ PP composites demonstrated a "slow
drawing stage, the tensile stress gradually
progressive tearing process under tensile |«

retained considerable ducti %)t yofd etshpel tceo ptohley
fl ame retardant. Typically, mai ntaining such
the addition of a compatibilizer.aeMAMoRR cavred ,
MPNSi / MPP/ PP sampl esegqeireaf ennd 4a(8e ).k oHoawaer vheyr
regarding i mpact -p#Pf BPmaomppst hes PGSt perfor
mi xed | FR system. Fogt MPhBPasaepl|l ¢ hex Hi6PiINtSSe ¢
i mpact strength 3J3.i3% hliegvPeNrSit/ MavP Pt/ PPt cao unt «
clearly demonstrate t-heatt artdhaentc onpaoc ryomeorli ezceudl
polymerized | FR blends imparted fundament al

composites, dgspdeteethawinghepeachl compositio
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Fig. 4.7 The mechanical performance

46Mechanical failure mechanism

To elucidate the mechanism wunderl ying th
composites containing copol ymerized mol ecul
scanning electron microscopy was employed to
4. Bhe SEM i mageded)n dcligasr. |l yd.Bgdmdnstrate poor
bet ween the 16MPNSi/ 4MPP mi xtimaeriaxndsépear &P
a lack of interfacial adhesion weMRNS®bsamd ec
MPP particles within the polymer phase. Thes
di mini shed mechanical performance observed i
the PM®f i |l 1l ed composites exhphtbdltegi amalr keehdd rya «
As shown i nd1Fi gasd @ )4(.a82(hael copol ymeri zed f | ame
noticeabl e aggregati 6h3) Fruaudeelr-miiPetp atiffit g <P N &
wer e we | | i ntegratedcahtogthaevadrPabmat riixt,er
|l nterestingly, the mocrddP op argtyi @lnaels se mee dd e d h
di ffered from -thker morObip®dm by prihatse transfor
explained by the DSC anal ysicaMP Fpgs seés s avt
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transition temperature, implying its ability
As a resul t, comp@MPt easn d wi@ANPINE R RN @ e d sphe:
copol ymer particles wuniformly di s pperrsdedde t hr «
PN&EIMP structures werecabhMPePPedampl ehéFLEBRNS
Thesehrapeed particles were fractured under €
enhanced energy absorptionsttompatrkee diospehee
particles wiBem wizdimandie, 1wi th a TO®ommfr ac
The uniform dispersion along withca&aiPramg i ni
the PP matrix, colleprovedymeohtani bat ebebhavi

modi fied composites.

16PNSi-co-4MP/PP E 14PNSi-co-6MP/PP E 12PNSi-co-8MP/PP ElOl’NSi-co-lﬂMP/Pl’: 16MPNSi/4MPP/PP

Fi g.SEM S hot ogiedlph & emfsieBgel ampac¢t@2fractur e

~ )]

MPNSi/MPP (a) 10PNSi-co-10Mmp/pp

1OMPNSY10MPP/Pp

12PNSi-co-gMpypp
12MPNSi/SMPP/Pp

14PNSi—co-6MP/PP
L AMPNSi/oMPP/pp

16PNSi-co-4Mp/pp
ASMPNSi/aMpp/pp

Heat FlowEndo Down / (mW)
Heat FlowEndo Down / (mW)
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Temperature/ (°C) Temperature/ (°C)
Fi g.DSLC. T urvescofP @aad PNPi PP composite
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To further elucidate the morphol ogivPal tr a
mol ecul es during mel't bl ending with the PP
performed, and the results are peeB&$MPed i n
copolymers exhibited distinct glass transit

showed no noticeable endothermic transitions

crystallinity of the respmetizvati compdiusdspt &
packing of monomer units, thereby reducing ¢c
glass transition at | ower temperatures. I n

structures remailncevwd tthhee rRAa Iplryo csetsasbilneg btee mp er ¢
temperature of the glass transitioncdldcrease
copol ymer, accompanied by an enhanced heat
mol ecul ar snofot énitryg almehavi or of the copol yme
rose. As a result, the copolymerized mol ecul
processing, driven by both glass transitior
AdditlgnpaFig. 4. 9(b) revealnd OhatteBMPSiamed t i
14PNSS MP were slightly elevated compared to

phenomenon suggests the pr eserecd fofcaildther mel

pi perazine or phenyl groups in the PNSi b a
interactions are |ikely to facilitate interHf
features observed in Figs. 4 . 9s olc3 ,at¢ dnNnsama
promoted morphological integration but al so

performance of the resulting composites.

47F1 ame retardancy

The frleame dant perfor mancevipar drmgeti dri 0,n- it reanplec
wire flammability index94lventi ogl okymgrinng nd
summari zed in Fig. 4.-t MP Tle oil bysmearnstoirsault li Yo ne ol
the fl ame resistance of pure polypropyl ene.
12PNSBMP achieved a GWFI exceeding 960 AC, a
and ®4WNV rating. Cruci adaovP, caleto sy mognld tMPaNSP N $
mi xt wreest oemmedval ent chemical compositions
copolymerized systems exhi-betaeddasntgneffrcantet
instanced O0OIMPPPNPSH at-94-DviedaasULtication, wher e:
10MPNSi / PORBRpPpBsit earmihlidldeedt etlot .p aSismi | ar | vy, t
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