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Abstract To improve the performances of a composite based on silica and
unsaturated polyester resin, modification of silica surface and addition of a dis-
persing agent are required. The surface of raw silica was modified with vinyltri-
methoxysilane in acidic conditions, adding methacrylic acid. Moreover, to enhance
the compatibility between silica and polyester resin, a block copolymer which reacts
as a dispersing agent was added. The mixture of these components is named
“Giral.” The mechanism of interaction of the different components of the “Giral”
with the raw silica is described. Adding this formulation to a mixture of polyester
resin and silica leads to a decrease of the viscosity of the polyester resin/silica
system and the mechanical properties of the composite thus formed are improved.

Keywords Composites - Mechanical properties - Silica - Unsaturated polyester -
Viscosity

Introduction

Study and design of composite materials have been of great interest in many fields
such as aviation, construction, optical adhesives, etc. [1, 2]. Composite materials are
made by combining an organic matrix which ensures the cohesion of the structure,
and fillers for the final properties of the material formed. Thus, variety of organic
matrices (thermoplastic or thermosetting resins) combined with different types of
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mineral (silica, clays, various metal oxides, etc.) has produced a large range of
composite materials [3, 4]. Performances of these composite materials are often
much higher than those of the corresponding material (chemical, mechanical,
optical, thermal properties, etc.) that offer promising prospects for use. To access
the description of a composite material, it will be necessary to specify the nature of
components and their properties, the geometry of the reinforcement, its distribution,
and the nature of the reinforcement—matrix interface. A large number of composite
materials, generally classified according to the form of reinforcements (fibrous or
particulate reinforcement), or by the nature of the matrix (organic, ceramic, and
metal) exists and is divided in three categories: the organic matrix composites,
which constitute by far the largest volumes today on an industrial scale, the ceramic
matrix composites reserved to high-tech applications with high temperature such as
space, nuclear, military, and braking (brakes ceramics) and the metal matrix
composites for light and ultra-light alloy [5, 6].

Among the different structures of composites, this study has been focused on
polyester resin reinforced with fillers and particularly with silica particles. These
composite materials are made of a polymer matrix in which particles are well
dispersed; they are thus flexible and easy to use even for complex geometries. The
inclusion of fillers in a polymer matrix is a common industry practice. However,
most of them are not chemically compatible with polymers. Addition of inorganic
compounds in organic matrices generally requires implementation costly in energy
and sometimes affects the final properties of the material. That’s why for many
years, studies have been conducted on particles functionalization to modulate the
physical and/or chemical properties and to improve the compatibility between the
filler and the matrix [7]. The most common way to modify the surface of particles is
to attach suitable organic groups. The main compounds used are coupling agents
like silanes (RSiX53 with X = CI, RO) [8-11] or organophosphorous compounds
(R,P(O)(OX)3;_, with x = 1 or 2, X = H, Na, alkyl, etc.) [11-13]. Surfactants, as
ionic surfactants [14], amphiphilic copolymers [15] or polymer directly grafted onto
the inorganic surface [7, 16], can also be used to stabilize particles. The mechanical
properties of composite thus formed are influenced by the quality of filler’s
dispersion.

Developed several years ago, a formulation named “Giral” allows one hand to
obtain a good dispersion of fillers (silica, calcium carbonate, etc.) in a polymer
matrix (polyester and polyepoxide resins) and, in the other hand, to increase the
mechanical properties of the final composite [17, 18]. The “Giral” is composed of a
silane, methacrylic acid (MAA), and a block copolymer used as a dispersant. The
mechanism of “Giral” (named “Giralyse”) has to be clearly identified using silica,
which is a mineral filler broadly used in many industrial fields. Silica is used in a
wide range of products including tires, scratch-resistant coatings, toothpaste,
medicine, microelectronics components or in the building [19-22]. The main
objective of this work was to understand the interactions between the surface of
silica, taken as a model, and the different components of “Giral” Thermogravi-
metric analyses, infrared spectroscopy analyses, '°C and °Si solid state NMR
analyses have been performed on samples synthesized from silica and one or more
components of “Giral” to determine and to quantify the interactions between the
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different species which composed the “Giral” and the silica surface. Viscosity
measurements on unsaturated polyester resin/silica mixtures containing the
components of the “Giral” were realized and test specimens based on polyester
resin/silica were prepared to observe the influence of the “Giral’s” components on
the mechanical properties. Fracture surface of test specimens were observed by

scanning electron microscopy (SEM).

Experimental
Materials

Benzoyl peroxide (BPO, AkzoNobel), diethylamine (DEA, Arkema), methacrylic
acid (MAA, Arkema), vinyltrimethoxysilane (VTMO, Wacker), block copolymer
named PEO-b-PCL (Mnsgc), = 830, Pdi = 1.4) functionalized at the end of the
PCL block with a phosphoric acid function, unsaturated polyester resin (UPE,
Distitron Iso lonza 183 RV2 from Polynt and Norsodyne G703 from Cray Valley)
were used as received. Two industrial raw silicas were used in this work: silica
ACEMATT TS100 (Evonick-Degussa) and silica Millisil C6 (Sifraco, Sibelco
group). Toluene (99.3%, Carlo Erba Reagent) was analytical reagent and directly
used without any purification.

Interaction of the different components of the “Giral” with the silica surface

For example, modification of raw silica with VTMO (sample Si-VTMO-1) was
realized as following: in a 250 mL round bottom flask, 1.9 g of silica Acematt
TS100 were introduced in 50 mL of toluene with 0.35 g of VITMO. The solution
was heated at 80 °C during 45 min. Every 5 min, 0.06 g of benzoyl peroxide were
added. Silica was then recovered by centrifugation (8,000 RPM-20 min), and
washed four times with 60 mL of toluene to remove the excess of reagent. Silica
particles were finally dried at 80 °C in an oven during the night. The different
experiments are shown in Table 1.

Test specimens preparation

Test specimens were prepared by the following method from a mixture composed
with 40 wt% UPE, 60 wt% silica Millisil C6 and components of “Giral.” The
“Giral” formulation is composed with 0.3 wt% VTMO, 1 wt% MAA, and 0.3 wt%
block copolymer named PEO-b-PCL. The sizes of the test specimens are shown in
Fig. 1. The catalytic system used to polymerize the mixture was composed of
0.1 wt% DEA, as promoter, and 1.5 wt% BPO, as initiator. This mixture was then
flowed in the test specimens frame mold and placed in a steam room at 30 °C under
600 mbars during 1 h. Care was taken to evenly distribute the mixture in the mold to
ensure a uniform sample. Test specimens were then recovered and finally cured in
an oven at 80 °C during 15 h.
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Table 1 Samples preparation

in 50 mL toluene with 19 g~ Samples Reagents
silica ACEMATT TS100 and VTMO (g) MAA (g) PEO-b-PCL (g)
0.3 g benzoyl peroxide
dissolved in 10 mL of toluene Si-VTMO-1 0.35
Si-VTMO-2 0.75
Si-VTMO-3 1.5
Si-VTMO-4 3
Si-MAA-1 0.35
Si-MAA-2 0.75
Si-MAA-3 1.5
Si-MAA-4 3
Si-PEObPCL-1 0.38
Si-PEObPCL-2 0.75
Si-PEObPCL-3 1.5
Si-PEObPCL-4 3
Si-G1 0.75 0.75
Si-G2 0.75 0.38
Si-G3 0.75 0.38
Si-G4 0.75 0.75 0.38
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Fig. 1 Sizes of the test specimens for tensile test
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Characterizations

FT-IR spectra were monitored with a Bruker IFS66S spectrometer. 100 scans and
4 cm™! resolution were used. Grafted or adsorbed component amounts on modified
silica samples were assessed by thermogravimetric analysis (TGA) using a TGA
METTLER-TOLEDO 851e thermal system. For the analysis, about 10-20 mg of
samples were taken and heated at a constant rate of 10 °C/min under air (purge rate
50 mL/min) from 30 to 1,100 °C. The surface areas of the raw silica were obtained
from nitrogen adsorption experiments by the BET analysis at 77 K with a
Micromeritics ASAP 2010 analyzer. *°Si and '*C solid state NMR spectra were
recorded on a Briiker Avance II 400 spectrometer, using magic angle spinning
(MAS) and high power proton decoupling with a Bruker double channel 7 mm
probe. For this, zirconium rotors were employed at 79.48 and 100.6 MHz using a
pulse angle of n/2, a recycling delay of 4 s, a spinning frequency of 4 kHz and a
contact time of 2 and 4 ms for *°Si and '*C, respectively. Viscosity measurements
of silica/UPE resin mixtures were carried out using a Brookfield DV-II + Pro
viscosimeter at 50 rounds per min (RPM) under air. Tensile tests of composites test
specimens were performed with an INSTRON 4505 machine at a rate of 0.2 mm/
min at room temperature. Morphology of the fractured surface of the samples was
studied with a FEI Quanta 400 SEM. Transmission electron micrographs (TEM)
were taken with a Philips CM200 TEM at an accelerating voltage of 200 kV.

Results and discussion
“Giral” formulation

The “Giral” is a stable formulation made of three components shown in Fig. 2 [18].
Added to a mixture of fillers and resin, this formulation enabled a good dispersion of
fillers in resin (implying a decrease of the viscosity). Thus, composite with a high
rate of fillers can be obtained (approximately 60-80 wt%). Moreover the
reinforcement of the link between filler and polymeric matrix is observed through
the mechanical properties which are improved [17, 18].

“Giralyse” mechanism

The mechanism of “Giralyse” implying interactions between the different
components of the “Giral” and a filler, is not well known. That’s why during this
study we have examined the interactions that can take place between one or more
component of the “Giral” and a model filler, silica. During the experiments, BPO,
used for the crosslinking of the UPE resin to elaborate the final composite, was
added to be close to the application. As it was impossible to realize the study in
styrene (solvent of the UPE resin), because of the presence of BPO which could
enable its polymerization, we decided to work in toluene (which possess a chemical
structure close to that of styrene).
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Fig. 2 Molecular structures of “Giral’s” components
Silica characterizations

To understand the “Giralyse” mechanism, we have worked using a silica having
well-known surface properties [23-28]. In this case, ACEMATT TS 100 silica was
used because of its high specific surface (Sggr = 248 m?/ g). To characterize the raw
silica, IR-DRIFT and *°Si solid state NMR analyses were investigated. The IR
spectrum highlights the different types of silanols groups present at the surface of
silica particles: v (isolated and geminal silanols): 3740 em™ ', v (vicinal silanol):
3650 cm ™', v (siloxane groups): 1860 cm™' and 1350-1000 cm™~'. On NMR
spectrum, geminal silanols can be distinguished from the isolated ones (Fig. 3). In
the NMR Qn terminology, n is the number of bridging oxygens bonded to the central
silicon: Q4 peak corresponds to the siloxane bridges (—110 ppm), Q3 to isolated and
vicinal silanols (—100 ppm) and Q2 to geminal silanols (—90 ppm) [29-31].

TEM was used to observe the morphology of silica particles (Fig. 4). It was
observed that silica particles were aggregated. The mean size of an elemental
particle is approximately 11 nm. According to the specific surface area calculated
by BET analyses and taking the density of silica (d = 2, Table 2), the average
diameter of particles can be calculated and is about 10 nm, close to the size
measured by TEM. The characteristics of the ACEMATT TS100 silica are
summarized in Table 2.

Interactions between silica particles and one component of “Giral”

Vinyltrimethoxysilane: Grafting reaction of VTMO on silica surface was carried out
using toluene as a solvent; water adsorbed on silica allows hydrolysis of the VIMO
methoxy functions [10, 32-36]. An infrared analysis was performed on Si-VTMO-2
sample to confirm the presence of VIMO on silica. The VTMO features bands
(double bond at 2900 and 1550 cm™' and methoxy groups at 2850 cm™') are
noticeable on the spectrum. To determine the nature of links established between the
hydroxyl groups of silica and VIMO, solid state NMR was used. On 13C solid state
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Fig. 3 2°Si NMR spectrum of raw silica

Fig. 4 TEM micrograph of raw

silica
1pm
Table 2 .A.cematt TS100 silica Hydrophily" 445 SIOH/nm>
characteristics
7 umol/m?
Particle size MET: 11 4+ 3 nm
BET: 12.5 & 0.2 nm and 10 pm
(D50 laser scattering)®
Density® 2 g/em?®
Specific surface (BET) 238 + 2 m?/g

? Supplier data

NMR spectrum (Fig. 5a), VTMO double bonds were present as well as residual
methoxy groups, which suggested that they were not all hydrolyzed or condensed
among themselves.
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Fig. 5 Si-VTMO-2 NMR spectra: a '*C solid state NMR and b *Si solid state NMR

Table 3 Amount of VTMO grafted on silica surface versus amount of VTMO introduced

Samples Si-VIMO-1 Si-VIMO-2 Si-VTMO-3 Si-VTMO-4
mg VTMO/g of silica introduced 186 400 800 1,600

mg VTMO/g of silica grafted (TGA) 11 11 11 10

pmoles VTMO/m? of silica (TGA) 0.8 0.8 0.8 0.7

Figure 5b shows that the 2°Si NMR spectrum of the solid sample. The
appearance of a T2 peak corresponding to a Si—~OR bond as well as the slight decline
in Q2 and Q3 peaks showed that two of the three methoxy groups have reacted with
silica surface or have condensed on themselves. All silica hydroxyl sites were not
grafted because of the steric hindrance of VTMO and the difficult accessibility of
some hydroxyl sites. These analyses on silica modified with VTMO confirmed the
presence and the grafting of VITMO on silica surface. VIMO was grafted to the
surface via a reaction of hydrolysis/condensation and only two methoxy groups
condensed.

VTMO grafting density on silica, determined by TGA analysis, as a function of
amount introduced, was plotted. Table 3 shows the amounts of VTMO introduced
and quantities grafted on the surface of silica, determined by TGA. Only a small
amount of VTMO interacts with the surface.

The maximum amount of VITMO that could be grafted to silica surface was
0.8 mol/m? or 0.5 molecules per nm?. If we compare the amount of silanols groups
on silica surface (7 pmol/m?) and the amount of VITMO grafted, the rate of surface
hydroxyl groups recovered corresponded to 15%. This value could be explained by
steric hindrance of VTMO. These results were compared to silica modification with
trivinylmethoxysilane (TVMO), which is a small molecule that has only one
methoxy group which can condense on the surface of silica. The recovery rate of
TVMO on silica was 45% which means that the hydroxyl groups of silica were not
all accessible.
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Table 4 Amount of MAA at silica surface

Samples Si-MAA-1  Si-MAA-2  Si-MAA-3  Si-MAA-4
mg MAA/g of silica introduced 186 400 800 1,600

mg MAA/g of silica adsorbed or grafted (TGA) 9 19 39 78

pmoles MAA/m? of silica (TGA) 0.12 0.25 0.37 1.15

The quantities present on silica surface were far less than what might be expected
during the condensation of a silane on silica particles [37]. A small amount of
VTMO was enough to cover the surface of silica as shown by Si-VTMO-2 sample.
This amount corresponds to 0.2 wt% VTMO (in “Giralyse”, 0.4 wt% VTMO is
introduced).

Methacrylic acid: Silica was modified with MAA in toluene. In a first step, an
infrared analysis was performed on Si-MAA-2 sample to confirm the presence of
MAA on silica surface. MAA features bands (double bond at 2900 and 1550 cm ™"
and carbonyl group at 1700 cm™") are visible on the spectrum. In a second step, the
variation of the grafting density of MAA on silica depending on the amount of
MAA introduced was plotted. Table 4 shows the amounts of MAA introduced at the
beginning of the reaction and those remaining after four washings with toluene,
determined by TGA.

At the end of the reaction, toluene washings have eliminated a large excess of
MAA meaning that MAA was not strongly anchored to the silica surface. Toluene
washings did not eliminate all the MAA. However, further washings with ethanol,
which is a polar solvent, helped to eliminate the majority of MAA at the silica
surface. This characteristic confirms that MAA was only weakly bond to hydroxyl
groups of silica surface (hydrogen bonding or esterification of silica surface creating
a Si—OC=0 bond easily hydrolysable). To determine the nature of bonds established
between the hydroxyl groups of silica and MAA, solid state NMR was used. '*C
solid state NMR analysis has been conducted on Si-MAA-2 sample. However, the
amount of MAA was not sufficient on silica to be visible on the spectrum. The 2°Si
solid state NMR analysis showed that the surface of silica was not changed: the
intensities of the Q sites were identical to those observed for the raw silica spectrum.
Furthermore, no T peaks, which might highlight a possible grafting between MAA
and silica surface, were observed. MAA was adsorbed on the surface of silica via
hydrogen bonds and was easily desorbed by washing with toluene and ethanol.
Because of the sensitivity of NMR, the change of the surface of silica by MAA was
not observed.

PEO-b-PCL copolymer: Silica was reacted with PEO-b-PCL in toluene. In a first
step, an infrared analysis was performed on Si-PEObPCL-1 sample to verify the
presence of PEO-b-PCL on silica surface. The PEO-b-PCL features bands were
visible on the spectrum (phosphoric bond at 1350 cm™" and the carboxylic bond at
1700 cm™"). In a second step, variation of grafting density of PEO-b-PCL on silica
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Table 5 Amount of X-flow at silica surface

Samples Si- Si- Si- Si-
PEObPCL-1 PEObPCL-2 PEObPCL-3  PEObPCL-4
mg PEO-b-PCL/g of silica introduced 200 400 800 1,600
mg PEO-b-PCL/g of silica adsorbed 100 120 160 190
or grafted (TGA)
pmoles PEO-b-PCL/m? of silica (TGA) 0.7 0.9 1 1.6

surface versus the amount of PEO-b-PCL introduced was plotted. Table 5 shows the
amounts of PEO-b-PCL introduced at the beginning of the reaction and the amounts
remaining after four washings with toluene.

When modifying silica surface with PEO-b-PCL, toluene washings eliminate
only a small amount of PEO-b-PCL. The curves corresponding to the grafting
density of the sample on silica modified by the PEO-b-PCL after four washings in
toluene and after a fifth washing with ethanol were plotted. The aim was to observe
the influence of solvent on polar interactions developed between PEO-b-PCL and
silica. After the fifth washing, ethanol desorbed a large part of PEO-b-PCL, which
means that the PEO-b-PCL was not chemically anchored to silica but simply
adsorbed. The curve corresponding to a fifth washing with ethanol has a plateau; the
maximum amount of PEO-b-PCL observed was 0.2 molecules per nm?. The rate of
surface hydroxyl group’s recovery corresponded to 3% after washing with ethanol.
The quantity of PEO-b-PCL introduced in the “Giralyse” (sample Si- PEObPCL-1)
was sufficient to cover the surface of silica after washing with ethanol. PEO-b-PCL
features peaks were observed by '°C solid state NMR. PEO-b-PCL could be grafted
to the hydroxyl groups of silica via its phosphoric acid function but the chemical
bond so formed is weak due to the Si—~O-P bond instability face hydrolysis [11-13,
38]. #Si solid state NMR confirmed that silica surface was not modified by PEO-b-
PCL; no chemical bond were formed since T peaks were not visible. Hence, we can
conclude that PEO-b-PCL was simply adsorbed on silica. This copolymer acts as a
dispersant in the formulation of “Giral” and is adsorbed to silica through its
phosphoric acid function.

Interactions between silica particles and two components of “Giral”

Binary VIMO/MAA: IR-DRIFT analysis was performed on the sample of silica
modified with MAA and VITMO, named Si-G1, corresponding to 0.4 wt% MAA
and 0.4 wt% VTMO. IR analysis of Si-G1 sample confirmed the presence of the two
components on silica. To determine the nature of links established between
hydroxyl groups of silica and MAA and VTMO, solid state NMR analyses were
performed. In the '*C solid state NMR spectrum (sample Si-G1), only VTMO
features peaks were visible. As mentioned previously, the presence of MAA on the
silica surface cannot be identified by '*C solid state NMR. Figure 6, corresponding
to 2%Si solid state NMR spectrum of the sample, allows observing the appearance of
peaks T1, T2, and T3, while only T2 peak was observed on Si-VITMO-2 sample
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spectrum containing VTMO only. T peaks prove the polycondensation and chemical
grafting of VIMO on silica. One, two, or three of the methoxy groups were
hydrolyzed and then polycondensed and/or grafted onto silica surface.

Hydroxyl groups number on silica surface has intensively decreased in view of
the reduction of Q2 and Q3 peaks compared to the spectrum of silica modified by
VTMO sample (Si-VTMO-2) and containing the same amount of VTMO
(0.4 wt%). MAA seemed to catalyze the silane condensation on silica (acid
catalysis) [33, 39]. Indeed, the presence of MAA was not detected on 13C solid state
NMR spectrum, MAA plays an important role in catalyzing VIMO hydrolysis/
condensation on silica surface.

Binary VIMO/PEO-b-PCL copolymer: IR-DRIFT analysis was performed on
sample of silica modified with VTMO and PEO-b-PCL, named Si-G2, correspond-
ing to 0.4 wt% VTMO and 0.2 wt% PEO-b-PCL and confirmed the presence of
these two components. Figure 7a corresponding to the 'C solid state NMR
spectrum of Si-G2 sample, showed the features peaks of PEO-b-PCL copolymer and
the double bond of VITMO. However, feature peaks of the methoxy groups were no
longer visible indicating they had reacted with silica hydroxyl groups and/or had
polycondensed.

This result was confirmed by 2°Si solid state NMR analysis (Fig. 7b) in which
additional T3 peak, corresponding to the total hydrolysis of methoxy groups,
appeared compared to silica modified only by VIMO (Si-VITMO-2). Q3 peak
reduction and loss of Q2 peak indicate that hydroxyl group’s number on silica
surface has decreased. PEO-b-PCL phosphoric acid function thus catalyzed silane
condensation on silica. To conclude, PEO-b-PCL was adsorbed onto silica via its
phosphoric acid groups and catalyzed VITMO methoxy functions hydrolysis which
condensed on silica surface or polycondensed.

Binary MAA/PEO-b-PCL copolymer: IR-DRIFT analysis was performed on the
sample of silica modified with MAA and PEO-b-PCL, named Si-G3, corresponding
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Fig. 7 Si-G2 NMR spectra: a '>C solid state NMR and b 2°Si solid state NMR

to 0.4 wt% MAA and 0.2 wt% PEO-b-PCL and confirmed the presence of these two
components. PEO-b-PCL characteristic peaks were present on '*C solid state NMR
spectrum, however, as before, the characteristic peaks of MAA were not observed.
*%Si solid state NMR analysis of Si-G3 shows that neither MAA nor PEO-b-PCL
were chemically grafted to silica. Peaks corresponding to silanols and siloxane Q
groups of silica were unchanged. These two components were simply adsorbed (via
hydrogen bonds) on silica.

Interactions between silica particles and the “Giral” formulation

After studying the interactions between one or two components of “Giral” and
silica, Si-G4 sample, containing the “Giral” formulation, was analyzed. In this case,
the percentages of each component in the mixture of silica were: 0.4 wt% of MAA,
0.4 wt% VTMO, and 0.2 wt% PEO-b-PCL. The analyses performed on silica
modified by one or two components of “Giral” helped to define the behavior of each
component. MAA and PEO-b-PCL were adsorbed on silica, VIMO was grafted
onto silica and its grafting was catalyzed in the presence of MAA or PEO-b-PCL.
3C solid state NMR spectrum (Fig. 8a) shows PEO-b-PCL and VTMO feature
peaks. As in the case of the Si-G2 sample (containing silica, VTMO, and PEO-b-
PCL), VTMO alkoxy groups were not observed. MAA characteristics peaks, as
previously, were not observed. Spectra of solid state NMR ('*C and *°Si) are
identical to those obtained for Si-G2 sample, containing the VTMO/PEO-b-PCL
binary. MAA did not appear to have any influence on the grafting of VTMO in the
presence of PEO-b-PCL.

VTMO methoxy functions reacted with the surface hydroxyl groups. This
hypothesis was confirmed by 2°Si solid state NMR analysis (Fig. 8b), with
appearance of T2 and T3 additional peaks compared to the spectrum of raw silica
and to the clear hydroxyl groups number decrease on silica as shown by the Q2 peak
disappearance and the sharp Q3 peak decrease. The presence of PEO-b-PCL
improved VIMO condensation on silica while the MAA seemed to have no
influence on VIMO grafting in the presence of PEO-b-PCL.
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Fig. 8 Si-G4 NMR spectra: a '>C solid state NMR and b 2°Si solid state NMR

Description of the mechanism

The study has highlighted the role of each of the three components of “Giral”
(VIMO, MAA, and PEO-b-PCL). The VTMO is grafted on the surface of silica (on
average two methoxy groups are hydrolyzed). PEO-b-PCL copolymer is adsorbed at
the silica surface. The addition of MAA or PEO-b-PCL improved the VIMO
grafting efficiency because of their acidic functions which catalyze silane
condensation. According to these analyses, MAA in the formulation of “Giral”
did not seem to be necessary. °C and 2°Si solid state NMR analyses cannot
highlight the role played by MAA. It should also be noted that we choose to carry
out washings to remove non-grafted or strongly adsorbed “Giral’s” component, in
this case, we were not fully representative of what happens during the “Giralyse”
mechanism.

Preparation and mechanical properties of composites based on silica
and unsaturated polyester resin

The effect of addition of VIMO, MAA, and/or PEO-b-PCL in the formulation of
the composite on the viscosity of the reaction medium and on the mechanical
properties of the final composite has been investigated.

UPE resin/silica mixture viscosity

Incorporating a high loading rate of filler in a resin is an important parameter to
achieve some properties (opacity, fire retardant, etc.) [40] as to get a good flow for
easy implementation. To highlight the role of each “Giral” component, viscosity
measurements on UPE resin/silica mixture were done to determine their influence
on the dispersion of silica in the polymer matrix. Figure 9 shows the different
results.

The presence of VIMO, in a mixture of silica Millisil C6 (60 wt%)/Norsodyne
G703 resin (40 wt%), decreased the viscosity. This effect was amplified when MAA
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Fig. 9 Viscosity at 50 RPM of a mixture Millisil C6 silica (60 wt%)/Norsodyne G703 UPE resin

Py

(40 wt%) with “Giral’s” components

was added. The role of the MAA had not been clearly highlighted in the mechanism
of “Giralyse” (“Description of the mechanism” section) but here, MAA played an
important role. MAA acid functions catalyzed the silane condensation on silica
surface, thus promoting silica dispersion in the polyester resin. According to the
histogram above, PEO-b-PCL was not sufficient to disperse silica alone in the resin.
At this stage, the role of PEO-b-PCL was not highlighted.

Tensile tests

Test samples were made to observe the influence of each “Giral” component on
break stress. Polymerization was conducted using a catalytic system composed of
0.1 wt% DEA and 1.5 wt% BPO. The results are shown in Fig. 10. Each tensile test
was conducted on four test specimens. Because of good reproducibility of results,
the error margins are not presented. Results from tensile test are relative to
composite based on 60 wt% silica/40 wt% UPE resin.

MAA and VTMO alone or used together provided a slight contribution to
mechanical properties. In counterpart, addition of PEO-b-PCL is useless. The largest
increase (38%) came from the test specimen containing “Giral”. This characteristic
highlighted the existence of a synergy between the “Giral” components and showed
the importance of each of them in the “Giralyse” mechanism. Influence of
components addition conditions to the mixture [silica Millisil C6 (60 wt%)/UPE
183 resin Iso Lonza ARV?2 (40 wt%)] was investigated as shown in Table 6.

Separate addition of “Giral” components to the mixture decreased the impact of
this formulation. MAA recovered silica surface and prevented VIMO from
condensing. However, the effect was optimized if the components were added
together. This behavior revealed the existence of a competition between the
components to bind to silica surface.

To highlight the influence of VITMO double bond on mechanical properties of the
composite formed, VTMO was replaced by an amino silane (APTS, aminopropyl-
triethoxysilane), which could not chemically anchored to the resin during polymerization.
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Fig. 10 Break stress variations compared to the reference of composite based on Millisil C6 silica
(60 wt%)/UPE Iso Lonza 183 ARV2 resin (40 wt%)—wt% are given compared to the silica/UPE resin
mixture

Table 6 Break stress on test specimens based on Millisil C6 silica (60 wt%)/UPE Iso Lonza 183 ARV2
resin (40 wt%) depending on “Giral” addition conditions

“Giral” addition condition Break stress variation (%)
Each component added separately 30

(MAA then VTMO then PEO-b-PCL)
Giral’s components added together 38

1% MAA—0.3% VITMO—0.3% PEO-b-PCL

Table 7 Influence of the nature

of silane on break stress “Giral” with 0.3 wt% of Break stress variation (%)
VTMO 38
APTS -5

Table 7 shows the variations in the stress at break as the silane was carrying a double bond
or not.

The presence of the double bond on the silane was required to improve break
stress of test specimens. VIMO double bond permits to create a covalent bond
between the organic matrix and silica, enhancing the mechanical properties of the
final composite.

Fracture surface observation

SEM was used to observe the features of tensile fracture surfaces and interfacial
silica-matrix. This approach enables us to evaluate the performances of composites.
Three different types of failure mechanisms could be identified: the matrix failure,
the filler fracture, and the filler-matrix interfacial failure [41]. A weak interface or
incompatibility between filler and matrix may lead to filler pull out instead of
fracture and may reduce the resulting mechanical properties. In this study,
combinations of these failures were observed depending on the composition of the
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Fig. 11 SEM micrographs of fracture surface of composites based on Millisil C6 silica (60 wt%)/UPE
Norsodyne G703 resin (40 wt%), a without “Giral” and b with “Giral”

composite. Figure 11a shows a representative SEM micrograph corresponding to
the crude composite (60 wt% silica/40 wt%UPE) and highlights the gap between
silica and matrix and the lack of bonding between them without “Giral.”

The interfacial gaps around silica particles decreased when adding VIMO and
“Giral’s” formulation. Adding “Giral” in the composite improved the cohesion
between the filler and the matrix (Fig. 11b). Tensile test results supported the
hypothesis that weaker interface leads to a more pronounced pull-out phenomenon,
as reduction in break stress was observed.

Analyzes have revealed the influence of MAA on reducing the viscosity of silica
(60 wt%)/resin (40 wt%) mixture and the fracture surface of test specimens. It was
clear that the sum of the three components of “Giral” provided the best mechanical
performances and the best viscosity falls. These behaviors highlighted the existence
of a synergy between the three components.

Conclusion

During this work, silica was dispersed in an unsaturated polyester resin to produce a
composite material with a high load and to achieve some characteristics such as
high mechanical properties. In order to give to our final composite material such
properties, “Giral” formulation, composed of a silane (VIMO), MAA, a block
copolymer (PEO-b-PCL), was incorporated. “Giral” allowed dispersing high rate of
silica in UPE and improving the mechanical properties of the final composite.
Although this formulation was effective, its mechanism had to be identified. In a
first step, the interaction of each component of “Giral” formulation with the silica
surface was highlighted. The study was focused on silica, which had the advantage
of being well known and had a high specific surface. TGA, DRIFT, 13C, and *°Si
solid state NMR analyses had been made to determine the influence of “Giral’s”
components. Through these analyses, we determined the role of VITMO that grafted

@ Springer



Polym. Bull. (2011) 66:77-94 93

and condensed on silica surface. VTMO anchoring to silica was catalyzed in the
presence of MAA or PEO-b-PCL, because of their acidic groups. However, in view
of °C and *Si solid state NMR analyses, MAA did not seem to be necessary.
Instead, at the level of mechanical properties of the composite formed, MAA was an
essential component, and its presence conferred higher mechanical properties. In
this study, interactions of the “Giral” with the surface of silica have been described
and the synergy between them has been highlighted but not explained.

References

[T N S I S}

~N O

10.
11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Gay D, Suong VH, Stephen WT (2003) Composite materials: design and applications. CRC Press,

Boca Rotan

. Chawla KK (1998) Composite materials: science and engineering. Springer, Berlin

. Pukansky B (2001) Encyclopedia of materials: science and technology. Elsevier, Amsterdam

. Partridge IK (1989) Advanced composites. Elsevier Applied Science, London

. Naslain R (1979) Introduction aux Matériaux Composites—II. Matrices Céramiques et Matrices

Métalliques. Editions du C.N.R.S, France

. Reyne M (1995) Les Composites. Presses Universitaires de France, Paris
. Ruckenstein E, Li ZF (2005) Surface modification and functionalization through the self-assembled

monolayer and graft polymerization. Adv Colloid Interface Sci 113:43-63

. Plueddemann EP (1982) Silane coupling agents. Plenum Press, New York
. Ishida H (1984) A review of recent progress in the studies of molecular and microstructure of

coupling agents and their functions in composites, coatings and adhesive joints. Polym Compos
5:101-123

Plueddemann EP (1974) Interfaces in polymer matrix composites. Academic Press, New York
Neouze MA, Schubert U (2008) Surface modification and functionalization of metal and metal oxide
nanoparticles by organic ligands. Monatsh Chem 139:183-195

Guerrero G, Mutin PH, Vioux A (2001) Anchoring of phosphonate and phosphinate coupling mol-
ecules on titania particles. Chem Mater 13:4367-4373

Mutin PH, Guerrero G, Vioux A (2005) Hybrid materials from organophosphorus coupling mole-
cules. ] Mater Chem 15:3761-3768

Tadros ThF (2005) Applied surfactants, principles and application. Wiley-VCH, Weinheim

Zhu LP, Yi Z, Liu F, Wei XZ, Zhu BK, Xu YY (2008) Amphiphilic graft copolymers based on
ultrahigh molecular weight poly(styrene-alt-maleic anhydride) with poly(ethylene glycol) side chains
for surface modification of polyethersulfone membranes. Eur Polym J 44:1907-1914

Tomczak N, Janczewski D, Han M, Vancso JG (2009) Designer polymer—quantum dot architec-
tures. Progr Polym Sci 34:393-430

Farge H (1987) procédé d’obtention, par greffage chimique, d’une composition et composition
obtenue. Patent EP 0.233.119, France

Farge H, Lapairy JC (2006) Composition stable pour le greffage chimique de charge inorganique ou
organique sur un polymere et procédé de greffage mettant en oeuvre ladite composition. Patent
2.917.742 France

Amerio E, Fabbri P, Malucelli G, Messori M, Sangermano M, Taurino R (2008) Scratch resistance of
nano-silica reinforced acrylic coatings. Prog Org Coat 62:129-133

Chen JF, Ding HM, Wang JX, Shao L (2004) Preparation and characterization of porous hollow silica
nanoparticles for drug delivery application. Biomaterials 25:723-727

Knopp D, Tang D, Niessner R (2009) Bioanalytical applications of biomolecule-functionalized
nanometer-sized doped silica particles. Anal Chim Acta 647:14-30

Raynaud C (2001) Silica films on silicon carbide: a review of electrical properties and device
applications. J Non-Cryst Solids 280:1-31

Bergna HE (2006) Colloidal silica fundamental and application vol 131. Chapter 3: colloid chemistry
of silica: an overview. CRC Taylor & Francis, Boca Raton

Unger KK (1979) Porous silica. Elsevier, Amsterdam

@ Springer



94

Polym. Bull. (2011) 66:77-94

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Vansant EF, Van der Voort P, Vranken KC (1995) Characterization and chemical modification of the
silica surface. Elsevier, Amsterdam

Zhuravlev LT (2000) The surface chemistry of amorphous silica. Zhuravlev Model Colloid Surf
173:1-38

Morrow BA, Farlen MA (1990) Chemical reactions at silica surfaces. J Non-Cryst Solids 120:61-71
Tler RK (1979) The chemistry of silica. Wiley, New York

Blitz JP, Murthy RSS, Leyden DEJ (1987) Ammonia-catalyzed silylation reactions of Cab-O-Sil with
methoxymethylsilanes. Am Chem Soc 109:7141-7145

Ramos MA, Gil MH, Schacht E, Matthys G, Monderlaers W, Figueiredo MM (1998) Physical and
chemical characterization of some silicas and silica derivates. Powder Technol 99:79-85
Zettlemoyer AC, Hsing HH (1977) Water on organosilane-treated silica surfaces. J Colloid Interface
Sci 58:263-274

Brinker CJ, Scherrer GW (1990) Sol-gel science: the physics and chemistry of sol-gel processing.
Academic Press, New York

Osterholtz FD, Pohl ER (1992) Kinetics of the hydrolysis and condensation of organofunctional
alkoxysilanes: a review. J Adhes Sci Technol 6:127-149

Brinker CJ, Keefer KD, Schaefer DW, Assink RA, Kay BD, Ashley CS (1984) Sol-gel transition in
simple silicates. II. J Non-Cryst Solids 63:45-59

Sutra P, Fajula F, Brunel D, Lentz P, Daelen G, Nagy JB (1999) 298i and '*C MAS-NMR charac-
terization of surface modification of micelle-templated silicas during the grafting of organic moieties
and end-capping. Colloids Surf A 158:21-27

Johansson U, Holmgren A, Forsling W, Frost RL (1999) Adsorption of silane coupling agents onto
kaolinite surfaces. Clay Miner 34:239-246

Lindlar B, Liichinger M, Rothlisberger A, Haouas M, Pirngruber G, Kogelbauer A, Prins R (2002)
Chemical modification of high-quality large-pore M14S materials. J] Mater Chem 12:528-533
Mutin PH, Guerrero G, Vioux A (2003) Organic—inorganic hybrid materials based on organophos-
phorus coupling molecules: from metal phosphonates to surface modification of oxides. C R Chim
6:1153-1164

Pope JA, Mackenzie JD (1986) Sol-gel processing of silica. 2. The role of catalyst. J Non-Cryst
Solids 87:185-198

Lewin M (1999) Fire retardancy of polymeric materials: strategies: the use of intumescence. The
Royal Society of Chemistry, London

Haq M, Burgueno R, Mohanty AK, Misra M (2008) Hybrid bio-based composites from blends of
unsaturated polyester and soy bean oil reinforced with nanoclay and natural fibers. Comp Sci Technol
68:3344-3351

@ Springer



	Effect of a formulation named ‘‘Giral’’ on mechanical properties of a composite based on silica and unsaturated polyester resin
	Abstract
	Introduction
	Experimental
	Materials
	Interaction of the different components of the ‘‘Giral’’ with the silica surface
	Test specimens preparation
	Characterizations

	Results and discussion
	‘‘Giral’’ formulation
	‘‘Giralyse’’ mechanism
	Silica characterizations
	Interactions between silica particles and one component of ‘‘Giral’’
	Interactions between silica particles and two components of ‘‘Giral’’
	Interactions between silica particles and the ‘‘Giral’’ formulation

	Description of the mechanism
	Preparation and mechanical properties of composites based on silica and unsaturated polyester resin
	UPE resin/silica mixture viscosity
	Fracture surface observation


	Conclusion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


