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ABSTRACT

Nano-particle reinforced polymer composites are widely applied in many fields because of good mechanical
properties. In this paper, the cell model of SO,/PI composite is built by the molecular dynamics simulation software
Materials Sudio, three processing methods are acted on the SO, nano-particle, -S-C;H- treatment, directly grafted
with polyimide, covalently grafted with polyimide, effects of the modification methods on the mechanical properties
of nano-particle reinforced polymer composites are studied. The mechanism of nano-particle surface modification
effect on the composite is discussed through analyzing the potential change between the nano-particles and polymer
matrix.
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INTRODUCTION

Compared with the large scale reinforcement, theaece effect of nano scale reinforcement on thehar@cal
properties of composites is obvious. In recent giesgsearchers have devoted to the simulation netsed the
characteristic of nano-particle reinforced polymemposites and made many valuable research rebigtgever,
the compatibility with most matrix of nano-partiggenot very good because of high surface actieigily reunite,
then its excellent nano size effect is limited.dzh®n the moderate structured with good disperaimh surface
modification with efficient function are importafactors to improve the performance of nano-partieliaforced
composites [1-4]. Surface grafting method is andrtemt method of nano-particle surface modificatimatment,
the surface grafting method including the growth pdlymer grafting method, synchronize with grafting
polymerization method and accidentally join copodyimation, the chemical connection of nano-parsicénd
polymer chains can give full play to their respeetadvantages, to achieve optimal design of cortgpasaterials.

Studies on the nano-particles modification are mamgstly to analyze the influence of different siod
modification methods of material mechanics perfaroga by experimental methods. Zhang [5], Chan [6],
Jesionowski [7], Li [8] et al. modified nano-patéavith the coupling agent, found that the progsrof composites
were improved; Rong [9], Rong [10], Shan [¥t]al. grafted nano-particles and polymer with differehemical
methods, predicted that some kinds of orderly simecwere formed; the Young’s moduli, and tensitersgth were
improved significantly.

Because of the diversity of different researchéngjr experiment results showed great differena®gh the
development of molecular force field, simulated eanllar system and the computer hardware and saiwae
molecular dynamics method is widely applied in tetated research of the enhanced toughening mesthaoi
composites. In terms of molecular dynamics simoigtiresearchers have also done a lot of relateghres.
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Odegarckt al. [12] compared the effects of different surfa@atment methods, analyzed the results of nanoefearti
and matrix before and after grafting, the resutisves that the properties improved after graftingniyat al. [13]
covalently grafted nanosilica polyimide composit® mechanical properties were improved obvioustrmally,

the entangle effect between grafting chain and ocubdée chain can obviously increase the interactain
nano-particles and matrix, and modified Si@articles can improve the mechanical propertiesamhposites. But
Tinasheet al. [14] established the cell model of nano-partighedystyrene composite based on the atomic MD
simulation, calculated the mechanical properti¢srahe grafting treatment, put forward that witle igrafting rate
increased, the permeability of the free moleculzairc in polystyrene reduced, the enhancement sff@ete not
significant.

In order to study the effects of nano-particle acef modification and grafting ratio on the mechalngroperties of
composites further, it built the cell model of %@ composite, treated Si(particles with Si-GH; treatment,
directed grafted with polyimide, covalently grafteith polyimide in this paper, studied the mechahjgroperties
after different surface treatment, analyzed theat$f of particle size, surface treatment methodgaafling ratio on
the mechanical properties, and the mechanism ob-particle surface modification effect on the cosipo was
discussed through analyzing the potential changedss the nano-particles and polymer matrix.

EXPERIMENTAL SECTION

Model of SiO2/PI and Simulation Procedures

In all molecular model and simulation procedurestdfials Studio (MS) as a commercially availablawgation
software was used. This paper studies,Si@no-particle reinforced polyimide composite, wRMDA-ODA
polyimide as basic material and Si@ano-particle as enhance body, the moleculartstiof polyimide is shown

in Figure 1.
3 7
y ¢ “

Fig. 1 The molecular structure of PMDA

The ball-and-stick model of Pl repeat unit withappropriate degree of polymerization is built bytdtaals Studio
software, the structure with low potential is obhtad by geometry optimization; the crystal cell @Sis built by its
parameters, its low potential form is also obtaifgdgeometry optimization; the periodical unit cedbdel of
SiO/PI is established by Amorphous Cell module, bk state after geometry optimization is showRi@ 2.

Fig. 2 the unit cell model of SIGPI
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Selecting Mechanical properties in the Task of Fenmodule, the mechanical properties can be catedl with

appropriate precision and parameters, then thimessg matrix of the unit cell model of Si®I is obtained, further
the mechanical parameters such as elastic modulllsmodulus, shear modulus and poisson's ratthefinit cell

under the isotropic hypothesis are obtained. Ireotd study the effect of the particle size andtirg ratio, the

volume fraction of nano-particle is set at 5%, fivedels were simulated independently, the numbegradting sites
of different radius and two grafting ratio areddtin Table 1.

Table 1. Nanoparticles and Number of Grafting Site$or Nanocomposites System

case radius(A) NO. of surface oxygen atoms NO. of grafting sites

5% 10%
1 10.00 104 5 10
2 11.41 128 6 12
3 12.56 148 7 14
4 13.53 180 9 18
5 14.50 204 10 20

Mechanical properties of untreated SiQ/PI

As to the unit cell of SiglPI in Fig.2, the mechanical properties of untrde®,/PI is calculated when the volume
fraction of nano-particle is 5%, the results isidtul in Table 2.

Table 2. Mechanical properties of untreated Si@PI

Case Radius(A) VWolumn(A3) Density(g/cm3)E (GPa) v K (GPa) G (GPa)

1 10.00 98819.1 1.374 45657 0.3706 5.8804 1.6656
2 1141 124287.6 1.382 4.4109 0.3707 5.6851 1.6090
3 12.56 166386.4 1.415 4.3837 0.3637 5.3594 1.6073
4 13.53 206089.1 1.435 43768 0.3625 5.3037 1.6062
5 14.50 252526.6 1461 4.2663 0.3873  6.3101 1.5376

As can be seen from Table 2, in the condition thatvolume fraction of nano-particle is constahg tYoung’s
moduli and shear moduli of the composite decreate the nano-particle radius increases, poissatie changes
little, the results are consistent with the reswoltgained by the homogenization method [15]. WHea tadius
increased from 10 A to14.5 A, the elastic moduliréased by 7%, it mainly due to small nano-partilé larger
specific surface area. When the radius of nandgbarincreases, the molecule number of the unit ioefease
rapidly, limited by the computer memory, it failemlsimulate Si@nano-particles with larger radius.

The unit cell of -Si-GH; modified SiO,/PI

The -Si-GH; modification is just modifying the surface of naparticle, no bond formed between particles and
polymer matrix, the silane coupling agent is ugualted in the experiment. In this paper, it seleSisCH- to
modify SiG, nano-particle. In the simulation process, alltaf free radicals of the silicon atoms are firsatied by
oxygen atoms to mimic the real oxidation procdssntrandomly choose the surface oxygen atoms t@ makrect
bond with -Si-GH; ,the modified Si@ nano-particle is shown in Fig.3. According to himulation introduced
before, the stable configuration of -SiFG modified SiQ/PI is shown in Fig.4. when the grafting ratio &ké and
10% respectively, the simulated results are ligtethble 3 and Table 4.

Fig.3.-Si-GH; modified SiO, nano-particle  Fig.4. -Si-C3H7 modified Si@P| model
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Table 3. Mechanical Properties of 5% -Si-C3H7 modiéd SiO,/PI

Case Radius(A) Volumn(A3) Density(g/cm3)E (GPa) v K (GPa) G (GPa)

1 10.00 98881.3 1.379 4.6695 0.3725 6.1044 1.7011
2 11.41 131754.0 1.398 45104 0.3901 6.8410 1.6223
3 12.56 163551.7 1.400 4.4289 0.3582  5.2039 1.6305
4 13.53 208112.0 1.416 4.3543 0.3644  5.3507 1.5957
5 14.50 248240.1 1.429 4.3049 0.3833  6.1491 1.5560

Compared the results in Table2 , Table3 and Takbl@h,-Si-C3H7 modified, the Young moduli and shearduli of
composites increase in some extent, but the affewdt obvious. Make a comparison between Tabled3Table 4,
when the grafting ratio increase from 5% to 10%, ¢tastic moduli increase by 2%, the shear modalieiase by

4%, but bulk moduli decrease by 11% and poissatie by 5%; the influence of radius is similar wiihtreated
model.

Table 4. Mechanical Properties of 10% -Si- €H; modified SiO,/PI

Case Radius(A) Volumn(A3) Density(g/cm3)E (GPa) v K (GPa) G (GPa)

1 10.00 98966.3 1.384 47737 03521 5.3791 1.7653
2 11.41 131910.0 1.403 4.6718 0.3639 5.7230 1.7126
3 12.56 164931.0 1.412 4.6828 0.3698  5.9939 1.7093
4 13.53 208878.0 1.416 44805 0.3762 6.0299 1.6279
5 14.50 251353.7 1.438 4.4560 0.3624  5.3958 1.6354

The unit cell of directly grafted SiO2/PI

Covalent grafting is a promising way to increase kbad transfer efficiently by taking advantagetiod strong
interaction force of the covalent bonds by induding interpenetration of the free and grafted chairthe vicinity
of nano-particle. Direct grafting is bonding unteth SiO2 with Pl and obtain the unit cell of SiOR2/Rfter the
stable model of SiO2/PI calculated by molecularatyit is prepared,. The grafting process is perfdrri@e cutoff
radius has an obvious effect on the density anerrimblecular interaction, according to the relatédutation
conclusions of previous researchers[16], the defewloff radius was set to 4 A and the maximum usadio
complete the grafting was set to 6 A. After finighithe grafting process, the stable configuratibtaioed by

geometry optimization is shown in Fig.5. The meébalnproperties are calculated, the results atedign Table 5
and Table 6.

Fig. 5. directly grafted SiO2/PI model

Table 5. Mechanical Properties of 5% directly grafed SiG,/PI

Case Radius(A) Volumn(A3) Density(g/cm3)E(GPa) v K(GPa) G(GPa)

1 10.00 97181.8 1.405 43046 0.3866 6.3279  1.5522
2 1141 130650.0 1.407 42875 0.3876 6.3584  1.5449
3 12.56 161012.3 1.450 42278 0.3928 6.5749 1.5177
4 13.53 204152.9 1.461 4.1635 0.4007 6.9901 1.4862
5 14.50 248125.3 1.482 4.1202 0.3962 6.6158  1.4755

Table 6. Mechanical Properties of 10% directly grafed SiO2/ Pl

Case Radius(A) Volumn(A3) Density(g/cm3)E(GPa) v K(GPa) G(GPa)

1 10.00 98274.0 1.389 45729 0.3662 5.6962 1.6736
2 11.41 130357.7 1.411 44277 03938 6.9511  1.5883
3 12.56 163296.1 1.418 4.3440 03795 6.0069 1.5745
4 13.53 204785.6 1.452 43314 0.3825 6.1447  1.5665
5 14.50 247013.3 1474 4.2452 0.3832 6.0556  1.5346
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Compared the results in Table2 , Table5 and Tablé8, directly grafted, the mechanical propertiécomposites
can hardly increase, but decrease in some exteakeM comparison between Table 5 and Table 6, when
grafting ratio increase from 5% to 10%, the elastioduli increase by 6%, the shear moduli increas&%, but

bulk moduli decrease by 10% and poisson's rati&%ythe influence of radius is similar with untregimodel.

The unit cell of -Si-GH- grafted SiG,/PI

-Si-C3H7 grafting is treating nanoparticle with-&3H7 , then bonding with PI. In the simulation gees, the end
carbon of the propyl unit acts as a linker atorbéacovalently bonded with the aromatic hydrocarbbthe matrix

molecules. The chemical bonds can be done by maalsal can be done through the script, as theiggafiumber

is not much, manual grafting is easy to operate @adavoid puncture of the molecular chain, the oell after

geometry optimization is shown in Fig.6, the parialarged figure as shown in Fig.7, the resultthefmechanical
properties are listed in Table7.

Si0, gk F »

L

Fig. 6.-Si-C3H7 grafted SiO2/PIl model Fig..Zhe partial enlarged figure of covalently graftirg

Table 7. Mechanical Properties of 5% -Si-C3H7 graftd SiO2/ PI

Case Radius(A) Volumn(A3) Density(g/cm3)E (GPa) v K (GPa) G (GPa)

1 10.00 99199.3 1.375 5.2615 0.3718 6.8416 1.9177
2 11.41 131754.2 1.398 5.0092 0.3683 6.3372 1.8305
3 12.56 160453.9 1.417 4.9443 0.3946  7.8207 1.7726
4 13.53 207469.7 1.424 48451 0.3714 6.2781 1.7665
5 14.50 238916.6 1.459 4.8139 0.3666  6.0136 1.7613

Compared the results in Table 2 and Table 7, theham@cal properties of SYPI after -Si-C3H7 grafted increase
obviously.

Energy Analysis

The interaction energy between nano-particle anttixnean be calculated by Material simulation safter MS, in
order to discuss the influence mechanism of surfagdification effects on the SiO2/P1 composite, ithieraction
energies of untreated and -Si-C3H7 grafted modedscalculated when the radius is 10 A. Interactietween
particle and matrix are composed of bond energypliag and non-bond energy, of which non-bond epnésg
composed of the van der Waals force and electiogiatentia. Select the potential calculation medual MS, each
energy of two models can be obtained and the seatdtlisted in Table8.

Table 8. interaction energy between SiO2 and Pl (lt/mol)

E[otal Bond Energy  Coupling Energy  van der Waals force ctedstatic potentia

untreated -392.84 0.00 0.00 -254.56 -138.28
Grafted ratio is 5%  -599.56 -84.20 -13.29 -465.22 72.86

It can be seen from Table 8 that the interactidwéen SiO2 and Pl is mostly contributed by non-bendrgy when
the SiO2 is not grafted, van der Waals force pkysading role, and electrostatic potential plageeondary role.
After -Si-C3H7 grafted, the total energy increabeiously, and composed of bond energy, coupling raamd-bond
energy, the covalent bond between SiO2 and Plreiaease bond energy and coupling energy, van dafs\Viarce
also increase, but electrostatic potential deceame.der Waals force plays a main role in the tetagrgy, the
mechanical properties increase as the interacgtwden SiO2 and Pl increase after -Si-C3H7 grafted.
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CONCLUSION

There are four models in this papénuntreated SigPl model(2)-Si-C3H7 modified SiO2/PI modé€B) directly
grafted SiO2/PI modef4)-Si-C3H7 grafted SiO2/Pl model. As to SiO2 pastiglith radius of 10 A, when the
grafting ratio is 5%, the elastic moduli and sheaduli of four models and the theoretical predictiesult obtained
by Mori-Tanaka [17] are listed in Table 9.

In theory it is difficult to establish the analysisodel which can predict the mechanical properiesodified
nano-particle reinforced polymer composite, comparthe model (1) and the theoretical prediction result
obtained by Mori — Tanaka, the error of the elastizdulus is less than 2.5%,which shows the reltghilf the
simulation results. Compare four kinds of simulati@sults, it can be seen that -Si-C3H7 modified dinectly
grafted can hardly increase the mechanical pragsenif the composite, while the elastic moduli cacrease
obviously after -Si-C3H7 grafted,. When the graftratio is 5%, the Young's moduli increase by 1%P&, shear
moduli change little. Conclusions can be obtairiéel @omprehensive analysis:

Table 9 results of four models and Mori — Tanaka

Modulus(GPa) 1) (@ (® (& Mori-Tanaka[15]
E 457 467 430 5.26 4.68
G 167 161 161 161 1.53

(1)The mechanical properties of SiO2/PI decreasie thie size of nano-particle increase;

(2)when nanoparticle is treated with -Si-C3H7, tiechanical properties of compsite increase in sextent, but is
not obvious, the Young's moduli and Shear modutréase as the grafting ratio increase, but the md&uli and
Poisson’s ratio decrease; when nano-particle isctlyr grafted with PI, the mechanical propertiescofmposite
decrease, but increase as the grafting ratio iseszawhen nano-particle is covalently grafted with the
mechanical properties of composite increase oblyjous

(3)In the interaction between nanoparticle and matran der Waals force plays a main role, and tedstatic
potential plays a secondary role; the interactiamiacrease obviously after nanoparticle -Si-C3kaftgd.
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