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Attractive and repulsive interfacial interactions of the silica nanofillers with the amine-epoxy
matrix were constructed and their great effects on the viscosity and viscosity stability of epoxy

nanocomposites were reported.
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Abstract
Three kinds of silica nanoparticles with differenirface functional groups (amino groups,

epoxide groups, and alkyl chain groups) were pegpand used as fillers in the amine-



cured epoxy resin systems to investigate the oslahiip between the interfacial interaction
and the rheological and thermal properties of &ilitanoparticles reinforced epoxy
nanocomposites. It has been found that attractiterfacial interaction significantly
contributed to reduce the viscosity and dramattcatihance the viscosity stability as well
as reinforce the thermal stability of epoxy nanoposites. While repulsive interfacial
interaction had considerable negative effects dh bbthe viscosity and viscosity stability.
Glass transition temperature of epoxy nanocompogtelosely related to the effects of the
interfacial interaction on the curing process olklepoxy. This study may also shed lights
on the choice of an optimum surface functional gréar other inorganic fillers to improve
the rheological properties and meanwhile keep gaodprehensive thermal properties for
epoxy nanocomposites.

Keywords: A. Polymer-matrix composites (PMCs); B. Interfacefiptease; B. Rheological

properties; B. Thermal properties

1. Introduction

Silica reinforced epoxy resins have been widelyduase adhesives and encapsulants for
electronic packaging in the microelectronics indydbecause of their superior mechanical
and electrical properties as well as the low cost @asy processibility [1,2]. The epoxy
adhesives and encapsulants for electronic packamiagusually required to have a low
viscosity for flowing and processing, and a higbcaisity stability for a longer shelf life [3-
5]. However, due to the premix of the epoxy resid #&s curing agent, epoxy molecules
cannot keep stable and begin to crosslink with edledr under normal conditions, not only

deteriorating the processibility, but also shomenthe shelf life and the pot life of the



epoxy adhesives and encapsulants by dramatica&ifgase the viscosity of the system [6,7].
Currently, the most commonly used method to addtiessproblem is to use latent or
microcapsule-type curing agent [4,8,9]. But thenatcuring agent usually needs a higher
curing temperature, while the microcapsule-typenguagent is normally very expensive
[10].

Moreover, with the current miniaturization and mlinctionalization of the
electronic devices, there is an ever increasingashenfor the use of silica nanoparticles
(SNPs) instead of the traditional micron-sizedcailparticles as reinforcing fillers in order
to further improve the comprehensive performancéhefepoxy resin and meet the new
requirements for the modern electronics packagiaghriologies [11-14]. But, in
comparison with the traditional micron-sized silgaticles, SNPs usually cause a dramatic
increase in viscosity as a result of their excessurface energy and poor interfacial
compatibility with the epoxy matrix [15,16]. Thisnhonly deteriorates the flowability and
processibility of the nanocomposites, but also ceduthe maximum filler loading of the
nanocomposites and thus limits the improvemertsimiechanical and thermal properties.

However, the large specific surface areas of theoparticles also provide an
opportunity for tailoring the properties of the@mocomposites by creating a large amount
of interfacial polymer layer with properties difggit from the bulk polymer, since the
structure and property of the interfacial polyneydr has become one of the key factors in
influencing the properties of the nanocomposités18]. The structure and property of the
interfacial polymer layer is closely related to thwerfacial interaction between the
inorganic filler and the polymer matrix [19]. Iférsurface chemistry of the inorganic filler

is attractive to the polymer matrixe. the surface functional groups of the filler could



either react with the polymer molecules or havedgommpatibility with them, the interface
interactions can be strengthened. While, if thdaser chemistry of the inorganic filler is
repulsive to the polymer matrixge. the surface functional groups of the filler coualeither
react with the polymer molecules nor have good aibjhity with them, the interface
interactions will be weakened [20]. Until now, aga body of scientific works has verified
that the mechanical, thermal conductivity and diele properties of polymer
nanocomposites can be adjusted by strengthen okewethe interface interactions via
surface engineering of inorganic fillers [21-27heFefore, all of the encouraging results
inspired us to address the above mentioned probibgntailoring the interface interaction.
Moreover, the effects of the interfacial interantmn the viscosity and viscosity stability of
the SNPs reinforced epoxy nanocomposites has beesr studied and reported so far.
Herein, in order to systematically investigate tetationship between the interface
interaction and the rheological property of epoggim nanocomposites, in this study, SNPs
with different surface functional groups (amino gpse, epoxide groups, and alkyl chain
groups) were prepared and used as fillers in thmeaoured epoxy resin systems. The
SNPs surface modified with amino groups and epoxjamips were expected to form
attractive interface interactions via chemical bogddue to their compatibility and
chemical reactivity with the epoxy or amine harden®lecules. In contrast, the SNP
surface modified with alkyl chain groups was usedorm repulsive interface interaction
because of the incompatibility and non-reactivityhe alkyl chain groups with both of the
epoxy and amine hardener molecules. Further, teetsfof the interfacial interaction on
the rheological properties (shear response, vigcosnd viscosity stability) and thermal

properties (storage modulus, glass transition teatpee, thermal expansion behavior, and



thermal stability) of the SNPs reinforced epoxy e@ymposites were comparatively

studied and discussed.

2. Experimental
2.1. Materials
SNPs used in this study were prepared by the cl&sber method [28]. Their diameter

was 60t 10 nm. Before using, they were calcinated at 8D0n a muffle furnace for 2 h.

The silane coupling agents with the functional goof amino group, epoxide group, and
alkyl chain group, defined as Silane-pHsilane-EP, and Silane-C, respectively, were
purchased from Aladdin Industrial Inc and were used modifiers for the surface
functionalization of SNPs. Toluene and acetone usedolvents were purchased from
Sinopharm Chemical Reagent Co., Ltd. For the famabf epoxy nanocomposites,
diglycidyl ether of Bisphenol-F type epoxy resinGEBF, EPON 862, from Japan Epoxy
Resin Co.) and diethyl toluene diamine hardenerTD&, JER 113, from Japan Epoxy
Resin Co.) were used.

2.2. Surface Modification of SNPs

The as-prepared SNPs with surface silanol group® vtether functionalized by silane
coupling agents as follows: Firstly, the as-prege8&lPs were well dispersed into 200 mL
dry toluene via a ball-milling process. Next, th@farm dispersion was transferred into a
500 mL three-necked flask equipped with a mechéstoaer, followed by adding a certain
amount of silane coupling agent. Then the mixtuss stirred at 96C for 48 h under
reflux. Finally, the resulting surface functionaz SNPs were collected by centrifugation
and washed with anhydrous ethanol. The final prtedwere dried in a vacuum oven at 80

°C for 24 h before use. For the sake of convenietite SNPs before and after surface



functionalization with amino groups, epoxide groupad alkyl chain groups by silane
coupling agents, are separately denoted as SNP,-NSNP SNP-EP, and SNP-C,
respectively.

2.3. Preparation of Epoxy Nanocomposites

Epoxy nanocomposites filled with different typesSMPs were prepared by the following
procedures. The fillers were firstly blended wighory and acetone, followed by being
processed via a planetary ball mill at room temippeeafor 2 h. Then, the obtained
homogenous dispersion was magnetically stirrec@tnrtemperature for 24 h in order to
remove the acetone, and further degassed % 8Yernight in a vacuum oven to ensure the
residual acetone was completely removed. Subsdguéné hardener was added to the
above mentioned dispersion and mixed by a highespager under vacuum. Finally, the
final bubble-free mixture was poured into molds anded at 156C for 2 h and 206C for
further 2 h, then cooled down to room temperatwatinally to obtain the highly cross-
linked epoxy nanocomposites. For comparison, thgadesignated as EP for neat epoxy
was also prepared in the same procedure. The lbndgsg mechanism of the DGEBF
cured with the DETDA hardener as well as the predosechanisms for the reaction
between the epoxide and amino groups in the presehthe SNP-NK and SNP-EP are
given in Scheme 1.

2.4. Characterization

The Fourier-transform infrared (FT-IR) spectroscems used to characterize the surface
chemistry of the SNPs. The absorption spectra wasgined on a VERTEX 70
Spectrometer in transmission mode. High-resolutleray Photoelectron Spectroscopy

(XPS) analysis was performed on a VG scientific BE&b 220I-XL using an Mg K& X-



ray source. Thermo-gravimetric analysis (TGA) oé tBNPs before and after surface
modification as well as their epoxy nanocompositas performed on a TA instrument Q-
600 with a heating rate of 1% min® under an air flow rate of 100 mL minFracture
morphology observation of the composites was caeduon field-emission scanning
electron microscope (FE-SEM, FEI Nova Nano SEM 4%0g rheological behavior of the
uncured liquid neat EP and its nanosuspensionsrwastigated with a rheometer (Anton
Paar MCR 302). The measurements were performedtaady flow mode with shear rate
between 0.1 and 1000 st room temperature. The dynamic mechanical aisa(pgvVA) of
the cured neat EP and its nanocomposites wereedaout using a Q800 dynamic
mechanical analyzer (DMA, TA Instruments, USA) ingde-cantilever mode. Data were
collected between 38 and 25(°C with a heating rate of & min* at a frequency of 1
Hz. The coefficient of thermal expansion (CTE) ¢ samples was conducted on a thermo-
mechanical analyzer (TMA, NETZSCH Instruments, Mod®2Fl). The data was
determined between 3T and 250°C at a heating rate of & min* after the second
heating cycle. The chemical reactions of the silemapling agents with the epoxy matrix
were confirmed by the differential scanning calaing (DSC) (TA Instruments, Q2000)
measurements under a nitrogen flow rate of 50 mh’nait a heating rate of & min*

from 25°C to 250°C.

3. Resultsand discussion

3.1. Characterization of the Surface Chemistryhef SNPs

The morphology of the SNPs prepared by the claSsiber method before and after
calcination can be seen in Fig. S1 in the suppléangmaterial. As shown in Fig. Sla, the

as-prepared SNPs are monodisperse spherical partiith a size of about 6010 nm.



After calcination, the morphology and the size loé tSNPs did not show any obvious
changes (see Fig. S1b). The surface of the SNRPauge by the classic Stéber method is
covered with richly silanol or hydroxyl groups, whimakes them easy to aggregate with
each other. As a result, in this work, for the acef modification of the SNP, it firstly went
through a ball-milling process with toluene as saoly in order to make the SNP fully
disperse in the solvent and thus get a bettertedfemodification.

The surface chemistry of the SNPs before and aftersurface modification was
investigated firstly by FT-IR measurements withime tmid infrared region (4000-500
cm™). In the FT-IR spectra of the SNP, SNP-NISNP-EP, and SNP-C (Fig. 1a), the
strong absorption bands at 1110 trand 800 cri, are assigned to the asymmetric
stretching vibrations and the symmetric stretchirigations of Si-O-Si, respectively. In
addition, the broad absorption band at around 3#8® and the peak at 1637 Enare
attributed to the stretching vibration of surfageltoxyl groups and the bending vibration
of surface absorbed water [29,30], respectivelycdmparison with the spectrum of the as-
prepared SNP, the new peaks at 2930'and 2980 ciit in the spectra of SNP-NHSNP-
EP and SNP-C, which respectively correspond tosthetching vibrations of the —GH
and-CH from the silane coupling agent molecules, provas the amino groups, epoxide

groups, and alkyl chain groups have been graftetth@particle surface, respectively.

The surface chemical compositions of the differgmpies of the SNPs used in this
work were further investigated by XPS. As showrFig. 1b, the wide scan spectra of all
samples show the same peaks of O 1s, Si 2s ang & a result of the Si and O elements
in silica molecules. In contrast with the spectraifSNP, the new peak of N 1s at about

400 eV appears in the spectrum of SNP,NI can be further divided into two peaks at



399.7 eV for C-N and 401.6 eV for -NHFig. 1c), which coincides well with the
environment of the nitrogen atom in theSilaneoNhblecule, supporting the existence of
amino groups from the Silane-Nin the surface of the SNP-MHB1]. The C 1s core-
level spectra with peak-fitting curves of the SNP-&hd SNP-C are respectively shown in
Fig. 1d and Fig. le. It can be seen that the Qogéstaum of SNP-EP has binding energies
at 284.8 eV for €C species, at 287.6 eV fe€CH(O)CH- species, at 286.2 eV for C-O
species, and 284.1 eV for C-Si species. And thes Gpkctrum of SNP-C could be curve-
fitted with C-C (284.8 &), C-O (286.2 eV), and C-Si (284.0 eV) bonds. Bothhe fitting
results well coincide with the environment of carlaioms in the Silane-EP molecule and
Silane-C molecule, respectively, further indicatthg success of the surface modification

of the SNP with epoxide groups and alkyl chain g=ou

TGA was used to estimate the weight ratio of thdase-grafted organic groups of
surface-treated SNPs. The results are shown in Fjgand the related weight loss of
samples at different stages as well as the ca&dilateight ratio of the surface-grafted
silane groups (defined &8siiane is Summarized in Table S1. As can be seen fraym Hi
the SNP sample has an initial weight loss below ZDand a second weight loss after 565
°C, which attributes to the elimination of the plogdly absorbed water on the particle
surface and the dehydration reaction between ttfacguor inner residual hydroxyl for the
Stober method prepared $jQespectively [32]. While, the surface functiozall SNPs
samples exhibit three decomposition stages inrestigated temperature range, lower
than 200°C, between 200-565C, and beyond 565C. It is clear that the surface
functionalized samples exhibit a lower weight lbegore 200C (2.07 wt%, 2.92 wt%, and

3.06 wt% for the SNP-N§I SNP-EP, and SNP-C, respectively, as shown ineT8hl) as



compared with the SNP sample (4.25 wt%), whichdatlis the grafted silane molecules
will take up some of the surface hydroxyl or previése absorption of water. In addition, in
comparison with the SNPs sample, the additionapiteioss between 200-56% of the
SNP-NH, SNP-EP, and SNP-C, is caused by the decomposgitiothe surface silane
functional groups. After calculation, the weightioeof the surface-grafted silane groups is
3.69 wt%, 2.79 wt%, and 2.07 wt% for the SNPJINBNP-EP, and SNP-C, respectively, as
collected and shown in Table S1. All of the diffezes in the TGA curves and the data in
Table S1 between the SNP and the surfaced funtiiedaSNPs further support that the
silane coupling agents have been grafted on tHacguof the silica nanoparticles.

3.2. Rheological Properties of the Liquid Epoxy &hdlanosuspensions

Rheological properties, such as shear responsssitig, and viscosity stability, play key
roles in determining the processibility, flowabjliand pot life of polymer matrix materials.
The study of the shear response behavias {he viscosity changes with shear rate) of the
neat EP and its nanosuspensions with 10 wt% SNP;$iN, SNP-EP, and SNP-C under
room temperature at O h, 24 h, and 48 h are ragpBcshown in Fig. 2a, b, and c. It can
be seen that, at 0 h, the neat EP, exhibit Newtobéhavior (viscosity does not vary with
shear rate) with a slight shear thinning behaw@cpsity decreases with shear rate) at high
shear rate (over 464 1/s). The slight shear thqmbehavior is due to the alignment of the
epoxy molecules under the shear force [33]. Aftihitgon of the SNP, SNP-NEISNP-EP,
and SNP-C, the epoxy nanosuspensions of the EP/ERISNP-EP, and EP/SNP-C are
observed to have the similar shear response behasothe neat EP, while the
nanosuspension of EP/SNP-pshows the shear thinning characteristic from giriming

with its viscosity decreases significantly with timerease of the shear rafehe evident

10



shear thinning behaviaf the EP/SNP-NHat low shear rate (below 464 1/s) is attributed to
the physical cross-linking caused by the hydrogemds of the epoxy molecules with the
SNP-NH, which is easy to be destroyed under the extetmedr forces [34,35].

After 24 h and 48 h, the shear response of the BPBastill maintain a Newtonian
characteristic, as shown in Fig. 2b and c. Howetrex, nanosuspensions of the EP/SNP,
EP/SNP-EP and EP/SNP-C exhibit the shear respoinseNewtonian behavior at low
shear rate and a strong shear thinning behavibrght shear rate, and the shear-thinning
characteristic begins to start at lower shear ratfstime. To be specific, at 24 h, it starts
at 147 § for all, while at 48 h it decreases to Ibfer EP/SNP-C and 32'sfor EP/SNP
and EP/SNP-EP. This can be attributed to the ise@ntanglement of the epoxy chains
caused by the gradual chemical cross-linking witret[36]. For the nanosuspension of the
EP/SNP-NH, the strong shear-thinning characteristic at lonashate gradually disappear
with time and develop into the Newtonian behaviftera48 h. The gradually weakened
shear-thinning characteristic at low shear rate bwylue to the chemical cross-linking of
the epoxy molecules, which increases the resistahdhe epoxy matrix to the external
shear forces. In addition, the absence of the dhearing characteristic at high shear rate
of the EP/SNP-NEK may be due to stlowercross-linking degree of the epoxy matrix as
compared with the other nanosuspensions.

Fig. 2d shows the viscosity values at the shear o&tl & of the neat EP and its
nanosuspensions at 0 h, 24 h, and 48 h under r@empetrature, respectively. As shown in
Fig. 2d, at O h, the viscosity values of the eppagosuspensions are higher than that of the
neat EP, indicating that the addition of silica ogarticles will cause an increase in the

viscosity of the neat EP. As for the epoxy nanosospns, at 0 h, the EP/SNP has the

11



highest viscosity value (7.0 Pa.s), followed it &f/SNP-NH (6.3 Pa.s), EP/SNP-C (6.0
Pa.s), and EP/SNP-EP (5.5 Pa.s) in sequence. gherhtiscosity of the EP/SNP may be
attributed to its poor dispersion and serious aggjien in the epoxy matrix [15,16,37].
While, the lower viscosity of the EP/SNP-EP is @bly because of the good dispersion
and compatibility of the SNP-EP in the epoxy maf8X]. It is worth noting that the high
viscosity value of the EP/SNP-NHit the shear rate of I' snight be caused by the non-
covalent interaction of the surface amino functlogeoups with the epoxy monomer,
which leads to the EP/SNP-NIgxhibit gel-like behavior [34]. As shown in Figa,2vhen
the shear rate increases to If) #s viscosity value becomes the lowest among the
nanosuspensions, as a result of the destructidheofjel structure by the external shear
forces. In order to further confirm the effects tbk surface functional groups on the
viscosity, the viscosity values of the EP nanosnsjpas with 30 wt% filler loading at 0 h
were also tested. As shown in Fig. S2 in the supelgary material, the EP/SNP-NEnd
EP/SNP-EP has obviously lower viscosity, 34 Pad H0O Pa.s, respectively, which are
only 8.8% and 28.2% of the viscosity of the EP/S[8B6 Pa.s). While, the viscosity of
EP/SNP-C is 27.2% (491 Pa.s) more than that of [RP/®Now, we can safely conclude
that SNPs with surface amino groups and epoxy greap decrease the viscosity of the EP
nanosuspensions whereas the SNP-C has negatice @fféhe viscosity, especially at high
filler loading level.

From Fig. 2d, it also can be clearly observed thatviscosity of the neat EP and its
nanosuspensions increases as the increase ofestoregat room temperature. As shown in
Fig. 2d, the viscosity value of the neat EP isRars. After 24 h and 48 h, it increases by

0.9 times (5.0 Pa.s) and 3.7 times (12.6 Pa.g)eotisely, as a result of the chemical cross-
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linking between the epoxy molecules. After the mpowation of the SNP, the viscosity
values exhibit a dramatic increase with time. Aa ba seen from Fig. 2d, the viscosity
values of the nanosuspension of the EP/SNP draatigtincreased by 11.4 times and
131.0 times after 24 h and 48 h (from 7.0 Pa.s@® &a.s and 924.0 Pa.s), which are
1167% and 3441% more than those of the neat EPti(Be% and 3.7 times), implying a
great decrease in the viscosity stability. As coragavith the EP/SNP, the viscosity values
of the EP/SNP-NK only increased by 0.6 times and 4.8 times (frogRa.s to 10.3 Pa.s
and 36.5 Pa.s), which are comparable to thoseeohé¢lat EP (0.9 times and 3.7 times) and
just 11.8% and 3.9% of those for the EP/SNP at 2aach48 h (86.6 Pa.s at 24 h and 924.0
Pa.s at 48 h), indicating a significant improvemienthe viscosity stability of the epoxy
nanosuspension. For the EP/SNP-EP, the viscosltiesaat 24 h (47.3 Pa.s) and 48 h
(783.0 Pa.s) are 7.6 times and 141.4 times morettie of 0 h (5.5 Pa.s), which are 66.7%
and 107.9% of those for the EP/SNP. While, as @0BR/SNP-C, the viscosity stability is
further deteriorated when compared to the EP/SNigesits viscosity values sharply
increase by 12.8 times and 394 times (from 6.0 #8a82.8 Pa.s and 2370.0 Pa.s) after 24 h
and 48 h, which are 112.3% and 300.8% of those¢HerEP/SNP. These data are also
collected and shown in Table S2. The significarifedtnces in the viscosity stability
among the nanosuspensions, as can be directlyvelosérom the inset in Fig. 2d, are
presumably caused by the different interfacialratgons of the epoxy matrix (including
epoxy monomers and hardener molecules) with the, SNFP-NH, SNP-EP, and SNP-C
[38, 39]. As illustrated in Scheme 2, the interéhénteractions can be generally classified
into two categories: repulsive and attractive. e EP/SNP (Scheme 2a), the interfacial

interaction is a repulsive one, due to the incoibpdy of the surface polar hydroxyl
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groups of the SNP with the epoxy segments. In coisqawith the EP/SNP, the repulsive
interfacial interaction of the EP/SNP-C is formedsaresult of the strong repulsion between
the surface non-polar long alkyl chain groups g dcomparatively polar organic matrix
(Scheme 2d), which will not only further impair tbempatibility between the fillers and
the epoxy matrix, but also could promote the epooss-linking reactions by preventing
the epoxy molecules physically absorbing on théaserof the fillers, thus resulting in the
sharp decrease of the viscosity stability of thexgmanosuspension [40]. In contrast, as to
the EP/SNP-Nk and the EP/SNP-EP, the chemical interactions ®3NP-NH with the
epoxy molecules and the SNP-EP with the diaminddraar [41,42]as shown in Scheme 1,
lead to the formation of an attractive interfadgrdkraction (Scheme 2b and c). The above
mentioned chemical reactions were certified by DS@y. As shown in Fig. S3, the
endothermic peak and the exothermic peak in the B8@s could demonstrate that there
are some chemical reactions happening betweenillweeSNH, and epoxy molecules as
well as between the Silane-EP and DETDA moleculé®se chemical interactions will
inevitably produce an influence on the cross-ligkprocess of the bulk epoxy molecules
by altering the stoichiometric ratio of the diamihardener molecules to the epoxy
molecules, thus increasing the viscosity stabj#t3]. In addition, the physical interactions
between the surface amino groups and the epoxyxnsatch as hydrogen bonds and other
Van der Waals’ forces as discussed earlier may [@ssivate the cross-linking process of
the bulk epoxy molecules, contributing to the digant enhancement on the viscosity
stability. Therefore, from the discussion abovecan be concluded that the viscosity
stability of the epoxy nanosuspensions can be clbedr by tailoring the property of the

interfacial interaction, and for improving the wsity stability, the attractive interfacial
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interaction formed with the fillers with surface i@m functional groups is the optimum
choice.

3.3. Dispersion and Interface Adhesion of SNP&@nCured Epoxy Matrix

The dispersion state and the interface adhesitimeocSNP, SNP-NK SNP-EP, and SNP-C
in the cured epoxy matrix were evaluated by SEMattarization on the fractured surface
of their nanocomposites. As shown in Fig. 3a anitldgn be clearly observed that the SNP
is prone to form large agglomerates in the epoxyrimnas a result of their excessive
surface energy and the incompatibility betweenrtpeiar surface silanol groups and the
relatively non-polar epoxy matrix [44]. In companis after surface functionalization, the
dispersion of SNP-NK(Fig. 3c and d), SNP-EP (Fig. 3e and f), and SNf&@. 3g and h)

is greatly improved, among which the SNP-EP has#st dispersion in the epoxy matrix.
Although there are still agglomerates in the samfileed with the SNP-NK SNP-EP and
SNP-C, they are small in size and less in numbepagpared with the one filled with SNP.
For the SNP-NKH and SNP-EP, the improved dispersion should bebatéd to their
decreased surface energy and their improved cobiggtiwith the epoxy matrix after
surface functionalization with amino and epoxideugs. While for the SNP-C, the
improved dispersion is mainly due to the increasgulilsion between the particles and the
decreased surface energy by replacing the actifacguhydroxyl groups with the inert
alkyl chain groups [45,46]. Another important obsgion from Fig. 3 is the sharp contrast
in the interface adhesion, which can be generédlysified into two kinds: strong and weak.
For SNP and SNP-C, they exhibit a clear contrast Wieir surrounding epoxy matrix and
are easy to be distinguished. Especially the SNB-€/en exposed without being coated

with any epoxy layer. All these indicate a wealeifdcial interaction between them and the
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organic matrix. In contrast, according to the Schedr and c, for the SNP-NHnd SNP-
EP, their surface modified amino or epoxide grougyntake part in the epoxy curing
process, and will be coated by a thick layer ofypwr which make them have relatively
weaker contrast with their surrounding epoxy matdemonstrating a strong interfacial
interaction and good compatibility between them tiedepoxy matrix.

3.4 DMA Properties of the Cured Epoxy Based Nanposites

The dynamic mechanical properties of the cured BBa&nd its nanocomposites filled with
SNP, SNP-NH, SNP-EP, and SNP-C at 10 wt% loading were invastd)by DMA, and
the corresponding data are summarized in Tablehé&.storage modulu€() depended on
temperature is plotted in Fig. 4a. And thé&r values at glassy and rubbery state are
compared and summarized in Fig. 4b. As shown in 4g at 40°C, theE’ value of the
neat EP is 2369.0 MPa. Then it falls graduallyemperature increasing together with a
sharp drop in the vicinity of the glass transitimmperature Ty), after which it finally
decreases to 29.2 MPa at 18D. The sharp decrease of the can be explained by the
whole segmental motions of the polymer chains e=salt of the rise of temperature. The
cured epoxy nanocomposites show the similar chaegavior ofE’ with temperature as
the cured neat EP, but thé&r values are higher than that of the cured neat &Pompared

in Fig. 4b. For example, tHe values of the EP/SNP are 2693.5 MPa at glassy @af€)
and 37.8 MPa at rubbery state (T8, which are 13.7% and 29.5% higher than thahef t
neat EP, respectively. The incrementBhis due to the higher Young’s modulus of the
rigid silica fillers and their restriction on thedtion and the mobility of the polymer chains
[47]. However, for the epoxy nanocomposites, tHeirvalues are pretty comparable

regardless of the type of the interfacial intek@atsi indicating that the interfacial
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interaction cannot cause noticeable effects orktthd the epoxy nanocomposites at this 10
wit% filler loading level.

Tan o is the ratio of loss modulu&€() to storage modulus€E(). The tand curves of
the cured neat EP and its nanocomposites as adorafttemperature are shown in Fig. 4c.
All of the curves exhibit a relaxation peak in theasured temperature range as a result of
the movement of the epoxy segments with the rideraperature. The peak temperature of
the relaxation process is usually used to deterthieglass transition temperatuiig)( The
peak temperatures of the samples are given indBigt can be seen that tigof the cured
neat EP occurs at 164°% .When incorporated with 10 wt% SNP, it shiftsadower
temperature (160.8C). The decrease ify can be attributed to the poor compatibility and
the serious agglomeration of the SNP in the epoatriy which makes the epoxy
segments move more easily by creating extra fréenwes [41,48-50]. In comparison with
the SNP, the SNP-NHeads to a further reduction Ty to 158.3°C, whereas the SNP-EP
and SNP-C causes a riseTipto 163.4°C and 163.9C, respectively. As discussed earlier,
the SNP-NH and the SNP-EP have an effect on the cross-linkgagtion of the bulk
epoxy by altering the stoichiometric ratio of thardine hardener molecules to the epoxy
molecules, which may reduce the cross-linking dgradithe bulk epoxy and thus resulting
in a decrease iy [51-53]. But, for the EP/SNP-EP, due to the betempatibility and
dispersion of SNP-EP in the epoxy matrix, the SNPPray hinder the movement of the
epoxy segments via the stronger interfacial intévas, leading to an increase 6f[39].
Therefore, the rise ofy of the EP/SNP-EP is the result of the above compdtctors. As
to the SNP-C, its enhancement Tyshould be attributed to its improvement on the sros

linking density of the bulk epoxy by decreasing gigysically absorbed epoxy molecules
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on the filler surface during the curing processaasesult of the repellence between the
longer alkyl chains and the epoxy molecules [54].

3.5. TMA Properties of the Cured Epoxy Based Namposites

The thermal expansion behavior of the cured EPi@ndanocomposites as a function of
temperature was examined by TMA. Their dimensioangie curves are plotted in Fig. 5
and the related data is summarized in Table 1. wve in Fig. 5, the slopes of the
dimension change curves for all of the samples shgnadual change with the temperature,
which reflects the glass transition from the glastge to the rubbery stafg, values of the
samples determined from the intersection of thedlirslopes at the glassy and the rubbery
regions, are reported in Fig. 5. Although thevalues determined by the TMA are slight
lower than those measured by DMA, the change offghalues after the addition of SNP,
SNP-NH,, SNP-EP, and SNP-C reflected by TMA further canfirthe previous results
obtained from the DMA.

The CTE values, calculated from the slopes of theedsion change curves below and
aboveTy in the temperature regions of 40-8D and 180-220C, respectively, are listed in
Fig. 5. The CTE values of the neat EP at glassyrahHery states are 68.1 pf@™ and
187.7 ppnPC™, respectively. After the incorporation of 10 Wt they are respectively
reduced by 8.5% and 7.8%. The reduction in the GTrRainly due to the much lower CTE
value of the rigid SNP filler and their confinem&ioih the movement of the polymer chains
[55,56]. Theoretically, the stronger interface ratgion could lead to a further reduction in
the CTE values [57,58]. However, the interfaceratgon between the filler and the epoxy
matrix in our study does not cause noticeable impac¢he CTE of the nanocomposities as

expected, maybe due to the confined interfacialw@ at this low filler loading (10 wt%).
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3.6. Thermalgravimetric Analysis of the Cured EpBaged Nanocomposites

The effect of the interfacial interaction on theertinal stability of the cured epoxy
nanocomposites was investigated by TGA under aimogphere. Fig. 6 shows the
decomposition curves of the cured neat EP andatoecomposites filled with the SNP,
SNP-NH, SNP-EP, and SNP-C at 10 wt% loading. The chaniatite degradation
temperatures are collected in Table 1. Both thé BPaand its nanocomposites have similar
decomposition profiles and exhibit two degradasteges. The first decomposition weight
loss (during 300-456C) arises from the breakdown of the epoxy netws€.[The further
weight loss during 450-65{T is assigned to the decomposition of benzene {Bjs The
characteristic degradation temperatures at 10%, 2@ 70% weight loss are selected and
used to evaluate the thermal stability. At 10% \Weigss, there is no appreciable increase
being observed in the thermal stability of the remmoposites with respect to the neat EP
(see Table 1), since the degradation at this tsmainly caused by the breakdown of the
bulk epoxy network which accounts for the most pérthe nanocomposites. However, as
the decomposition continuing, the thermal stabibfythe nanocomposites is found to
slightly increasej.e., at 50% weight loss, the decomposition temperaincecases by
about 10°C as compared to the neat EP. This slight increnterthe decomposition
temperature is reasonably attributed to the phlybaaier effect for the presence of silica
nanoparticles, which might hinder the degradateections of the epoxy network around
them. The differences in the thermal stability bf tnanocomposites can be clearly
observed in the second decomposition stage on tB& Turves in Fig. 6. The
decomposition temperature at 70% weight loss okfhexy filled with SNP-NHand SNP-

EP is respectively about 38 and 18°C higher than that of SNP and SNP-C filled epoxy,
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see Table 1. The enhanced thermal stability isupnably attributed to the strong covalent
bonding at the interface between the SNP;dRd epoxy molecules as well as between the
SNP-EP and diamine hardener molecules, which nmigtiher impede the degradation

reactions of the interfacial epoxy and diamine rooles [60,61].

4. Conclusion

The effects of the interfacial interactions on theological and the thermal properties of
amine-cured epoxy resin system were studied amdisied by use of three kinds of surface
tread SNPsif. SNP-NH, SNP-EP, and SNP-C) and the as received SNP ta for
attractive and repulsive interfacial interactionghwthe epoxy matrix. The rheological
behavior of the liquid epoxy nanosuspensions whiias rates was investigated at different
time. The EP/SNP-NH exhibited different shear response from the otltkrs to the
physical and chemical interactions between the SINR-and the epoxy matrix. In
comparison with the SNP, the SNP-NHnd SNP-EP contributed to a decrease in the
viscosity and an increase in the viscosity stahilithile the SNP-C caused an increase in
the viscosity and a decrease in the viscosity Egbivhich means a better or worse
flowability and processibility as well as a longar shorter pot life and shelf life for the
amine-epoxy nanocomposites. In particular, The 3MP- had the most efficient
enhancement on the viscosity and viscosity stgbilihe SEM micrographs of the fractured
surface of nanocomposites confirmed the strongantmns of the epoxy matrix with the
SNP-NH: and the SNP-EP due to the chemical bonding betwesn, as well as the weak
interactions of the epoxy matrix with the SNP-C #énel as-received SNP as a result of the
repulsion between them. The DMA and TMA results destrated that the surface amino

groups would decreask, while the surface epoxide groups and alkyl cligawups could
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raise Ty as compared to the SNP. There were no noticedislages among the storage
modulus values and CTE values of the epoxy nanoositgs with different interfacial
interactions at 10 wt% filler loading. The TGA résuindicated that the cured EP/SNP-
NH, and EP/SNP-EP exhibited an enhanced thermal ityabil comparison with the
EP/SNP and EP/SNP-C. In conclusion, for improvimg comprehensive performance,(
the flowability, processibility, pot life, and th&torage stability as well as the thermal
properties) of the amine-cured epoxy nanocompositesnterfacial interaction, the SNP-
NH.is the optimum choice. Moreover, this work alsovdes a reference and guidance for
improving the same properties of other kinds ofypwr composites with different
inorganic fillers.

Appendix A. Supplementary material

The SEM images of the morphology of the SNPs pexply the classic Stéber method (a)
before and (b) after calcination at 6WD for 2 h; Table of the TGA results of the differen
types of SNPs; the shear response behaviors ofeiditeEP and its nanosuspensions with 30
wt% SNP, SNP-NK SNP-EP, and SNP-C and their viscosity valuebatshear rate of 1
S* under room temperature at 0 h; DSC curves of ¢aetions between the Silane-NH
and EP molecules and between the Silane-EP and BHfid@lecules can be found, in the

online version, at http://dx.doi.org/10.1016/j.carsjiesa.
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Scheme 1. Schematic illustration ofa) Cross-linking mechanism of DGEBF with DETDA
curing agent; (b, c) Proposed mechanisms for tletisns between epoxy and amino
functional groups in the presence of SNP-NiHd SNP-EP.

Scheme 2. Schematic illustration of the interfacial interacts of the (a) SNP, (b) SNP-
NH>, (c) SNP-EP, and (d) SNP-C with the amine curexkggystem.

Figure captions

Fig. 1. (a) FT-IR spectra and (b) XPS survey spectra of SBNP-NH, SNP-EP, SNP-C;
(c) N1s XPS spectrum of SNP-MHC1s XPS spectrum of (d) SNP-EP and (e) SNP-C; (f)
TGA curves of SNP, SNP-NHSNP-EP, and SNP-C.

Fig. 2. The shear response behaviors of the neat EP andntsuspensions with 10 wt%
SNP, SNP-NH, SNP-EP, and SNP-C under room temperature at ka)i®) 24 h, and (c)
48 h; (d) the viscosity of the neat EP and its saspensions at the shear rate of &0 h,
24 h, and 48 h under room temperature, and ingéeisomparison of the viscosity value
of the samples after 48 h.

Fig. 3. SEM images of the fractured morphology of (a, b)wt® SNP/epoxy, (c, d) 10
wt% SNP-NH/epoxy, (e, f) 10 wt% SNP-EP/epoxy and (g, h) 18wENP-C/epoxy
composites.

Fig. 4. (a) Storage modulus and (c) t&as a function of temperature for the cured neat EP
and its nanocomposites filled with SNP, SNPNISNP-EP, and SNP-C at 10 wt%
loading; (b) their E’ values at glassy and rublbstate and (d) theify values.

Fig. 5. The thermal expansion behavior of the cured EPismanocomposites filled with
the SNP, SNP-NK SNP-EP, and SNP-C at 10 wt% loading.

Fig. 6. The TGA curves of the cured EP and its nanocomgmsiited with the SNP, SNP-
NH,, SNP-EP, and SNP-C at 10 wt% loading.

Tables

Table 1 Thermal properties of the cured neat EP and nec@mposites
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Fig. 2. The shear response behaviors of the neat EP andritssuspensions with 10 wt%
SNP, SNP-NH, SNP-EP, and SNP-C under room temperature at kaXi0) 24 h, and (c)
48 h; (d) the viscosity of the neat EP and its saspensions at the shear rate of &0 h,

24 h, and 48 h under room temperature, and ingéeisomparison of the viscosity value
of the samples after 48 h.
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Fig. 3. SEM images of the fractured morphology of (a, b)wt® SNP/epoxy, (c, d) 10
wt% SNP-NH/epoxy, (e, f) 10 wt% SNP-EP/epoxy and (g, h) 186wENP-C/epoxy
composites.
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Fig. 4. (a) Storage modulus and (c) t&as a function of temperature for the cured neat EP
and its nanocomposites filled with SNP, SNPNISNP-EP, and SNP-C at 10 wt%
loading; (b) their E’ values at glassy and rubbstate and (d) theify values.
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Fig. 5. The thermal expansion behavior of the cured EPismanocomposites filled with
the SNP, SNP-NK SNP-EP, and SNP-C at 10 wt% loading.
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Fig. 6. The TGA curves of the cured EP and its nanocomgmsiited with the SNP, SNP-
NH,, SNP-EP, and SNP-C at 10 wt% loading.

Table 1 Thermal properties of the cured neat EP and i®o@mposites

Mean Storage Modulus MeanT, CTE TGA
Sample
Type Glassy Rubbery From From Below Ty Above T, Ti06  Tso%  T70%
State State DMA TMA (ppm°Ch  (ppm°C) °c) (© (°©
(MPa) (MPa) (°C) (°C)
EP 2369.0 29.2 164.5 152.6 68.1 187.7 374.6 416.0 530.0
EP/SNP 2693.5 37.8 160.6 137.2 62.4 173.1 377.6 426.8 546.3
EP/SNP-NH 2741.0 37.7 158.3 136.6 61.0 178.6 376.1 4255 583.9
EP/SNP-EP 2727.5 40.7 163.4 139.9 62.6 173.0 375.8 428.9 563.9
EP/SNP-C 2743.0 41.2 163.9 141.2 61.6 175.1 375.6 425.0 5454
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