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Introduction

This work is a part of continuous investigations aiming at preparation and testing of nanocomposites based on styrene-acrylate copolymer (SAC) and silicate mineral – montmorillonite (MMT). Previous publications [1, 2] deal with investi​gation of nanocomposites on the unmodified montmorillonite basis, when nano​composite samples are prepared by blending aqueous SAC emulsion with purified aqueous clay dispersion. In [1] it was established that very small quantities of MMT, if special processing is used, could significantly improve the mechanical properties of the material: for example, SAC nanocomposites with 15% MMT content by weight (or about 7% by volume) if compared with unfilled polymer show a considerable increase in the tensile strength and elastic modulus (1.4 and 3 times, respectively). 

In recent years, many investigations have clearly shown that the use of the new class of polymer fillers – montmorillonite clays – allow the overall gas and vapour permeability of polymer materials to be successfully decreased [3–5]. Strengthening of barrier properties is mostly related to the enlargement of penetrant molecule pathway due to a more tortuous diffusion rounding along non-permeate clay platelets. 

The present paper focuses on the incorporation of organically modified montmorillonite – organomontmorillonite (OMMT) into SAC using solution blending. Our studies concern the preparation of nanocomposites, their structural pe​culiarities, mechanical properties as well as their permeability, diffusivity and solubility.

Materials and preparation of nanocomposites
The density of SAC specimens was 1.08 g/cm3 (according to ISO 1183 and DIN 53479) with a glass-transition temperature of 18 oC (according to the data of differential scanning calorimetry). As a filler, we used an organomontmorillonite OMMT –montmorillonite modified with an organophilic intercalating agent (alkyl ammonic salt). After the total exfoliation, the individual lamellar particles (monolayers) of OMMT had the following parameters: the size in the monolayer plane varied from 100 to 500 nm, and the thickness of the monolayer was ~1 nm.

Nanocomposites preparation was following: at first 5 wt. % solution of SAC and dispersion org.MMT in DMF (dimethylformamide) were prepared. OMMT dispersion in DMF was succeeded using intensive ultrasonic treatment. Additional ultrasonic treatment was needed for consequential blending of prepared SAC solution with OMMT dispersion. In that way prepared solutions were cast in Petri vessels and air dried in a closed oven. Average film thickness was about 0,5 mm. 

Changing of initial SAC solution and OMMT dispersion amounts nanocomposites with varying filler concentration were prepared. In total seven different composition with 0, 0,5, 1, 2, 3, 5 and 7 % by weight were processed. 

The X-ray diffraction measurements were carried out on a Dron-3 diffractometer at a temperature of 20oC. The CuKα -monochromatic radiation with a wave length of λ = 0.154 nm in the range of diffraction angles 2θ from 2 to 15 deg was used. The scanning rate was 1 deg/min.
Tensile tests were performed on dog-bone shaped samples at a constant cross-head speed rate of 50 mm/min. The elastic modulus was determined in the initial region (ε about 0.5 %) of the tension diagrams.
The sorption measurements of water vapours were accomplished on a full glass vacuum sorption device. The changes of the sample weights during the sorption process in this device were determined by means of McBane –Baqre quartz coil balances. The balance sensitivity was assumed as 0,5-0,6 mg/mm. The device was thermostatized at 25±0,5oC. The experiments aimed to obtain the kinetics and sorption characteristics of water vapour diffusion in specimen films of thickness of about (100 µm.
Discussions
In Fig. 1 typical stress-strain curves of SAC and the related nanocomposites are shown. It is obvious that the deformation behaviour of nanocomposites after incorporation of OMMT remains principally unchanged. However, at increasing the OMMT concentration the stress-strain curves shift to higher stress values. The material deforms without evident yield maximum, but through regions with practically unchanged stress followed by strain hardening with consequent stress increase.
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Fig. 1.
Tensile stress-strain curves for unfilled SAC (1) and nanocomposites filled with 0.5 (2), 1 (3), 2 (4), 3 (5), 5 (6), and 7 wt. % (7) of OMMT.

Strain hardening of the nanocomposites is more vigorous and starts earlier, i.e., at smaller values of elongation in comparison with unfilled SAC. In addition, at the hardening stage, with increasing content of OMMT, the inclination angle of stess diagrams increased, which pointed to the more intense growth in the rigidity of nanocomposite specimens compared with that of pure SAC.
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Fig. 2.
Yield stress σy (1), tensile strength σb (2) and strain at break εb (3) as functions of weight content Wf of OMMT in the nanocomposite.

Dependences of yield stress y, tensile strength b and elongation at break b on the OMMT weight concentration are shown in Fig. 2. SAC/OMMT nanocomposites containing 5 wt. % as compared to unfilled SAC show pronounced b increase up to 1.8 times. However, at 7 wt. % of OMMT the tensile stress at break slightly decreases. Values of b slowly decrease, raising OMMT concentration of the nanocomposites. 
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Fig. 3. Elastic modulus E as function of weight content Wf  of OMMT in the nanocomposite.

Figure 3 shows the concentration dependence of the experimentally obtained nanocomposites elastic modulus E. Addition of relatively small quantities of OMMT, considerably improves the elastic modulus. Nanocomposites containing only 5 wt. % of OMMT show a 2.8 times higher modulus comparing to pristine SAC. It should be mentioned that 5 wt. % corresponds to only 2.5 % by volume. Similarly to the change in strength, an increase in the OMMT content to 7 wt.% led to some reduction in E. In [1,2], it was shown that the retarded growth rate of elastic modulus with increasing filler concentration can be caused by the decreased degree of exfoliation of layered particles.
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Fig. 4.
X-ray diffraction curves for the pure SAC (1), nanocomposites with OMMT content of 0.5 (2), 1 (3), 2 (4), 3 (5), 5 (6), and 7 (7) wt.%, and pure OMMT (8).

The test results are shown in Fig. 4 in the form of X-ray scatter diffractograms for specimens of SAC, OMMT, and six variants of the nanocomposite with a filler content from 0.5 to 7 wt.%. It is seen that the diffractogram of OMMT contains a clear-cut basal peak at 2θ = 4.9o, which is caused by its layer periodicity and corresponds to the interlaminar (basal) distance d001 = 1.8 nm. We should note that, for unmodified natural MMT, the value of d001 is ~ 1.5 nm [1]. Thus, the modification of MMT in order to make them organophilic increases the interplanar distance noticeably. 
The SAC specimens were amorphous, and therefore the basal reflections on their diffractograms were absent. In the range of 2θ investigated, no clear-cut reflections were registered on the diffraction curves of nanocomposites with OMMT content up to 1 wt.%. At higher filler concentrations, step-type reflections in the region of 2θ= 1.96o arose, which corresponded to d001 = 4.5 nm or interlamina gallery space – 3.5 nm. In addition, the diffractograms of composites with 5 and 7 wt.% OMMT contained basal peaks typical of the initial OMMT. The intensity of these peaks decreased rapidly with decreasing filler concentration.
Thus, the results of X-ray diffraction analysis demonstrate that the assumption about the total exfoliation of particles can be accepted only at a very low (not exceeding 1 wt.%) content of OMMT. At higher filler concentrations, we have to take into account the presence of particles in the form of layered packages with an increased interlaminar distance owing to the intercalation of polymer.
Water vapour permeability investigations were focused on the determination of material diffusivity, solubility and permeability as well as their concentration de​pendences [4–6]. Sorption of water was performed at 25 oC and different water vapour activities. This latter parameter is expressed by the ratio of the vapour pressure in the experiment to saturated vapour pressure, p/p0. Dependence of water concentrations on the vapour activity is shown in Fig. 5. Water content in all nanocomposites slightly decreases comparing with pure SAC. This indicates that there are changes in the polymer structure and strong polymer-filler interaction. At small values of water vapour activity p/p0 (<0.5) concentration C is expressed by linear proportionality (Henry’s law) 
[image: image5.wmf]p

S

C

×

=

. Solubility S is thus calculated and sequential permeability coefficient can be found by the equation 
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 [5, 6], where P is the permeability, and D is the diffusivity. 
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Fig.5.
Equilibrium moisture content C versus p/p0   ratio for unfilled copolymer and 
nanocomposites with different weight content Wf  of OMMT.
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Fig.6.
Diffusivity D, solubility S, and water vapour permeability P as functions 
of the weight content Wf  of OMMT.

The values of solubility, diffusivity and permeability of the SAC/OMMT nanocomposites are shown in Fig. 6. Addition of small quantities of OMMT signi​ficantly decreases the water vapour permeability. Nanocomposites containing 3–5 wt. % show 1.6 times lower permeability coefficient values in comparison to a pure polymer. At increasing OMMT concentration to 7 wt. % a slight increase in the permeability is observed, which mainly corresponds to the decrease in clay stack exfoliation. 

Conclusion
Tensile characteristics of nanocomposite materials significantly improve incorporating relatively small quantities of the OMMT in the SAC matrix. Stress-strain curves shifts to higher stress values increasing OMMT content in the material. Elastic modulus of the nanocomposites increases 2,8 times, but tensile stress 1,8 times with OMMT content 5 wt. % comparing to pure SAC.
The OMMT gallery (the distance between individual layers) of the investigated nanocomposites is about 3.5 nm. Nanocomposites containing 5 and 7 wt. % of filler show also pristine OMMT basal reflection corresponding to the existence of unchanged clay stacks.

Addition of OMMT significantly improves barrier properties of SAC/OMMT nanocomposites. Water vapour permeability of SAC nanocomposites containing 3-5 wt. % of OMMT decreases 1,6 times comparing to pure SAC.
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S. Gaidukovs, R.D. Maksimov, J. Zicāns, M. Kalniņš. Akrila kopolimēra / organiski modificēta montmorillonīta nanokompozītu mehānisko un caurlaidības īpašību izpēte Izstrādāta polimēru nanokompozītu iegūšanas metode, samaisot stirola-akrila kopolimēra šķīdumu ar organiski modificētu mālu suspensiju. Iegūtas un pētītas dažādas nanokompozītu kompozīcijas. Novērtēta organiski modificēto mālu ietek​me uz stiepes sprieguma-deformācijas sakarībām, elastības moduli, stiepes stiprību, sagraušanas pagarinājumu un ūdens tvaika barjērīpašībām (caurlaidību, šķīdību un difuzivitāti). 

Gaidukov S., Maksimov R.D., Zicans J., Kalnins M. Investigation of mechanical and barrier properties of acrylic copolymer / organically modified montmorillonite nanocomposites. The nanocomposites were prepared by blending styrene-acrylate copolymer solution with dispersed organically modified montmorillonite. Nano-compositions with different filler concentrations were obtained and tested. Influence of organically modified monmorillonite on the tensile stress - strain curves, elastic modulus, strength, elongation at break and the properties of water vapour barrier (permeability, solubility and diffusivity) are investigated. 

Гайдуков С., Максимов Р.Д., Зицанс Я., Калнинь М. Исследование механических свойств и проницаемости нанокомпозитов на основе акрилового сополимера и органически модифицированного монтмориллонита. Описан способ получения полимерных нанокомпозитов смешением раствора стирол-акрилового сополимера с дисперсией органомодифицированного монтмориллонита в растворителе. Приготовлены и испытаны нанокомпозиты с различным содержанием наполнителя. Исследовано влияние концентрации органически модифицированного монтмориллонита на диаграммы напряжения, модуль эластичности, разрушающее напряжение и предельное удлинение, а также водопаропроницаемость.
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