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ABSTRACT: Poly(vinyl alcohol) (PVA) composite ﬁlms ﬁlled with nanometric, monodisperse, and spherical silica particles were prepared by the mixing of an aqueous PVA solution and SiO2 colloidal suspension and the evaporation of the solvent. Adjusting the solution pH to 5 and 9 controlled the PVA–SiO2 interaction. Adsorption isotherms showed a higher PVA/surface afﬁnity at a lower pH. This interaction inﬂuenced the composite structure and the particle distribution within the polymer matrix, which was investigated by small-angle neutron scattering, electron microscopy, and swelling measurements. Most of the mechanical properties could be related to the composite structure, that is, the distribution of clusters within the polymer matrix. The progressive creation of a cluster network within the polymeric matrix as the silica volume fraction increased reduced the extensibility or swelling capacity of the composite. The effect was more acute at a higher pH, at which the surface interaction with PVA was weaker and promoted the interconnection between clusters. © 2003 Wiley Periodicals, Inc. J Polym Sci Part B: Polym Phys 41: 3127–3138, 2003



Keywords: poly(vinyl alcohol); neutron scattering; silicas; structure; mechanical properties; modulus; nanocomposites



INTRODUCTION A very strong demand exists presently for the development of new high-performance materials such as hybrid organic–inorganic composites. The use of reinforcing ﬁllers such as carbon blacks or precipitated silica in classical elastomer composites is well-documented and has been widespread for many decades now.1– 4 The macroscopic elastic properties of these materials have been well described. However, the surface properties and surface accessibility of these ﬁllers are not easy to deﬁne, and this situation complicates the under-
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standing and identiﬁcation of the main parameters involved in the improvement of mechanical properties.5 The development of new composites with improved performances is then limited by the poor understanding of the inﬂuence of the surface chemistry on the microscopic structure of the material and on the macroscopic properties (e.g., hardness, abrasion resistance, stiffness, and water permeability). In recent years, the impressive enhancement of material properties achieved with the inclusion of submicrometer (or nanometer) ﬁllers in plastics and elastomers has stimulated active research in this ﬁeld.6 –11 As emphasized by numerous workers, the surface interaction with the organic matrix is critical for these ﬁllers because their high surface area can lead to a very large number of attachment points with the matrix. Accordingly, perfect control of the sur3127
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face–matrix interaction should allow the optimization and orientation of the material properties for a given organic–inorganic system. It is well known that the reinforcing capacity of a ﬁller in composites depends on the volume fraction of the ﬁller in the polymer matrix. As an example, according to the Guth–Gold equation,12 the elastic modulus (E) is a direct function of the volume fraction (): EⲐE 0 ⫽ 1 ⫹ 2.5  ⫹ 14.1  2



(1)



It is then expected that high volume fractions of well-dispersed particles will lead to composites with enhanced mechanical properties in comparison with those of the unﬁlled material. When perfectly dispersed, the ﬁller particles maximize the possible attachment points with the polymer, that is, the apparent crosslink density of the matrix, and then maximize the hardness and modulus.7–9,13 However, it has been shown that mesoporous aggregates can also lead to the reinforcement of a composite through the interpenetration of the aggregates and polymer matrix.5,14,15 In addition to structural effects, the polymer– surface interaction is known to be of prime importance.16 –18 The high number of different coupling agents now available on the market that are used to increase the wettability of ﬁllers toward organic polymers reﬂects how important the accurate control of this interaction is. It has been shown that a weak interaction makes the solvent remove the polymer almost completely from the ﬁller particles when the composite is under stress, whereas the surface remains covered when the interaction is strong.17 It is also well known that an increased number of grafted chains of a coupling agent on the silica surface leads to greater elongation at break (or strain at break; ⑀b).18 It is clear that important practical parameters, such as E or the stress at break (b), largely depend on the arrangement of the ﬁller particles within the polymer matrix. In turn, the composite structure depends on the particle–particle and polymer–particle interactions: a good polymer– surface interaction (e.g., promoted by grafting) leads to good adhesion and surface wetting. The ﬁller then remains dispersed. Conversely, a poor polymer–surface interaction leads to aggregation. Other effects, such as the morphology of the ﬁller particles6 or matrix crystallinity,19 have been shown to be of crucial importance. Mica ﬂakes in poly(dimethyl siloxane), for instance, lead to a



composite material with a very high modulus and strength, as long as they remain dispersed.6 In this work, poly(vinyl alcohol) (PVA) composites ﬁlled with nanometric, monodisperse, and spherical silica particles were prepared by the mixing of an aqueous PVA solution and SiO2 colloidal suspension and the evaporation of the solvent. The PVA–SiO2 interaction was controlled by the adjustment of the solution pH and characterized through adsorption isotherms and swelling experiments. The material structure was characterized with transmission electron microscopy (TEM) and scanning electron microscopy (SEM) as well as small-angle neutron scattering (SANS). The tensile properties were measured and correlated with both the composite structure and the chemical PVA–surface interaction. The main goal of this work is to obtain new insights into the relationship between the chemical interaction of the polymer with the ﬁller and its effects on the structure and mechanical properties of these promising composites. The use of silica model particles in this study is justiﬁed by the fact that silica is widely used as a ﬁller in many types of composites.14,15,20,21 Moreover, monodisperse and spherical particles make possible the use of mathematical models to describe subtle effects that can be important but are impossible to see with more realistic ﬁllers, that is, polydisperse, nonspherical, and aggregated particles.



EXPERIMENTAL General All experiments were conducted in distilled and deionized water. The chemical reagents were all analytical-grade and were used without further puriﬁcation. The pH of the solutions and suspensions was adjusted to 5, 6, or 9 with NaOH. Synthesis and Characterization of Silica Silica particles were grown from aqueous silicate solutions neutralized by nitric acid, as described by Iler.22 Sodium silicate was produced by the dissolution of a pyrogenic silica into a concentrated NaOH solution to reach a molar ratio of x ⫽ SiO2/Na2O ⫽ 3.40. The resulting silicate solution was thereafter diluted to a silica concentration of 0.57 M. The precipitation of silica was initiated by the dilution of an initial batch of a
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Figure 1. TEM micrograph of the starting silica particles. The mean particle diameter is 27 nm.



silicate solution with water to a concentration of 0.004 M; this dilution lowered the pH to 9 and initiated the formation of silica nuclei. The synthesis was continued by the simultaneous addition of the 0.57 M silicate solution and a diluted nitric acid solution (0.27 M) at 90 °C, with the pH still kept at 9. This procedure allowed control over the supersaturation and the resulting growth rate of the particles. Finally, the reaction mixture was allowed to ripen during slow cooling and storage for a few days at room temperature. The ripening stage allowed the polydispersity index of the particles to be reduced. According to a TEM micrograph (Fig. 1), the particle hard sphere diameter was 27 nm. This value agreed with the radius computed from the Brunauer-EmmettTeller (BET) speciﬁc surface area (100 m2/g). The hydrodynamic size and size distribution were determined at a volume fraction of 0.5% with dynamic light scattering (Malvern Zetasizer 4). The hydrodynamic diameter was 30 nm, and the polydispersity index was 1.07. The hydrodynamic size was also measured by viscosimetry through the Einstein relation:



 Ⲑ  0 ⫽ 1 ⫹ 2.5 



(2)



where  is the volume fraction of the silica particles, 0 is the viscosity of the solvent, and  is the viscosity of the suspension. The latter two methods led to exactly the same value of the hydrodynamic size (30 nm) when the Debye length was taken into account in the Einstein relation. Polymer Characterization PVA was purchased from Fluka (catalog number 9002-89-5). According to the supplier, this poly-
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mer had a molecular weight of 100 kg/mol and a degree of purity of 99%. In this study, the polymer was used without further puriﬁcation. Viscosity measurements showed a molecular weight of 107 kg/mol and a gyration radius of 15 nm at pH 5 and pH 9. The overlap concentration for this polymer was 8 g/L in water. The Flory parameter () under semidilute conditions was measured by osmometry. The experimental value was 0.499, which agreed well with  ⫽ 0.494, as reported elsewhere.23 Under dilute conditions,  was 0.47.23 The mass of the elastic chains was estimated from swelling experiments in water. This yielded for an unﬁlled sample a molecular weight of 7.4 ⫾ 0.4 kg/mol. Adsorption Isotherms SiO2 suspensions at initial pHs of 5, 6, or 9 were mixed with increasing concentrations of PVA solutions at the same pHs. Five days were allowed for equilibrium, at the end of which the suspensions were centrifuged and the total organic carbon (TOC) of the supernatant was measured with a carbon analyzer (Dohrmann). Only experimental data with (initial TOC ⫺ equilibrium TOC)/ initial TOC ⬎ 0.2 were taken as signiﬁcant. A calibration curve was established with known concentrations of PVA. The standard deviation for three consecutive measurements was lower than 5%. The hydrodynamic thickness (␦) of saturated layers of PVA on silica spheres was measured at pH 5 by viscosimetry. In eq 2,  was replaced by the hydrodynamic volume fraction of the polymer-covered particles (p):



 p ⫽  共1 ⫹ ␦ ⲐR兲 3 where R is the hydrodynamic particle radius. The thickness of the adsorbed layer was found to be 10 nm at saturation and pH 5. This value was fairly comparable to what was reported elsewhere for a very similar system.24 By comparison to the radius of gyration, it seems that the polymer coil deformed quite a lot upon adsorption. Film Formation Films about 80 –100 m thick were prepared by the mixing of SiO2 suspensions ( ⫽ 0.02, pH 5 or 9) with the corresponding PVA solution (5 wt %, pH 5 or 9) in appropriate proportions to ﬁnish with solid mean volume fractions [SiO2/
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(SiO2⫹PVA)] ranging from 0.03 to 0.3 once the solvent was evaporated. The evaporation was achieved at room temperature and under a free atmosphere and was completed within 8 –10 h. Before evaporation, the PVA surface coverage of SiO2 was well above saturation, and the Debye length was about 5 nm (ionic strength ⫽ 0.003 M).



RESULTS



Electron Microscopy The TEM sample preparation consisted of immobilizing the ﬁlms in a resin and slicing the ﬁlms with an ultramicrotome. The cross section was ﬁxed onto a coated carbon grid. The TEM examination was performed with a Philips instrument operating at 120 kV. Stretched and nonstretched ﬁlms were observed in a JEOL 5500 scanning electron microscope under an acceleration voltage of 8 –10 kV. The stretched parts of the ﬁlms were ﬁxed on the sample holder. Before observation, the ﬁlms were sputter-coated with 5 nm of Au/Pt.



Neutron Scattering The neutron scattering experiments were performed at the ILL institute (Grenoble, France) on the D11 instrument. The neutron wavelength was 6 Å (⫾ 10%). The detector distance was 5 m, providing an experimental range of 0.002 Å⫺1 ⬍ Q ⬍ 0.075 Å⫺1, where Q is the scattering wave vector. The raw data were normalized and corrected for the background with an unﬁlled PVA ﬁlm.



Tensile Measurements Stress–strain measurements of dumbbell-shaped samples in uniaxial extension were carried out on an Instron testing machine at extensions lower than 6%. The nondeformed thickness of each sample was measured with a micrometer. At least ﬁve measurements per sample were performed with a crosshead speed of 5 cm/min in a climate room (23 °C and 50% humidity). The slipping of samples from the clamps was avoided with the use of an adhesive on the clamps. From values of the nominal stress () and elongation (), E was calculated as follows:25



⫽



where  is equal to L/L0, L0 and L being the initial and ﬁnal lengths of the sample, respectively. E was calculated with eq 3 by the linear regression of at least 10 data points. b and ⑀b (or  ⫺ 1) were measured, and the average and standard deviations were calculated.



冉



冊



E 1 ⫺ 2 3 



(3)



Adsorption Isotherms Earlier works on the adsorption of neutral polymers on silica have shown that neutral polymers adsorb on silica through hydrogen bonds with silanol surface sites.26,27 As the surface density of these sites is decreasing as the pH rises from pH 2 to higher values,22 high, intermediate, and low surface coverage is expected with PVA at pH 5, 6, and 9, respectively. As reported in Figure 2, this actually is the case; the surface density at pH 9 and at saturation is 0.15 chain per silica particle (0.008 mg/m2). This very low value indicates that on average most of the particles and chains behave as distinct bodies with very few interactions between both. At the lower pHs investigated, the situation is much more usual; there is more than one chain per particle at surface saturation, and so each particle remains an individual entity covered with a 10-nm-thick polymer layer. In this latter case, loops and tails are pushed away from the surface, and the volume of adsorbed molecules becomes comparable to their free solution volume.28 It is assumed that no bridging occurs under these experimental conditions because the surface is saturated and the polymer molecular weight is low. When the ﬁlms were prepared, the equilibrium concentration of PVA before evaporation was at least 2 decades above the condition for surface saturation. Moreover, the PVA concentration under the starting conditions was at least four times that of the overlap concentration; that is, PVA was in the semidilute regime during the whole process of solvent evaporation. Observation of the Film Structure TEM was used to investigate the effects of the pH and volume fraction of SiO2 (on a dry basis) on the structure of the composite. For practical reasons, only the micrographs of the ﬁlms at the lower and higher volumes (0.03 and 0.30) are reported for
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Figure 2. Adsorption isotherms of PVA (107 kg/mol) on silica particles.



both pHs in Figures 3(A,B) and 4(A,B), respectively. An interesting feature appears quite clearly in these ﬁgures: the primary particles have collapsed into ordered clusters (colloidal crystals). At low volume fractions, the clusters have a similar ﬁnite size and a spheroid shape, no matter what the pH is. At higher volume fractions, the cluster’s shape depends on the pH; at pH 5, the clusters have a diffuse geometry and almost look like open aggregates weakly connected with one another. At pH 9, the clusters are dense and well ordered and form a network highly interconnected, as shown in the insert of Figure 4(B). However, great care must be taken in the interpretation of two-dimensional images resulting from the projection of a three-dimensional object. This is especially true when high silica contents are involved and when the objects observed are smaller than the thickness of the ultramicrotome slice. Accordingly, the TEM observations must be supported by another experimental technique, such as SANS. This technique gives access to the mean structure properties of the material in the three dimensions and is a good complement to electron microscopy. One example of SANS measurements of the sample shown in Figure 4(A) is reported in Figure 5. The scattering pattern shows two correlation peaks, indicative of a longrange order of fairly monodisperse particles. According to Porod’s law, smooth surfaces for spherical particles should lead to a ⫺4 slope on a log– log scale. Although not obvious in Figure 5



Figure 3. TEM micrographs of silica clusters embedded into a PVA matrix: (A) pH 5 and  ⫽ 0.03 and (B) pH 5 and  ⫽ 0.30.
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radial distribution function] in which the only variables are the volume fraction and the hard sphere particle radius (R). The later has been estimated from Figure 1 to be R ⫽ 13.5 nm. However, the form factor for hard spheres is given by P共Q兲 ⬃



冋



3j i共QR兲 QR



册



2



where ji(QR) is the ﬁrst-order Bessel function: j1(QR) ⫽ [sin(QR) ⫺ QR cos(QR)]/(QR)2. The total scattered intensity is I(Q) ⬃ P(Q)S(Q). The micrograph in Figure 4(A) shows approximately spherical clusters. Accordingly, the scattering curves must be modeled by the consideration of two length scales: the ﬁrst one for the spherical primary particles within the clusters and the second one for the spherical clusters within the polymer material. The global form factor is then given by 共QR 兲 冘冋 3j QR 册 2
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Figure 4. TEM micrographs of silica clusters embedded into a PVA matrix: (A) pH 9 and  ⫽ 0.03 and (B) pH 9 and  ⫽ 0.30. The insert shows the same material on a larger scale.



because of the log scale, the experimental slope at high Q values is ⫺4, as expected from the particles shown in Figure 1. A ⫺4 slope is also observed at low Q values, indicating that large and dense clusters are present within the polymer matrix. The experimental curves were modeled within the Percus–Yevick (PY) model, in which noninteracting and monodisperse hard sphere particles are assumed to have a liquidlike distribution. In that case, the structure factor



S共Q兲 ⫽ 1 ⫹ 4  n



冕



⬁



sin共Qr兲 关g共r兲 ⫺ 1兴r dr Qr 2



0



yields an analytical solution [here, n is the number of particles per volume unit and g(r) is the



Figure 5. (‚) SANS data for a ﬁlm at pH 9 with  ⫽ 0.03 ﬁt to (—) the PY model with Rp ⫽ 13.5 nm and Rc ⫽ 60 ⫾ 10 nm (see the text for details).  (in the clusters) is taken as an adjustable parameter. The agreement between the correlation peaks (PY model vs experimental data) is possible only when l (in the clusters) is set to 0.40.
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Figure 6. Swelling of the composite ﬁlms at (■) pH 5 and (〫) pH 9 against . The y axis represents the weight fraction of the swollen ﬁlms in comparison with that of the dry ﬁlms. The lines are only guides. The standard deviation is below 10%.



where Ri is the radius of the ith kind of object (particles or clusters). As a reﬁnement, the polydispersity of clusters [see Fig. 4(A)] can also be taken into account within the form factor, as described elsewhere.29 Finally, the structure factor S(Q) can also be calculated for objects at both sizes. Then, the complete modeling of the experimental scattering curves can be achieved, as long as one knows the hard sphere radii of the clusters (Rc) and primary particles (Rp ⫽ 13.5 nm) and the volume fraction of the clusters in the polymer matrix (i.e., the macroscopic volume fraction), with the volume fraction of the primary particles in the clusters (i.e., the local volume fraction) taken as an adjustable parameter. To avoid any confusion, we refer to the volume fraction of the whole system as the macroscopic volume fraction (), regardless of any local anisotropy, whereas the volume fraction of the clusters is called the local volume fraction (l). One example of modeling is presented in Figure 5. For the sample shown in Figure 4(A), Rc is 60 ⫾ 10 nm,  is 0.03, and Rp is 13.5 nm. In this case, the modeled curve best ﬁts the experimental correlation peaks when l is 0.40. This is 1 decade over . Accordingly, the colloidal crystals shown in Figure 4(A) are not preparation or observation artifacts and can be considered reliable representations of the composite structure. Similar modeling of SANS curves for samples at other pHs and volume fractions (not reported here) shows that the same conclusion also applies to Figures 3 and 4(B). Swelling Behavior Once dry, the ﬁlms were reswollen in water until equilibrium. The y axis in Figure 6 represents the



weight fraction of the swollen ﬁlms compared with that of the dry ﬁlm. As can be seen in Figure 6, the water uptake by the unﬁlled PVA ﬁlm represents six times its mass. Because the silica particles do not swell at all, the water uptake decreases as the volume fraction of the ﬁller increases. Interestingly, this restricted swelling effect is much more important at pH 9. It has been suggested elsewhere14 that the rigidity of a silica network can restrict the extensibility of similar composites. Mechanical Properties Usually, well-dispersed particles or aggregates act as physical crosslinks and increase the tensile properties. The strong linkage of polymer chains onto the surface makes the chains adjacent to ﬁller particles able to support higher stresses. Because the number of attachment points is proportional to the exposed surface, an increase in the tensile properties is expected as the ﬁller volume fraction increases. Such a behavior has been reported elsewhere.5,9,15,30 Other studies on silica ﬁllers have instead shown a monotonous reduction of ⑀b and b.7 In the latter case, a bad wetting of the surface by the polymer is suspected of creating voids in the vicinity of the particles that act as weak points. In this study, the embedding of silica clusters has an adverse effect on the strain properties of PVA. As shown in Figure 7, this effect is pHindependent and thus does not seem to be very sensitive to the PVA afﬁnity toward the surface. With respect to b, the difference between both pHs is evident in Figure 8, but only at the higher  value. For most of the  range, the ﬁller has a
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Figure 7. ⑀b of the ﬁlled composites at (■) pH 5 and (〫) pH 9 with respect to the unﬁlled polymer. The line is only a guide. The standard deviation is below 20%.



nonnegligible reinforcing effect (up to a 40% increase), and this reinforcing effect is usually explained by the better dissipation of the energy via viscoelastic processes.7 SEM micrographs clearly show that the clusters split apart under stress. It is suggested that most of the initial energy dissipation occurs upon the microcracking of the clusters. The clusters are the weak points of the energy barrier that prevents the formation and propagation of cracks in the polymer matrix, at least at the beginning of the stretching process. It is expected that at a given  value, the more



homogeneous the ﬁller distribution is within the polymeric matrix, the more efﬁcient the dissipation process will be. Under these experimental conditions, the tensile strength increases with  until a ﬁller volume fraction of about 0.10 is reached. At this point, b levels off, except for the higher  at pH 9, where it falls off abruptly. These observations have to be connected with the TEM micrographs presented in Figures 3 and 4. The relationships between the surface properties, the structural properties, and the mechanical properties are debated next.



Figure 8. b of the ﬁlled composites at (■) pH 5 and (〫) pH 9 with respect to the unﬁlled polymer. The lines are only guide. The standard deviation is below 15%.
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Figure 9. E of the ﬁlled composites at (■) pH 5 and (〫) pH 9 with respect to the unﬁlled polymer. E is computed from eq 3. The solid line is computed with the Guth–Gold model (see eq 1 in text). The standard deviation is below 10%.



As reported in Figure 9, the modulus calculated with eq 3 from stress measurements is not pH-dependent and follows quite nicely the Guth– Gold relation (eq 1) at low-to-intermediate  values However, above  ⫽ 0.10, E falls off at values lower than the one measured with the unﬁlled polymer. E of composites in eq 3 is usually described31 as being proportional to the sum of the intrinsic polymer crosslinking (r) and additional crosslinking due to attachment points with the ﬁller (f). According to this description, the ﬁller will reduce r above  ⫽ 0.10, no matter what the surface properties of the silica are. The structure of the stretched ﬁlms was investigated with SEM. As reported in Figure 10(B,C), most of the silica clusters split apart under stress, no matter what the pH of the preparation of the composite is. Of course, the extent of cluster splitting depends on the area chosen for observation; areas close to the rupture end are much more stretched than areas close to clamps. Because no special care was taken to choose samples with the same stretching level, the comparison between Figure 10(B,C) can only be qualitative. These ﬁgures stress the fact that no matter what the pH of the preparation is, the energy dissipates by breaking apart the clusters instead of breaking the polymer matrix. The cracks probably propagate from these fractures. The axis of stress propagation and energy dissipation is clear.



DISCUSSION Influence of the PVA–Surface and Particle–Particle Interactions on the Composite Structure At pH 5, almost all surface sites are nonionized silanols, whereas at pH 9, more than half are ionized.32 Because nonionic polymers such as PVA are known to adsorb through hydrogen bonding with silanols, the number of attachment points is expected to be higher at lower pHs, in agreement with the results and theoretical calculations reported elsewhere.33,34 Of course, the different number of attachment points can have a potential inﬂuence on crosslinking in the ﬁnal composite, but as mentioned earlier, it seems not to be the case here because the crosslinking apparently does not depend on the pH (see Fig. 9). The driving energy for clustering (or aggregation) is expected to be the sum of the attractive depletion and van der Waals energies. The longrange electrostatic energy and short-range steric energy oppose the two former. Before evaporation, the primary particles are dispersed. Accordingly, the repulsive energies are larger than the attractive ones. At the end of the evaporation process, clusters are observed. Clearly, at some point upon drying, the attraction overcomes the repulsion, and the particles collapse; this leads to microphase separation. In the following, we show how decreasing electrostatic energy and increasing attractive energy upon drying can lead to the
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formation of clusters and how the differences observed between the clusters formed at pHs 5 and 9 can be explained by the PVA–SiO2 interaction. As reported in Figure 11, the ionic strength (I) of the PVA–SiO2 suspension increases upon evaporation. The electrostatic energy between particles in a 1:1 electrolyte can be expressed as follows:35



 共r兲ⲐkT ⫽



共Z eff兲2 LB exp关 ⫺ 共r ⫺ 2a兲兴 r 共1 ⫹ a兲2



(4)



where Zeff is the effective charge deﬁned by the charge renormalization theory (roughly equal to minus the charge in the double layer),35 r is the center-to-center distance between two spherical particles, a is the particle radius, LB is the Bjerrum length (0.7 nm in water at 25 °C), and ⫺1 is the Debye length [⫺1 (nm) ⫽ 0.3045/I0,5 in water at 25 °C]. According to eq 4, the electrostatic energy is expected to decrease as I increases. Because I increases in the same way, no matter what the pH is, as evaporation progresses (see Fig. 11), the electrostatic energy at a given drying stage (given r) is the same no matter what the pH is. As reported elsewhere for silica36 and according to theoretical models on ionic condensation,35 the effective charge of silica is not pH-dependent above pH 4.5. Under these experimental conditions, the initial free-polymer concentration is the same no matter what the pH is. Accordingly, the depletion energy is expected to increase to the same extent as evaporation progresses. The same behavior is expected with the van der Waals energy. At some point during evaporation, the increasing attraction overcomes the decreasing electrostatic repulsion. SANS measurements (not reported here) have shown that this critical point is reached when about 40% of the solvent has been evaporated. In addition to its inﬂuence on the electrostatics, the increasing ionic strength also has an inﬂuence on the surface chemistry of silica and the steric repulsion. Under these experimental conditions, the surface chemistry of silica is governed by the following surface equilibrium: Figure 10. SEM micrographs of the composite ﬁlms: (A) a nonstretched ﬁlm, (B) a stretched area of a composite prepared at pH 5, and (C) a stretched area of a composite prepared at pH 9. The silica content in the dry ﬁlm is close to 20 wt %, which corresponds to  ⫽ 0.09.



⬅ SiOOH7 ⬅ SiOO ⫺ ⫹ H ⫹



(5)



⬅ SiOONa7 ⬅ SiOO ⫺ ⫹ Na ⫹



(6)



As evaporation progresses, eq 6 is shifted to the left, and eq 5 is shifted to the right, with the
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Figure 11. Calculated ionic strength and corresponding ⫺1 values upon water evaporation for suspensions at pH 5 and pH 9. The ﬁnal volume fraction is 0.25 when the evaporation is completed.



result of the surface density of silanol sites being lowered and the surface density of the polymer being reduced. The reduction of the surface density of a nonionic polymer onto SiO2 surfaces as I increases is well referenced in the literature.36 A higher I value also reduces the adsorbed layer thickness, further reducing the protection against aggregation by steric repulsion.37 The low surface density at pH 9 before evaporation is expected to get lower as evaporation progresses and to weaken the steric repulsion, whereas obviously some steric protection is still there at pH 5 because many more single primary particles are observed in the ﬁlms at this pH (cf. Figs. 3 and 4). The inﬂuence of the polymer–silica interaction on the extent of dispersion (or clustering) and the importance of the surface density of silanol surface sites are referenced in the literature for other systems and seem also to apply here.5,7,15,38 These parameters are believed to be involved in the ﬁnal structures of the composites investigated in this study and to be responsible for the differences observed in the cluster structures (Figs. 3 and 4) against the pH. Influence of the Composite Structure on the Mechanical Properties The strain at break (⑀b) decreases with an increase in ; this behavior is usually consistent with the image of a composite with disparate components.14



With respect to b, the 40% increase at low  values for both pHs can be correlated to the great similarity of structures under these conditions [see Figs. 3(A) and 4(A)]. It is suggested that the two following effects can in part explain the reinforcement. First, the energy dissipates because of the viscous dissipation of the polymer–ﬁller domains. Thereafter, under further extension, the energy dissipates by breaking apart the silica clusters, and fractures begin to propagate [see Fig. 10(B,C)]. As the cluster size increases with , the number of primary particles having their surface not accessible to the bulk polymer increases. Therefore, the total number of attachment points within the composite remains approximately constant, leading to the leveling of b with  observed in Figure 7. At higher  values, different structures appear; the higher afﬁnity of PVA for the silica surface at pH 5 leads to a situation in which the primary particles remain better dispersed in the matrix [cf. Figs. 3(B) and 4(B)]. b at this pH remains high. However, the poor PVA/surface afﬁnity at pH 9 makes the clusters collapse, as mentioned earlier. Above a critical  value, their interconnection into a large and inﬁnite network changes the elastic properties of the material, which turns into a brittle material; the clusters span all over the composite volume and create an inﬁnite three-dimensional network. Such a behavior has been reported elsewhere on other systems.5,18 In this extreme situation, the material is no longer silica embedded into a polymeric matrix
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but rather polymer embedded in a silica network. At pH 5, the value of the critical  is located at a higher macroscopic volume fraction (not reached under these conditions) because of the better dispersion of primary particles at this pH [Fig. 3(B) vs Fig. 4(B)]. The progressive creation of a cluster network within the polymeric matrix reduces the extensibility or swelling capacity of the composite. The effect is more acute at a higher pH.



CONCLUSIONS The PVA–SiO2 interaction, through hydrogen bonding, drives the extent of clustering of the ﬁller but is not directly involved in the mechanical properties. Most of the mechanical properties can be related to the structure of the composite, that is, the distribution of clusters within the polymeric matrix, which depends indirectly on the PVA–SiO2 interaction. The authors acknowledge Peter Lindner and Joanes Zipfel (Institut Laue-Langevin, Grenoble, France) for their technical support for the D11 instrument and Agne`s Lejeune (Universite´ du Que´bec a` Trois-Rivie`res) for supplying the TEM micrographs. The Ministe`re des Relations Internationales du Que´bec, NanoQue´bec and the Natural Sciences and Engineering Research Council of Canada (through the International Opportunity Fund) are also acknowledged for their ﬁnancial support through research grants.



REFERENCES AND NOTES 1. Boonstra, B. B.; Cochrane, H.; Dannenberg, E. M. Rubber Chem Technol 1976, 48, 558 –576. 2. Voet, A.; Morawski, J. C.; Donnet, J. B. Rubber Chem Technol 1975, 50, 342–355. 3. Donnet, J. B.; Voet, A. Carbon Black; Marcel Dekker: New York, 1976. 4. Kelly, A. A Concise Encyclopedia of Composite Materials; Elsevier Science: New York, 1994. 5. Jianfen, J.; Salovey, R. J Mater Sci 1999, 34, 4719 – 4726. 6. Becker, C.; Kutsch, B.; Krug, H.; Kaddami, H. J Sol-Gel Sci Technol 1998, 13, 499 –502. 7. Nunes, R. C. R.; Fonseca, J. L. C.; Pereira, M. R. Polym Test 2000, 19, 93–103. 8. Bokobza, L. Macromol Symp 2001, 171, 163–170. 9. Osman, M. A.; Atallah, A.; Mu¨ller, M.; Suter, U. W. Polymer 2001, 42, 6545– 6556. 10. Strawhecker, K. E.; Manias, E. Chem Mater 2000, 12, 2943–2949.



11. Bokobza, L.; Garbaud, G.; Mark, J. E. Chem Mater 2002, 14, 162–167. 12. Guth, E.; Gold, O. Phys Rev 1938, 53, 322–328. 13. Westermann, S.; Kreitschmann, M.; PyckhoutHintzen, W.; Richter, D. Macromolecules 1999, 32, 5793–5802. 14. McCarthy, D. W.; Mark, J. E.; Schaeffer, D. W. J Polym Sci Part B: Polym Phys 1998, 36, 1167–1189. 15. Deng, Q.; Hahn, J. R.; Stasser, J.; Preston, J. D.; Burns, G. T. Rubber Chem Technol 2000, 73, 647– 665. 16. Bronstein, L. M.; Karlinsey, J. R.; Zwanziger, J. W. Chem Mater 2001, 13, 3678 –3684. 17. Hecht, A.-M.; Horkay, F.; Geissler, E. Phys Rev 2001, 64, 041402-1-6. 18. Botti, A.; Pyckhout-Hintzen, W.; Richter, D.; Straube, E. Phys A 2002, 304, 230 –234. 19. Wetherhold, R. C.; Mouzakis, D. E. J Eng Mater Technol 1999, 121, 483– 487. 20. Hu, X.; Littrel, K.; Ji, S.; Pickles, D. G.; Risen, W. M. J Non-Cryst Solids 2001, 288, 184 –190. 21. Hajji, P.; David, L.; Gerard, J. F.; Pascault, J. P.; Vigier, G. J Polym Sci Part B: Polym Phys 1999, 37, 3172. 22. Iler, R. K. The Chemistry of Silica; Wiley: New York, 1979. 23. Lewandowska, K.; Staszewska, D. U.; Bohdanecky, M. Eur Polym J 2001, 37, 25–32. 24. Lafuma, F.; Wong, K.; Cabane, B. J Colloid Interface Sci 1991, 143, 9 –21. 25. Ferry, J. D. Viscoelastic Properties of Polymers; Wiley: New York, 1980; p 68. 26. Van der Beek, G. P.; Cohen-Stuart, M. A. J Phys (France) 1988, 49, 1449. 27. Cohen-Stuart, M. A.; Fleer, G. J.; Scheutjen, J. M. H. M. J Colloid Interface Sci 1989, 97, 526. 28. Wong, K.; Lixon, P.; Lafuma, F.; Lindner, P.; Aguerre Charriol, O.; Cabane, B. J Colloid Interface Sci 1992, 153, 55–72. 29. Guinier, A. The´orie et Technique de la Radiocristallographie, 3rd ed.; Dunod: Paris, 1964. 30. Osman, M. A.; Atallah, A.; Kahr, G.; Suter, U. W. J Appl Polym Sci 2002, 83, 2175–2183. 31. Eirich, F. R. Science and Technology of Rubber; Academic: New York, 1978. 32. Foissy, A.; Persello, J. In The Surface Properties of Silica; Legrand, A. P., Ed.; Wiley: New York, 1998; pp 365– 414. 33. Pattanayek, S. K.; Juvekar, V. A. Macromolecules 2002, 35, 9574 –9585. 34. Van der Beek, G. P.; Cohen-Stuart, M. A.; Cosgrove, T. Langmuir 1991, 7, 327–335. 35. Belloni, L. Colloids Surf A 1998, 140, 227–243. 36. Persello, J. In Adsorption on Silica Surfaces; Papirer, E., Ed.; Marcel Dekker: New York, 2000. 37. Zaman, A. A. Colloid Polym Sci 2000, 278, 1187–1197. 38. Jang, J.; Park, H. J Appl Polym Sci 2002, 83, 1817– 1823.



























des documents recommandant







[image: alt]





Influence of surface finish and residual stresses on the ageing 

Dec 2, 2005 - as high as that of alumina, and a higher fatigue-crack propagation threshold, potentially ensuring a longer implant lifetime. The use of zirconia ...










 


[image: alt]





The influence of metallic surface wettability on bacterial ... .fr 

where yddenotes the Lifshitz-van der Waalsinteractions [19] and yPdenotes the polar interactions including ionic. hydrogen, covalent, and metallic interactions.










 


[image: alt]





Influence of surface atomic structure on the ... - Laurent Pizzagalli 

Jan 10, 2017 - anisms and the yield stress do not depend on nanoparticle size. Instead, our ..... As noted in the introduction, there have been few theoretical.










 


[image: alt]





On the influence of canopy structure on the radar ... - amapmed 

at characterizing the geometric properties of the stands considered. ..... given by measured sand and clay contents of 5% and 50%, respectively. For the.










 


[image: alt]





On the use of Computational Chemistry to understand the Generation 

cite plasma spectroscopy, dynamic light scattering and shadowgraph imaging. ... Functional Theory (DFT) calculationsx enabled to simulate the physical properties of ... empirical interaction potential between aluminium and oxygen atoms.










 


[image: alt]





Influence of the elastic stress relaxation on the microstructures 

Thus the mechanical and especially plastic ... elastic strain, according to the model developed by ... following a Cahnâ€“Hilliard-type equation [3], whereas the.










 


[image: alt]





The Influence of Family, Social, and Work Socialization on the 

The article examines the role of social and professional experiences under- taken by young adults in order to construct their Professional Identity. More.










 


[image: alt]





The influence of advance information on the response ... - Research 

May 22, 2007 - E-mail address: [email protected] (M.A. Khan). www.elsevier.com/locate/actpsy. Available online at www.sciencedirect.com.










 


[image: alt]





the influence of muscles on knee flexion during the ... - Research 

Motor Performance Program, Rehabilitation Institute of. Chicago (Room .... of motion were integrated in time to determine the kinematic output of the simulation. Hip joint ... measurement system. ..... Swing phase control with knee friction in juveni










 


[image: alt]





Champion (2000) The influence of object size and surface ... - CiteSeerX 

available, Lunn and Morgan (1997) claimed that the visual system is not as sensitive to disparity curvature as it is to relative disparity and disparity gradient, ...










 


[image: alt]





Influence of Structural Characteristics of Aleurone Layer on Milling 

grain mass, grain section, and measurement location (Table I). As previously .... variations, R and sR instead define a periodic variation and f consti- tutes a more general .... Chemistry and organization of aleurone cell wall components from ...










 


[image: alt]





Influence of the Anode on the Degradation of the Additives in the 

copper interconnects in integrated circuit manufacturing. ... Studies concerning the effects of oxidation reactions at the anode on copper bath ..... In this case, for longer .... Society Spring Meeting, May, 2005, Quebec City, Canada. Table II.










 


[image: alt]





PRECAUTIONS FOR THE STRUCTURAL ANALYSIS OF THE 

observed by optical or electron microscopy exhibits characteristic ana- ... tored by serial sections from an embedded wood sample, from its trimmed transverse ...










 


[image: alt]





Influence of Anionic Layer Structure of Fe-Oxyhydroxides on the 

Environmental Geochemistry Group, LGIT-IRIGM, University of Grenoble and CNRS, ... anion layers (O2âˆ’, OHâˆ’) which is hexagonal in Î±FeOOH and cubic.










 


[image: alt]





Influence of Cold Working on the Resistance of Stainless ... .fr 

acetone/ethanol mixed bath, rinsed with distilled water, dried, and finally aged for 24 hr in ambient air. Figure 3. Image of AISI 304 samples before (a) and after ...










 


[image: alt]





Influence of the Alloying Elements on Pitting Corrosion of 

predict the beneficial effects of nickel on pitting resistance of 304 stainless steels, ... stainless steel alloys. ... steel; and, Ni++ and NiOH+ for the AISI 304 grade.










 


[image: alt]





The influence of microphone vents on measurements of acoustic 

Received 8 March 1995; accepted for publication 3 October 1995. The pressure equalization vents of conventional microphones introduce bias errors in ...










 


[image: alt]





Influence of structure on the optical limiting properties of nanotubes 

bubbles (by heat transfer from the nanotubes to the ... servation, fluorescence, and Raman scattering.11 Fi- ... The transferred energy is sufficient to sublimate.










 


[image: alt]





The influence of microphone vents on measurements of acoustic 

The pressure equalization vents of conventional microphones introduce bias errors in .... the pressure measured by a microphone in the lower part of ...... 17 J.-C. Pascal, ''Pratical measurement of radiation efficiency using the two microphone ...










 


[image: alt]





Influence of the tool overhanging and of machining strategy on 

machining where the tool path is parallel to the XY plane and the sweeping pitch ... parameters are introduced such as insert re-indexing or the change of the insert. ... The experiment design is analyzed using standard statistical techniques ...










 


[image: alt]





Influence of host intraspecific competition on the dynamics of host 

ever, whilst the influence of intraspecific competition on single population dynamics has ... tion in the â€�contestâ€�-â€�scrambleâ€� spectrum, which plays a crucial role in.










 


[image: alt]





Influence of auditory tempo on the endogenous rhythm of non 

In addition, since the pioneering work of Treisman et al. (1990), it has consistently been shown that the clock rate can be speeded up or slowed down using ...










 


[image: alt]





Influence of atmospheric convection on the isotopic composition of 

2003. Camille Risi1, Sandrine Bony1 and FranÃ§oise Vimeux2. 2Laboratoire des Sciences du Climat et de l'Environnement/IPSL, Paris (France). 1Laboratoire de ...










 


[image: alt]





Influence of cold working on the pitting corrosion resistance of 

the understanding of pitting mechanisms as related to material structure by focusing on the influence of .... Furthermore, examination after electro-nitric ... It was noted that, following this procedure, the chromium content in passive film oxide.










 














×
Report Influence of the surface chemistry on the structural ... - Page d'accueil





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



