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Abstract

A multiscale modeling approach is proposed to dtareze the interfacial behavior and the
interphase properties of epoxy nanocomposites. ifitegfacial characteristics between the
filler and matrix are investigated using molecudgnamics (MD) and molecular mechanics
(MM) simulations. With increasing crosslink convierss, the interfacial adhesion between
the filler and matrix is reduced which is attribditto the changes of inherent non-bond
interaction characteristics at the interface, tasylin retarded reinforcing effect on the

stiffnress and thermal stability of epoxy nanoconiess Moreover, to understand the
structural change in the interphase region of namposites with crosslinking, the radial

density profile, the local crosslinks distributicand the free volume at the filler surface are
further examined. The results of structural feaumdnsistently demonstrate that the
structural conformation of the interphase is sutlislly influenced by the reduction of

interfacial communication with increasing crosslodnversion. In order to take into account
the variations of interfacial compliance and therthomechanical property of the interphase
region, the effective interphase concept is implatied Further, the micromechanics-based
multi-inclusion model provides a reasonable preéaiictor the thermomechanical property of

composites using the effective interphase concept.
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1. Introduction

Polymer crosslinking has extended engineering egiptins of polymer materials
providing enhanced performances compared to tleadipolymers. Epoxy resins, defined as
thermoset polymers, exhibit high specific stiffnebggh strength, thermal stability, and
chemical resistance property due to the crosslink@gmer networks by strong covalent
bonds[1]. In addition to excellent property, the ease afcpssing of epoxy offers various
applications for matrix materials with the incoratbon of reinforcing fillers[2-4]. The
fundamental characteristics of epoxy resins arstamiially modified according to the degree
of crosslinking[5]. It is well known that the spatial constraints ospd by the network
junctions restrict the polymer chain dynamics ahd tonformation freedom which is
associated with the glass transition temperaflyechanges with crosslinking. Experimental
and theoretical works reported thgj increases with crosslinking conversions, since the
crosslinked topology induces strong connectivitywaen polymer segmenfs, 6]. When
reinforcing filler materials are introduced to tleeosslinked polymers, the dynamics of
polymer networks become more complicated, in paldrcat the surface of fillers due to the
addition of the interactions of polymer chains wiite embedded particulatgs8].

The region of the polymer matrix near the fillerfage is typically termed the interphase,
where polymer-filler interactions modify the dynasiand physical properties of polymer
segments. With decreasing filler dimensions to aongeter scale, the polymer dynamics
change as the interfacial interactions become prenti since nanoparticles have an

extremely high surface area to volume r§8p Moreover, while a relatively small interphase



region exists in conventional micron-filled comgesi it has been demonstrated that with the
presence of well-dispersed nanofillers in the paynmatrix, the interphase zones can
percolate into the entire nanocomposites systems, dominating the bulk polymer properties
[6, 9-11] The effects of nanoscale confinement on the sadimmg polymer matrix for
polymer nanocomposites systems have been studiedgth experiments, which have been
found to be manifested by the changél§rof the polymer matrix in comparison to the neat
polymer. In the literature, increased or suppresiggof polymers with nanofillers can be
found depending on the nature of the interfaci&ractions[6, 12-16] indicating that the
polymer mobility is substantially influenced by therfacial communication between the
filler and matrix. It has been reported that théauarable interactions at the interface result
in decreasedy [14-16] and interphase-like behavior attributed to reldgistrong interfacial
interactions may imprové, [6, 12, 13] However, conclusive agreement has not yet been
reached regarding the detailed mechanism behirgk thariations offgregarding the effect
of interfacial interactions for epoxy matrix witlamofillers.

In order to predict and control the propertiegpofymer nanocomposites quantitatively,
the interfacial region needs to be characterizeteims of the various design parameters
considered in the nanocomposites systems. Basedh@ngeneral agreement that the
formation of the interphase zones is attributedh® retarded polymer dynamics by the
interfacial interactions between the fillers andlypter matrix[9, 17], the interphase creation
and the interfacial characteristics of nanocompssiith crosslinked polymer need profound
consideration, since the polymer dynamics neasthface are simultaneously influenced by
the interfacial interactions and the crosslinkediwoek topology [6-8]. While the
perturbations of local structural and dynamicalpemies of thermoplastic polymer matrix

surrounding embedded nanofillers have been intehsimvestigated by experimental and



computational methodgl8, 19] understanding of the interphase zones of nanoositgs
with crosslinked polymer is still limited.

The nature of experiments makes it challengingnttependently distinguish one effect
from many parameters that affect the propertiesasfocomposites, such as the interfacial
characteristics and the interphase properties axyepanocomposites. Regarding this aspect,
molecular dynamics (MD) simulations have been usedrovide valuable insights for
understanding polymer physics especially in therfatial zone of nanocomposites systems
with thermoset matrix13, 20-23] Li et al. [24] performed MD simulations to investigate the
interfacial region of crosslinked epoxy with mudijer graphene, focusing on the different
orientations of graphene layers. Haddenal. [7] presented the MD simulation work
regarding the influence of crosslink density onniaecular structure of the interface for the
graphite fiber/epoxy matrix. They demonstrated thateffective surface thickness from the
graphene sheet is insensitive to the variation adsstinking. Recently, quantitative
assessment on the interfacial interactions of epoagocomposites with the effect of
crosslink conversion was carried out by the preaattiord25], indicating that the interfacial
adhesions at the surface of nanofillers decreagh wicreasing crosslink conversions.
Beyond the atomistic level observation in MD sintiglas, the coarse graining (CG) MD
simulations have provided the interfacial naturéeMeen epoxy and a generic surface in a
mesoscale perspective. Langelethal. [26] performed CG MD simulations to examine the
characteristics of the interphase of crosslinkezkg@and a metallic surface.

Together with the MD simulations, a multiscale feammork combined with a continuum
regime has offered effective ways to understan@seale physics regarding the interphase in
composite systems. Odegaetl al. [27] developed a three-phase continuum model that

demonstrates the interphase properties with vasousce treatments of nanoparticles. Cho



and his collaboratori8-30] presented a detailed particle size effect onkerphase using
multiscale modeling approaches with MD simulatioasd a micromechanics model.
Regarding the interfacial debonding in heterogesanadium, Safaedt al. [31] investigated
the damage of the interface induced from the iatéaf debonding for graphite nanoplatelet
polymer composites using the cohesive zone modééwhplementing the MD simulation
work conducted by Awastla al. [32]. Zappalortcet al. [33] proposed a multiscale model to
describe the damage mechanisms in nanoscale whiessociated with the nanoparticle
debonding with considering the presence of thephigse zone.

In this paper, starting from the MD study presentethe previous work25], a multiscale
model is proposed to illustrate the effect of cliogkgg as well as filler sizes on the
interfacial region. The present multiscale modeieta into account the variations of
interfacial characteristics and interphase propgnyvith the degree of curing conversions and
nanoparticle sizes, reflecting nanoscale physicseied in atomic scale simulations. The
primary purpose of the study, with the incorponati@f MD simulations and a
micromechanics model, is to develop a systematmopetational study on the interphase
region and interfacial characteristics of epoxyaw@mposites considering the influence of

crosslink conversions and filler sizes.

2. Molecular simulations results

This section briefly introduces the procedure fetablishing the molecular models and
implementing ensemble simulations. Commercial mdécsimulation software, Material
Studio 5.5[34], was employed for the molecular modeling and eméersimulations used

herein. To describe both inter- and intra-atomiteractions, the COMPASSalf initio



Condensed-phase Optimized Molecular Potential fonAstic Simulation Studies) forcefield
[35] was used. The results of MD and MM simulation®um previous work regarding the
interfacial characteristics are further discussausaering varying crosslink conversions and

nanoparticle sizes.

2.1 Molecular modeling

For establishing crosslinked epoxy structures caagoof epoxy resin EPON 862 and
curing agent TETA, the representative molecule oektlvas used with varying crosslink
conversion degrees of 16.67%, 33.33%, 50.00%, &h@060. A detailed procedure for
crosslinking was described in our previous wfitk]. For epoxy nanocomposite structures,
the spherical shape of silica nanoparticles hatregradius of 6.60 A, 8.25 A, and 10.1 A
were chosen as reinforcing materials without casreng) any surface treatments or covalent
grafting. The Amorphous Cell mod{ilesas used to construct unit cells for neat epoxy and
nanocomposites. The target densities of 1.2 Y/erare set for both pure epoxy and
nanocomposites systems and the filler volume fastiof 5.6% were considered for
epoxy/silica nhanocomposites. To remove any finie effects of unit cells, the periodic
boundary conditions were imposed in all directiofise detailed compositions of unit cells
for pure epoxy and nanocomposites are presentethlare 1. The unit cells were then
minimized using the conjugate gradient method. dideve equilibrated unit cells, 200 ps of
NVT (isothermal) ensemble at 300 K and 2000 pNIF®T ensemble (isothermal and isobaric)
at 300 K and 1 atm were applied consecutively. ddrdiguration of the molecular model for

pure epoxy and epoxy/silica nanocomposites istrtisd inFig. 1.



Table 1

Compositions of neat epoxy and epoxy/silica nanquusite unit cells.

Radius of

Crosslink

Particle

) . No. of crosslinks Cell length
particle conversion No. EPON 862 No. of TETA INo. of possible crosslinks A volume
[A] [%0] fraction
16.66 36 12 12/72 27.84 0.056
33.33 36 12 24/72 27.84 0.056
6.60
50.00 36 12 36/72 27.84 0.056
62.50 36 12 45/72 27.84 0.056
16.66 72 24 24/144 34.79 0.056
33.33 72 24 48/144 34.79 0.056
8.25
50.00 72 24 721144 34.79 0.056
62.50 72 24 90/144 34.79 0.056
16.66 132 44 44/264 42.55 0.056
33.33 132 44 88/264 42.55 0.056
10.10
50.00 132 44 132/264 42.55 0.056
62.50 132 44 165/264 42.55 0.056
16.66 48 16 16/96 27.84 -
Neat 33.33 48 16 32/96 27.84 -
epoxy 50.00 48 16 48/96 27.84 -
62.50 48 16 60/96 27.84 -

Crosslink conversion is defined as the ratio of crosslinking reactionsver total possible reactions.
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Figure 1. Configuration of molecular unit cell structure for (a) pure epoxy and (b)
epoxy/silica nanocomposites.



2.2 Thermomechanical property

To examine the variation of enhancement effectahenthermomechanical property in
nanocomposites, the elastic modulus and the camfficof thermal expansion (CTE) of
equilibrated unit cells were predicted using prdoturcruns with proper ensemble simulations.
The elastic moduli of epoxy and nanocomposites wétained using the Parrinello-Rahman
strain fluctuation method with the incorporationtbé NoT (constant stress) ensemble that
allows both normal deformations and distortions umiit cells [36, 37} Following the
fluctuation scheme, both neat epoxy and nanocorgsosnit cells were further equilibrated
at 300 K and 1 atm of the diagonal componentstefiral stress tensor for 500 ps. To collect
the fluctuations of both normal and shear straimponents, the sam¥sT ensemble was
applied for 100 ps and all thermodynamic quantitiese stored at each 10 fs. From the

information collected in the final production ruhe elastic stiffness tensdt.,, of the unit

ijki
cell is given as,

Ciu :k_T<55ij5£k| >_l (1)

v)

where ¢, V, andT are the strain tensor, volume, and temperatutaeotinit cell andk is

ij 1
the Boltzmann constant. From eight different fipedduction runs, the elastic moduli of each
unit cell were averaged to compensate for the ariteromputational fluctuations in the MD

simulations. To confirm the temperature dependamcthe mechanical properties, the elastic
moduli for both neat epoxy and nanocomposites {of 6.6 A and 10.1 A) systems were

further calculated for a range of temperature fa glassy region with following the same

manner as described previously.

In order to quantify the variation of thermal stapiwith crosslink conversions and filler

sizes, the CTEs of epoxy and nanocomposites wdoellaged at a temperature range of



glassy state. The equilibrated unit cells were daedad 350 K using thé&lPT ensemble.

During a stepwise cooling-down procedure with tioelimg rate of 20 K/1000 ps of the
NPT ensemble, the averaged volume-temperature of @atkell was monitored at every 20
K. The coefficient of linear thermal expansion (&) a, was calculated using a linear

regression of the temperature-volume relation:

3 3/,\ T ),

where B is the coefficient of volumetric thermal expansi¢g8VTE) and V, is the
reference volume of the unit cell at 300 K.

The elastic properties of neat epoxy and nanocoitgsofor a range of temperature from
270 K to 360 K are compared iig.2. As can be expected, with increasing temperatwge t
Young’s modulus tends to decrease for both neatyepnd nanocomposites systems. As far
as the overall trend with the degree of crossligkeiconcerned, the temperature-dependent
elastic properties show a similar tendency withsslioking at the temperature range within
the glassy region. In the present work, the elagtioperties for neat epoxy and
nanocomposites at atmospheric temperature (300ektharoughly discussed.

The results of elastic moduli at 300 K and CTEsrfrthe MD simulations are listed in
Table 2-4 with the values predicted from the Mori-Tanaka elodCompared to the Mori-
Tanaka solutions, the Young’s modulus and shearuinsdof the nanocomposites exhibit
seemingly higher values while showing lower valt@sCTES, indicating that the two-phase
Mori-Tanaka micromechanics model, without consiagrihe interphase, cannot predict the
properties of hanocomposites reasonably. HowekierMori-Tanaka solutions compared to
the MD results provide important physical insigreggarding the interphase effects, since the

deviations between the MD results and the Mori-Kansolutions are directly attributed to

10



the properties of the interphase region. As casdan inTables 2-4 the deviations decrease
as the conversion degrees and the filler sizesase, inherently demonstrating that the
interphase characteristics for reinforcing effeats likely to be disturbed with increasing

crosslinking and filler sizes.
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Figure 2. Young's modulus of neat epoxy and nanocgmosites with the degree of
crosslinking for a range of temperature (from 270 Kto 360 K within the glassy region of
epoxy); (a) neat epoxy, (b)g=10.1 A, and (c) p=6.6 A.

Table 2

p

Young's modulus (GPa) r = 6.6A

6.5
6.0
554
5.0
451
4.0
354
3.0
2.5
2.0
1.5
1.0
0.5
0.0 ——

I 270 K
[0 300 K
I 330 K
I 360 K
1

10 20 30

Crosslink conversion (%)

40

60 70

Young’s modulus of neat epoxy and nanocomposités the Mori-Tanaka model.

Particle radius

Crosslink conversion [%]

(Al 16.66 33.33 50.00 62.50
6.60 5.13 0.30 5.17%0.41 5.23 0.52 5.29 0.36
8.25 3.94 0.26 4.23 0.42 4.47 0.47 4.90 0.38
10.10 3.65 0.29 3.770.30 4.210.33 4.75:0.31
M-T 2.58 2.97 3.64 4.19

Neat epoxy 2.320.16 2.66¢ 0.29 3.26£ 0.46 3.76£ 0.36
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Table 3

Shear modulus of neat epoxy and nanocompositesthgtMori-Tanaka model.

Particle radius Crosslink conversion [%]

(Al 16.66 33.33 50.00 62.50
6.60 1.93:0.13 1.94: 0.16 1.95: 0.21 1.9% 0.15
8.25 1.45:0.11 1.5%0.16 1.64+ 0.19 1.82:0.15
10.10 1.330.12 1.3%0.12 1.54£ 0.13 1.74:0.11

M-T 0.92 1.11 1.13 1.53
Neat epoxy 0.82 0.12 0.96: 0.12 1.18:0.17 1.3%0.14

Table 4

Thermal expansion coefficient (CTE) of neat epoxy amanocomposites with the Mori-
Tanaka model.

Particle radius Crosslink conversion [%]
[Al 16.66 33.33 50.00 62.50
6.60 112.98 104.79 85.02 73.00
8.25 127.99 118.90 104.89 78.83
10.10 134.06 121.38 110.11 81.14
M-T 144.77 126.96 112.29 84.29
Neat epoxy 155.50 136.47 120.77 90.72

2.3 Changein interfacial characteristics

The MD simulation results in the previous sectidieroimportant predictions in terms of
the interphase effect with crosslinking and filgzes. That is, the interphase effect tends to
decrease with increasing crosslinking densities emtbedded particle sizes. To clarify the
variations of interfacial reinforcing effect withe design parameters considered in this work,
the interfacial characteristics were rigorouslyrakged using MD and MM simulations. In
this section, the MD and MM simulation results mefjag the interfacial characteristics
reported in the previous work have been revisitetlextended.

In the present molecular models without considedny surface modifications, non-bond

13



interactions between the silica particle and epoxatrix govern the communication of
interfacial dynamics, which play a key role in detaing the interphase characteristics. To
evaluate the changes of intrinsic adhesion streagtthe interface with varying crosslink
conversions and filler sizes, the non-bond intealamteraction energy/unit volume was

calculated from the equilibrated unit cells, defirses:

_ Ecorrposite - ( Eparticle + EmaIrix)
Pteraction = Vv (3)
particle
where E, e Epaices @nd E ., denote the potential energy of the nanocomposite,

particle, and matrix, respectively, each of whidsvobtained from the single point energy of

the final configuration of nanocomposites after dugiilibration process, any is the

particle
volume of patrticle for each nanocomposite

The interfacial interaction energy density ($8g. 2), where the negative values of non-
bonding energy represent the interfacial attractwbrthe polymer matrix with the silica
particle, provides an important physical interptieta regarding the variation of interfacial
attraction with the particle size and crosslinkicgnversion. As the embedded filler size
decreases, the particle tends to entail high newhpg interaction energy density, which
corresponds to the increasing number of non-bongiaigs per unit volume of particle.
Interestingly, the interfacial adhesive interaciohetween the particle and matrix are
weakened by the presence of more crosslinks. Thhlyhicrosslinked epoxy matrix is
relatively less attractive to the silica surfacarttihe matrix with lower conversion degrees.
This behavior is most likely due to the disturbatkifacial communications at the particle

surface with increasing crosslinking conversion.
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Figure 3. Interfacial interaction energy density of crosslinked epoxy/silica

nanocomposites with different crosslink conversionReproduced with permission from
Elsevier [25].

Previous wor25] using MM simulations revealed that the degradatiiend of interfacial
adhesion to the silica surface with crosslinkingatributed to the alternation of atomic
connectivity after crosslinking reactions. Fromi@a@e molecular structure consisting of a
planar silica layer, one molecular of EPON 862, ol molecules of TETA, the changes of
non-bond characteristics between epoxy have besenodd. As can be seenhing. 3 (a)
non-bond characteristics between epoxy moleculdssdica are altered with curing degrees
compared to the uncured reference state; the magniof the attractive non-bond
interactions of epoxy to the silica surface de@saand the equilibrium distance between the
epoxy molecules and the silica gradually increasigs producing more crosslinks. This
interfacial degradation with crosslinking is sugpdr by the variation of non-bond
characteristics of participating atoms during thergy reaction as given iRig. 3 (b). In the
uncured reference state, the N-C-O atoms (the fepgeirt of resin and hardener involving

the crosslinking reaction with atomic connectivithanges) have intrinsically repulsive

15



interfacial characteristics (positive sign) to #gikéca surface. With the formation of crosslinks,
new covalent bonds between C and N atoms are forasmbmpanied with the valence
changes of the N-C-O atoms, increases in the maginf repulsion between the N-C-O and
silica, and further increases in the equilibriurstaince.

This MD and MM simulation result offers an importamsight into the nature of interfacial
communications at the surface especially with dimdgsg which is governed by the non-
bond interactions between the epoxy and silicathesnumber of crosslinks increases, the
repulsive interactions of participating atoms (NaGwith silica gradually increase, inducing
the degradation of interfacial interactions in hygtrosslinked epoxy nanocomposites. Since
the interphase properties are strongly influencethk non-bond interactions at the interface
in this study, the variations of interfacial intetians during the crosslinking reaction demand
a thorough consideration to understand the intesglanaracteristics of crosslinked epoxy

nanocomposites.
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Figure 4. Variation of non-bond characteristics (a)oetween epoxy molecules and silica,
and (b) between N-C-O atoms and silica with crosslking reaction; Reproduced with
permission from Elsevier [25].
2.4 Changein structural characteristics of interphase

To provide more detailed discussion of the integghaegion with the degree of
crosslinking, the radial density profile, the locabsslinks distribution, and the free volume
at the filler surface were further investigated Fig.5, the radial mass density profile from
the center of nanoparticlg=10.1 A are compared with crosslinking. The pealisitees are
observed in the vicinity of the filler and the diygrofiles begin to converge toward the
bulk matrix region around 7 A from the particlefsge. Similar to the work by Hadden et all.
[7], distinct differences in the thickness of interpdavith varying crosslink conversion are
not observed. Based on the observation in the Iraldiasity profile for nanocomposites
(r;=6.6 A, 8.25 A, and 10.1 A), we defined the thickmef interphase region as 6.9 A which
is a reasonable value as compared to the litesgiiré 2, 30, 38, 39]

From the magnified view in the peak regidag 5), important features can be observed

17



with increasing crosslink conversion of epoxy. Ae degree of crosslinking increases, the
peak magnitudes of density profile tend to decrellggeover, the distances where the peak
amplitudes appear are slightly increased from tilher surface with the formation of more
crosslinks. This result demonstrates that the fatéal effect between the filler and matrix is
disturbed with the formation of more crosslinks ceinthe polymer networks tend to
experience more spatial constraints by crosslinkikgimilar trend was reported by Hadden
et al.[7] and the reduction of interfacial interaction wikte tcrosslink densityH{gs. 3and4)

can also support this result.

Fig. 6 shows the local crosslinks distribution along thedial direction for the
nanocomposites of,#10.1 A. The local crosslinks distribution profilegere determined
using the number of carbon atoms associated witkstinking reactions per the volume with
the radial direction. The result demonstrates tbaer crosslink conversion zones can be
observed in the interphase region nearby the Bllgface. As we observed kig. 4, the MM
calculation result revealed that with the formatadrmore crosslinks the repulsive interfacial
interactions between the silica surface and theiggaating atoms in crosslink reactions
increase. Thus, the local crosslinks distributians likely to be lowered at the interfacial
region around the filler surface as compared t& bpbxy matrix.

The free volume is one of important features whigbresent the structural characteristics
of amorphous polymer networks. Herein, the freeuna was calculated based on the
Connolly surfaces algorithif@0, 41] with the Connolly probe sphere radius of 1 A ane t
van der Waals radius of 9.5 A. The overall freeummd was obtained from the outside space
of the occupied volumes of polymer networks, aneé thterfacial free volume was
determined by the summation of the free volume ssgsat the filler surface. Free volume

evolution with the crosslink conversion for the aoeomposites of,~10.1 A'is given irFig.

18



7. As shown inFig. 7, with the increasing conversion ratio the freeunoé at the surface
tends to increase as well as the overall free velomnanocomposites. It is natural that the
overall free volumes of nanocomposites increasén witosslinking, since the polymer
networks are more secured by the presence of mosslmks so that more voids can be
formed between the polymer chaif@2]. An interesting feature to be noted is that the
interfacial free volumes increase with the crogskonversion. The interfacial free volume
represents the voids at the interfacial regions thn increase in the interfacial free volumes
with increasing crosslink conversion are directtyrilauted to the reduction of interfacial
adhesion between the filler and matrix (in agreameith the result shown irFig. 3).
Moreover, the fraction of the interfacial free vole to the overall free volume increases from
0.91% to 2.55%. An increase in the fraction of ititerfacial free volume indicates that in a
gualitative sense the disturbed interfacial inteoacwith crosslinking induces a significant
change in the interfacial structure of nanocompssits compared to the inherent overall free
volume evolution of epoxy matrix with the formatiohmore crosslinks.

The structural features discussed herein can mded as important evidence of how the
interphase regions of nanocomposites are influebgextosslinking in terms of the structural
point of view. Those observations are also consistgth the previous MD and MM results
(seeFig. 3 andFig. 4) which indicate the reduction of interfacial irdetion with increasing

crosslink conversion.
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Figure 7. Interfacial free volume in the vicinity d filler surface and overall free volume
of nanocomposites (5=10.1 A).

3. Multiscale modeling

3.1 Brief review of multiscale modeling in nanocomposites

Multiscale modeling strategy combined with contimumodels has been widely used to
understand the structure-property relationshipasfatomposites. Based on the observations
that the interphase region shows distinguishabiferéint properties than those of the bulk
polymer matrix[6, 7, 17] the interphase zone has been modeled in contimuadels as an
independent layer between the embedded filler amadkixnwith the incorporation of a
fictitious infinite medium[27, 28, 30, 33, 43-48]With a profound consideration on the
interphase region in conventional micromechanicget® (the Mori-Tanaka model, the
Halpin-Tsai equation, etc.), a wide range of naalessphenomena associated with a distinct
nature of interface and interphase in nanocompmstn be taken into account in the
continuum scale.

Regarding the nanopatrticle size dependent chaistater termed the particle size effect,
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the multi-inclusion models have successfully chia@med the properties of various polymer
nanocomposites. Yang and C28, 30]derived the interphase properties of nanocomposites
in terms of mechanical aspects using multi-inclasmodels to characterize the nanoscale
size effect with the consideration of the diluted arondilute concentration effects. Thermal
properties including thermal expansion and theroalductivity of polymer nanocomposites
have also been tailored with the micromechanicsetsocbmbined with MD simulatior{88].
Quaresimin and his collaboratdi@3, 46-48]have significantly contributed to describe the
fracture toughness mechanism (nanoparticle debgngilastic yielding of nanovoids, and
plastic shear band of polymer) in polymer nanocositpe using a multiscale modeling
strategy with a thorough consideration on the pitase region. For the stress transfer
characteristics, a three-phase micromechanical haodkfinite element analysis strategy was
proposed to predict the interfacial stress tranéfem the matrix to the fiber in fiber-
reinforced compositeg9] andcarbon nanotube reinforced compos[td 51] Recently, the
thermo-viscoelastic properties of fiber reinforqggalymers are predicted by Rao et [82]
using a micromechanics regime with the incorporatid graded interphases and imperfect
interfaces.

Multiscale modeling strategies with the incorparatiof the interphase region have
provided valuable insights on nanoscale physiasamocomposites, however, the interfacial
characteristics of epoxy nanocomposites dependirth@degree of crosslinking have not yet
been considered in the continuum scale. In thidigecthe multi-inclusion model is
addressed to characterize the interfacial regioncraisslinked epoxy nanocomposites
considering the nanoscale physics of the interpkzase. In this method, the properties of
nanocomposites obtained from MD simulations areatgflito the micromechanics solution

that can predict not only the overall properties@ihnposites but also those of their individual
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phases.

3.2 Characterization of the property of nanocomposites with conversion degree and filler size

The properties of epoxy/silica hanocomposites alb agetheir interfacial characteristics
have been investigated in terms of crosslink caiwas and filler sizes using MD and MM
simulations, while demonstrating a clear dependemdth respect to the degree of
crosslinking and particle size. To characterizeséhcharacteristics in the continuum scale, the
relationship of the properties of crosslinked nefabxy systems with crosslinking was first
examined. Regarding the thermomechanical propesfiepoxy with crosslink conversions,
the linear trends of increasing elastic moduli dedreasing CTEs with the curing ratio have
been addressed in a previous w¢ab] using MD simulations in accordance with the

literature from experimenf53] and computational workf22, 54-57] The properties of

crosslinked neat epoxy systeny:*;pure were assumed to be a linear function of crosstatio

& to characterize the crosslinking-dependent praggedf bulk epoxy systems. Similarly,
followed by the linear relations of the thermomathbal properties of epoxy with crosslink

conversions, the Mori-Tanaka solutioy| considering the silica particle inclusions were

M-T
also regarded as a linear function of crosslinikdngversion. Thus, Young’s modulus, shear
modulus, and the CTE of crosslinked epoxy and dsasetheir Mori-Tanaka solutions were
characterized corresponding to a specific convarsatio as described ikq. (4). Fig. 8
represents the variation of the thermomechanioapgties of neat epoxy and their Mori-

Tanaka solutions with crosslinking degree descriied linear polynomial fit.

(4)
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Figure 8. Characterization of thermomechanical progrties of crosslinked neat epoxy
and their Mori-Tanaka solution (considering the silca particle inclusion with 0.056 of
filler volume fraction) with the degree of crosslirking; (a) Young’s modulus, (b) shear
modulus, and (c) CTE.

To reflect the variations of properties of epoxigai nanocomposites depending on

crosslinking and filler size, the degradation facd is introduced which is defined as the

ratio of the properties of nanocompositg[%Omp to the Mori-Tanaka solutiony|M_T. The

parameterD inherently represents the interphase effect onetitfeancing behavior due to
the embedded nanoparticles, since the Mori-Tanakdembased on Eshelby’s elasticity
solution for inhomogeneity within an infinite mediuprovides a reference solution for elastic
modulus and CTE without considering the interphaeggon. It has been observed in the
previous MD and MM simulations that the interphaffect tends to decrease with increasing
crosslinking conversions and decreasing partidessiOn the basis of this emphasis on the

interphase effect, the degradation factor is characterized in terms of two nondimensional

variables, the crosslink conversiaf and the normalized patrticle radiué. The particle
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radius for each nanocompositgis normalized by the thickness of interphase as
r, =r,/t. For convenience, th¢ for each nanocomposite is assumed to be a constant
value of 6.9 A. To reflect the asymptotical conesrge of D for Young’s modulusDy,
shear modulusD, , and CTE D, with & and r,, the degradation factors are fitted using
an exponential function as follows,

D =D(¢&,r,) =1+ Aexd ~aé - fr, | (5)
where the coefficientsA, a, and £ for each property are determined with the least-

square fitting method. The degradation factor ese&t modulus and CTE for epoxy/silica

nanocomposites considered in this study is illtstranFig. 9 with a curve fit as described in

Eq. (5).
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Figure 9. Characterization of degradation factor D for (a) Young’'s modulus D, (b)
shear modulus D, , and (c) CTE D, with a curve fit by the equation

D(&.r,)= 1+Aexp|:—a£—,8r;:|.
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As shown inFig. 9, D, and D, decrease with increasing crosslink conversion altet f

size, which proportionally represent the reinfogcieffect with the formation of the

interphase on the elastic modulus in epoxy/sil@aatomposites. Meanwhile, gradually
increases as crosslinking further proceeds aner fiizes increase, indicating thax, is

inversely proportional to the interphase effecttioermal expansion. By employirtgg. (5),

the degradation factorsD¢, D;, and D,) demonstrate the contribution of the interphase

region to the elastic modulus and CTE of the cmokstl epoxy/silica nanocomposites,

corresponding to a specific conversion degree dsagea normalized filler size. Then, the

properties of (:omposite3/|Comp can be given as,

Yoo =D (&:15) Y] =D(E:15) 9 (€) (6)

By adopting the degradation factor and the Morigkan solution, the thermomechanical

properties of the epoxy/silica hanocomposites &iacterized as a function of conversion

degree and normalized particle size, reflectingdbgradation of the interphase effect with

the parameters considered in this study. The fittegerties of nanocomposites are compared
with the MD simulation results and the Mori-Tanad@utions inFig. 10. The present model

accurately describes the thermomechanical progedfeepoxy/silica nanocomposites of

those obtained from MD simulations with and r;, as given irFig. 10.

The thermomechanical properties of epoxy nanocoitggosre extrapolated to various
ranges of crosslink conversions and particle radider the constant filler volume fraction
from the present model as illustratedFig. 11 The contours for elastic modulus and CTE
manifest the nature of the reinforcing effect dodhte interphase region in the epoxy/silica
nanocomposites. IRigs. 11(a)and11(b), as the crosslink conversion increases, the dagree
enhancement in elastic moduli decreases, being ipemiwith increasing particle radius.
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Similarly, as can be seen kig. 11(c) the reinforcing effect on CTE is notably depresse
highly crosslinked epoxy systems. It is generatjyead that smaller filler inclusions with the
same volume fraction of particles having a largefaxe area demonstrate higher reinforcing
effect on the matrix polymer, especially at the osrale, which is termed the ‘particle size
effect’. The contours clearly indicate that thetio#ée size effect on the thermomechanical
properties due to the presence of the interphagerres disturbed by crosslinking. In other
words, the reinforcing effect attributed to theemphase characteristics is hindered by the
formation of more crosslinks in the epoxy matrix. dcquire a quantitative understanding of
the interphase region, the effective interphaseephnis implemented by adopting a 3-phase
multi-inclusion model based on the micromechanegme. The procedures and results are

detailed in the following section.
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Figure 10. Characterization of thermomechanical prperties with crosslink conversion
and filler size; (a) Young’s modulus, (b) shear madlus, (c) CTE.
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modulus, (b) shear modulus, (c) CTE.

3.3 Effective inter phase concept with the micromechanics-based multi-inclusion model

In order to characterize the interphase behaviar, multi-inclusion model consisting of
three-homogeneous and isotropic coaxial phasesptemented. Each phase is embedded
into an infinite medium and perfectly bonded toasthhases.

The closed form solution of the effective stiffnésssor of the present three-phased model
C is defined as,
c=C,[1+6-D(f,@,+ 1@+ 1@, ) ][I +s(f,@,+ f@ +f0,)] )
where f is the volume fraction of each phase, and the geémbold typeface refer to the
tensor quantities,C_ is the stiffness of the infinite domaits and | are the Eshelby

tensor[58] for the spherical inclusion and identity tensespectively, and® is the fourth-

order eigenstrain concentration tensor of eachehBse subscriptsp, i, and m denote
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the nanoparticle, interphase, and matrix, respelgtivihe eigenstrain concentration tensor

® forthe (+) phase is given by,

®,) :[(cw —c(,))_1 C. —ST. €)

The overall CTE of the three-phased compositesemtulti inclusion model is given as,

a=C’C_[I+®s]”
[ (@, (S=1)+1):a,+ £ (D (S-1)+1):0, + (D, (S=1)+1) @, |

m

9)

where CD=Z fd.

The volume fraction of the interphase for each wangosite was obtained based on the
constant thickness of 6.9 A for simplicity. Theffstéss tensor of the infinite medium was

defined asC_ =C_ considering the moderate concentration effect ahofillers. The

stiffness and CTE of the matrix phase are assumdx tthe same as those of pure epoxy
systems, corresponding to a specific crosslink emign. The elastic and thermal properties
of the interphase can then be calculated usingntrerse form ofEgs. (7)-(9) The obtained
properties of the interphase will be discussedeitaitiin a subsequent section. As observed in
the previous MD and MM results illustratedrigs. 2and3, the interfacial adhesion is likely
to be varied with crosslinking degree and partisiee. By replacing the filler-matrix
interfacial compatibility with a perfect bondingrahition between each phase, the interphase
properties obtained from the micromechanics modetitherein is interpreted as the effective
interphase propertie$25] which inherently include the variations of bothrustural
characteristics and interfacial compliance withsstmking and filler size.

Prior to describing the detailed characterizatiwacedure for the interphase properties

using the present model, the present model is caeedpaith the simple model, the modified
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Halpin-Tsai model[43]. The Halpin-Tsai mode]59] is one of the relevant conventional
composites models which is based on the self-cmmisnicromechanics scheme. The
modified Halpin-Tsai model was developed by Z#&] to describe the interphase effect on
the elastic property of nanocomposites containpigescal particles (interested reader may
refer to the literature for detailed descriptiadgrein, Young’s moduli of the interphase were
obtained using the modified Halpin-Tsai model, &m&lvalues are compared with the present
model inTable. 5 As can be seen ifable. 5 it is obvious that, for the crosslink conversion
range considered in this work, the elastic propsrtif the interphase from the present model
and the simple model show significantly reinfor@etgrphase region as compared to the neat
epoxy. Moreover, considering the overall trendhe tnterphase properties with increasing
crosslink conversion, the simple model providesnailar trend as observed in the present
model; decreasing interphase properties with drdga. While both models provide similar
interphase properties, the present model leadsligbtlg higher elastic moduli of the
interphase compared to the modified Halpin-Tsai @othis occurrence may be attributed to
the semi-empirical assumption on the geometry oeteiment parameter for the spherical

inclusion in the Halpin-Tsai model.
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Table 5
Comparison of interphase property with the preseuliti-inclusion model and the modified
Halpin-Tsai mode]40].

Radius of particle Crosslink conversion Young's modulus of interphase [GPa]
[A (%] Present model Modified Halpin-Tsai model [40]
16.66 15.13 11.43
33.33 10.89 9.17
6.60
50.00 7.78 7.07
62.50 6.54 6.06
16.66 12.04 8.85
33.33 9.54 7.84
8.25
50.00 6.65 5.86
62.50 6.40 5.74
16.66 16.98 10.18
33.33 8.91 6.79
10.10
50.00 6.53 5.50
62.50 6.91 5.82

3.4 Characterization of interphase property with multiscale modeling

Before describing the detailed process of multeseabdeling of the interphase properties,
the overall modeling strategy is illustratedrig. 12 Based on the result of MD (Composites
and neat epoxy systems), the present multi-inalusimdel can take into account the
thermomechanical properties of the interphase erbésis of the effective interphase concept.
To reflect the interphase behavior observed inatioenistic scale, the obtained properties of
the interphase zone are functionalized in termsro$slink conversion and filler size in a
similar manner as that applied for the charactéamaof nanocomposites. The degradation

factor for interphaseD’ is introduced to represent the variation of thterphase properties

Y. compared to the bulk epoxy region, defined Bs=y| /y| _, based on the

pure
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assumption that the interphase properties conviergbe bulk epoxy when the interfacial

effects vanished. Paramet® is characterized by two dimensionless variabesafd r;)

using the same exponential function; the interphasperties can then be expressed as

follows.
D'=D'(§,r;)=1+A exqd -a'é - Ar, | (10)
Ve =D (€:05) Ve =D (€:15) £(4) (11)

In a qualitative perspectiveD represents the degree of reinforcing effect on the
interphase region compared to the bulk epoxy, shgwi proportional relation in the elastic
modulus while inversely proportional in CTE. As che seen inFig. 13 in a lower
conversion degree of matrix, the enhancement effiedhe stiffness and thermal stability of
the interphase zone (increase in elastic modulus detrease in CTE) is relatively more
significant than that in a highly crosslinked matin Fig. 14, the elastic modulus and CTE
of the interphase region are modeled udtigg. (10)and(11), and are compared with the
crosslinked bulk epoxy matrix. For a fixed crosslconversion, the smaller filler inclusions
induce higher interphase properties in terms dfnsss and thermal stability. Moreover, as
the crosslinking in epoxy proceeds further, therplhase properties tend to decrease.

Although the effective interphase concept does sp&cifically distinguish between the
interphase property and the interfacial compliancean be implemented in a continuum
model to reflect the degradation of the interpheféect with increasing crosslinking as well
as embedded particle size. According to the presaumti-inclusion model, the elastic

modulus and CTE of composites as givek@s. (7)-(9)can be defined as the following,

C=C(Cp.Cm.Ci. iy, . )

(12)
a=a(C,.Cn.Ci.0,.a,.a, fy, . f)
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Herein, the effective interphase has been chaiaeteas C, =C(¢.r,) and a, =a(é.r,),

which represent the variation of elastic modulud &TE of the interphase region and the
interfacial compliance, respectively. Together wile assumption that the property of the

epoxy matrix is the same as that of neat epofy,=C(¢) and a,=a(é) , the

thermomechanical properties can be predicted fréw® micromechanics-based multi-
inclusion model usingqs. (7)-(9)with the incorporation of the effective interphaBiy. 15
shows a comparison of the micromechanics prediatidm the results from MD simulations
and the curve fit of the present model. As can éensinFig. 15 the micromechanics
predictions from the effective interphase and tloelebed matrix property show a reasonable

agreement with the present model.

Multi-inclusion model H
Interphase characteristics '
Thickness Z
Interfacial interaction
Particle Structural change
C Stiffness
[24 Thermal expansion
. . f Volume fraction
Effective interphase C(ér,) i
C ( y) i Composites * < Crosslink conversion
i ga I"I, o é:, rp ) . )
) "y Particle radius
ai far 7 H
( g ) HS Interphase thickness
C,(&) i .
C(CP,C,”,C,-,fp,fm,ﬁ) i— Neat polymer o (&) t 1, =1/l Normalized particle radius
alC ,C .C.,a ,a o : . Phase refer to
( pr e e e I:fp 7f”l:f) : pomoi particle, matrix, interphase

Figure 12. Overall schematic of the multiscale modieag of the interphase property;
blue-colored terms (For interpretation of the refeences to color in this figure legend,
the reader is referred to the web version of the dicle.) indicate the values predicted
from the multi-inclusion model.
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Figure 13. Characterization of degradation factor ¢ interphase D' for (a) Young’s
modulus D, (b) shear modulus D, and (c) CTE D, with a curve fit by the equation

D(&r))=1+A exp[—a"f—/?r*p].
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Figure 14. Characterization of interphase propertias with crosslink conversion and filler
size: (a) Young's modulus, (b) shear modulus, (c)TE.
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Figure 15. Micromechanics prediction of elastic modlus and CTE compared to MD
result and present model.
4. Conclusion

Atomic simulations were performed to investigatee tmterfacial characteristics of
epoxy/silica nanocomposites with the crosslinkingwersions of epoxy matrix. The results
of MD and MM simulations demonstrate that the ratof the interfacial interactions
between the silica and epoxy matrix show a clepeddency with the degree of crosslinking;
the interfacial adhesions are substantially digdnwith the formation of further crosslinks in
the epoxy, resulting in disturbed enhancing effemtsstiffness and thermal stability with
crosslinking. As far as the structural conformationange of the interphase with the
conversion degree is concerned, important featuezs observed supporting the reduction of
interfacial characteristics. The results of theahass density profiles, the local crosslinks
distributions, and the free volumes at the fillewrface consistently demonstrate that the
structural characteristics are substantially infeed by the nature of interfacial

communication with the crosslink conversion. Sitlve behavior of the interphase zone is
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strongly governed by the interfacial communicatainthe filler surface, the variations of
interfacial characteristics with crosslinking ndedbe taken into account to understand the
interphase of epoxy nanocomposite systems as weher reinforcing mechanism. In this
work, together with profound considerations of wagycrosslink conversion and filler size in
epoxy nanocomposites, a multiscale scheme to deaize the interphase region is proposed
with the incorporation of molecular simulations aadmicromechanics-based continuum
model. Based on the findings of the atomistic satiahs, the elastic modulus and CTE of
nanocomposites are characterized in terms of enssbnversion and normalized filler size.
From the modeled thermomechanical properties ofxgpilica nanocomposites, the
interphase zone is further characterized with tdeofithe multi-inclusion continuum model.
The effective interphase zone is addressed toctdfie variations of interfacial adhesion and
the interphase property. The degradation of thectffe interphase zone is modeled with
crosslink conversion and filler size. The micromaubs predictions from the effective
interphase for the thermomechanical properties afionomposites are confirmed and
compared to the MD results and the present modeldimposites.

From the multiscale framework presented herein,itfi@mation at the molecular level
regarding the interphase region of epoxy nanocoitgmss transferred to the equivalent
continuum model. Addressing the effective interghasncept, the interphase properties
obtained from the present multi-inclusion model &emed as an effective interphase
property. Since a perfect interfacial bonding ctindiis applied in the continuum model, the
effective interphase property is not an indepengeoperty of the interphase but an effective
property which reflects the variations of both stanal and interfacial characteristics with the
crosslink conversion and particle size. Howeveg, phesent multiscale modeling using the

effective interphase concept will serve as an ieffic bridging scheme to understand the
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complex interfacial nature of crosslinked epoxy posite systems and their structure-
property relationship, providing a design guidelfoe epoxy nanocomposites in their static
property (elastic modulus and CTE) on the basishefdetailed interphase characteristics
with varying crosslink conversions and particleesiz The multiscale modeling scheme
proposed herein can be further extended to thewsumnultifunctional characteristics and the
dynamic behavior with a profound consideration dfe tinterfacial region in the

nanocomposites system.
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