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H NMR spin diffusion is shown to advantageously complement scanning electron microscopy (SEM) observations for the characterization of polymer structuring in composite materials. It is here demonstrated on a material containing a few percent of polymer binder and a crystalline organic/inorganic mixture as reinforcement. In SEM observations, polymer accumulations are seen. However, the polymer is also expected to fill small porosities and thin layers at the interface of particles to ensure the cohesion and the mechanical properties of the assembly. In most cases, this polymer structuring is invisible considering the resolution and contrast achieved by SEM on such material. It is thus investigated taking advantage of the two-step decay of nuclear magnetic resonance spin diffusion curves. Average thickness values of 30 and 188 nm are estimated for the interphase and the overall polymer, respectively. Such structural information improves the knowledge of structure/property relationships and provides better understanding of material properties and making processes.

of the reinforcement particles and the interphase between the polymer and the reinforcement. The adhesion at the interface is of prime importance regarding mechanical performance, and is related to the ability to produce a fine mixture of both species during the manufacturing step. This operation is even more difficult whenever the amount of polymer is considerably reduced. The final result thus depends on the surface properties of the particles and the mutual affinity between the constituents.

The characterization of the location of the binder within these composite materials has been addressed in our laboratory by optical microscopy and scanning electron microscopy (SEM) and also using Raman spectroscopy and energy dispersion spectroscopy (EDS). The complex character of the structuring was demonstrated showing that the polymer is mainly located in large regions disseminated throughout the sample. However, the presence of polymer in other places, especially at the interface between grains, was not clear considering the resolution and contrast that could be achieved with our materials. Despite these limitations, such spatially resolved information is very important as it gives a direct picture of the binder and its structuring. To evaluate the mixture between the polymer and the reinforcement for a specific sample, it is more convenient to extract from the images some parameters that give structural information averaged out over the sample. A quantitative image analysis is thus required to reduce the number of data points to a limited number of reliable parameters allowing a correct description of polymer morphology. Work in this field is currently ongoing in our laboratory, together with improvements in experimental SEM spatial resolution.

Another possibility to obtain average structural information is the measurement of overall parameters that depend on polymer structuring. Solid-state NMR spectroscopy is widely used for molecular structure investigations and is sensitive to the close molecular environment. A supramolecular organization over longer distances in solids can also be probed by taking advantage of the spin diffusion process. Such an experiment was first suggested by Goldman and Shen [1] (GS) in 1966 who investigated spin-spin relaxation of lanthanum trifluoride.

Introduction

Polymers form the basis of a wide variety of composite materials used in many areas such as transport and building. In these polymer-based composites, a polymer matrix is mixed with a reinforcement, to enhance the properties of the final material. The matrix maintains the cohesion of the assembly and the transfer of forces. Most of the time, it represents the major part of the material in which harder reinforcement particles with different sizes and shapes are dispersed. This is not the case for different types of composite materials developed by the CEA. In these assemblies, the main component is a crystalline reinforcement-organic, mineral, or a mixture of bothwhereas the amount of polymer matrix is only a few percent. The mechanical properties of composite materials depend on the physical chemical characteristics of their constituents and on microstructural parameters such as quantity, size, and shape Over the next years, several studies have shown the relevance of using the GS approach to characterize domain sizes at the nano-scale in amorphous polymers, semi-crystalline polymers, [2][3][4][5] and copolymers. [6,7] Moreover, it has been used to investigate the structure and dynamics of different phases [6] and interphases [8] in polymer blends. Works have also been reported on biopolymers [4] and hybrid chitosan-polymer nanoparticles for clinical application. [9] Conversely, only a few papers dealing with the characterization of nanocomposite materials have been reported. [10][11][12] The efficiency of the method has been recognized for the characterization of domains with length scales in the range of several nanometers to a few tens of nanometers. It is admitted that the material structuring effect vanishes around 200 nm, depending on the system characteristics. There thus exists a real complementarity between observations with microscopic techniques that give spatially resolved information with limited resolution, and NMR spin diffusion approach that provides overall structural information averaged over a sample with a higher resolution.

In this paper we have investigated the potential of the GS experiment to characterize one of our materials that contains only a few percent of polymer binder. This soft component is diluted within the reinforcement composed of rigid crystalline compounds. To the best of our knowledge, a spin diffusion study applied to such a material has yet to be reported. Published works generally concern cases where fractions of soft and rigid domains are in the same range, while the few studied composite materials are made of polymers only.

Theoretical Background

Spin Diffusion NMR

Spin diffusion experiments are based on the existence of homonuclear dipolar couplings and differences in molecular mobility between two spatially separated regions within one material. These differences in mobility allow the selection of either the mobile or the rigid region, which can be performed using the Goldman-Shen sequence, [1] a dipolar filter as proposed by Spiess et al. [13][14][15][16] or Demco et al., [17][18][19] or using a double quantum [18,[20][21][22] filter. In the case of Golman-Shen or dipolar filter, the magnetization of the mobile component is preserved while the magnetization of the rigid component is suppressed. For a double quantum filter, the inverse phenomenon is observed: coherences with dipolar couplings are created, which allow the preservation of the rigid component's magnetization. Another kind of selection utilizes chemical shift differences that can be resolved with cross-polarization magic-angle spinning (CP/MAS) or combined rotation and multiple pulse sequence (CRAMPS) detection techniques. It can be carried out in one dimension [23] or two dimensions as in the nuclear overhauser effect spectroscopy (NOESY). [24] Very often, 1 H detection is performed, but it is sometimes more convenient to detect 13 C with the CP procedure. [3] This procedure improves selectivity for detection with the drawback of reducing the spin diffusion rate. [24] Diffusion can also be monitored in a two dimensional homonuclear [23] or heteronuclear [6] experiment.

In our case, 1 H detection is mandatory as there is not enough polymer within our materials to allow 13 C detection.

The Goldman-Shen sequence is the simplest scheme to demonstrate the effect of spin diffusion by selecting the mobile region. Improvements have already been suggested either to reduce the T 1 -effect [6] or to increase the selection efficiency. A variant of the original pulse sequence is suggested by inserting two 180° pulses: one during the selection, the other before the detection, as shown in Figure 1.

These two pulses aim at refocusing the polymer magnetization while removing the hard short-T 2 component. The delay of the spin echo represents a tunable filter for selection of domains with different mobility. Moreover, since large domains are expected in our material, long distances have to be probed by spin diffusion. This has two consequences: i) the MAS procedure is not used even for 1 H as it would significantly reduce the diffusion coefficients; ii) the analysis cannot be limited to the initial part of the diffusion curve as knowledge of the diffusion behavior at long mixing times is necessary. Hence, the T 1 relaxation effect has to be removed from the observed evolution. This is achieved thanks to a phase cycling of the second 90° pulse and the phase of the receptor [6,25] at the same time. However, the relaxation effect is not completely canceled and there is still an attenuation of the form Rt t T () exp 1 = -. [24,25] Finally, dividing the experimental attenuation by the correction function R(t) should give a pure diffusion curve.

When limiting the analysis to the beginning of the curve, this correction is weak and can be neglected, but it is crucial for long mixing times due to the exponential dependency. Nevertheless, the longer the mixing time, the higher the impact of a small T 1 inaccuracy on the final curve shape. Hence, instead of measuring T 1 with an independent specific sequence, the correction curve is determined by recording a reference experiment with the same sequence but zero τ1-delays. In such conditions, no selection is performed, so that both magnetizations of rigid and mobile parts are preserved at the beginning of the mixing period. Therefore, the observed evolution as a function of t m only depends on T 1 relaxation. An individual reference is recorded after each experiment, to avoid any deviation of experimental settings. The T 1 -corrected diffusion curve is finally calculated according to the ratio: Where I(t) τ and I(t) τ = 0µsec are the diffusion curve and reference, respectively. I(t) corr is then normalized according to the intensity at t m = 0 obtained by a linear extrapolation of the first points.
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Treatment of Diffusion Curves

Domain size information is extracted from diffusion curves within the framework of Fick's second law formalism. Numerical approaches [25] and analytical solutions have been reported to deal with systems containing up to three morphological domains, that is, two phases A and B separated by an interphase region I [19] . In some cases, domain sizes have been determined by fitting the whole curve [3,8,19] but generally, the analysis is restricted to the behavior at short mixing times. In that case, the initial part of the curve is assumed as linear, and its intercept with the equilibrium plateau value reached for long mixing times gives t m s . Mathematical relationships [13] can be found in the literature for a two-phase system, where this term is related to the domain size. We use the formulation given by Clauss, Schmidt-Rohr, and Spiess in 1993 [26] that yields the domain size of the dispersed component. 
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Reaching equilibrium is not always possible as the maximum t m value is limited by the relaxation time of the system, generally less than 1 s in polymers. It is thus convenient to use t m s ,0 , the intercept of the first slope with the x axis, using the equivalence between the ratio t m s / t m s ,0 and the volume fraction of the sink phase φ sink. [13] In our experiments, the sink phase is the dispersed rigid component. This then gives 

εϕ πρ ρ = +       + 4 () ,0 (3) 
with i) D m,r and ρ Hm,r the diffusion coefficient and proton density of the mobile and rigid components,

H N M P ρ ρ =
with N P the number of hydrogen atoms per molecule, M the molar mass, and ρ the density; ii) φ m the proton fraction of the mobile component deduced from the final value of the selected fraction curve (Figures 6b and7d); the rigid fraction is φ r = 1 -φ m ; iii) ε the dimensionality of the system, that is, the number of directions relevant for the spin diffusion process: ε = 1, 2, or 3, respectively for lamellar, cylindrical, and spherical (or cubic) systems. These are limit cases, and real situations can be intermediate or contain a mixture of them.

Diffusion coefficients D m and D r can be estimated from 1 H NMR parameters as suggested by Demco et al. [17] Dr 1 6
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In our case, the full-width at half-height ∆ν 1/2 is not easy to determine, as the lines of the spectrum are convoluted. To overcome this problem, we measured T 2 relaxation times from a Hahn echo experiment and used the following equation instead which is valid for a Lorentzian line shape:

Dr T 1 6 2 2 α π =〈〉 (5) 
with α the "cutoff" parameter, determined from the spectrum as the linewidth beyond which each peak intensity is considered zero (i.e., below the noise level). For the narrower lines #1 and #2 (see Table 1), we obtained α = 80 kHz from the Hahn echo filtered spectrum. For the wider line, a value of α = 200 kHz was determined directly on the standard single pulse spectrum.

Results

SEM Experiments

The main drawback of the low-vacuum approach is, in addition to an inherent loss of sensitivity, the need to use a higher accelerating voltage. This increases the interaction volume and thus reduces the accessible resolution. Even if the pixel dimension can be reduced to a few nanometers, the measured intensity results from the average response of the whole interaction Table 1. Parameters obtained for the polymer and for the composite.

Frequency a)

[Hz] Determined from the spectral deconvolution; b) By fitting a Hahn echo experiment; c) By applying a T 2 correction; d) Using Equation ( 5); e) The two values correspond to two unresolved components that contribute to the broad line and are respectively attributed to the small domains and the interphase. volume, limiting the discrimination between the polymer and the reinforcement. The final resolution cannot be known exactly but probably does not exceed a few hundred nanometers.

∆ν 1/2 a) [Hz] Area a) [%] T 2 b) [µs] Corrected area c) [%] Diffusion coefficient d) [nm² ms -1 ]
An SEM image of a representative region of the sample is displayed in Figure 2. A heterogeneous microstructure is revealed with dark melamine particles of different sizes separated by more or less extended bright areas of barium sulfate clusters. The bright response of this mineral component strongly reduces the dynamic range of grey levels that are available for the organic fraction of the sample. This effect renders difficult the distinction between melamine particles and polymer binder, both organic components. Nevertheless, darker areas are seen in several places of the SEM image. These areas give a more intense X-ray response in the corresponding EDS map recorded for the carbon series. This is consistent with the presence of polymer binder in these places as this compound contains more carbon than melamine. The clear difference in the carbon signal intensity means that the polymer depth under these areas is at least a few hundred nanometers, given that the interaction depth with X-rays is about 1 µm in soft materials. It is worth noticing that CBS and EDS detectors do not yield the same spatial information, mainly because backscattered electrons and X-rays interaction volumes are not identical. Small differences in geometrical details can thus be observed between both techniques. From these observations, the polymer distribution is seen to be non-uniform. Local accumulations of polymer are observed in some places forming lamellar-like clusters a few microns wide and long between melamine particles. Some little contrast variations are also seen very locally within barium sulfate particles. However, the presence of polymer in these places is less clear since it cannot be confirmed by EDS. Surprisingly, the images contain large areas where the polymer is apparently missing. This is not consistent with the observed cohesion and mechanical properties of the material and the expected polymer content of a few percent. This non-detection probably means that spatial domains occupied by the polymer binder are too small to produce a visible response in both SEM and EDS experiments considering the resolution and contrast that can be achieved with such materials.

Information given by these observation techniques is primordial as they give a visual and direct representation of the structuring of the material at the sub-micrometer scale. However, it must be kept in mind that images are obtained from a clean surface with interaction volumes that are larger than geometrical details with dimensions of a pixel. Consequently, the real dimensions of polymer domains are hardly accessible and those with dimensions less than a few dozen nanometers are simply undetectable. Finally, extracting an average polymer thickness that makes sense would require a dramatic improvement of the accessible resolution and the analysis of a field of view large enough to be representative. Moreover, the assumption would have to be made that information given by a sufficiently large surface is representative of the whole sample volume.

Spin diffusion solid state NMR is a possibility to go further, since it gives information averaged over the whole sample and is sensitive to polymer structuring at the nanometer scale. It would thus unravel the presence of possible polymer domains smaller than those visible with SEM, and enrich our knowledge about the microstructure of the material.

1D NMR Spectra

The neat polymer is studied first, to distinguish structural effects present within the polymer itself from effects due to an interaction with the reinforcement.

Figure 3 displays the 1 H spectra of the neat polymer and the composite recorded with a short recycle delay of 5 s. The spectrum of neat polymer is dominated by two rather narrow lines separated by ≈3.4 ppm and a small contribution of a broader component. The two narrow lines on the one hand represent protons that belong to aliphatic saturated and unsaturated carbons of the NBR moiety. The broad line on the other hand contains a major contribution from EPON that represents the most rigid part of the polymer. The spectrum of the composite was also recorded after a long delay and shown for comparison. In this case, the pattern is dominated by a broadened characteristic Pake doublet due to the contribution of the reinforcement.

A deconvolution procedure was applied to these spectra using DMFit software. A first deconvolution was obtained on a Hahn echo spectrum of the binder, to remove the broad component (not shown). Then, the whole spectrum was deconvoluted with fixed frequencies for the sharp lines, to get the parameters of the broader one. In the spectrum of the reinforcement, the broadened Pake doublet can be approximated by two individual Lorentzian lines. In the spectrum of the composite recorded with a short delay, a possible contribution of this Pake doublet can be seen, but its contribution is too weak to be clearly distinguished from the spectral deconvolution. The spectrum is thus deconvoluted with three lines, and the contribution of the reinforcement is estimated from pure reinforcement spectrum recorded under the same experimental conditions. We found that 4% of the total spectral integration comes from residual reinforcement. This contribution was removed from the broad line integration determined by the optimization procedure. Finally, integrations were corrected to deal with relaxation occurring during the dead time of 6.5 µs before acquisition.

The T 2 -relaxation measured using an independent Hahn echo experiment was fitted with four exponential components: a long T 2 (see Table 1 for numerical values) attributed for both sharp lines, two shorter T 2 attributed to the broad line on the bottom, and a small proportion of a very long fourth T 2 (>5 ms) probably due to some impurities not visible in the spectrum.

The results gathered in Table 1 show that the polymer contains 19% of rigid domains, but this proportion increases up to 59% in the composite. At the same time, an overall broadening of the spectrum is observed. The results on the pure reinforcement are not presented in this paper, as they do not contribute to the overall results, the reinforcement being suppressed during the diffusion experiment in the composite.

T 2 was used to determine diffusion coefficients in both phases according to Equation ( 5). The broad line consists of two unresolved contributions: from the polymer immobilized in the interphase close to the reinforcement, and from the small domains present in the polymer. The 80 µs-T 2 is attributed to the small domains and yields the coefficient of 0.22 nm² ms -1 . The smallest T 2 is attributed to the rigidified interphase and yields the diffusion coefficient of 0.53 nm² ms -1 .

NMR Spin Diffusion Measurements

Diffusion curves representing the evolution of I corr versus t m 1/2 are displayed in Figure 4 for the composite and neat polymer. An evolution curve I(t) τ = 50µs before correction is given for comparison. One can observe the two-stage pattern of the composite's signal: a fast initial decay followed by a slower decay for longer mixing times. Different tests were carried out to ensure that the observed behavior did not result from experimental drift or artefacts. It was confirmed by using different sequences including the basic GS experiment with phase cycling, and the dipolar filter [27] (not shown). The graph shows that a similar fast initial decay is observed in the polymer and in the composition even without T 1 -correction. This correction is however required to reveal the slower decay of the composite, in opposition to the plateau final value observed for the neat polymer. A limit is reached at t m ≈ 3.5 s, after which the noise increases dramatically. This is a consequence of the relaxation attenuation that affects both the numerator and denominator in Equation (1).

To the best of our knowledge, a similar two-stage evolution has only been reported once, for core-shell systems. [15] The interpretation given relies on the coexistence of a two scale structuring. fast decay is attributed to small rigid domains within the interphase, close to the core-shell interface, and the slower decay to the core-shell macro-structure itself. This interpretation is transposed here assuming that the polymer in the composite contains: i) small isolated rigid polymer domains as observed in the neat polymer; ii) an interphase of finite length made of rigidified polymer close to the reinforcement. Both play the role of sink phase for magnetization (Figure 5); hence following the magnetization of polymer chains, one should observe at the same time a fast local diffusion toward the small rigid domains, and a slower transfer of magnetization towards the rigidified interphase. Both processes are simultaneous, but the first one vanishes around t m ≈ 50 ms while the second one goes on for a few seconds. Thanks to this difference, and to go further in the analysis, we assume that the two diffusion processes are independent. The two-stage diffusion curves observed for each τ 1 value were decomposed into separate fast and slow decays, and renormalized (see Figure 7a).

Evaluation of Filter Strength and Selected Mobile Fraction

The delays used for the selection period act as filters allowing the selection of more or less mobile fractions (Figure 5). With a weak filter, that is, with a short τ 1 , only the magnetization of the most rigid protons is cancelled. Hence, the maintained magnetization comes from a large region of the material. Concerning the interphase and assuming that T 2 relaxation times increase with the distance from the reinforcement, the region of cancelled magnetization grows with increasing τ 1 delays, and the size of the selected regions decreases. The point where a constant T 2 is reached, far enough from the reinforcement, is defined as the edge of the interphase. The size distribution of domains is another factor that contributes to the observed τ 1 dependency, and this effect probably prevails for small isolated domains related to the fast initial decay.

Experimentally, the selected fraction of polymer represents the protons from the mobile phase that have retained their magnetization after equilibrium is reached. The evolution curves obtained in neat polymer and composite are displayed in Figures 6 and7. A similar initial decrease is observed, followed by a plateau value reached at τ 1 ≈ 50 µs (Figures 6a and7b). Dealing with the slow diffusion in the composite, the selected Figure 5. Suggested model for polymer binder between two reinforcement particles. The darker the material, the more mobile. R magnetization is cancelled with a short τ 1 ; I magnetization is progressively cancelled with increasing τ 1 . Also shown is a fast diffusion from the source M to the sink R (1), and a slower diffusion, considered as the diffusion of bulk "free" (M+R) polymer toward bulk rigidified polymer (2). mobile fraction versus τ 1 curve is generated using the intensity at t m = 2.5 s, as equilibrium is not reached, even if this value gives an overestimation of the selected fraction.

The delay τ 2 before acquisition has to be long enough to cancel the residual contribution from the reinforcement, and short enough not to add relaxation effects to the mobile component signal. It is optimized in a Hahn echo experiment and then set for all diffusion measurements at 50 µs.

Discussion

Pure Polymer

The diffusion curves of the polymer displayed in Figure 6 show the presence of rigid domains that represent about 25% of the polymer matrix, which is consistent with the quantitative analysis of the 1D spectrum. This is a common situation in polymers that contain separate phases, segregation of chemical species (for instance, aromatic and aliphatic species), entanglements, and crosslinks. For comparison purposes, the method was tested on a room temperature vulcanization silicone sample with simple chemical structure and low glass transition temperature. Such a polymer was expected not to contain any microstructure or gradient of molecular mobility, thus no diffusion was expected, and indeed no diffusion was observed regardless of the τ 1 value. Information on domain size was determined using Equation (3) assuming the rigid domain is the dispersed component and diffusion coefficients from Table 1. The proton densities are supposed distinct here: to a first approximation, the rigid domain is assigned to EPON and the mobile component to NBR chemical components.

Dealing with isolated rigid clusters related to a fast diffusion, an isotropic spheroidal geometry with ε = 3 is assumed, leading to an average domain size d rig = 6 nm (Figure 5). These spheroidal domains represent about 30% of the volume, considering the respective proton densities.

Composite

Figure 7a displays the diffusion curve recorded at long τ 1 on the composite material. The observation of a linear slow decay for long mixing times is the main difference from the neat polymer. The end value close to 40% matches the fraction deduced from the deconvolution of the 1D spectrum (see Table 1), that is, the domains involved in the diffusion process correspond to the narrow and broad lines in the 1 H spectrum.

After decomposition of the diffusion curve, the fast component shows almost the same evolution as in neat polymer but with a lower selected mobile fraction (Figure 7b). The domain size d rig is calculated from the same proton densities as for the polymer. It is determined to be 8 nm, a value similar to that found for neat polymer, yet a little higher. These results express an overall stiffening of the binder within the composite. Considering that the first decay reaches equilibrium within 50 ms, and turning now to the longer second decay, it turns out that this decay characterizes the diffusion that takes place between the bulk "free" binder and the bulk rigidified binder at the interface. Indeed, when the first diffusion between the mobile polymer M and the small rigid domains R contained within M reaches equilibrium, only a small part of the second diffusion has occurred (Figure 7c). It is thus consistent to consider that the second diffusion happens from the bulk (M+R) free binder toward the bulk rigidified polymer I that includes both initially mobile and rigid local domains. This means that the proton densities are equivalent in both phases and correspond to the average of the proton densities of individual components. Figure 7d shows that the selected mobile fraction for the second decay is about 68%, meaning that 32% of the protons are rigidified in the region close to the reinforcement. These are the volume fractions used in the calculations, even if these values are respectively over-and under-estimated since equilibrium is not reached in the considered mixing time. A dimensionality ε = 1 is chosen considering the diffusion from a lamella of free binder towards a lamella of rigidified binder in contact with the reinforcement. Equation (3) gives a domain thickness d int = 30 nm, with the interphase as the rigid dispersed component; this result is a low limit of d int since φ int /φ mob is underestimated. These 30 nm represent the thickness of one interphase, and now there must be an interphase on each side of the binder lamella where the binder is under the influence of the reinforcement. This means that the 32% of rigidified protons represent a total thickness of 2 × 30 nm, which enables us to estimate the proportional size of the free binder's domain at 128 nm. Finally, the total thickness of the binder is estimated to 2 × d int + d mob = 188 nm (see Figure 5). Obviously, SEM observations showed that the polymer distribution is not homogeneous throughout the sample. This result has thus to be considered as a mean value resulting from the weighted average of individual slopes related to the different domain sizes encountered in the sample: from binder heaps of a few micrometers long and wide that give almost no diffusion (no slope) to thin lamellae not visible in SEM pictures, that give a rapid diffusion (steep slopes).

Conclusion

This work proved the complementarity between SEM observations and NMR spin diffusion experiments to characterize the microstructure of a composite material, and more precisely the structuring of the few percent of its polymer binder. SEM observations revealed the heterogeneity of the material, and showed the distribution of the binder in clusters a few micrometres square, mainly between melamine particles. Because of the characteristics of the studied material, SEM resolution being limited, NMR spin-diffusion experiments were run to go further. The two-decay spin diffusion curves indicated the existence of two distinct types of domains. Small rigid domains were represented by the first fast decay, while the second slow decay revealed the presence of large rigid domains that did not exist in the pure binder. These were interpreted as an interphase region made of polymer with reduced mobility. Assuming a lamellar morphology, the size of the interphase containing a mobility gradient was estimated at 30 nm, and the bulk mobile domain at 128 nm, which lead to an average thickness of 188 nm on the whole sample. Such structural information is essential for a better understanding of microstructure/property relationships and will be used to improve the accuracy of numerical models developed to predict performances. Work is currently ongoing in our laboratory to apply this methodology to different composite materials and to evaluate the effect of mechanical or thermal treatment on the microstructure. From a wider point of view, as polymer-based composites are found in different sectors, this approach might be used for a wide variety of studies dealing with their properties, making process, or mechanical behavior.

Experimental Section

The studied compound is a home-made compacted composite material containing a mixture of melamine (65%) and barium sulfate (30%) as reinforcement, and about 5% of a polymer binder. The crystalline particles of reinforcement are a few dozen micrometers in size. The binder is an elastomer principally made of NBR (butadiene/acrylonitrile rubber) and ≈20% of EPON (multifunctional aromatic epoxy resin). The glass transition temperature measured by differential scanning calorimetry (DSC) is T g = 233 K. Cylindrical samples of φ10h4 and φ4h25 mm were prepared for SEM and NMR measurements, respectively. For SEM observations, samples were further polished with an argon-gun Gatan PECS II ionic polisher.

SEM data were acquired using a field emission gun FEI Versa 3D SEM, operating at 10 kV. A circular backscattered electron detector was used in order to enhance the chemical contrast. To preserve this contrast, the samples were not metallized; this leads to an accumulation of electric charge common in organic materials. The problem is overcome using low vacuum conditions with a reduced pressure of 0.7mbar in the chamber, a voltage of 10 kV, and a probe current of 5.7 nA. EDS cartographies were also run on the sample, to supplement SEM information. They were acquired using an Oxford XMAX50 system with the same parameters as for SEM images, with an exposure of 1 ms per pixel. The area investigated with both techniques measured 211 × 145 µm² for a resolution of 1024 × 704 pixels.

NMR measurements were carried out at room temperature (294 K) on a 9.4T Bruker wide bore spectrometer (proton resonance frequency of 400.13 MHz) equipped with a 1 H selective 5 mm high-power probe. The 90° pulse produced by the solenoid coil was 1.5 µs. The GS experiment was repeated for each of the 32 diffusion times t m chosen in the interval (0.5-6000 ms). Individual spectra were acquired with 8 scans with a recycle delay RD = 5 s. The 2D data treatment consists of an exponential multiplication (line broadening LB = 500 Hz), a Fourier transform in the first dimension, and a phase correction. The diffusion decay curves were built with the area of the entire line, to get quantitative results. 1D spectra were also recorded using the same recycle time. This methodology was applied to the two pure components separately, and then to the composite material. An important characteristic of the composites is the strong difference of longitudinal relaxation times T 1 between the reinforcement and the polymer. As a consequence, with a recycle delay of 5 s between the scans, the reinforcement magnetization was saturated and did not contribute to the spectrum. A signal residue could be observed at long mixing times, but is eliminated using an appropriate dead time. A one-scan spectrum was also acquired on the reinforcement and on the composite after a delay RD = 4800 s, to obtain the spectral response of the reinforcement, the T 1 of which was estimated to be roughly 800 s. This T 1 value was independently evaluated on neat reinforcement using the standard inversion-recovery sequence with a reduced recycle delay of 60 s. This value was also consistent with a series of single scan standard spectra recorded after different recycle delays. The spectra were deconvoluted with the software DMFit to extract spectral characteristics.

Figure 1 .

 1 Figure 1. Sequence based on the Goldman-Shen sequence: selection, mixing, and detection. The phase cycling between the phase of the second π/2-pulse and the acquisition is added to reduce the T 1 effect, and two π-pulses are added to refocus the signal.

Figure 2 .

 2 Figure 2. SEM backscattered electron image (top) and EDS-carbon cartography (bottom) of the composite material. The arrows show areas of polymer binder which appear darker in SEM and brighter in the EDScarbon cartography.

Figure 3 .

 3 Figure 3. 1 H NMR spectra obtained from a single pulse experiment on a) neat polymer with a recycle delay RD = 5 s, b) the composite with RD = s,and c) the composite with RD = 4800 s. The non-continuous lines are theoretical ones that were deduced from a deconvolution procedure: the red and blue dotted lines are assigned to the mobile polymer fraction from saturated and unsaturated carbons; the pink dashed-dotted component is assigned to rigid polymer fraction (which is more intense in the composite); the green dashed line is the signal of the reinforcement, only visible with a long recycle delay in (c).

Figure 4 .

 4 Figure 4. Corrected diffusion curves obtained with the sequence presented in Figure 1. Dots: pure polymer, squares: composite. The third curve (triangles) represents the diffusion curve before correction.

Figure 6 .

 6 Figure 6. a) Diffusion curves of the polymer at different filter strengths (τ 1 ), with determination of the characteristic time for a strong filter. b) Selected mobile fraction versus τ 1 in the neat polymer with a final value of 0.76.

Figure 7 .

 7 Figure 7. a) Total diffusion curve of the composition (squares) decomposed into two distinct regimes: a fast diffusion toward small domains (1) and a renormalized slower and longer diffusion toward the interphase (2). Fast (b) and slow (c) diffusion curves at different filter strengths. d) Selected mobile fractions for the two decays: respective final values of 0.53 (diffusion 1) and 0.68 (diffusion 2).
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