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Epoxy resins, despite their outstanding mechanical and chemical properties, faced serious limitations in
high-durability applications due to their inherent brittleness and low fracture toughness. This paper
provided a comprehensive and systematic review of the latest strategies and scientific advances in the
heterogeneous toughening of epoxy resins, focusing on the fundamental mechanisms and the quantitative
performance of additives such as liquid rubbers, core—shell particles (CSPs), thermoplastics, liquid-crystal
polymers, and nanomaterials. These modifiers dissipated energy and enhanced fracture resistance through
mechanisms including shear yielding, cavitation, bridging, and crack deflection. Toughening with liquid
carboxyl-terminated butadiene-acrylonitrile (CTBN) rubber could improve impact strength by more than
200%, although it typically reduced modulus. In contrast, additives such as thermoplastics and CSPs
achieved a desirable balance between toughness and stiffness—for instance, methacrylate-modified CSPs
increased the critical stress-intensity factor (Kic) from 0.85 to 2.93 MPa-m': (a 245% rise). Synergistic
effects were also evident in hybrid systems; combining rubber and phenoxy raised the critical strain-energy
release rate (Gic) by 260%. In nanocomposites, incorporating 0.5 wt% graphene oxide grafted triblock
copolymer (GO-g-TBCP) led to an impressive 397.9% increase in fracture toughness. This study
highlighted that selecting a toughening approach required a careful balance between enhancing toughness,
maintaining thermo-mechanical performance, and ensuring process compatibility. The future of this field
lay in hybrid systems, bio-based materials, and smart nanostructures with advanced surface engineering
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Fig. 1 Comparison of publication counts for various epoxy toughening
methods.
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Table 1 The fracture toughness data corresponding to epoxy systems

incorporated with 5, 10, and 15 phr CTBN, respectively [19].
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Fig. 2 Investigation of Lap Shear Strength of Epoxy Prepreg as a
Function of CTBN Content [3].
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Fig. 3 a) The effect of CTPB content on the impact strength of modified
EP blends, b) Tensile properties of CTPB-modified EP networks [27].
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Fig. 5 The amount of energy released per critical strain (Gic) and the
associated critical stress intensity factor (K c) were investigated for pure
epoxy as well as epoxy reinforced with 10 wt% phenoxy, phenoxy/CSR-
MB mixtures with weight ratios of (1/9, 7.5/2.5, 5/5,2.5/7.5) and 10 wt%
CSR-MB [31].
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Fig. 4 Toughening performance or critical strain energy release rate of
epoxy resins using different amounts of core—shell rubbers [30].
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Fig. 7 Impact strength as a function of polybutadiene and polycarbonate
content[48].
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! Thermotropic Liquid Crystal Polymers(TLCPs)
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Fig. 8 Toughening of epoxy resin by different amounts of liquid crystal
polymer [53].
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Fig. 9 a) Stress-strain behavior of silica/epoxy nanocomposites; b) Impact strength of silica/epoxy nanocomposites [98].
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Fig. 10 Fracture toughness and fracture energy of MWCNT/carbon
fiber/epoxy nanocomposites. a) in the transverse direction of the fibers.

b) in the longitudinal direction of the fibers [74].
GLIIMWONT (sl joealSsili ool g5y 5 conss Koz 10 JSCb
178 LI Jsb caz 4o (o Bl oo g o (Gl oSl oS

S8, oy coo3al)] sale e 5l eaizl Sl slaesls Ll
63l iz Jole 3l ool b soipdsl (S s slaaleln Sl
Srork G sile (oIS Smp aie) o |y xS B b Sl Gl Ly
J Sl S 5 5 Jmols slaailelus asdllae pl ;5 03 o i
I 1 CE SN EPIRS AR VONEL PUWTIPICI PO IEL RS TOV PN
3% Olgieds (—ied plSoil (] 50 45 Wlaid 5 )18 bl 550 51
g, Sl olad b jlade ol b SWlse o Shee Lol slo sl i
Sl —ied plSotinl a5 (glaigSay s co i | Sl vy (s3ges
B R L P e e e PAREIEL
MPa 138 MPa L s o35 ar ey i 5 4:0.75 50.5050.25 slo
Al sals sl b auglie ;5 a5 cul oud 355 153 MPa 4 149
AT o) aums oo lid 1) oo y0 44 540 30 e 4 olo il
oaalive JB 55 (Ki0) cansls (Sojhr (a3l )0 guge 2y (o ailies
3 bl Conglin 51 Glad L 5938 Cuie 3l sams s a8 el
sladiges sl Kic pslio oS (g 5ba tonl (S8 5 S 5 05, plp
o3 1.79 MPa-m'24 1.74 MPa-m"2.1.65 MPa'm'? s 5 4 ;550
63 558 50 arsi 55,0 o ialidl ;Sily polie cul € coul oo
Toost @l Cnl s jludesia fole (g diged & S (5000
S (e ol e ¢ 51 had b (09381 b oS aamo oo (Lt
Sasl Olajee jeb a5 S nSB plp )3 Cglie 5 )l Jeod 28 b

! Bismaleimide (BMI)
2 4,4>-Methylenebis(2-chloroaniline) MOCA

3359405 (5 )9Ud 9 pole &y ki



293055 (509U 9 egle &3 uiis

Sl 9 olub) sy

S 5l (200 50l (s ilwas yix sla ) 2SI 0

dmd— olz asle iy slaaine; )3 o p)lS () (izen
Sl lacn;) cnl il odis-dpae 595 Sl g pdyBllasil SC3g 2SI
i a4z baly ) ol walys B8 (S ol O >
OIS Canls ¢ laieiils (lvaige les (6 ) S0 o iy ol Sl
555 sas o pslsi cnl 45 055 Jol (bl b sl (5555
Gl S (o0 SeS gl (el 5 (Sad) ShS Sge 4 aSh il
ple )3 Gaaz oo Gitung (st 5 LB 0SB L Gt
oyl sly sluls plyiear Sl sloces, o 0 4T il s
28 walys Jos o 8520
5 Vb (SHe Canglio b odigtipen 5095 5 diadgn da iz Slge daugd
= VgsS Ngm b (Sl slagn; dawgi G5k 5l ollae s pdhanl
o8 5 deyiiz b oS Sl (Solus silwdnriz b pon g (oond el L sy
9al g Sebadl 45 el (55 5 il de 3] kel b8
02 655l Gl s el 516 [103] el ous ails 56 095
B Sy sbml g o o el i slagtg, bolas jo g cal b

A S Sojiz Gl (6lp (Sete s aiile) pgs

S5 A -8
Bl—o )3 ek dlge 2305 5l (S Olseas (Sl slocns,
SIS e b el S 28Ul 5 (5l 095 Lblon auils 4z, ay
slagts) ol (omyp s a2lse by (Sojiz g (Sons
3t sin oo ,Sog, a5 wes oo lis dlie ol Ho oaidll)] (g jlwas o
o 5lo 3 i gy — i O3 ale Gl S Y ool ales
Cudgazte (nl (55350 3k 4 ailgioo Dl)35l g @le Jlnn S sla el
9 o el ol plapaile (S la ) 5o S ik |,
a—d Caglie 5 ouBode 655l A HE Gl 4 e 2o e
3 Shg, aias ol pos plSotul 5 Joo (2815 L el iz po igd oo
itz sl il sll b dap oS 5 4 wgar op 3y i
SHe 2y 5 (Sariz Gl sy Jole Gl (Sl b atngmen
b oy diiFu oo Sgne b i ) (Sl sl (g g WS (e )3
o9l (Sayiz olate (all 5 gBogs lo Shy bgle Jiw S
a3l a5 s wins o )] ol il ;5 Lugmame <l
2 Oleied Gloogu oS i Jad )3 (598 sloiiSmen 5 Y olg
pslise @l B 1) (Sashz g (s cplSnin]

olyonty (Sl Slacn;) iloae iz Glabs; (ke 3 Joor
sanlice 45 5 len leash dulio oyl ol lacysgame 5 Llje
§ S Cunglie Sgee 5S saie shlze ooyl nl 51 G e 09
e il Al b glejes Lol wiyls (Sl allebis S (ol
Gl ey (SaSTy 50 65leds ws9 55 Gl (Gl ok
Slagby, Siiwd ol yen (55558590 J 1S (S b (Sl e Sle b
)5 (g gt 3 aly 4220 Jedo Ygoma St ¥ e
L Sle 5 ) olyr Sl Ll st oo gine soloaidl gla S
Lo ol dbooaisS gl dople )5 L Aol (Jilie ;o iyl Jlsoas
P50 St 4 Wl o0 005 B9din )0 (5 peuky slaaSt 5 le Jliwn S
a2 51 0gd e (Sillam (gl 0 Sles 5 S8 plSodul (S iz
SSls8se 9 38 b wnlp SEds Sy sneils el lais, ol
OlF bl il sileae iz conlie (g, ST cnlple s Sl

e pards STy dgup lp coi o Jule Sl dgl 5l eolax il ¢ Jlio
Doty Faizr 5 S o | s vl il ol e e S S
Slge p 3 a3 winl pedle ams Il Sl gl eSSl R
L5 s Slyogb b gapels (slo posias¥] sile (233 B 5 sl
Sl Slain;) Comw a4 a0 S (o0 Sl o ) (e Pl
525 0y SIS asle s il Blasl L e (5,0l S oo S 5l

Byl Slgen

e e e e S i e e e = |
| |
I e Reaction1_ Reaction1  reaction 2 PUrichphase |
= = |
(a-l) ||+ =* — G a— |
3 3 e = :

: do PUnetwork  EP network 3IPUITEP IPN ]
| before curing during curing after curing |
T |
F————— e —— -

Reaction 1_ Reaction 1

Reaction 2 PU phase in EP phase

~1

A
Y

SPUISEP IPN
FUReORDR!  Jramtwork PU phase in EP phase

before curing after curing

during curing

R T e |
F—————— e — -
| |
| EP Reaction1  peaction1  Reaction 2 Bicontinuous phases |
| T @l ay }
s T G| (e

= 1 T
fu EP network i TPUBEPIPN |
|

before curing during curing after curing

Fig. 12 Schematic depiction of the structural evolution in epoxy/PU
blends containing a) 30 wt% PU, b) 50 wt% PU, and c) 70 wt% PU.
Reaction 1 refers to the grafting interaction between the -NCO groups
of PU and the pendant —OH groups of the epoxy resin before the
incorporation of the curing agent. Reaction 2 describes the subsequent
reaction between the -NCO groups within the PU network and the -OH
groups of the epoxy network following curing [101].
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