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Poly(butyl methacrylate-co-methacrylic acid) copolymers were synthesized by radical polymerization with dispersed calcium carbonate (CaCO 3 ) fillers. CaCO 3 is able to partially react with the acid functions from the co-monomer to produce Ca 2+ cationic sites in interaction with two carboxylate groups from polymer chains. These ionic species were expected to structure the material particularly above the glass transition temperature (T g ) with the rest of CaCO 3 solid filler. These solid fillers are structured in grapes with ionic copolymer chains sandwiched between them, assuming ionic sites existence at the grains surface. Transmission Electron Microscopy showed the filler dispersion and rheological analysis described the material behavior above T g . It is controlled by the methacrylic acid (MA) content in the copolymer chain when CaCO 3 /MA > 1 (mol/mol). X-Ray diffraction first proved the existence of multiplets and clusters as Eisenberg described them first in polymer materials with ionic fillers. Multiplets, composed by local rich ionic associations, behave like ionic polymer fillers which reinforce the material whereas clusters, composed by the percolation of multiplets when their concentration is high enough, produce a strong network above T g . This study clearly demonstrates that increasing the CaCO 3 concentration allows to reach the cross-linked behavior with a relation between their concentration and the storage modulus above T g . Nevertheless these strong cluster networks are broken more easily when the CaCO 3 content is high since the remaining solid filler obstructs the cluster percolation.

INTRODUCTION

Eco-conception of new polymer materials takes into consideration the reuse and recycling with the possibility to transform materials for several life cycles. This challenge is relatively easy with thermoplastic polymer materials in case that thermomechanical and ageing degradations are reduced. It is more complicated when recycling concerns covalent cross-linked polymers. An alternative is the preparation of physically crosslinked materials. Ideally, in this case, the no-covalent bonds between the polymer chains can be destroyed at high temperatures leading a thermoplastic backbone that can be processed using classical techniques. In addition, the thermal, rheological and mechanical properties of the materials should be controlled above the glass transition temperature (T g ) of the polymer matrix with often a persistence of the rubbery plateau in the dynamic tensile modulus. Supramolecular chemistry offers one possible and an original way to build such physically and reversibly crosslinked polymers 1 . Interactions by hydrogen bonds are very attractive [2][3][4] . On the Importance of the Nature of Hydrogen Bond Donors in Multiple Hydrogen Bond Systems, the AAAA center dot DDDD Hydrogen Bond Dimer. Associations between donor and acceptor sites can be efficient with possible conformational effects limiting the expected associations. A second possibility is to develop interchain interactions between an organic moiety with a negative charge, generally from a carboxylate or a sulfonate group, and a filler, generally a cationic metal [5][6][7] . These polymers, accurately ionomers [START_REF] Eisenberg | Introduction to ionomers[END_REF] , have unique properties owing to ionic interactions and were actively studied three decades ago till nowadays. Different models were developed to describe the multiplet-cluster morphology of random ionomers [START_REF] Tant | [END_REF]10 . The model developed by Eisenberg is now admitted 11 . Eisenberg showed that ionic pairs aggregate to form collectively multiplets 12 . Their size are not affected by the extents of metal and carboxylated / sulfonated groups in the polymer chains, SAXS analyzes determine their size from Bragg-spacing around 2-5 nm, depending on the polymer considered 11 . The position of the ion pairs relative to the backbone may also influence this size 13 . Eisenberg determined that the multiplets are surrounded by amorphous regions of restricted mobility of polymer chains [START_REF] Eisenberg | Introduction to ionomers[END_REF]11 . At very low ion content, isolated multiplets are dispersed acting as physical cross-links, in the polymer matrix, just increasing the glass transition temperature (T g ) by increasing their concentration and reducing the polymer chains mobility. As the ion concentration increases, the regions of restricted mobility surrounding each multiplet overlap to form larger contiguous regions of restricted mobility, called clusters 11,14,15 . In these structures, the ionic peaks observed by SAXS always exist since it is attributed to the intermultiplet distance within the cluster phase 11 . With further increment of ion content, phase separation is favored and the ionic peak grows in intensity. The height of this peak increases approximately linearly with ion content. The ionic molar content from which clusters are observed, depends on the types of repeat units and can vary from 1 to 12% [START_REF] Tant | [END_REF] . When these regions become sufficiently large, they exhibit phase-separated behavior with a second T g , at a higher temperature than the matrix T g , associated to the glass transition of the ion-rich cluster phase 16,17 . This interpretation matches with the observation of "ionic" peak observed by SAXS [START_REF] Tant | [END_REF]18 analyses and two maximum peaks on tan from temperature sweep tests by dynamic rheology. The ratio between each phase may be determined from the area of tan peak. Kim established a relation between the nature of the metallic cation nature (size and charge) and both the matrix T g and Cluster T g 19 . From specific mixing conditions, a third peak is observed 18 . Extensive studies based on this model have revealed that the formation of multiplets and clusters in ionomers are linked to the ionic species 20 , the nature of the polymer and their concentration, types and sizes. Eisenberg mentions that the most important ionic parameter that affects multiplets formation is the strength of the electrostatic interactions between the ion pairs. This is determined by the sizes of the ions and the partial covalent character of the ionic bond 11,13 . Capek 21 reviewed all the parameter affecting the morphologies and consequently the properties. This model is different from the previous one by the absence of electrostatic forces between multiplets within a cluster. Because the multiplets effect as multifunctional cross-links, a rubbery plateau, called ionic-plateau, is observed at temperatures between the polymer matrix and a temperature higher than the cluster phase. Actually, the multiplets remain stable over this temperature range. If the multiplets act as independent multifunctional cross-links, the value of this rubbery modulus is expected to be in keeping with the modulus predicted by the classical theory of rubber elasticity E = 3ρRT/M c 22 . When the requirements for phase-separated behavior are fulfilled 13 , ionomers may be melt-processable despite the fact that multiplets still exist at elevated temperatures over T g 13, 23, 24 and ionic species migrate from one multiple to another by ion hopping or act as a filler 13,25 . The temperature at which melt flow begins, can be controlled to a large extent through the choice of the neutralizing cation. Divalent cations such as Ca 2+ or Zn 2+ can have extreme impacts on the processability. Calcium maintains generally the rubbery plateau 22 to high temperature and Zinc is often observed to begin the material to flow at lower temperatures compared to monovalent cations [START_REF] Tant | [END_REF] . In polystyrene matrix, the counterion type modifies the deformation modes in strained thin films of rigid ionomers 22 . In the present study, thermoreversible networks by ionomers formation are expected from calcium carbonate addition. This additive is a good candidate to strongly interact with carboxylic acid functions from copolymers copolymerized, for example, with acrylic acid or methacrylic acid. CaCO 3 is frequently used because it is efficient, abundant and cheap. It is extensively employed in the manufacture of rubbers, plastics, and so forth 26 as a filler to improve hardness and higher material modulus 27 . Since it may agglomerate and is hydrophilic, chemical modification of calcium carbonate is a solution to improve its compatibility or dispersion. Organic acids, such as succinic acid, acrylic acid or methacrylic acid, are the classical and main modifiers 28,29 . The improvement of the mechanical or rheological properties is mostly attributed to a network formation when the CaCO 3 fillers interact with the polymer matrix 27,30 but very few works really characterize the structures and microstructures of the filled materials.

F

Poly(n-butyl methacrylate) (PBMA) is widely chosen, for biomedical applications 31,32 . Methacrylate monomers containing n-butyl groups are more bio-adaptive and have fine adaptability to living animals. Since the PBMA has a low glass transition temperature at 20°C and correspondingly poor mechanical properties around room temperature, it is often used after its chemical modification or mixed with other additives or fillers. Inorganic additives, such as carbon black 33 , montmorillonite 34,35 , calcium carbonate 6 , impressively increase its mechanical moduli. Butyl methacrylate (BMA) is here chosen as a co-monomer with methacrylic acid since BMA is not able to interact with the acid functions or calcium carbonate with its possible derivatives.

Literature analysis clearly shows that soluble metal salts are an interesting solution to improve polymer materials properties over the glass transition temperature by the appearance of an ionic plateau in the molten state if material's structuration in cluster occurs. These materials are commonly synthesized by the introduction of carboxylate or sulfonate functions. At relatively low metal salt concentrations, ionic moieties are organized in multiplets behaving like fillers, which only reinforce mechanical properties below the glass transition. To obtain such reinforcement, metal or inorganic fillers are preferentially chosen and mixed in the molten state with the polymer matrix.

In this work, calcium carbonate is used to behave like dispersed fillers and ionic sites by a partial dissociation/reaction at CaCO 3 surface. Ionic moieties from CaCO 3 are also expected to exfoliate the CaCO 3 grapes leading to a nanocomposite. These nanofillers, in association with the less dispersed grapes, reinforce the polymer matrix below T g and to create a plateau modulus above Tg which doesn't exist for the original P(BMA-co-MA) matrix. Ionic calcium formation from CaCO 3 was never envisaged to form ionomers and its reaction was never experimentally proved to produce cationic calcium. The balance between a filler/nanofiller effect and an ionic structuration agent is discussed here.

EXPERIMENTAL

Materials

Precipitated calcium carbonate (CCP SOCAL® 31) was supplied by Solvay (Brussels, Belgium).

The CaCO 3 powder size distribution was obtained with a Mastersizer 2000 particle size analyzer from Malvern (dry way with a high air flow, measures were repeated twice on the same sample). The particle sizes were measured from 0.01 to 10000 µm diameter. A main size distribution was observed between 2 and 12 µm and minor size distributions were observed (0.2-2.0, 35-100 and 150-500 µm). These four size distributions clearly show the heterogeneity of the starting calcium carbonate with different agglomerates sizes.

Butyl methacrylate (BMA), Methacrylic acid (MA), 2-azobis(2-methyl-propionitrile) (AIBN), tetrahydrofuran (THF) were purchased from SIGMA-ALDRICH (France). BMA was purified by distillation under reduced pressure and stored at -23°C before use. All the other reagents were used as received without further purifications.

CO 2 formation and quantification

The reaction between the methacrylic acid and the CaCO 3 was conducted for another five minutes and the gas synthesized as product, carried by an argon flow. This gas was caught and analyzed by GC-MS. One peak with a mass peak at 44 g.mol -1 , proved the CO 2 formation and then calcium carboxylate salts formation. A quantitative experience to quantify the CO 2 elimination by formation of carboxylate salts from acid/carbonate reaction was made. 60.2 mmol of CaCO 3 and 254 mmol of BMA were mixed in a three neck flask heated at 70 °C with a regulated oil bath. 70°C is the chosen temperature to synthesize the material (3.b) as well as the BMA is used to model the synthesis conditions. A rubbery tube was connected from one neck to a second two neck flask filled with a non-saturated Ba(OH) 2 aqueous solution. A second gas absorption tube was connected to a third two neck flask also filled with the same non-saturated Ba(OH) 2 solution to control if all the CO 2 really react in the first solution. All these three glasses were vigorously mixed by magnetic agitation to disperse correctly the gas bubbles in the Ba(OH) 2 solutions. An argon flow was induced continuously for 5 minutes to purge the air in all the flasks. 42.0 mmol of methacrylic acid was injected in the flask with a syringe with stable and low argon flow. This CO 2 reacted as expected with Ba(OH) 2 to produce a precipitate of barium carbonate BaCO 3 . The suspension was filtered off, dried and weight giving 1.06 mmol that represents 1.76 mol% of the total CaCO 3 . CO 2 formation is either accompanied by ionic Ca 2+ or CaO formation but this CaO formation is not plausible at this temperature 36,37 . In consequence, Ca 2+ formation is really envisaged despite any structural analysis of PBMA based CaCO 3 material doesn't complete this result yet.

Samples preparation

Two ratios, CaCO 3 /MA mol/mol and MA/BMA mol/mol, were defined to study the final materials properties. Subsequent samples were denominated PBMA(x, y), where x represents CaCO3/MA mol/mol, and y represents MA/BMA mol/mol. The initiator AIBN concentration was fixed at 0.5 mol % of the total vinyl monomers.

Preparation in tubes

Tube samples were first prepared to test the solubility in THF of the final material for different compositions. BMA, MA, AIBN and CaCO 3 were introduced in a closed three neck flask with an ULTRA TURRAX mixer (ULTRA TURRAX T25, from IKA) under argon flow (around 100 ml/minute). The mixture was mixed at 11000 rpm for four minutes at room temperature. 5 ml of the blended mixture was poured into a glass tube heated at 70°C in a silicone oil bath for seven hours. After cooling down, 1g of the filled copolymer was mixed with 10 ml of THF for 48hrs to test the solubility. By this polymerization mode, an atactic copolymer should be obtained since the reactivity ratio BMA/MA is given at 2.01 [START_REF] Brandrup | Polymer Handbook[END_REF] .

Plates preparation

Plates were prepared to obtain regular shape specimens for thermal analyses, TEM photographies and mechanical spectroscopy. From the same mixture prepared at room temperature for tube polymerization, the reactive system was transferred in a 250 ml glass reactor with an anchor for mechanical stirring, at 150 rpm. The reactor was placed in a silicon oil bath for pre-polymerization at 70°C for 40-60 min until the blend becomes viscous enough, based on a chosen torque value corresponding to a sufficient viscosity level. The reactive system was finally quickly transferred into a closed mold (2x100x100 mm) and pressed at 200 bars and 70°C for 7 hours. Less than 1% unpolymerized monomer was residued and eliminated by oven with vacuum (2 mbar) at 150Ԩ for 6 hours.

Characterizations

Rheology

Considering the wide range of temperatures investigated and to prevent from sample slipping and/or transducer overload, rheological measurements have been divided into solid state rheology for the lowest temperatures (below 100 °C) and molten state rheology above this limit. Solid state rheology was carried out with a strain controlled rheometer ARES from Rheometrics, in the linear viscoelasticity domain of the materials. Dynamic shear was applied using rectangular torsion tool. The ramp temperature was 3°C.min -1 between -100°C and 100°C. The frequency was fixed at 1 rad.s -1 and the strain varies from 0.1 % at -100°C to 2% around 100°C. The rectangular bars (length 50 mm, width 4 mm, thickness 2 mm) were prepared using the protocol detailed in previous paragraph.

Molten state rheology has been performed changing the geometry and then using a parallel plate geometry with 25 mm diameter. All experiments were carried out in the same conditions as for the solid state measurements excepted for the strain which was fixed at 5% at 100°C to remain in the transducer sensitivity range.

Both kind of test have been performed taking care to the sample and tools dilation during the temperature ramp. Specific procedure was then activated on the rheometer to ensure the stability of the normal force (~ 20 g) applied on the sample.

Thermal analysis

Thermal transitions were determined by Differential scanning calorimetry (DSC) with a TA Q10 instrument, by heating and cooling ramps from -60 to 250°C at 10°C/min under a nitrogen flow for two circles. The transitions were obtained by the second heating ramp.

Thermodegradation analyses

Thermogravimetric analyses were performed with a Mettler Toledo TGA, STAR e system from 30°C to 500°C with ramps at 10°C/min. The gas products extracted during the ramp were analyzed by coupled IR spectrometer.

Microscopy analyses

TEM (Transimission Electron Microscopy) photographies were obtained with a Hitachi H-800-3 electron microscope coupled with a numeric camera AMT XR40 Hamamatsu. Ultrathin sections (ca. 30nm thick) were cut from the samples at room temperature and collected on copper grids. Average sizes, were obtained from ImageJ software. The average sizes were calculated from particle agglomerates in the picture. Area fraction is the percentage of pixels in the image that have been highlighted.

X-ray diffraction

X-ray Scattering were done with a Bruker D8 Advance. The detector was a PSD (Position Sensitive Detector) VÅNTEC-1 "SUPER SPEED", and the focusing diameter 

RESULTS AND DISCUSSION

Calcium carbonate reactivity and decomposition

To obtain ionomers and their characteristic behaviors, the calcium carbonate must react to form cationic Ca 2+ . In all cases, this filler must produce carbon dioxide (CO 2 ) if Ca 2+ is produced in-situ. Numerous studies discuss thermal CaCO 3 reactivity from different models 36,37,[START_REF] Rao | [END_REF] taking into account that such filler is composed by particles and agglomerates. Studied by TGA, all the experiments are analyzed by the carbon dioxide elimination which occurs at higher temperatures than those of the present materials preparation. The thermogravimetric analysis of CCP SOCAL® 31 calcium carbonate in P(BMA-co-MA) matrix, confirms this elimination. CaCO 3 decomposition was followed by CO 2 IR absorbance peak at 2350 cm -1 (Figure 1). CaCO 3 starts to decompose from 220°C till 570°C. Since the copolymerizations of MA and BMA were performed at 70°C, this thermal decomposition in the material is not taken into account till its thermal analysis at high temperature.

FIGURE 1

Thermal CaCO 3 decomposition may also happen if this filler is in contact with carboxylic acids such as tartaric, succinic and citric acid 36,37,40 . Faster weight losses start at much lower temperatures as compared to neat CaCO 3 , in particular above 220°C where 2.2-2.7 % of weight loss are observed compare to 0.23% when the filler is not treated. The reaction products are not the same. It is well defined that neat CaCO 3 produces CaO calcium oxide at high temperature and calcium carboxylates are formed as a result of interactions between CaCO 3 and acids. The formation of carboxylates have been reported earlier 36,37 and confirmed by the X-ray diffraction technique. Therefore, carboxylates salts, with eventually hydrated forms, as reported, are possibly constituted during the synthesis conditions of the present work.

To determine if such carboxylates salts are formed at 70°C, with small percentages as presented by Kasselouri 36,37 , an experience was created to determine if Ca 2+ formation is plausible from the quantification of CO 2 formation by a reaction between CaCO 3 and carboxylic functions leading to Ca 2+ (RCOO -) 2 . This quantitative experiment is presented in detail in the experimental part and showed that only 1.8 mol% of CaCO 3 is decomposed to form ionic calcium. To show that an "ionic" peak is observed by X-ray, diffraction should prove the presence of the ionic calcium in the system 

Cluster structuration from CaCO3 decomposition

Cluster formation, as described by Eisenberg consequently to CaCO 3 sufficient decomposition in Ca 2+ , can be observed using X-ray diffraction technique. The chosen technique allows screening 2θ angles from 1.5 to 30° (Figure 2).

FIGURE 2

Amorphous and crystalline peaks

This spectrum (Figure 2), on the full range, shows two main amorphous peaks between 4 and 26°. The crystalline CaCO 3 is also well observed at 23.11 and 29.46° corresponding to a calcite structure 41 . These peaks are expected since only a part of the starting CaCO 3 reacts to produce CO 2 .

Ionic peak

The "ionic" peak, as described by Eisenberg and Hird 11,12 , is only observed for certain samples (Figure 3) at 2θ = 1.884. These samples are those insoluble in THF:

They globally contain the highest fraction in CaCO 3 excepted the (2.5, 0.16) sample which doesn't show an ionic peak and is not soluble in the THF. This last sample is the analyzed sample which has the highest fraction in CaCO 3 . For the (1.43, 0.16) and (1.43, 0.25) samples, the ionic species formation is sufficiently present to be observed by X-Ray and to have effects on the material properties that are presented further.

FIGURE 3

In materials like P(S-co-MANa) ionomers 11,42,43 , the multiplets size are 6-8 Å and the isolated multiplets, along with their reduced mobility layer, are expected to be too small to manifest their own Tg. Multiplet is expected to essentially behave as a cross-link. This behavior is indeed observed at low ion contents with most of monomers. When the number of multiplets is high enough with increasing the ion content, overlapping regions of restricted mobility composed by multiplets and near surrounding, become large enough to exceed the threshold size for independent phase behavior called cluster (50-100 A), they exhibit a second T g 8 . This expected observation will be analyzed by dynamic rheology and thermal analyses, further in this study.

If multiplets exist, the distance between them has to be determined from the "ionic peak" determined by X diffraction. The Bragg spacing of intermediate ion contents (5-10 mol %) is around 23 Å with Bragg spacing comprised between 300 and 20 Å 11 . In general, the Bragg distance has to be a function of the concentration (c) of the ionic sites, following c -1/3 scaling law. This model is not applied in ionomers since the Bragg distance is attributed to the intermultiplet distance, which is indirectly in relation with their concentration. The intermultiplet spacing is believed to be related to the loopback distance, which is a function of the nature of the polymer chain and the ion pair rather than simply ion concentration [START_REF] Eisenberg | Introduction to ionomers[END_REF] . Since the CaCO 3 is very partially decomposed in ionic Ca 2+ (ξ 3.1.), the exact ionic moieties concentration remains unknown in these systems and the exact structures of these materials can be only This also shows that at least a part of Ca 2+ was formed and separated from CaCO 3 particles leading, in association carboxylic acid to clusters. These clusters are big enough in the material to be observed by RX but complementary analysis, such as thermal or rheological, must complete this result to conclude if a physical network exists to form globally a crosslinked material. A cluster can be considered as local volume of the material but their concentration must high enough to percolate and to finally generate a network. The thermal analysis is generally used to observe a second glass transition temperature attributed to the cluster phase independently of its physical effect: filler effect or network effect. The thermal analysis is also a good technique to show the effect of the interactions between the polymer chains of the matrix, due to presence of the ionic calcium in the system.

Thermal properties

Since the ionic peak was observed by X-ray spectrometry for certain compositions as expected for ionomers, two glass transitions are consequently expected [START_REF] Eisenberg | Introduction to ionomers[END_REF]11 transition if CaCO 3 /MA ratio is superior to 1 (mol/mol). This T g increase is attributed to less motion of the copolymer chains by the presence of ionic moieties that physically link in the matrix, independently of the existence of multiplets or clusters. The CaCO 3 content when CaCO 3 /MA > 1 (mol/mol) doesn't influence the chains motion while the initial CaCO 3 concentration modifies also the ionic calcium concentration and then, possibly both the copolymer chains motion and the T g .

As it is well observed on Figure 4, the glass transition temperature is higher than the one predicted by simple additivity law or the Fox law. The theoretical T g calculated by the Fox law is represented on the Figure 4 by the black curve. Both the glass transition temperatures of polybutylmethacrylate and polymethacrylic acid homopolymers were reported at respectively 20 and 185°C (polymer Handbook source). The higher observed T g s, compared to the expected T g by Fox law, may be attributed to weaker mobilities of the copolymer chains due to interchain interactions through ionic moieties reducing their mobility as already discussed.

FIGURE 4

The MA content effect in the P(MA-co-BMA) copolymer chain is also well observed by dynamic rheology in the solid state (Figure 14) independently of the CaCO 3 content. T g , obtained by thermal analysis, is lower than the one determined by rheology in the solid state, excepted for the lowest tested MA contents (MA/BMA = 6/100 (mol/mol)) where the difference is almost zero. Afterwards, the difference between both the measured T g , increases with the MA content and reaches 20°K when MA/BMA = 25/100 (mol/mol).

The Figure 5 shows the T g dependence, determined by tanδ maximum, for different MA contents in the copolymer chain with CaCO 3 /MA = 1.43 (mol/mol). This T g , as observed by DSC, is shifted to the higher temperatures with the MA content increases since the PMA T g is higher than the PBMA T g .

The thermal analysis by DSC doesn't produce reproducible results above 200°C, since the materials become thermally unstable. The Figure 6 and 7 clearly shows this instability. At 200°C, the storage modulus increases very slowly with time whereas this effect is effective and faster at 240°C. Indeed, the copolymer chains are thermally degraded and it was proved that CaCO 3 reacts faster with the free carboxylic acid functions when the temperature increases above 200°C. The TGA analysis already proved that (Figure 1). Thermograms for samples showing the ionic peak by X-ray that are obtained by DSC exhibit a second thermal transition above T g . They could correspond to a second glass transition around 220-240°C, whatever the used sample. A difference exists when this second transition is measured by two consecutive heating ramps, with a controlled cooling ramp. This transition is shifted from 0 to 30°C, depending the used formulation. This increase is not aberrant since, by the first heating, high temperatures start again the reaction between the CaCO 3 and the methacrylic function to generate more ionic moieties to form more expected multiplets and clusters with their own T g . However, if high temperatures increase the multiplet/cluster phase then, the cluster phase Tg mustn't be affected by a modification of its concentration. Rheological analyses were complementary investigated by two consecutive temperature ramps from 100°C to 280°C at 3°K.min -1 (Figure 7). The second ramp erases this tanδ maximum showing that it is not a second glass transition. The tanδ maximum (Figure 7) observed by the first heating ramp above 200°C corresponds to the superposition of two phenomena: a flow above Tg and a modulus increase above 200°C by the reaction between CaCO 3 and the acid functions.

Calcium Carbonate dispersion

Since only low amounts of calcium carbonate are able to produce separated calcium carboxylate salts and clusters, the major remaining part is dispersed in the matrix.

The CaCO 3 dispersion level is an important criterion that influences the mechanical and rheological properties. Since an ultra-turrax mixed all the reagents together, its efficiency was observed by TEM photographies (Figure 8). CaCO 3 grapes and agglomerates were destroyed as it is shown by comparison with the size distribution determined by Laser diffraction described in the experimental part. The concentration of these small agglomerates in the polymer matrix is influenced by the CaCO 3 volume fraction in the formulation. The agglomerate size remains constant whatever the CaCO 3 concentration (Figure 8). All the different formulations present CaCO 3 agglomerates like grapes, homogeneously separated, with an average diameter near one micron or less. These grapes are composed by round grains linked together by physical or electrostatic interactions since small spaces, separating them, are perfectly visible (Figure 9). Isolated grains are also observed with diameters around 50 nm.

These TEM photographies demonstrate the mixing efficiency step since all the CaCO 3 fillers are homogeneously dispersed in the matrix. By the highest magnification (Figure 9), CaCO 3 agglomerates are therefore observed in round grains. In more, these grains are groups with spaces between them corresponding to an exfoliation. These small spaces may be attributed to the existence of repulsive forces between them but at the same time, the grains remain linked because they are separated by small spaces avoiding a homogeneous dispersion of all the grains in the matrix (Figure 9a). They remain grouped in grapes. To explain such morphologies, repulsive forces between the grains are not enough. It is considered that it exists ionic polymer chains that interact at the surface of grains to separate them and acting as spacers without separating definitely the grains. This assumption means that it exists ionic sites at the grain surface to interact with the ionic polymer chains.

Solubility of PBMA-co-PMA/CaCO3 systems

Samples were synthesized in tubes to determine if P(BMA-co-MA) copolymers with added CaCO 3 are physically crosslinked. If a sample is swollen or insoluble, the network will be considered as strong and difficult or impossible to be reversibly destroyed at the used temperatures.

Without CaCO 3 , all the copolymers are soluble in THF whatever were the molar and MA/BMA ratios between 0.10 and 0.35. The results of these solubility tests are grouped on the Figure 10, established with both the molar ratios controlling the P(BMA-co-MA) copolymers structures and the filler rate that are respectively MA/BMA and CaCO 3 /MA (Figure 10). The results are presented considering either the total solubility observed by a homogeneous clear solution or insoluble when at least a swelling was obtained.

FIGURE 10

The figure 10 shows an atypical behavior of the material in relation with both the expressed ratios, MA/BMA and CaCO 3 /MA. With less than 10 mol% of MA in the copolymer chain, whatever the CaCO 3 quantity, the materials are all soluble. Above 10 mol% of MA in the copolymer chain, the materials are soluble if CaCO 3 is in default compared to the acid functions from MA. When CaCO 3 is in excess (CaCO 3 /MA > 1.0 (mol/mol)), the materials become insoluble. This limit is, in theory, acceptable since CaCO 3 , through its ionic form.is principally thought to interact with two acid functions and if an ionomer system is formed, two phases are expected, as described by Eisenberg 11,12 . In this study, only an unknown part of CaCO 3 has to be efficient to form multiplets and clusters by its reaction with the acid. The resulting ionic moieties allow the multiplet formations and themselves the clusters. Then, the concentration of these multiplets must reach a limit to percolate and to form a physical network with strong interactions with the insolubility as result. This percolated system is dispersed in the ionic thermoplastic matrix filled with the CaCO 3 grains and grapes. More surprisingly, the materials become soluble again if the CaCO 3 is more than twice the mole number of acid function (CaCO 3 /MA > 2.0 (mol/mol)). Consequently, it is not necessarily to increase the CaCO 3 /MA ratio to continuously increase the network density that should keep the material finally insoluble. Very probably, for CaCO 3 /MA > 2.0 (mol/mol), to increase more the CaCO 3 content finally destroys the percolated and physical network because the CaCO 3 volume fraction, that acts as a filler,is high enough to be in the way of the percolated clusters.

Structural analyses

Dynamic mechanical analyses characterize the glass transition and the material behavior above Tg when clusters are formed in ionomers. From the model developed by Eisenberg, no intermediate regions exist between ion rich cluster region and regions with low multiplets contents. This model also justifies the glass temperature increase with the ion content. As it increases, the average distance between multiplets decreases and the size of the multiplets increases acting as cross-links as well as the size of the intercluster region decreases. Both these changes cause a reduction in mobility and the glass transition temperature is expected to increase. It is often observed. Below the glass transition temperature, the multiplets and clusters act as fillers.

Filler content effect above the glass transition

For all the used formulations with a constant MA content (MA/BMA = 16/100 (mol/mol)), (Figure 11). the T g , itself determined by the thermal analysis, is not affected by the CaCO 3 content since the smallest used CaCO 3 quantity shifts the T g , 30°C upper, compared to the sample without CaCO 3 This shift traduces a decrease of the mobility chains. A fraction of the CaCO 3 reacted to produce ionic sites and consequently some interactions between the copolymer chains. The smallest used CaCO 3 quantity (CaCO 3 /MA > 1 (mol/mol)) was sufficient to generate a shift at the maximum (Figure 11). Any CaCO 3 /MA (mol/mol) inferior to 1 was tested. Then, the domain where this ratio increases the T g from 47 to 77°C, was not established for the chosen MA/BMA ratio (16/100 (mol/mol)).

FIGURE 11

As shown by the Figure 11, the glass plateau modulus is not significantly affected by the amount of the CaCO 3 . On the contrary, above T g , a clear difference between the filled and unfilled systems is observed whatever the state of CaCO 3 reaction. This impact will be discussed further by dynamic analysis in the molten state.

It was demonstrated that CaCO 3 reacts more easily with carboxylic acid functions above 200°C (Figure 6). From this reaction, the viscoelastic properties are not reversible after each first heating ramp and their return to lower temperatures don't allow to exactly retrieve the initial material properties. Figure 7 clearly shows this evolution and was discuss previously (DSC part). This is well observed by the storage modulus (Figure 12) which increases systematically above 220°C when CaCO 3 is present in the sample. Only the sample without CaCO 3 doesn't present this modulus increase above 200/220°C. In more, bubbles are well observed in samples filled with CaCO 3 when they are removed after the tests, which logically corresponds to CO 2 as product, formed during the CaCO 3 reaction with the carboxylic functions.

Figure 12 also shows evident differences between the samples below 200°C. All the samples, even without CaCO 3 , exhibit the same modulus decrease, i.e. all the modulus curves are parallels. This vertical shift between the different samples is typically due to the filler effect of the CaCO 3 . The CaCO 3 filler effect is mainly influenced by the CaCO 3 agglomerates but may also affected by the concentration of the multiplets and clusters individually dispersed in the ionic main matrix in relation with the initial CaCO 3 concentration and the thermal treatment which directly control the ionic moieties concentration. Only the storage modulus evolution of the sample without CaCO 3 , is really different between 70 and 110°C since its Tg is 30°C lower than the others (Figure11). To go further in the discussion of the analyses presented on Figure 12, it was necessary highlight only the contribution of the ionic cluster to the complex shear modulus and subtract the CaCO 3 filler hydrodynamic reinforcement brought by the non dissociated CaCO 3 aggregates. Without agregate-agregate interactions, the curves at different concentrations CaCO 3 aggregates must superimpose with the curve of the neat matrix following the general equation 44 :

( ) ( ) ( ) φ f ω, G = φ ω, G ⋅ 0 * *
where φ is the volume concentration of non dissociated CaCO 3 (Figure 9)

The function f(φ) which actually represents the variations of the system viscosity normalized to the matrix viscosity is only dependent with the filler concentration and was already theoretically described by many authors 45,46 on the basis of microstructural considerations. The Figure 13 presents the overlaid curves by vertical shifts with the sample without CaCO 3 chosen as master curve.

FIGURE 13

The analysis of the variation of the storage modulus on figure 13 shows the differences between the systems according to the CaC0 3 content. Two mains regions are visible. Below 140°C, curves overlay is perfectly achieved indicating that the main impact of CaCO 3 on the viscoelastic behavior is filler reinforcement. Above this temperature, rheological behavior of CaCO 3 filled systems becomes significantly different to the unfilled matrix. Moreover, differences are clearly affected by the CaCO 3 /MA ratio. Two phenomenons can be pointed out. Firstly, for the highest temperature (above 240°C), an important increase of the storage modulus is observed which has been already discussed and is attributed of the increasing formation of ionic clusters. In the intermediate temperature range (around 180°C), a new relaxation process is clearly visible. The relaxation time of this process, as its amplitude, is affected by the CaCO 3 content. The more the CaCO 3 concentration increases, the more the modulus associated to the process increases. In only one case, namely for CaCO 3 /MA = 1.43 (mol/mol) This relaxation process covers a wide range of temperature in comparison with the other compositions. In any case, the terminal flow observed for the unfilled system is not observed. These observations strongly suggest that this relaxation process is linked to the ionic cluster concentration. For low cluster concentration, only the relaxation process of isolated cluster is observed. Increasing the CaCO 3 content, the percolation threshold of the ionic zone is reached and a global physical network is obtained. However, the highest CaC0 3 content exhibits a surprising behavior as the behavior of not percolated ionic cluster is recovered. This behavior can be associated to the break of the ionic network by the presence of CaCO 3 fillers. It was supposed that the high CaCO 3 concentration blocks the possibility that ionic clusters percolate. An optimum of CaCO 3 amount is then necessary in order to obtain the global physical network. These results perfectly agree with solubility tests and the RX analyses. Indeed, it was shown that both the samples (CaCO 3 /MA = 1 (mol/mol) and CaCO 3 /MA = 2.50 (mol/mol) show the ionic peak by RX and are soluble in THF. The sample with CaCO 3 /MA = 1.43 (mol/mol) is not soluble in THF which confirms the presence of a global ionic network.

FIGURE 14

To definitely confirm the discussion, the thermal stability of these different samples was studied in time near the temperature of the ionic cluster relaxation process (Figure 14). Then 200, 190 and 180°C were chosen for respectively CaCO 3 /MA = 1.00, 1.43 and 2.50 mol/mol; Thus, figure 14 shows clearly that the variation of the storage modulus in this temperature range is a true thermal activated relaxation process and not the kinetic disappearing of the ionic cluster. To summarize, these systems can be seen as two phases filled systems: A matrix of P(BMA-co-MA) filled with non dissociated CaC0 3 aggregates and a dispersed phase of ionic cluster. The percolation of the dispersed phase is governed by the CaC0 3 content and its dissociation state. MA content in the copolymer above the glass transition At higher temperatures than T g (Figure 15), a filler effect is observed again between 100 and 140°C; Indeed, if CaCO 3 /MA is kept constant (1.43 (mol/mol), MA/BMA increases and the total CaCO 3 content in the material increases. (mol/mol)) behaves exactly like the insoluble samples previously discussed (Figure 13). Despite they are insoluble, they don't exhibit the ionic peak observed by X-ray (Figure 3) but clearly show the ionic plateau between 120 and 220°C (Figure 15). The solubility test in THF really appears as usefull to estimate the structuration of the material.

CONCLUSION

Calcium carbonate, generally used as filler in polymer materials, is able to generate ionic moieties with consequently the appearances of a plateau over the glass transition temperature of the polymer matrix. The ionic moieties are only constituted if the material is heated during its synthesis and long enough to generate a sufficient concentration of ionic moieties that produce percolated clusters. In more, the ionic moieties allow to exfoliate the CaCO 3 fillers in grapes with a uniform repartition.

The X-Ray analysis as well as thermal and rheological analyses show that the material is organized with two phases, one corresponding to the cluster model developed by Eisenberg. The percolation of the cluster phase and the appearance of a crosslinked behavior is governed by peculiar conditions: at least 10 mol% of MA units are required in the copolymer chains and at least an excess of 20 mol% of CaCO 3 vs MA. The large unreacted part of the CaCO 3 behaves as a filler modifying the ionic plateau over T g . More surprisingly, when CaCO 3 /MA is superior to 2, the material loose its structure in two polymer phases. It is established now that these high filler contents disturb the structure of the cluster and ionic phase, losing its crosslinked material behavior. The T g of the material can be adjusted only by the copolymer composition if a sufficient CaCO 3 content is reached. 

  at 500mm. The wavelength was 1.54 Å and the X-Ray ceramic tube was supplied with 33 kV and 45 mA.

  described qualitatively. In this study, 2θ = 1.884, the d Bragg distance can be calculated from the classical Bragg law nλ = 2dsinθ. It corresponds here to d = 46.8 Å and is typically in the range expected by the literature.

  Four samples are presented on this Figure. Two samples are soluble in the THF (Figure 10) ( CaCO 3 /MA = 1.43 (mol/mol) + MA/BMA = 6/100 (mol/mol) and CaCO 3 /MA = 2.50 (mol/mol) + MA/BMA = 16/100 (mol/mol)). Both these samples exhibit the lowest modulus on the ionic plateau between 120°C and 190°C as expected since they have the lowest CaCO 3 concentration in their formulation. For  CaCO 3 /MA = 1.43 (mol/mol) + MA/BMA = 6/100 (mol/mol), it almost behaves like the reference without CaCO 3 (Figure 12). Both the insoluble samples ( CaCO 3 /MA = 1.43 (mol/mol) + MA/BMA = 16/100 (mol/mol) and CaCO 3 /MA = 1.43 (mol/mol) + MA/BMA = 25/100

Figure 1 :Figure 2 :Figure 3 :Figure 4 :

 1234 Figure 1: Neat CCP SOCAL® 31 calcium carbonate decomposition followed in P(BMA-co-MA) (1.00, 0.16) by CO2 IR absorbance peak at 2350 cm -1 . 120x94mm (300 x 300 DPI)

Figure 5 :Figure 6 :Figure 7 :Figure 8 :Figure 9 :Figure 10 :Figure 11 :Figure 12 :Figure 13 :Figure 14 :Figure 15 :

 56789101112131415 Figure 5: Tanδ by rectangular torsion and temperature ramps at 3°K.min -1 and 1 rad.s - 1 with CaCO3/MA = 1.43 (mol/mol) at different MA contents in the b(MA-co-BMA) : ○ MA/BMA = 6/100 (mol/mol) □ MA/BMA = 16/100 (mol/mol) △ MA/BMA = 25/100 (mol/mol) • Without CaCO3 120x96mm (300 x 300 DPI)

Table 1 :

 1 . These glass transitions have been studied by two heating and one cooling ramps at 20°C/min. The obtained results are depicted in Table1. Thermal analyses by DSC of P(BMA-co-MA) for different formulations determined by a first ramp at 10 K.min -1 .Without CaCO 3 , one sample with 16 MA units for 100 BMA units was analyzed and presents only and logically one glass transition at 46°C. The same copolymer with in more CaCO 3 /MA = 1 (mol/mol) has its glass transition temperature at 77°C. Added CaCO 3 increases T g of 30°C. Then, the CaCO 3 content never influences the glass

	Sample name	T g (°C)
	(1.43, 0.06)	55.8
	(1, 0.16)	76.9
	(0, 0.16)	46.6
	(1.43, 0.16)	76.8
	(2.5, 0.16)	77.8
	(1.43, 0.25)	90.2
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