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ABSTRACT

‘ ] nsaturated polyester resins (UPRs) including ortho, iso, bisphenolic and vinyl

ester are the most widely used thermosetting polymeric resins in the form

of coating and matrix in the composite industry, making up around three
quarters of all thermoset resins used in the industry. The major advantages of UPRs
include low cost, low viscosity, good mechanical properties and chemical resistance,
lightness, low moisture absorption, curing without the formation of volatiles, and
simple processing with conventional processing methods. UPRs have been used in
a wide variety of applications including composites, coatings, sealants, chemical and
fuel storage tanks, and high-performance components for the construction, marine
and land transportation, and electrical industries. However their high shrinkage after
curing, low fire resistance and environmental pollution due to volatile styrene have
limited their use. In the past decades, the use of nanofillers in polymers to form polymer
Keywords: nanocomposites has attracted attention due to the ability to combine the advantages
of nanofillers and polymers. In addition, the development of nanocomposites of UPRs
has made these resins desirable for current and emerging applications that require high
specific strength, electromagnetic shielding and improved thermal stability. However,
due to the high tendency of nanoparticles to agglomerate, the main challenge in the
preparation of nanocomposites is to achieve a homogeneous distribution of nanofillers
in the matrix, which is the main key to achieving the desired properties. Therefore,
the aim of this study is to evaluate extensive research in this field and to recognize
the existing limitations related to the manufacture of these nanocomposites. For this
purpose, firstly, the types of nanofillers are categorized and the mixing of nanofillers
with UPRs is introduced. Then, the effect of adding nanofillers on the properties of
these nanocomposites is reviewed according to the research works done in this field.
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Fig. 1. Schematic of the synthesis and curing of unsaturated polyester resin [2].
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Fig. 2. Classification of nanofillers [18].
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Table 1. Charatristics and chemical structure for different

types of nanoclay with commertial name of Cloisite [21].
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Fig. 4. Chemical structure of some of (a) carbon- and (b) non-carbon-based nanomaterials (halloysite) [26,27].
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Fig. 5. (a) The prepatration of graphene-reinforeced biobased unsaturated polyester nanocomposites via a combination of in situ

melt polycondensation and Diels—Alder addition, and (b) possible chemical changes of graphene oxide (GO) during the in situ

preparation of biobased nanocomposites [60].
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Table 2. Effect of different nanoparticles on the mechanical properties of unsaturated polyester resins.

Optimal amount

and 56.6%, respectively.

Effect type Nanoparticle Ref.
(wt%)
22 and 19% increase in tensile and bending modulus, 28 and 18% increase in tensile
3 Cloisite 30B [63]
and bending strength and decrease in Izod impact strength, respectively.
Synergistic effect of nanoclay and PS (or PS-co-PMMA) thermoplastic materials
- Cloisite 20A [64]
on fracture toughness.
Increase in tensile and flexural strength, tensile and flexural modulus, impact
4 TiO, (27 nm) [38]
strength and elongation-at-break by 47, 173, 22, 12, 60 and 48%, respectively.
Increase in toughness by 57, 42 and 41% respectively with values of 2, 1 and 3%
1 TiO, (36 nm) [39]
by volume.
15% reduction in fracture toughness by adding unmodified nanoparticles from 0 to
4.5% and an increase of about 100% in fracture toughness by adding 4% by volume 4.5 ALO, (15 nm) [65]
of silane- modified nanoparticles.
Increase in strength and modulus compared to pure resin by adding unmodified and
- Fe,O [66]
modified MPS compatibilizing agent. 2
Improvement in biomechanical properties. - Hydroxyapatite [67]
Nano alumina
Increase in tensile, bending, impact strength and storage modulus. 5 [68]
(60-70 nm)
Increase in tensile strength, elongation and Young’s modulus by adding nanoparticles
1 Nanosilica [69]
up to 1%wt and decrease in higher amounts.
Amine-
Remarkable improvement in tensile, bending and impact strength properties by
- functionalized [70]
increasing the percentage of nanosilica.
nanosilica
100% improvement of critical energy release value (G ) and increase of delamination
1 CNFs [71]
resistance by adding 1% wt carbon nanofibers to glass fiber reinforced resin.
Improving the strength and flexural modulus of resin reinforced with glass fibers in
- CNFs [72]
the fiber direction and also in the transverse direction by adding carbon nanofibers.
Improving mechanical properties and antibacterial properties of composite. - MWCNTs [73]
Increase in tensile strength, storage modulus, thermal decomposition temperature
0.04 GO [74]
and electrical conductivity by 75.2%, 53.8%, 70.3°C and 10° S/cm respectively.
Increase in tensile strength and Young’s modulus and reduction in elongation. 5 Fe O, [75]
Increase in tensile strength and modulus by 159 and 191% respectively. 0.1 GO [76]
Increasing mechanical properties such as tensile and flexural strength up to 56% Alpha zirconium
- (771
and 61%, respectively. phosphate
The maximum improvement in tensile strength and Young’s modulus was 21.62%
- NiFe,0, [78]
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and Sons).
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Fig. 7. Schematic illustration of montmorillonite modification (MMT) using polyhedral oligomeric silsesquioxanes (POSS) and

UP/POSS-MMT

fabricate unsaturated polyester (UP/POSS-MMT) nanocomposites: (1) functionalization with aminopropyl isobutyl POSS, and (2)

in-situ addition along with UP preparation after sonication with glycols. The inset contains images of nanocomposites with color

variance from pure UP to 1% POSS-MMT to 5% POSS-MMT-added UP nanocomposites [89].
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Fig. 10. Variation of the (1) storage modulus, (2) loss modulus, and (3) damping parameter as a function of temperature for composites

containing clay (a) 3 wt% and (b) 5 wt% (reprinted with permission from Ref. 100. Copyright 2006 John Wiley and Sons).
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Fig. 11. Burning behavior of resin formulations containing different modified clays (5% wt) and APP (20% wt): (a) pure resin and

(b) flame retarded resin formulation (reprinted with permission from Ref. 33. Copyright 2006 John Wiley and Sons).

Y0\ V¥ OLT- o & o Lo sty ous Jlus rash S39I5S5 9 egle cpale lo



w iy Sy gelS 53 ol 5 SR s Gl s
AT 0l,es 5 De Rosa 358 o a3 S S84 oLos (63,0
RS PWILSHUST (microwave)cyﬁjjjbl) le\ ol e
53 YL BN Shls et 5a3 45 3 gy 1 (sloiip Ll 2l
dJ sl b alis 5 (Ni-SCFs) IS5 L anl il y op S LI
€l id g oS p S S s (MWCNTS) o)l pstiz S
sl 58l Gl oS s Ko 5 550 S 5 ols Ol zl Lo
ol sl 3 g e CuhselS ebline S ol
ool (s Vo sldieay MWCNTs (s Sailsl L Ni-SCFs L
s Shes (p e mer 358 SRS ebline S
S pelS oS Bl amdn L -V 0 dB Ll sl 5 LBk 2
s YL UYL s NiCFs 5 535 )/ 53> MWCNTs 5L e
5 NiCFs 3l eslizal ol 55 ks ol Colg Js el s
3 S 0knst 5 GRon (5l 53 oS Ol ey MWCNT
) g 908 g

SUISL Sl ol 5 ST, [V)4] oL 5 Monti
o Sagesl s S ey UPR s |, (CNFs) oS
CNF Ciliss glajltie 5 cojamlS ol SOl Sl
S Gosba ol Sis N S sl s sl ol olis
55 VY0 101 s Battisti 505 0 ol o8 S SN Sl
L5 S s p I ONT 5 UPR ujpmlS 6L S Sl Sl
Sl 035l @l p sl w5l UPR ol ol =
CosplS ol ONT (oS glaclale 3 &y pels il (S S
Sl S« Sis /¥ laiea ONT Soly3 gl sddosy
(GO) eS| 31,8 5 POSS ljslen 1 5ls 0L |, /1Y S/m
Syl 5L 4 LUPR o g by Wl 5
POSS i )y b3 0L ek 55, 4 UPR/GO-POSS
GBI UPR 5l 55 15 0F (SuS1 GO o & el
S As NV Smldiens S Sl Sl Gl Coge s 0l
e, sl 50U Ol g |y eddantle glacy 5 5elS 5L Sl eslizl
IINT LS o a5 S5, slas )8 s

S S glaelKans o3Il ials bl oS colg o
b 2850 slse s 05 S Sl S Slapulide & 05
S S nl e o sd e S50 S S S sl el
Lol ok glacypulS sl 20,08 5 cuslie J 28
s A 3lsn e dBJ 1S padkign oy ool £S5l e i
el o] S S glas S s

......... °-“m&'*.“"|)5*"|u'e 0200 60 9105930 »3509 )0

Lo 5008 50 opl 55 (pizman L 2aS Y4/ 51 io (THR)
s Ol ol il (5T cow kol s s oltle golub
ol o i J iS5 g pudids o gl S ol s S

JWS‘-;G LLL‘ L&&;.l)ﬁ.ﬂLS)J 6;&31‘)&)&)3 ‘)

S I olgs A-F
5 S Sl ol car e b saddy 3 S350 s
(S sba ssd e Sl 5 3 eyl g e ol
Gle slge Olgeas Il plasd 5 S5 ool Boa e el
L bedy SO ol copl o5 bodlods atlls 5
58 POl b A s Sdae slaediS 03550 L Ol e
3 S 5S o3 Jdoas s ey 4 aokiS 5 60 03580 055 g L)
Syone SlaediS s b aslie 53 LaediS 56 S b Sl
ool IS 53 G o Sl a e slse 5 5 Ses o3I L
bola ey (S, o5 e oy la ey (SG S
Corge e sl el Lad e LOT S0 b 5 cuals
5 bos wshy Al s sla et 1 glemS s slpe blis
s b ST b s ciln glaslS s g s a5 ) o3 MG
S el 50 sty [W0] 0, Kes 5 Gryshehuk
(MWCNT) o)l ol 05 ad J 50 5l ol oy 55008 50
(EP) (oS syl ol Jous 5 OB o el s el s 0o 02
G J5U 3 mlys Lol s S sy 1y Ss Y Sltie b
CSCs s Shas WOl 1m0 (Sl poon S
M MWONT 035381 b ols 0Lt ol mlis ol Sl
3 g & pSadtr sboas o3 alS U SC SISl /0 W,
Sl l s wlele 53 4y s VER/EP wlola s 5 il
3 s osba Ly bl s ok, NPT O s Wu by 2l
e cd 3 b Olsea pUle), wlnd s S sy gk
3l o asOLES ceddalone IS0 Gl e oS 503
Lol rmmes ol 228 5 6B mB Gelte on s
S g G s S sba 5 L S (Sl
VG e sl bl b S sO Sl 1 Sl s
25 g

Sl el s oaslp VY] OLKea 5 Thostenson
o ONT) S a5l Jous 35 Lo spelS 50
ool Ly as LS5 oS slaclale 55 ols 0les mls L3 S
oS SI50 i VS S SSU allp wled s
sl S o oS chle s Sl pl JSAS A e 35 o

VEY QLT o & o Losh sty ww JUus rask (53919385 5 ke spale Alzo Yov



oSl plubl jiml s (3230 SWB3 5910l5 93U 13509 00

S5 aeelS 50 ol 3 bl 355 o plowil w8 53 sladi g o, 51 UPR
335 i Sgile opl S Y o b s 5y Low
2SS Lol S Gles L LalS ladi gy 4 O il e gl ge ale
S5y ol 310l o550 i Sl 5 plosil J sams slos
) il 5U Sy ey ol L S b s il 1S S5
2 S S Gl 0sd e UPR 1 22y Jids Ao
sl Caal Sl oy 550008 56 4

“UPR uj5melS 5U ey Sy YY) 0L s 5 dlte s
plosil L a0l s S s 2 15 QOA &y JS) sdsmdol ey 5L
Sy (VY K8 Sglie asle S e i 3 DSC 055
Jie STy 53 0 1y Of S L3S sdalie oS (gladiss
ool 035580 sls Cd 5l S OUd s S 5 als— (LS
alS= lust sty giledld (551 el cose s
Jsl 815 (pled o 2 e S Al ) 0 S
0358 L eals Ol s o sy Gl (s 5l S Lo spelS S0
ol 53 b o BS1s e e s a ek Sl st
oy ol SRl s a5 (giludlad (65 51 als S e
S5 ol Cel oS Las, e Slas Jals ngfv": 9 ol
Seelusse 3 ol [0] Oea 5 ig 353 00 siledlad
L bl Loyl s s 1) etz Sl ) sU-URP o palS 5
L3S s plerd sS85l Sl eslaad O 35
oUP gl LS amys 5 SES1y Co e ol 0L ol
oo kS a5 RSl s 5l i (S5 Y lded)
oot b o glas Bl Ol Gl b el el
(ESlg S e 555 e O QAEGIE 5 5 g el 4S 0l xiy
oy SIs el DL iy pelS Wl S 5 s 4o
Glalas slws oy 5U Yo gl i xS e 5t cou
o SIS Sl 5 e -y o sl oS gl
RESUH R T PLIR

o dio 5 gl s cpiy Sy L, VYR] OLes 5 S
Slad sad pled 3 L3 S s 15, BOB o 3y lS) s D3 5L L
05,5 ool Bdal s el glNObe &y gmts 3 5L 5508 U
03530 b ekl po Loses Loyl i 5o el gad oy L85 addllas
sl 2als aal Coy 58Sl S copy wlile 4 a5t
L omimmen bl oo RalS oy gles (RIS e S5k O
s & s bl el s Coy (S| cw i e S )
Gl mSly Jamlel cab el isls ials | wlole Jislud Olej
Lles S e |y oy

Yoy V¥ OLT- o & o Lo sty ous Jlus rash S39I5S5 9 egle cpale lo

T g AR g
wl p a5l 5 by isels sl 3 oo Coy Al
(S s, g3l A b Ll e 4S Cl age A e UPR
UPR (sl oo 2STy o0 il dbele ol 3 5 SO
w6 Jsams 0 Ol Conl Eol 5Ly gles 5 clile S
Coeal Sy glamSl (b bl S RS plaly s
Sbacr 51 CuaSt Jyams 4 plaws Gl 2l g 58 OLL
Loosd plmil oddd 28 Ll 5 s oy Sl Al i
sl 51015 e sdiasslzd 5 S LT g5 5 a3l ks el
Gl 5 sbul 5 Ky i a3 (ES1y e Sl i gl S
fi S Sl pagr e Jool glos S 55 655 5 )
S il e WeoC B FeoC Sl Saw ST £
S5l £ 4 w5 555 0 plondl JGsl5 gla 2S5 L LUPR
i s b ol S (Il sla ST L ols s |, LUPR
3 e gl 5o &S Coy B 4wy WUPR ol 58
Dl e 0Ll jsba es gy p OBl Sk glales D 5
5SSl b Olpea oy la 8550 S a0l el
5ol o Al B I RS iy S ol Gl oo Bl 2

D] e (aﬂ sl v ol
ooosb @bls UPR ass cosu s, [¥+] Lee 5 Xu
5 DSC (slaisesl SaSw 1) 20A &y slS) sddpdlol JI
sdkaslid Ol gear w6l ols Ol @Lﬁ L3S ow) » FTIR
Qley 5 &S oo Jos sl 5 2l il G 0D 0k S 55 (SaS
DYV OLSes 5 i il o S ) 5L 05 SN OAad)
adlas 1, 15A Sl U oeddco s UPR slacsmlS 4t
5 Rl 1y e s 65l e 3 s OLES s s S
Sl 8 S anin sles s G b 51l e als WOl
2l a5l (e, 56 Y phr L) 145°C @ (s 56U 0500 YVFOC
60015 Salsl g o6 ) phr hls (slacy 5508 56 s
Syt e RSl Lo e S Aa3 0 ) F35 A
Lalp BBl Fags 0AEdS 5 b SRl e 50018
ol Ll el o 2alS J5 0oy ey 5 lae zie 2158l L sl

e 4 g OGS i
5 UPR o586l o s, VYY] 0LKas 5 Zhou
D33 Ol eols O b L3S oy 1 I il go s
Wl Gl alie oo gl o s OLLS ) ba b s
GLS 5 o i Sl e oyl st ledle 55

Sy Aol Bl el Cay G g s STy el



a3 s eiS | O ey S ST
L (OMMT) sl Mal sl ey s JIITY] O 5 Vargas
UPR (slacy pualS 5l oy St r 1y OB sl 5 sl
salaial a.l,icwl J")j—’b Cy 92 )l ‘u’i’”‘t}}: Cﬁ“)) .V\JJ; Bl
w,ﬁuwustt}t;‘@; s YTl Ghls Syt (V) s
s gel 53507 6 /07 glols ey 56 (V) 5 (TMOA) & IS
UPR LgLa:V.AL} oSl sy, (APTES) OMuw oS 5ls 5
S S @l A s (Selus DSC 0531 b s sl slols
S|y Sl last (aSly s gsledle (g5 50 48 sy o
S Ll el dacble aaa ;3 UPR/TMOA «lle (gl
Rl S e a3l ) sl (5 8BS s 0T s
55 sk gbackle ;s UPR/TMOA lac, ;5.8 45U (2l
b SAaGE) Sl g e cnl inls OLES (5 i s3ledla
Aops e war 5 L5 5 pl bl il esls o ey 66 3
APTES Jl=l o S50 31 Wsas (i slabes 3 s
0Ll ol 0l TGA mls .ol fals ooy iSly
TMOA )‘ J:..L.:.» J“S Q_’)}:Alsj;l; BL APTES 4o 0 ghe
sJesson .l il Jley edile BLoss A Jlde Il L 5 s,
I g s sdd ol SLaliln 56 [VYA] OfSa
Slasiie 5 LOT 35 (L 5 s oJs! (oo JTslaes S)
Gl L aslis 3 UPR L 1, ol mbawe gla [2iSTs 5 olans
E) ML.:..A ‘)L:.é) J‘:‘J..) 39 J-;‘ ‘J-;-:A lJ e-la.:icw\ L;LAK.:L:M .\JJ‘J QL,.;..
(a) \\‘ ‘}iw J.J.w\.) dji.'.': CJ}LLZA )l:.é) L}:.d lJ cJ.wCBLo\ 6&.:.1.:*&:
QL:ZJ\)&j}&h&»duo}ﬁl{aﬁcw\éuwckw
el ol anslie (D) VY IS s oSG VSO L oS s s
i AL s LS e 008 1S (S S L slaes S
b oomrle iy GRS Sl mle oS das e 0L eSS
oJuiC)Np\ Lﬁ&:J‘t”’ Cr:la..u (c) \Y ‘_}D/\»:/ .bj..':r‘_;a d‘yﬁkgm 6LA¢_5J§
alie (@Y S 53 (Seasails e LS das o 0L s L
JE)JCE—N(S))M&J&LM Ji—iqc]awcwlbijéje.\.&
Q.L.Ze.ij.;.ﬁ g:,\.:.l.)G sl g.f)f/tlw..: J:J a‘jj? sl o wjf
I Gloes S o s JalS G go oS 5510 1) ey Koo
Loeddm ol Gk Lol 5800 (bl GGk b aglis 3
Ju‘):Lfo ‘J"’J‘L’“'} L df}&.:.w 6[.&0}; ab )‘ [N )).bb 4&5
AL asls S b sl e 5L S el b L
°)|}CJEJ>JJ’.“L§L“K?:L:M}}M\‘5L; dl:ﬁuguéu&sﬁf

........ oSt gladbl yianl s (32 SR 59201936 22 2900

2.5
Heating rate=25°C/min

2.0 - 20°C/min
g
; 15 15°C/min
E .
E 1.0 - 10°C/min
g
= 0.5 - 5°C/min

0.0

250 350 450 550
Temperature (K)

slace v ;3 UP/20A 5508 5L DSC gla sovie —VY IS5

DYF] oslise a5l
Fig. 12. DSC curves of UP/20A nanocomposite at different
heating rates (reprinted with permission from Ref. 124. Copyright
2011 John Wiley and Sons).
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Fig. 13. Comparison of the surfaces of (a), (b) methyl-, ethyl-, and vinyl-modified silicas and (c), (d) phenyl modified silica

(reprinted with permission from Ref. 128. Copyright 2006 American Chemical Society).
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Fig. 14. Schematic of the possible interactions between the
polyester and the commercial silica, phenyl-modified silica,
and methyl silica (reprinted with permission from Ref. 128.

Copyright 2006 American Chemical Society).
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AMLR Average mass loss rate
APP Ammonium polyphosphate
APTES Aminopropyl-triethoxysilane
ATH Aluminum trihydroxide
BPO Benzoyl peroxide
CSR Core-shell rubber
CRR Cooperative rearranging region
CNTs Carbon nanotubes
CNFs Carbon nanofibers
CTAB Cetyl trimethyl ammonium bromide
DMA Dynamic mechanical analysis
DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry
DWCNTs  Double-wall CNTs
EML Epoxidized methyl linseedate
EMS Epoxidized methyl soya
EP Epoxy
FGS Functionalized graphene sheets
FIGRA Fire growth rate index
FRs Flame retardants
FTIR Fourier-transform infrared
GNs Graphite nano-sheets
GO Graphene oxide
HNTs Halloysite nanotubes
HRR Heat release rate
LPA Low profile additive
MBDAC  Methacryloxylethyl benzyl dimethyl ammonium chlorid
MEKP Methyl ethyl ketone peroxide

1. Unsaturated Polyester Resins:
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Fundamentals, Design,
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MWCNTs
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PHRR
PMMA
POSS
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PU
SEM
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SWCNTs
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TEM
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TO
TPU
VER
UPR
WAXD
xGnPs
XRD

Montmorillonite
Methacryloxypropyltrimethoxysilane
Multi-wall CNTs

Organo-modified clay

Organic montmorillonite
Polyethylene oxide

Peak heat release rate

Poly(methyl methacrylate)
Polyhedral oligomeric silsesquioxane
Polystyrene

Poly(vinyl acetate)

Polyurethane

Scanning electron microscopy
Styrene

Single-wall CNTs

tert-Butyl peroxybenzoate
Transmission electron microscopy
Thermo-gravimetric analysis

Total heat release
Trimethyloctadecacylammonium chloride
Tung oil

Thermoplastic polyurethane

Vinyl ester resin

Unsaturated polyester resin
Wide-angle X-ray diffraction
Exfoliated graphite nanoplatelets
X-ray diffraction
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