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Abstract: This paper presented the preparation of como#iigt consist of multi-walled carbon
nanotubes (MWCNTSs), hyperbranched polymers (HB&=)xy resins (EP) and curing agent. The
influences of HBPs and MWCNTSs content on the cupraress of epoxy systems and mechanical
performances of MWCNTs/HBPsS/EP composites were udsed. Results from differential
scanning calorimeter (DSC), tensile, impact andyihmess tests are provided. The tensile and
impact fracture surface were observed by field-simis scanning electron microscopy. The
addition of HBPs resulted in accelerating the ayrirprocess of epoxy systems.
MWCNTs/HBPs/EP composites were capable of incrgatgnsile strength by up to 38 %, giving
a tensile modulus of 25 %, impact strength of 68ficture toughness of 66 %, and a glass
transition temperature ¢Y of 46 % in comparison with unmodified epoxy thesats. Field
emission-scanning electron micrographs showed ttiede increases were associated with a
synergistic effect of plastic deformation mechan@na crack pinning mechanism, which were

induced by the present of HBPs and MWCNTS, respelgti
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1 Introduction

Composites have been used extensively in manytstau@pplications owing to their good
mechanical properties and improved fatigue life7[1The incorporation of nanoparticles and
functional polymers in epoxy composites has beepreéssive as they significantly improve the
properties of epoxy composites [6], especially tdresile strength and fracture toughness [8-11].
In the last decade, carbon nanotubes (CNTSs), wikttibit superior mechanical properties, low
density, and high aspect ratio, had demonstrateid tble as a multi-functional filler for epoxy
resins [12-14]. However, the poor dispersity, whishowing to the strong interaction between
nanotubes, resulted in the short of expected comeppsoperties [6, 14, 15]. Moreover, the
application of CNTs in epoxy composites had beeatricted by the lack of sufficient interfacial
adhesion [13, 16, 17].

Surface modification of CNTs is a typical approéezlenhance the adhesion between CNTs and
epoxy matrix [6, 14, 18-20]. Kwon et al. proposkdttthe difference in mobility of alkyl chains
affected the mechanical and impact properties okgpesins [16]. Cha and co-workers suggested
that the attachment of polystyrene sulfonate antly(¢@minostyrene) could modify the
dispersion and improve affinity with the epoxy matf21]. Saeb et al. suggested that the
introduction of primary and secondary amino groapsld improve the dispersion of MWCNTs
and the interfacial interaction in epoxy matrix J22Ziang and co-workers proved that thgs ©f
CNT/epoxy composites were higher than that of theadified epoxy thermosets, which was
ascribed to the weak interaction between functieedlCNTs and epoxy matrix [19].

Hyperbranched polymers (HBPs) have been widely asddugheners for epoxy resins [10, 11,



23-30]. One advantage for the introduction of HB#spoxy resins is the high density of terminal
functional groups, which can improve affinity wiépoxy units and/or curing agents [31]. And a
large number of free volumes and free spaces insH&® also contributed to the toughness
enhancement [32]. Nevertheless, the addition of $i8Pepoxy resins may affect other desirable
engineering properties [25].

The purpose of this article was to fabricate MWCIKBPs/EP composites with excellent
mechanical properties for potential applicatioradvanced structure materials. The influences of
HBPs and MWCNTSs content on the curing process okggystems and mechanical properties of
MWCNTs/HBPs/EP composites were studied, discustiegresults from DSC, tensile, impact,
and toughness tests. The novelty of this work digouss the synergistic mechanism of HBPs and
MWCNTSs for enhancing toughness of epoxy composifég. tensile and impact fracture surface
of composites were observed using field emissiamsiog electron microscope (FESEM).

2 Experimental
2.1 Materials

Diglycidyl ether of bisphenol-a resins (EP618), gthhad an epoxide equivalent of 185-208
g/eq, were obtained from Wuhuigang Adhesive Cdl, (Hangzhou, China). Polyamide 650 with
an amine value of 22820 mgKOH/g was purchased from Wuxi Resin FactoryXWChina).
Multi-walled carbon nanotubes (MWCNTS), which wegecified with average inner and outer
diameters of 4 and 12 nm respectively, lengthsoup2tum, and carbon purity exceeding 95 %,
were purchased from Henggiu Graphene Science & ntdoyhy Co., Ltd (Suzhou, China).
Diethanolamine was obtained from Tianjin Damao Clahreagent factory (Tianjin, China).

Methyl acrylate andy-Aminopropyl triethoxysilane were supplied by Sihapm Chemical



Reagent Co., Ltd (Shanghai, China). Trimethylolpmog was purchased from Tianjin Bodi
Chemical Reagent Co., Ltd (Tianjin, China). Olemdawas obtained from Shanpu Chemical
Reagent Co., Ltd (Shanghai, China). Methanol, twduand HO, (30 wt%) were supplied by
Chengdu Kelong Chemical Reagent Co., Ltd (Chen@thina). Unless otherwise specified, all
chemicals were analytical grade and used as-rateige abbreviations and basic properties of
raw materials are listed in Table I.
2.2 Synthesis of HBPs

The synthesis route of HBPs was supposed by Qidngl.e[33]. Typically, 11.6 g of
diethanolamine was added to a 250-mL four-neckedddottom flask with 20 mL of methanol,
equipped with a thermometer, inlet and outlet, eowdenser tube. 9.55 g of methyl acrylate was
added to the flask, heated to 35 °C and kept usitteng for 4 h. After methanol removed, AB
monomers were obtained. 1.34 g of trimethylolprepamas added to 177.63 g of ABionomers,
followed by heating to 120 °C and stirring for 3The crude products were purified under vacuum
at 0.08 MPa and 120 °C for 1 h and then hydroxyhieated hyperbranched polymers were
obtained. 5 g of oleic acid was added to 10 g ditwyyl-terminated hyperbranched polymers and
then the mixture was heated to 130 °C and keptrusitteing for 2 h. Then the products were
dried under vacuum at 80 °C for 24 h to obtainlfi#tBPs, which contain terminal ester group. All
the processes in this study were conducted undey aitrogen atmosphere. The synthesis route
of HBPs is illustrated in Scheme 1.
2.3 Preparation of MWCNTS/HBPS/EP composites

MWCNTs were first treated with an aqueous solutdt,O, (30 wt%) at 105 °C for 6 h and

then functionalized by-Aminopropyl triethoxysilane in toluene at 80 °Q &4 h. The detailed



modifying procedure was reported in our former wi@®. HBPs and MWCNTs were first stirred
at room temperature for 15 min and then added txyepesins and polyamide. Epoxy resins,
polyamide, HBPs and MWCNTs (Epoxy: polyamide: HBR&VCNTs=100: 110: 0-25: 0-2,
wt/wt) were blended and homogenized with mecharstiaing at room temperature for 30 min.
After removing gas voids under vacuum at 0.09 M#P& mixture was poured into telflon
templates and cured at 60 °C for 48 h in an oveme Tomplete preparation process of
MWCNTs/HBPs/EP composites is illustrated in Sch@mne
2.4 Characterization

Differential scanning calorimetry (DSC) was penied with a 200 F3 DSC instrument
(NETZSCH, Germany) from -30 to 300 °C at 20 °C thimder N atmosphere. Tensile testing
was performed on dump-bell shaped type samplegdingaio National standard of China (GB/T
2567-2008) with a AG-X plus testing machine (SHIMAD, Japan) at 2 mm mniih Charpy
impact testing was performed with a ZBC 50 pendulmpact testing machine (SANS, China)
without a notch in the specimen with a thicknesgl ghm and a width of 10 mm according to
National Standard of China (GB/T 2567-2008). Aftensile and impact tests, field emission
scanning electron microscope (FESEM) images oturacsurface of composites were recorded
by a SU8000 scanning electron microscope (Hitadapan), and the fracture surface were
sputter-coated with gold before observation. FESHNCrographs were obtained under
conventional secondary electron imaging conditiongh an accelerating voltage of 10 kV.
Fracture toughness testing was carried out by eymgdhe single-edge-notch beam method on a
UTM 4000 universal instrument (SUNS, China) acaggdio National Standard of China (GB/T

4161-2007) at 2 mm mih Before testing, a standard-sized notch was mitial the specimen.



And a crack was introduced at the notch-tip by rinsg a thin razor blade into the machined
notch and pulling with strong force. For each folation, at least 5 samples were measured to
determine the fracture toughness at crack initiaiioterms of the critical stress intensity factor,

Kic (MPa- rﬁ’z). According to the standard us&q; was calculated using Equation (1):

_ PS  3X71.99- x1- ¥(2.15 3.93¢ 2.k
K.= X
' BWA? 2(1+ 2X)(1- xJ

)
Where x=a/W and P is the applied load (N)S is the span (mm)B and W are the specimen
thickness and width respectively (mm, mm), arid the length of crack (mm).
3 Results and discussion
3.1 Curing thermal parameters

The effects of HBPs content on the curing thermafameters of epoxy systems were
summarized in Table Il and presented in Figuret tah be observed that the curing process of
epoxy systems is rather simple, with a single exwific peak in the range of 50-250 °C. The
onset temperature g exothermic peak temperature,)Tending temperature £, and enthalpy
of reaction Ah) are also determined. Table Il and Figure 1 stiwt the T, T, and Tz of HBPs
modified epoxy systems are all shifted to lower geratures with increment of HBPs content,
comparing with unmodified system, which were duthtbenhanced reactive rate in the present of
HBPs. The stoichiometric rate of amino group toxé® group had been changed because of the
volatilization of amino group in whole curing pr@se[23]. Then the reactive rates of HBPs
modified epoxy systems are higher than unmodifigstesn, which can be attributed to the
supplementary of functional groups. Moreover, theng rate of HBPs modified epoxy systems

can also be promoted owing to the nucleophiliccattaf carboxyl in HBPs to an epoxy unit in

epoxy matrix [34] and the interaction of ester iBF$ and epoxide in matrix [28].



3.2 Mechanical properties

Mechanical properties of HBPs modified epoxy thesate are summarized in Table Ill. A
conclusion can be drawn that the mechanical prigigeaire highly dependent on HBPs content. In
details, tensile strength, tensile modulus, eldngaat break, and impact strength are obviously
higher than those of unmodified epoxy thermosetpeEially, the formulation with 20 wt% HBPs
yields the tensile strength, tensile modulus, eddiog at break, and impact strength of 48.7 MPa,
1.42 GPa, 6.0 % and 12.24 KJ/rwhich had an increase of 38.4 %, 25.4 %, 71.h&68.4 %,
respectively, comparing with unmodified epoxy systeThese results demonstrate that the
introduction of HBPs to epoxy thermosets can cbotg to the improvement of mechanical
properties. The carboxyl and ester functional gsoupHBPSs, forming hydrogen bond [32] and
covalent bond [35, 36] with epoxide groups, carm geomote the interfacial adhesion between
HBPs and epoxy matrix [36]. However, the improvetnehmechanical properties is short of
expectation owing to the flexible chains in HBPs.

The fracture toughness of HBPs modified epoxyrtlosets increases with increasing HBPs
content and is higher than that of unmodified epitmermosets (Table Ill). Especially, the fracture
toughness of formulation with 20 wt% HBPs is 1.98aMnt?, which had an increase of 35.7 %
in comparison with unmodified epoxy thermosets. HPBssess high density terminal functional
groups, which can react with epoxide groups in gpuoatrix and/or amino groups in curing agent
and consequently, the network of epoxy thermosatsbe tailored [31, 32]. The free volumes and
free spaces in network can be increased owingetontihoduction of HBPs [32]. The decrease of
toughness of 25 wt% HBPs modified epoxy thermosedy be due to the formation of HBPs

continuous phase in epoxy thermosets, which exhibilow fracture resistance as a separate



phase.

Mechanical properties of MWCNTs/HBPS/EP composaes summarized in Table IV. The
mechanical properties of composites are highly ddget on MWCNTs content and higher than
those of 20 wt% HBPs modified and also unmodifipdxy thermosets. The sample with 1.0 wt%
MWCNTs exhibits tensile strength, tensile moduleisngation at break, and impact strength of
57.8 MPa, 1.83 GPa, 8.3 %, and 16.8 KJAvhich had an increase of 64.2 %, 66.4 %, 137.1 %
and 130.1 %, respectively, comparing with unmodifigpoxy thermosets. The hydroxyl and
amino groups of MWCNTs, which can interact with dtianal groups of epoxy units in the
presence of HBPs, can be attributed to the sigmfiamprovement of interfacial adhesion
between MCWNTs and epoxy matrix [36] and consedyegthhance the mechanical properties of
composites. Moreover, MWCNTSs can pin or blunt thgck propagation due to their tiny sizes,
then absorb external loading energy and resuliénstabilization of cracks in epoxy matrix [10,
15, 37]. Furthermore, external loading may trandfem epoxy matrix to MWCNTSs, thus
MWCNTs may stretch and break, which can also leatthé increase of mechanical properties of
composites [15].

Table IV indicates that the fracture toughnesM@CNTs/HBPs/EP composites is higher than
those of 20 wt% HBPs modified and unmodified epdiRgrmosets. And the toughness of
MWCNTs/HBPSs/EP composites increases with the ineremf MWCNTSs content. In particular,
the fracture toughness of composites with 1.0 WiWWGNTs is 2.32 MPa.-fff, which shows an
increase of 65.7 % and 22.1 % in comparison witaugtified and 20 wt% HBPs modified epoxy
thermosets, respectively. These results revealttteaenhancement of fracture toughness can be

attributed to the addition of MWCNTSs, which can tdute to improve the interfacial failure



resistance of epoxy matrix [38]. Moreover, the &ddiof MWCNTS in epoxy composites may
contribute to shear inducing deformation, consuméxgernal energy and crack deflection.
Especially, MWCNTs may act as “pin” when the crackipagation passes through them [38].

3.3 Glasstransition temperature

Table V lists glass transition temperaturegs)Tof HBPs modified epoxy thermosets.
Unmodified epoxy system presents @of 118.9 °C and is lower than those of HBPs medifi
epoxy thermosets. Especially, 20 wt% HBPs modifssinple presents agTof 164.3 °C,
presenting an increase of 45.4 °C in comparisoh wimodified epoxy thermosets. Furthermore,
the Ty, of HBPs modified epoxy thermosets increases wiktreiasing HBPs content, which
indicates an increase of crosslinking density inxgpmatrix [39]. The functional carboxyl and
ester groups in HBPs, which can implement a nutigiomttack [34] and interact to/with epoxide
group, respectively, cannot only promote the curigig of epoxy systems but also improve the
crosslinking density of epoxy thermosets, resultimgestricting the motion of molecular fragment
[27]. However, the J of 20 wt% HBPs modified epoxy thermosets decreasésch may be
attributed to that HBPs content was higher thaeréam threshold value and resulting in a poor
disperse in epoxy matrix [23].

The Tgs of MWCNTs/HBP/EP composites are listed in Tablelcan be seen that thgsTof
MWCNTs/HBP/EP composites are higher than thosenofiadified and HBPs modified epoxy
thermosets. In detail, composites with 20 wt% HBRd 1 wt% MWCNTSs exhibits agf 173.2
°C, which had an increase of 46 % and 5 % in commpamwith unmodified and 20 wt% HBPs
modified epoxy thermosets, respectively. Moreovgrof composites increases with increasing

MWCNTSs content. The MWCNTSs were well dispersiorMMVCNTs/HBP/EP composites, which



was owing to excellent interaction of MWCNTSs and»ep matrix in the present of HBPs, and

then restricted the motion of molecular segment.

3.4 SEM mor phologies

The improved mechanical properties of HBPs modiépdxy thermosets and composites were

also evidenced by observing the morphologies oir thhacture surface using FESEM. The

FESEM images of tensile fracture surface of HBPdifreml epoxy thermosets and composites are

shown in Figure 2. The FESEM image of tensile fiezsurface of unmodified epoxy thermosets

shows no dimple that indicates a brittle fractUfegre 2a). The morphology of tensile fracture

surface of 20 wt% HBPs modified epoxy thermoseiguife 2b) shows a large number of dimples,

which can be attributed to good flexibility of HBR&d excellent compatibility of HBPs and

epoxy matrix. Actually, FESEM image of HBPs modifiepoxy thermosets shows more plastic

deformations than that of unmodified epoxy thernmseélowever, the morphology of tensile

fracture surface of composites with 1.0 wt% MWCNI8y presents several dimples owing to

weak dispersion of MWCNTs in epoxy systems (Figlog. The tensile fracture surface of

composites with 20 wt% HBPs and 1.0 wt% MWCNTSs biteian obvious dimple (Figure 2d).

These results indicate that the introduction of HBBn improve the plastic deformation of epoxy

thermosets and composites, which is due to thetiimad terminal groups and flexible chains in

HBPs. And the addition of MWCNTs may restrict thraak propagation and result in a relatively

large dimple.

Figure 3 shows FESEM images of impact fractureagarfof HBPs modified epoxy thermosets

and composites. The image of unmodified epoxy thests shows a smooth impact fracture

surface (Figure 3a), which is a typical brittlechire morphology of polymers [15]. The impact



surface of HBPs modified epoxy thermosets (Figuib@, 3vhich presents several multi-scale

deformations, is much rougher than that of unmedifiepoxy thermosets. This difference

demonstrates that the introduction of HBPs in epgbeymosets may result in plastic deformation.

MWCNTSs can be observed in the fracture surfacepoikg composites with 1.0 wt% MWCNTSs

(Figure 3c). However, the dispersion of MWCNTS jooey systems is not so “satisfactory”. In the

fracture impact surface of composites with 20 wiRd and 1.0 wt% MWCNTSs (Figure 3d),

several deformation and aggregated MWCNTS in thiet fof crack-pin can be observed. The EDS

spectrum of a selected area in composites with 20 MBPs and 1.0 wt% MWCNTSs, which was

marked in red, is shown in Figure 3e. This spectizigsimple and, presents three elements, C, O

and Si. It can be realized that the spectrum okgpoatrix should contain N element, which is

attributed to the use of curing agent, polyamid®.@3owever, there was no signal peak of N

element in this EDS spectrum. Moreover, Si elenssghal, which is original from silanized

MWCNTSs, appeared. There results indicate that tbkecked area was main consisted of

MWCNTSs.

It can be concluded that the incorporation of MWGNi epoxy systems may lead to crack

pinning effect and then adsorb external energyirAdll, the fracture impact surface of modified

thermosets and composites are much rougher thanothanmodified epoxy thermosets. The

fracture surface of composites presents crack#pgnnor crack-blunting and also evident

deformation. The deformation is likely associatdthwhe excellent functional terminal groups in

HBPs, which can interact with epoxide group andltés the formation of free volumes and free

spaces. The crack-pinning or crack-blunting effety be attributed to well dispersion of

MWCNTSs [16], which leads to crack propagationsckrdeflections and crack pins.



Figure 4 is the magnified images of aggregated MVWEM composites. Figure 4a, which

shows the magnified image of aggregated MWCNTsdmposites with 1.0 wt% MWCNTS,

exhibits that MWCNTs are “well dispersive’ in thariace. The magnified image of aggregated

MWCNTSs in composites with 20 wt% HBPs and 1.0 wi%VERINTs (Figure 4b) shows good

dispersive than that of composites with 1.0 wt% MMIG, which may be attributed to the present

of HBPs. And the distribution density of MWCNTsHigure 4a is higher than in Figure 4b. This

result suggests that the introduction of HBPs imposites with MWCNTs may result in an

improving dispersion of MWCNTS.

The toughness mechanisms of epoxy composites, stimgsiof MWCNTs and HBPs can be

concluded as follows: the presents of HBPs canltr@suhe formation of plastic deformation

owing to their good flexibility of HBPs and exceitecompatibility of HBPs and epoxy systems.

The deformation can absorb loading energy andtresthie improvement of toughness and other

mechanical properties. Moreover, the addition of RdBcan “improve” the dispersion of

MWCNTs in epoxy composites. MWCNTs can pin in thent of cracks and result in

crack-blunting, crack-pinning, propagation and kraeflection, and the toughness of epoxy

composites is certainly improved. So the toughmasshanisms of composites, consisting of

MWCNTs and HBPs, can be attributed to the synecgistechanism of plastic deformation

mechanism and crack pinning mechanism, which aduced by HBPs and MWCNTSs,

respectively.

4 Conclusions

Hyperbranched polymers (HBPs), which contain teamester group, were synthesized by

using oleic acid modifying hydroxyl-terminated HBPEpoxy composites, consisting of



multi-walled carbon nanotubes (MWCNTS), HBPs, epoggins (EP) and curing agent, were

prepared. The influence of HBPs on the curing mead epoxy systems was studied. And the

mechanical properties of MWCNTs/HBPs/EP compositere investigated, resulting from tensile,

impact and toughness tests. The introduction of $1&#uld result in the improvement of reactive

rate and accelerating curing process of epoxy systdnd composites containing 20 wt% HBPs

and 1.0 wt% MWCNTs presented excellent mechaniaafopnances. The microstructure

morphology analyses of fracture surface indicateat the toughening mechanisms could be

attributed to the synergistic mechanisms of pladaformation mechanism and crack pinning

mechanism, which were attributed to HBPs and MWCNdspectively.
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Reagent

Epoxy resin

Polyamide 650

Multi-walled

carbon

nanotubes

Diethanolamine

Methyl acrylate

y-Aminopropyl

triethoxysilane

Oleic acid

Methanol

H>0,

toluene

Table | Abbreviations and basic properties of raataerials

abbreviation basic propertie Supplier
EP epoxide equivalent: 185-208 g/e.  Wuhuigang Adhesive
PA amine value: 22620 mgKOH/g Wuxi Resin Factory
inner and outer diameters: 4 and
Henggiu Graphene
MWCNTs nm; lengths: ~12m; carbon
Science & Technology
purity: > 95 %
Tianjin Damao Chemical
DA analytical grade
reagent factory
MA analytical grade
Sinopharm Chemical
v-APS analytical grade Reagent
OA analytical grade

Shanpu Chemical Reagent

analytical grade

Chengdu Kelong
30 wt%

Chemical Reagent
analytical grade



Table Il The thermal parameters of the uncured gggstems with HBPs

Content, wt% T, °C Tp, °C Tg, °C Ah (3 ¢Y
unmodified 86.2 136.3 179.4 226.8
10 83.0 129.3 184.4 368.3
15 82.2 128.6 174.8 710.3
20 66.7 127.3 170.4 621.7
25 80.5 124.4 179.6 961.0

To, Tp, Te, and Ah denote the onset temperature, exothermic peakete@ture, ending temperature, and

enthalpy of reaction, respectively.



Table 1ll Mechanical and fracture toughness of HB#Rslified epoxy thermosets

Content

(wWt%b)

unmodified
10
15
20

25

Tensile
strength
(MPa)

35.2+#1.9
42.8+1.8
46.8+2.3
48.7+1.2

46.3%x1.9

Tensile
modulus
(GPa)

1.06+0.08
1.43+0.09

1.61+0.06
1.65+0.07

1.59+0.07

Elongation Impact
strength
%
) (KI/nd)

3.5+0.26 7.27+0.32
4.7+0.33 8.95+0.45
5.8+0.28  10.99+0.21
6.0+0.22 12.24%0.28

5.6+0.19 12.21+0.42

Fracture
toughness
(MPa-nt?)

1.40+0.11
1.53+0.17
1.75+0.20
1.90+0.18

1.74+0.13



Table IV Mechanical and fracture toughness of MWGMBPs/epoxy composites

MWCNTs
(Wt%)
20wt% HBPs
modified
0.5
1.0
15

2.0

Tensile
strength
(MPa)

48.7+3.1

51.5+2.7
57.8+1.9
55.4+2.4

53.9+2.0

Tensile
modulus
(GPa)

1.65+0.07

1.72+0.05
1.83+0.05
1.79+0.06

1.72+0.05

Elongation Impact Fracture
strength toughness
(%) 2
(KJIn) (MPa-nt?
6.0£0.34  12.22+0.29 1.90+0.20
7.5+0.42 13.84+0.35 2.1930.1
8.3+0.29  16.87+0.27 2.32+0.20
8.0+0.18 15.72+0.31 2.1680.1
7.840.27  15.35+0.30 2.10+0.21



Table V Tgs of HBP modified epoxy thermosets

HBP content (wt%)

unmodified
10 15 20 25

Tes(°C)  118.9+1.5 137.842.7 151.3+2.2 164.3+3.0 1837




Table VI Tgs of MWCNTs/HBPs/epoxy composites

MWCNTSs content (wt%)

unmodified 20 wt% HBP modifiec
0.5 1.0 1.5 2.0

TS(°C)  118.9+15 164.3+2.6 168.8+£3.0 173.2+3.5 H2AF 175.8+2.9




R

Scheme 1 The synthesis route of HBPs



Stirred at 35°C for 4 h Dried at 80°C for] h at 0.08MPa  Stirred at 120°C for 3h

DA+ ,
Methanol > <>

|
Dried at 80°C for

1h at 0.08MPa

Hydroxyl-terminated

HBP+OA Dried at 120°C

for 1 h at 0.08MPa

Remove gas voids

Stirred for 15 min  Stirred for 30 min Pured

+EP

= ~MWCNTs Composites |
o Demoulded ,qz
=

Cured at 60 °C for 48 h
Scheme 2 Detailed preparation process of MWCNTs/HBPSEP composites
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Figure 1 DSC curves of the uncured epoxy systems with HBPs



Figure 2a SEM image of the tensile fracture surface of the unmodified thermosets



Figure 2b SEM image of the tensile fracture surface of the 20 wt% HBPs modified thermosets
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Figure 2c SEM image of the tensile fracture surface of the composites with 1.0 wt% MWCNTs
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Figure 2d SEM image the tensile fracture surface of the composites with 20 wt% HBPs and 1 wt%

MWCNTs



Figure 3a SEM image of the impact fracture surface of unmodified thermosets
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Figure 3b SEM image of the impact fracture surface of the 20 wt% HBPs modified thermosets
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Figure 3c SEM image of the impact fracture surface of composites with 1.0 wt% MWCNTSs
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Figure 3d SEM image the impact fracture surface of composites with 20 wt% HBPs and 1 wt%

MWCNTs
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Figure 3e EDS spectrum of the selected areain Figure 3d (marked in red)



Figure 4a Magnified image of MWCNTSs in composites with 1.0 wt% MWCNTs



Figure 4b Magnified image of MWCNTSs in composites with 20 wt% HBPs and 1 wt% MWCNTSs



