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Abstract

Structure and properties of PMMA/silica composites were characterized by various
methods including SEM, TGA, rheology, microscopic level evaluation of nano-
reinforcement effect on properties. Static modulus and yield strength of PMMA are
enhanced with silica incorporation regardless of their dispersion or functionalization.
However, composites ultimate properties are strongly affected by fillers
characteristics. As expected, better performances are associated to well-dispersed
and functionalized silica.

A finite element modelling with interface debonding through cohesive model and
interfacial area is introduced to reproduce the sensibility of tensile test response to
fillers surface functionalization. Experimental results confirmed this modelling: at
constant low weight rate, ultimate composites properties are mostly affected by any
microstructural changes. An analysis of local stress confirms the premature breakage
of composite with pristine silica. Finally, by considering the expected properties,
functionalization of silica is not always a necessity. Instead of particle
functionalization, a dispersion protocol could be advantageously used to reach

interesting composite properties.

Keywords: Dispersion, Silica functionalization, PMMA/Silica nanocomposites,
Mechanical properties, Finite element modelling
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1. Introduction

The use of nanoparticles as reinforcements for polymer matrices is relatively
common due to their ability to impart strong improvements of performances at very
low volume fractions in comparison to micrometric particles [1]. Nanocomposites find
applications in various fields as their enhanced properties can be mechanical,
electrical, optical...[2]. Particularly; nanoparticles are widely used to provide
mechanical reinforcement to polymer matrices.

Numerous studies deal with elaboration and evaluation of mechanical properties of
nanocomposites but, most of the time, only macroscopic properties are evaluated. At
a macroscopic scale, it appears that incorporation of nanoparticles into a polymeric
matrix influences elastic modulus but the influence of nanoparticles on local
reinforcement mechanisms has hardly been studied [3]-[6]. However,
micromechanisms of deformation of each phases, decohesion between matrix and
fillers or cavitation phenomena inside fillers produce inhomogeneity of deformation

and thus are responsible of microvoids creation and crazing [7].

Several studies showed the existence of an interphase in the vicinity of the
nanoparticle in a polymer matrix [8]—[10]. It is proved that the interphase region can
extend widely in hundreds nanometers around the particles [11]-[15]. This
phenomenon could explain why a low amount of nanoparticles have a huge impact
on composites properties. In fact, several studies showed that incorporation of a
small weight percent in matrix modifies bulk polymer properties [16], [17]. It seems
that a molecular dynamic change at the fillers proximity is observed due to the
interactions between polymer chains and patrticles which explains the local change of
properties in this interphase [18]-[20]. More precisely, the nature of the interphase
between the mineral filler and polymer matrix depends of their interactions. They can
interact by weak interactions like van der Waals strengths, H-bond or electrostatic
forces; or the filler/matrix system can be bound by strong chemical bonds (covalent
or ionic-covalent). Particle surface modification is one of the most used strategy to
change this interphase properties (and therefore affinity between fillers and matrix),
and thus improve mechanical properties of nanocomposites [21].

Nowadays, several options are available to characterize interphase properties.

Nanoindentation is used to determine the interphase size [22]. Atomic Force



Microscopy (AFM) can be used to evaluate mechanical properties (AM-FM mode)
[23], [24] of this region. However, these techniques are difficult to perform. The first
difficulty lies in the preparation of samples. In fact, surfaces have to be perfectly
realized to carry out AFM measurements which require an important know-how.
Moreover, following the studied polymer, the choice of the tip is important. For
example, in the PMMA case a not adapted sharp tip could break the molecular
chains during measurements [25].

Modelling can be an indirect useful method to characterize this interphase in polymer
composites. So far, nanocomposite structure can be simply regarded as a three
phase multi-inclusions based on the continuum model. To extend their applicability to
nanocomposites, analytical models were improved to consider coated inclusions [10],
[15], [19], [26]-[28].

From the literature overview, it may be concluded that there is still a need for a
simple method to identify microscopic phenomenon in order to predict mechanical
behavior of composites filled with particles. The present study focuses on the
mechanical behavior at macroscopic and microscopic scales of composites
reinforced by silica particles at low volume fractions.

The goal of this work was to model the mechanical properties of PMMA/silica
composites considering the existence of an interphase and several dispersion states.
Composites were prepared with two different protocols with raw and surface modified
silica particles leading to various microstructures. Silica particles were grafted with
MMA oligomers to improve affinity with PMMA matrix. The particles used in this study
were voluntarily chosen submicronic (i.e lower than micron but higher than 100nm),
in order to obtain a “nano-effect” while keeping the observation of their dispersion
state and of the particle/polymer interface easy. Finally, this study focused on the
interest of silica particles functionalization instead of improvement of their dispersion
by mechanical treatments. Functionalization has the advantages to improve the
affinity between matrix and fillers, nevertheless, this strategy can be an expensive

technique to develop.

2. Materials and experiments

2.1. Materials under study



PMMA Altuglass V825T was supplied by Arkema (M,=93,000 g/mol, density=1.19)
and used as received.

Silica spherical particles (density=2.64) were synthetized via a modified Stéber
method. The specific surface area (BET) is 15.0+2.3m?/g and the elementary particle
diameter size is D=470nm with a narrow particle size distribution (supporting
information).

Those synthetized silica particles were modified thanks to a grafting agent, obtained
by free radical telomerization of methyl methacrylate (MMA), PMMA chains were then

anchored onto the silica particles surface.

2.1.1. Synthesis of the PMMA grafting agent

This grafting agent corresponding to PMMA chains bearing one trialkoxysilane
groups was obtained by free radical telomerization of MMA in presence of 3-
(mercaptopropyl)triethoxysilane (ETS). Into a 50 mL flask fitted with a condenser, 5 g
(5%x10 mol) of MMA, 0.48 g (2.0x10 mol) of ETS, 0.08 g (4.9x10 mol) of AIBN
and 20 g of acetonitrile were introduced. Argon was bubbled through the mixture for
15 min. The mixture was then stirred and heated at 60 °C for 15 hours. After reaction,
the polymer ETS-PMMA was purified by precipitation in methanol. A schematic

representation of the grafting agent synthesis process is described in Figure 1.a.

2.1.2. Synthesis of silica particles

Silica particles (470nm) were synthesized by a modified Stober method already
described in previous works [29], [30]. A schematic representation of the silica
particle synthesis process is described in Figure 1.b. The synthesis reactions were
performed in a 100 mL glass reactor. The synthesis used 26 g ammonia solutions
(25%) and 36 g deionized water. Then, they are injected into 212 g of pure ethanol
(EtOH). 20 g TEOS is next added to the vial, while stirring at 50 °C for 10 h in view of
the growth of nano-silica. Numerous studies have shown that all the process
conditions like the temperature, TEOS ratio or process time for example have an
important impact on the particles size [31]-[33]. Also, higher concentration of water

resulted in larger size of the particle.



At the end of this synthesis, ethanol was removed and replaced by water using
evaporation under vacuum. Then, silica spheres were dried and purified, in order to

remove remaining reactants, by washing and centrifugation methods.

2.1.3. Silica functionalization

Into a 100 mL flask fitted with a condenser, 1.5 g of silica, 0.15 g of ETS-PMMA and
50 ml of toluene solution were introduced. The mixture was then stirred and heated at
solvent reflux for 15 h. The mixture was next centrifuged (speed: 5000 rpm) to
eliminate the liquid phase and washed three times with THF. Finally, the obtained
Silica-g-PMMA was dried under vacuum. A schematic representation of the grafting
process is described in Figure 1.c.

(a) Synthesis of ETS-PMMA

il\/\/SH
\ />O Acetonitrile, 80°C />O

n N N
o 0. P AIBN 0..°
+ N~ \,S N~ ‘Isi/\/\s/%jjx/
0”0
ETS-PMMA

(b) Synthesis of silica particles

(c) Grafting of silica particles

-
_\ O C‘J

Silica-g-PMMA particle

Figure 1: Schematic representation of (a) synthesis of ETS-PMMA, (b) synthesis of
silica particles and (c) grafting of silica particles with ETS-PMMA.

2.2. Preparation of PMMA/silica composites

The elaborated composites are PMMA with 1wt% (=0.5vol %) of embedded silica.



Composites were manufactured in several steps (master-batch; blending and
injection). The first step of the master-batch consists in producing the desire
dispersion:
- Poorly dispersed composites (namely “PMMA-Si-pd” and “PMMA-SI-T-pd”)
were elaborated using an ultrasonic bath (Retsch UR1) treatment. Silica was
ultra-sonicated in acetone for 10 minutes.

Well-dispersed composites (namely “PMMA-Si-wd” and “PMMA-SI-T-wd”) were
elaborated using a probe sonicator (Branson digital sonifer 250, Danburry, USA).
Silica was also sonicated in acetone for 10 minutes. In a previous paper authors
confirmed that the sonication time is particles size dependent: smaller particles need
higher sonication time to be well dispersed [34]. Moreover, a higher level of rate
incorporation necessitate again more sonication time.

Five different formulations were thus realized and are presented in Table 1.

After sonication, Silica was added to the PMMA, previously dissolved in acetone, and
mechanically stirred. The blend was casted into a Petri dish under fume hood until
the complete solvent evaporation.

Then, the obtained composites were compounded with a twin-screw extruder DSM®.
The temperature along the screw was controlled at 250 °C and the extrudate was
pelletized. The pellets were dried under vacuum at 80 °C at least 12 h and then
injected at 250 °C with a IM15 Zamak Mercator machine (Skawina, Poland). The
mold temperature was kept at 70 °C. Molded samples are tensile dogbones

specimens corresponding to the 1ISO 527-2 type-1BA.

1wt% pristine  1wt% treated

Acronym Process PMMA sifca sifca
PMMA X - -
PMMA/Si-wd Probe X X -
PMMA/Si-T-wd X - X
PMMA/Si-pd Bath X X -
PMMA/Si-T-pd X - X

Table 1 : Manufactured composites

2.3. Characterization
2.3.1 Dynamic rheology



Rheological properties of composites were evaluated by oscillatory characterization
on a Twindrive rheometer MCR702 (Anton Paar instrument) equipped with parallel
plate geometry (plate diameter 25mm, gap 1mm). All experiments were carried out at
230°C under nitrogen to avoid polymer degradation and absorption of moisture.
Storage modulus (G’), loss modulus (G”) and viscosity (n) of samples were measured
with constant strain oscillatory tests within the linearity limit for all composites: a
frequency range o of 0.01-100 rad/s and a strain of 1% were applied during
measurements. A strain sweep was applied to fix the strain limit for the linear
viscoelastic response.

Continuous relaxation spectra offer an efficient way to qualify the material
viscoelasticity revealing aspects of its behavior that may not be obvious in plots of G’
and G”. It reflects the molecular movements of macromolecules (correlated to the
molecular relaxation time) and can be related to molecular structure and properties.
Nevertheless, it is not possible to measure directly a relaxation spectrum. It can be
only calculated on the basis of experimental data. G’ and G” can be expressed as

functions of relaxation spectrum H through the equations (1-2):

+ o0 a)ZTZ
G ((1)) :f_oo H(T)mdln‘[ (1)
G"( )—ij() o _dl 2
@)= o YT+ w2t @)

where 7 is the relaxation time. The evaluation of H from eq. 1-2 is not straightforward
since it is solution of a very ill-defined problem. Many publications have studied the
best way to obtain it. A nonlinear Tikhonov regularization via a Matlab implementation
is used, and the algorithm is fully described in [35]. Times associated with maximum
weight in relaxation spectrum plot are related to the microstructure. In particular one
can assess that the incorporation of silica into PMMA does not impact matrix

molecular mobility. Three tests were performed to ensure reproducibility.

2.3.2 Dispersion and distribution characterization

Morphologies of silica composites were observed by Scanning Electron Microscopy

(FEI Quanta 200 ESEM) under accelerating voltage of 15kV. Samples were cryo-



fractured and the cross-section was observed. Dispersion and distribution states of
silica particles in PMMA matrix and the impact of their functionalization on

microstructure were studied.
2.3.3 Mechanical tests

Uniaxial tensile tests were conducted on a Zwick THO10 universal testing machine
according to the 1SO 527 standard. The crosshead speed is equal to 1 mm/min
(corresponding to 3% s of strain rates). Tensile test is conducted up to the rupture
of the specimen. The software used is TestXpert® and allows the recording of time,
load and elongation, denoted ¢, during the test. The nominal stress is defined by the

following expression:
F
"5
where F is the recorded load and Sy the initial sample section surface.

o

®3)

Three tests were performed to ensure reproducibility.

2.3.4 Thermogravimetric analysis (TGA)

TGA was performed with a Perkin Elmer Pyris-1 thermogravimetric analyzer in order

to determine the silica weight percent of each composite. Samples (~10mg) were

heated from 30 to 900°C with a heating rate of 10°C/min under nitrogen atmosphere.

2.3.5 Size-exclusion chromatography (SEC)

It is well known that, for some polymers, particles act on crystallization or nucleation
processes. An amorphous matrix has been chosen to avoid any structural
modification effect. However, SEC analyses were carried out to ensure PMMA
stability. This measurement was performed with a Varian ProStar Model 210
equipped with a RI refractive index detector. Two PLgel 5 um Resipore were used at
70 °C with a 0.8 mL min™* flow rate of DMF with 0.1% of LiBr, calibrated using PMMA
standards, sample injection amount was typically 20 pL at a concentration of 10

mg/mL.



3. Results and discussions

3.1 Microstructural characterization and composition

Qualitative observations of structural and morphological composites evolutions were
observed by SEM on cryofractured samples (Figure 2). Micrographs show significant
differences between composites manufactured by (a) probe process or (b) bath
process. Probe process conducts to a better dispersion/distribution of silica particles.
In contrast, large agglomerates (~20um) were observed for composites
manufactured by bath process. The used process highly influence the morphology of
the composite [36], [37] and thus its final mechanical properties. Subsequently,
composites manufactured by probe process are considered as well-dispersed
composites and composites manufactured by bath process are considered as poorly-

dispersed composites.

Figure 2: SEM micrographs of PMMA/Silica composites revealing particles dispersion

as a function of process (a) probe process (b) bath process

Effective weight percent of embedded silica has to be estimated and considered.
Indeed, it is proven that wt% highly influences the final properties of composites [38]—
[40]. In this study, silica weight fraction of each sample was checked through TGA
measurements, after each mechanical test.

Figure 3 represents, as an example, the determination of the silica wt% of a
PMMAV/silica-T-pd sample. First results show (see Table 2 which gathers the wt% of
all the samples) a great variability of this weight fraction for all processes. This
variability is due to the master-batch, unfortunately this step is essential to safely

10



manipulating particles for incorporation in the micro compounder. Samples presented

are the extreme cases of wt%.
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—— PMMA
2,04
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Figure 3: TGA curves of PMMA/silica-T-pd composites (Sample 2), determination of

the silica weight percent

Sample 1 Sample 2 Sample 3
PMMA/Si-wd 0.73 0.91 0.94
PMMA/Si-pd 0.66 0.79 1.03
PMMA/Si-T-wd 0.72 0.80 1.04
PMMA/Si-T-pd 0.68 0.96 1.01

Table 2: Silica wt% in PMMA composites calculated from TGA results

3.2 Rheological properties

The linear viscoelastic properties of molten composites were measured as a function
of frequencies from 100 rad/s to 0.01 rad/s; measurements at very low frequencies
are of particular interest for the modelling since the interfacial effects are expected to
be predominant. Nevertheless, these measurements are associated to very long
experiments questioning thus the in situ polymer thermo-oxidative degradation during

experiment [41]. Polymer stability has been checked at 1Hz at a prescribed strain
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(3%) during 60 min to ensure the non-degradation of PMMA. A strain scan was

performed until 100% strain to assess the linear behavior of composite until 3% of
applied strain.

As an example, Figure 4 presents the evolution of dynamic storage modulus versus
frequencies for the PMMA/Si-wd composites (3 samples to ensure reproducibility) at
1% strain. Rheological response is perfectly shifted with the amount of silica. The

lower response corresponds to the lower silica weight percent.

1E+04

T=230°C
8E+03 - 1=1%
6E+03 | Sampleswt%
K 1 0,73
2 091
A4E+03_ - =- PMMA/Si-wd 1 3 0,94
g —e— PMMA/Si-wd 2
o PMMA/Si-wd 3
*
=
2E+03 -
0,01 0.1 1 10 100
o (rad/s)

Figure 4: Linear viscoelasticity: variation of the dynamic storage versus frequencies:
reproducibility for the PMMA/Si—wd composites

The weighted relaxation spectra H(z) versus relaxation time z of the neat PMMA and
PMMA/Si composites at 230°C (Figure 5) was obtained from Eqgs. (1) and (2). As
expected, PMMA depicts a single peak at 0.12 s, which is its characteristic relaxation
time. For PMMA/Si-wd composites, two relaxation peaks are observed at about 0.2 s
and after 100 s. The first peak corresponds to the relaxation of PMMA matrix while
the second one (which is a slower process) corresponds to the shape relaxation of
dispersed silica. This relaxation time could be reached from rheological experiments

in the molten stage with imposed frequencies lower than 107 rad/s.
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Figure 5: Weighted relaxation spectra for the neat PMMA and PMMA/Si-wd

composites at 230°C.

The first relaxation time is slightly shifted to higher values with the incorporation of
silica independently of its dispersion and functionalization. This means that the
PMMA matrix is not chemically modified with the incorporation of silica: in average,
its chains mobility remains unchanged. SEC analyses were carried out to confirm this
conclusion. Results show there is no structural change of PMMA after silica

incorporation (average M,=50000 g/mol).
3.3 Mechanical testing

Three samples of each material have been tested through uniaxial tensile tests.
Results are presented in Figure 6. It seems that, in average, the global mechanical
behavior (except the breakage) is the same for all the tested composites. The major
difference is the elongation at break which is lower for the PMMA/Si-pd composites
and higher for the PMMA/Si-T-wd composites. The addition of silica into PMMA leads
to increase the strength and to lower the elongation at break (see Table 3), excepted
for composites with embedded well-dispersed and functionalized silica. The value of
standard deviations reflects the variability in the breaking response, attributed to

material inhomogeneity.
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Figure 6: Uniaxial tensile responses for PMMA and PMMA/Si composites

Stresses at break of PMMA and composites are presented in Table 3. These results

reveal that finally if the sought properties are the improvement of the breakage, then

the questioning on the functionalization interest arises. Indeed, according to the

results and in view of the functionalization cost, it is ultimately more advantageous to

manufactured composites with well-dispersed and unmodified silica particles instead

of composites with poorly-dispersed and modified silica particles. On the other hand,

it is clearly proved that composite with modified and well-dispersed silica embedded

is the better case.

Elongation at Standard Stress at Standard
bre%k (%) deviation break deviation
(MPa)
PMMA 4.33 0.32 65 16
PMMA/Si-wd 3.11 0.08 67 2.4
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PMMA/Si-pd 2.65 0.09 62 0.0

PMMA/SI-T- 457 0.32 77 2.2
wd
ESAMA/SI-T- 367 0.25 70 1.4

Table 3: Elongation at break and stress at break for PMMA and PMMA/Si composites

4. Modelling and discussion

4.1 Matrix Behavior

As a first approximation, the global PMMA behavior is expected to follow an

elastoviscoplastic evolution. The stress and strain represented in Figure 6 are part of

tensorial stress and strain representation g, a. The plastic flow potential f is written as:
f = Omises — Ro (4)

where g,,;5.5 IS the Von Mises stress and R,, is a material parameter.

The viscoplastic strain tensor is written with a Norton law:

&= (1 _ ) n n. = aO-mises - (£>n (5)
p)pn,, * P p K

where p is the effective plastic strain, n and K are material parameters. Bold letters

refer to tensorial values.

The PMMA stress evaluation is shown in terms of scripts written in Matlab®.
Equations (4-5) are implemented via an incremental formulation leading to the value
of the uniaxial stress from strain tensor components values. Strains from uniaxial
tensile tests are used as input in the modelling offering the possibility to compare

experimental (PMMA in Figure 6) and numerical data.

A minimization algorithm based on Levenberg Marquard algorithm lead to a set of
parameters (given in Table 4) that conduct to a good accordance between analytical
and experimental stress/strain curve (Figure 7). The number of iterations and residue

value are reported in Figure 7.
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Silica PMMA
E (GPa) 70 E (GPa) 3.2

\Y 0.3 % 0.42
n, K (GPa.s) 0.7,4.7

Ro (MPa) 17.3

Table 4: Material parameters for PMMA and Silica
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Figure 7: Modelling of PMMA, stress vs. strain curve

4.2 Predictive modelling of the composites

Numerical simulations were carried out using FE software Zebulon, developed at
Mines Paristech [42]. Material parameters associated to PMMA are listed in Table 4.

The silica particles are assumed to be isotropic elastic, with a global behavior fully
describe through elastic data such as Young Modulus and Poisson’s ratio (Table 4,

values extracted from literature [43]).
4.2.1 Perfect interface matrix/filler
The interface between matrix and fillers is firstly assumed to be perfect (assuming a

continuous displacement through the interface) and properties of phases are
described through the set of parameters given in Table 4. As the PMMA properties

16



are not such impacted by the fillers (see section 3.2), it was assumed that the
properties of PMMA matrix into the composite are similar to those of neat PMMA.

An example of 3D structure (generated via DIGIMAT software), in which silica fillers
are spherical, monodispersed and well dispersed into the matrix is given in Figure 8.
Mesh microstructure and boundary conditions are given in this figure. The size of the
representative elementary volume (REV) and the number of elements correspond to

minimal values leading to a convergent stress/strain numerical data.

Microstructure

Number of silica particles 21 Prescribed strain
VER length (nm) 6000 €
Particle diameter (nm) 470

e
o * Z
e
% i os e
<
e [ !
L XY e \“\.‘

Meshing Phase information

57 689

Number of elements 106 185 | PMMA
elements

Nodes 87725 | 810
Silica
Element size (nm) 235 | elements

Figure 8: Digimat microstructure and boundary conditions

Comparison between numerical and experiments is given in Figure 9 for PMMA/Si
composite. As a first result, input materials parameters lead to a prediction similar to
the one of neat PMMA. This means that the amount of silica (1%wt) is numerically
insufficient to enhance PMMA mechanical properties. However, an enhancement of
PMMA properties is experimentally observed, as shows the PMMA/Si-T-wd curve. It
is already well known that classical micromechanical models are not able to describe
mechanical response of nanocomposites. These models do not consider the
interactions between filler and matrix at their interface. For nanocomposites, the
mechanical property enhancement not only depends on constituent properties,
constituent volume fraction, inclusion shapes or orientation and state of dispersion,
but also on the interaction between the filler and the matrix. The existence of an
interphase between the nanofillers and the matrix is widely accepted [9], [44]. This

interphase is a transition region of nanometric to micrometric size, where the

17



mechanical and physical properties change from the properties of filler to the
properties of the matrix. To extend their applicability to nanocomposites, analytical
models were improved to consider coated inclusions [10], [26]-[28], [45]. Even if in
this work, silica diameter size is upper than classical nanoparticles, this nanosize

effect is experimentally observed.

PMMA (numerical data)
80 7 —— PMMA/Si (numerical data)
1 —— PMMA/SI-T-wd (experimental data)

o (MPa)

g (%)

Figure 9: Finite element modelling of PMMA/Si composite

4.2.2 Existence of an interphase matrix/filler

The modelling can be an acceptable technigue to consider the interphase in polymer
composites without any specific and practical method for evaluation of interfacial
properties. So far, nanocomposite structure has been simply regarded as a three
phase multi-inclusions based on the continuum model. The modified polymer region
surrounding the particles is considered as an independent material that differs from
PMMA and silica materials. The choice in this article is to fix the interphase thickness
enter and to fit its elastic properties. In this interphase, the polymer molecular mobility
is assumed to be modified by the particle independently of its functionalization. The
interphase thickness is arbitrary fixed to particle size diameter as in [13], [14], [19],
[46], corresponding to 13% in volume of the REV. Two cases are considered (Figure
10):
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e perfect continuous interface between silica/interphase and

matrix/interphase (functionalized silica case).

e decohesive interface between silica and interphase but continuous
interface between matrix and interphase : in this case a Cristfield debonding model,
suitable to describe interface debonding, is used [47]. This model is described
through a scalar variable 2 which characterizes the relative crack opening between

matrix and fillers:

_1 [\ (e Mom _ g Mot
A= 1 1+(x)’ K= \/(u(m) + (uot) Ln=1 85n 8¢

where (.) holds for the positive value of the quantity. With respect to the interface
normal n, u, = u.n and u; = u — u,n denote, respectively, the normal and shear
opening displacements and &, §; the corresponding maximum allowable values of
their norms. The parameters uy,, u,; denote repectively the opening displacements
corresponding to the maximum cohesive traction of the normal and shear
components. A increases from 0 (no damage) to 1 (for a broken element). A,,,, is the
maximum value reached by A. The normal and shear components of the cohesive
traction T = T,, n + T, are defined by:

U u
T, = _nF(Amax); T, = au_tF(/lmax): F(A) = omax(1 = 2)
ot

Uon
with a a constant representing the relative magnitude of ||T;|| with respect to T,,, and

omaxthe maximum stress allowable by the element. For the compressive case

Un
T, = acu_F(O)
on

with . a penalization factor.
(Omax Uon, Uor, O, O, @, @) parameters are chosen arbitrarily to model a weak

interface (0,4 = 0, Figure 10).
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Two cases
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Figure 10: Interphase modelling for PMMA/Si model composite

SEM micrographs in Figure 11 confirm the previous consideration. The weaknesses
areas for the PMMA with pristine silica (Figure 11 (a)) are in the vicinity of the particle
in the interphase (decohesive interface). Black holes, refer to eroded particles, are
much more present for pristine silica. In the case of PMMA with functionalized silica

(Figure 11 (b)), interface between interphase and silica seems to be continuous.
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| <

Figure 11: Micrographs of a) PMMA/pristine silica and b) PMMA/functionalized silica

composites

In a first modelling, a single particle in a PMMA REV is considered: an axisymmetric
assumption is supposed and only ¥ of structure is represented (see Figure 12). The
cylinder length and radius are chosen to maintain the effective weight percent to 1%.
Regarding the low weight fraction of silica, if silica is well dispersed into the matrix, it
seems reasonable to consider that fillers do not interact with each other. This
assumption will be validated in the latest section. In this simulation displacement
continuity is assumed at the interface silica/interphase/PMMA. The REV is subjected
to a top displacement value of €L, where L is the square length of the REV.

The numerical stress response which corresponds to the average Von Mises
Stresses of the REV elements will be compared to experimental stress recorded
during the tensile test performed on PMMA/Si-T-wd composites. For this composite,
the adhesion silica/PMMA is assumed to be improved by the functionalization in
comparison with pristine silica justifying the comparison with a modeling based on

perfect continuous interface between silica/interphase and matrix/interphase. The
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elastic interphase properties are fixed from the better correspondence between the
experimental and numerical stresses.

The optimization procedure quickly converges towards to a Young modulus of 5.6
GPa and a Poisson ratio of 0.42 for the interphase area. These latest elastic values
could be reached if the molecular weight (M,,) of the matrix is modified in the vicinity
of the fillers. The effect of the polymer molecular weight has been already observed
by some authors (for example an increase of about 2 for the young modulus as My, is
divided by 10 [48]).

! ' U=gXL

REV

PMMA

\

1200nm

L:

!Slllca

A&
einter:DSi

Number of elements 174
Number of hodes 405

Figure 12: Representative elementary volume and boundary conditions for the finite

elements computation.

The corresponding macroscopic response is presented in Figure 13, namely “one
element simulation (perfect interface)”. A thinner interphase would have conduct to
higher value for Young modulus [49].

The model well reproduced the experimental stress/strain response until 3% of strain.
After that the modelling overestimates experiments (Figure 13). A damageable
behavior of the interphase area would be more convenient to obtain a better fit.

From this REV, a second simulation is performed for comparison with a decohesive
interface between silica and interphase. This simulation will be helpful to understand
the impact of functionalization of fillers. The stress/strain response is given in Figure
13 called “one element simulation (decohesive interface)’. The level of macroscopic
stress is almost unaffected by the quality of silica/PMMA interface. This observation
is in accordance with experiments for which ultimate properties are mainly impacted

by the functionalization.
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Figure 13: Uniaxial tensile responses for the PMMA/Si composites: comparison

between experiments and simulations

The previous modelling was performed on a perfect composite for which the silica
weight ratio was fixed to 1wt%. The reality is that weight fraction is variable (see
section 3.1). The numerical simulation enables to evaluate the impact of this weight
variation. The simulations results are presented in Figure 14 for various weight ratios
(from 0.64 to 1.09 wt%). Numerical responses are strongly affected by the weight

fractions and the experimental results are framed by these responses.
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Figure 14: Numerical uniaxial tensile responses for the PMMA/Si composites (one

filler): comparison between several fills rates

As an example, Von Mises stress cartography is given in

Figure 15 for both configurations (continuous and decohesive) at a step of the
simulation corresponding to 3.1% of applied strain. This latest value is chosen from
experimental data of Table 3 as; it corresponds to the minimal ultimate strain
between PMMA/Si-T-wd and PMMA/Si-wd. The stress field in the interphase is very
different depending on the simulations, as it corresponds to a multi axial stress field.
The Von Mises stress is mainly concentrated in the silica and above the silica in the
continuous case while stress concentration are more located in the interphase and
matrix areas in the decohesive case. According to the observe cumulative frequency
associated to these stress cartographies in both cases (Figure 16(a)), the cumulative
number of elements that have reached or exceeding critical Von Mises stresses
values (up to g,, = 65MPa) is higher in the PMMA area (54%) in comparison with the
interphase area (20%). Moreover in the PMMA area the decohesive simulation leads
to increase the number of elements with a high level of Von Mises stress even if this
difference appears far from g, thus questioning the modeling validity within this
stress range. This observation could explain the lower value of ultimate strain for the
non-functionalized composite, even if the level of stress inside PMMA matrix exceeds
the experimental ultimate stress and strain that PMMA can undergo. This conclusion
is confirmed by the cumulative plastic strain plotted as a histogram in Figure 16(b).

Even if the average value of effective plastic strain is almost the same, in the
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decohesive simulation the value reached is much higher in comparison with the
continuous interface thereby justifying a premature breakage of the non-
functionalized composites.

0 Omises 176 MPa

Figure 15: Von Mises stress cartography for a continuous interface (a) and a

decohesive interface (b) corresponding to 3.1% of macroscopic strain
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Figure 16: Cumulative frequency of Von Mises stresses of finite elements in the
interphase and PMMA area (a) Frequency of effective plastic strain of finite elements

in PMMA area (b) corresponding to 3.1% of macroscopic strain

The influence of fillers/matrix affinity has been studied in the previous part. The
impact of silica dispersion is the key point of this part. Two kinds of microstructures
have been generated via DIGIMAT software: the first one is related to a well

dispersed particles configuration and the second one is an agglomerated particles
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configuration (Figure 17). Microstructures were generated four times to ensure the
reproducibility depending on the particle positions. For each formulation the interface
silica/interphase is considered continuous and the interphase properties are those
defined in the previous part. These new simulations enable a comparison between
PMMA/Si-T-wd and PMMA/Si-T-pd.

Ay

Figure 17: PMMA/Si composites: two model microstructures (a) well-dispersed and

(b) poorly-dispersed

Results of modelling are presented in Figure 18. The agglomerated microstructure
leads to a slightly higher macroscopic response possibly due to trapped matrix which
does not contribute to the global macroscopic composite response [9]. Nevertheless
considering the low weight ratio, the influence of dispersion is not significant, beside
ultimate properties as already presented by Peng et al [50]. Regarding the ultimate
properties (Table 3), the elongation at break is higher for the composite with well
dispersed particles, functionalized or not. This is in agreement with the previous local
REV observations (Figure 13): even if the macroscopic response is quite the same,
the local levels of stress responses in both REV are fundamentally different. For the
poorly dispersed composites, the decrease of the interparticular distance lead to

enhance the level of triaxiality, assumed potential damage source.
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Figure 18: Uniaxial tensile responses for the PMMA/Si composites: influence of silica

dispersion

5. Conclusions

Mechanical properties of PMMA based composites were studied in this work.
Experiments (uniaxial tensile tests) were carried out on PMMA and PMMA filled with
1% by weight of silica particles. Silica particles surface was for some cases
functionalized with PMMA chains. Dispersion state of silica into the matrix is
controlled via two different procedures. At first, global measured values (load during
the test) lead, for the neat PMMA, to a set of mechanical parameters describing an
elastoplastic model that well reproduce the experimental stress/strain curve. Knowing
the fillers mechanical properties, PMMA/ silica is considered as a three phases
composite (Matrix/fillers/interphase) as the matrix is supposed to be modify in the
vicinity of the silica. The use of a cohesive model zone at the interface
Interphase/Silica enables the consideration of silica functionalization. A FE modelling
is used both to predict composites behavior and to understand the damage
micromechanisms involved during a uniaxial tensile test. Several conclusions can be
drawn from this study:

1. Experimentally, even if our filler is not strictly speaking a nanofiller, the “nano

effect” is observable for a low level of incorporation where both Young
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modulus and yield stress are improved, leading to introduce in the modeling
an interphase area stiffer than the matrix,

2. Numerically, the overall properties (excepted the breakage) are not sensitive
to fillers functionalization nor to their dispersion,

3. Regarding the ultimate properties, composites follow this classification: poorly
dispersed and pristine silica < well dispersed and pristine silica < poorly
dispersed and functionalized silica < well dispersed and functionalized silica.

For pristine or modified silica particles a careful dispersion protocol is required to
obtain an improvement of mechanical properties. Even if the surface modification of
silica, which increases the compatibility with the polymer matrix, gives better
mechanical properties, according to this study, a careful dispersion protocol seems to

be advantageous when the functionalization cannot be envisaged.
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