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INTRODUCTION

The reliable measurement of polymer chain interdiffusion at an interface between two polymeric materials in contact is of great importance to many industrial applications. The description of composites materials based on a multilayered or blend elastomer structure, such as tires, requires its precise measurement. The interface between two polymers is a notion demanding precision. For example, two polymer mixtures can simply be put into contact, which leads to chain interdiffusion, or be submitted to a curing process, which leads to interdiffusion and crosslinking phenomena. In this study, butadiene rubber (BR) and styrene-butadiene rubber (SBR) were put into contact, and this BR/SBR couple was subsequently cured. The interphase between the two elastomers is defined by the region in which the value of a given physical property changes from one homogeneous region, with respect to that physical property, to the other. In this study, two atomic force microscopy (AFM) imaging modes were used to assess the interphase width: well-known tappingmode phase imaging and contact-resonance imaging.

In the tapping mode, the phase shift between the excitation of the cantilever and its response, which is dependent on the energy dissipation of the tip-sample system, 1,2 varies when the tip sweeps a surface with changing mechanical or chemical properties. Surprisingly, despite the common use of phase imaging to show the mechanical contrast in polymer blends, [3][4][5][6] almost no study has focused on the assessment of the interphase width. 7 Interphase width measurements are generally carried out on polymercharge composites 8,9 but not between two polymers. Moreover, the contrast phase inversion issue, pointed out and discussed in the literature, [10][11][12][13] can lead to a false assessment of the interphase width. Therefore, particular working conditions must be used. One aim of the article is to properly set some robust acquisition conditions and to discuss the effect of the experimental conditions on the assessment of the interphase width. Therefore, a contactresonance microscopy method [14][15][16] has been developed to validate the interphase width measurements; indeed, the agreement of the results obtained by both methods with very high and very weak mechanical solicitation ensures a proper assessment of the interphase width. In the literature, force or displacement modulation methods in the contact mode have been used for analyzing the contact stiffness. 17 Here, a resonant method has been used in which the resonance frequency of the cantilever is shifted because of the contact stiffness. 16,18 

EXPERIMENTAL

Materials

The samples were bilayers, made of two elastomer layers 2.5 cm in diameter and 2 mm thick, that were put into contact and subsequently cured. They were supplied by the Michelin Technology Center (Clermont-Ferrand, France) and were studied as received. The polymers used were BR and SBR with respective number-average molecular weights of 120 and 240 kg/mol and respective glass-transition temperatures of 2105 and 2388C. Two SBR microstructures were chosen to modulate the miscibility of the SBR/BR couple: in the first sample (no. 1), the SBR/BR couple was immiscible, and in the second one (no. 2), the SBR/BR couple was miscible. The samples were prepared by the same procedure to minimize unwanted side effects: they were cut with a razor blade, just before being studied, to get samples with a typical size of 1 3 1 3 10 mm 3 presenting a clear interphase between the two elastomers in the center of the analyzed surface. The identification of the polymer on both sides of the interphase was then direct.

Tapping-mode imaging

Commercial silicon tapping cantilevers (BS-300, Budget Sensor) (Wetzlar, Germany) were used with a spring constant of about 40 N/m. The resonance frequency of the cantilever typically was 250 kHz. Tapping-mode AFM was performed with a Veeco Dimension 3100 atomic force microscope (Cedex, France). In this study, the excitation frequency, slightly below the resonance frequency of the free cantilever, was such that the ratio A(x)/A 0 (x) was equal to 0.8, where x stands for the excitation frequency, A stands for the amplitude of the cantilever, and A 0 stands for the free amplitude of the cantilever. The amplitude, given in nanometers, was obtained from approach-retract calibration of the cantilever in the tapping mode on a silicon wafer. Height and phase images were recorded simultaneously. The phase difference between the cantilever excitation at its resonance and the response of this cantilever was measured by an external lock-in amplifier. The input of the lock-in was the electrical signal arising from the diodes (deflection signal), and the reference signal was the driving excitation signal of the cantilever. It should, however, be noticed that most of the recent commercial instruments offer suitable build-in phase devices.

Contact-resonance microscopy

The contact-resonance experiments were performed with a home-built device. A silicon nitride V-shaped cantilever (Veeco NP) with an approximate stiffness of 0.58 N/m was in permanent contact with the sample surface. An electronic feedback loop excited the cantilever at its resonance frequency, whatever the contact conditions were. Excitation was performed via an electrostatic field 16 established between the sample holder and the grounded body of the microscope (Multimode, Veeco). The phase-controlled oscillator that we used was a simplified version of the feedback loops used in dynamic-mode force microscopy. 19 The large frequency shifts involved in the contact-mode resonance method allowed for a simpler design of the loop. The input signal of the home-built device was the electrical signal arising from the diode panel (deflection signal). It was first amplified to a constant amplitude (V 0 ) with an automatic gain control and was then phase-shifted. A constant voltage (V c ) was added, and this signal was driven to the sample holder, which was isolated from the ground. The resonance conditions of the loop were fulfilled when the frequency of the signal was identical to that of the cantilever and the phases were matched. The system is illustrated in Figure 1. The tip was embedded in an electric field proportional to the applied voltage, V c 1 V 0 cos(xt), where x is the frequency and t is the time. The dielectric tip was submitted to a polarization force proportional to the square of the applied tension {[V c 1 V 0 cos(xt)] 2 }. 20 This expression gave a term proportional to V c V 0 cos(xt), so that the magnitude of the driving force was controlled by the user. During the scan of the tip, the resonance frequency of the cantilever changed with the mechanical properties of the sample, and so did the quality factor.

The resonance frequency of the cantilever and the gain needed to keep the vibration amplitude of the cantilever constant were independently acquired during the scanning of the surface. The oscillation frequency of the first mode of the cantilever was about 40 kHz. In contact with an elastomer sample, the frequency of this first mode was shifted to a value ranging typically from 100 to 200 kHz, depending on the mechanical properties of the elastomer.

RESULTS AND DISCUSSION

Experimental conditions for tapping-mode phase imaging

As shown in the following, the experimental conditions had to be carefully chosen. Indeed, the artifacts in the phase images could prevent us from properly observing the interphase and therefore measuring its width. The experimental conditions of the phase acquisition in the tapping mode are discussed in the following to define robust imaging conditions.

As a first example, a topography image and a phase image of sample 1 are displayed in Figure 2. Only the phase image is split off in two contrasted areas with a sharp transition at the position of 5.5 lm.

Tapping-mode imaging conditions are of primary importance to get reproducible and coherent results. As the principles of the technique rely on the interactions between the tip and the surface, both the excitation frequency and the vibration amplitude determine the phase response of the oscillator. Two oscillation modes are possible: one is linked to an attractive tip-sample interaction, and the other is linked to a repulsive tip-sample interaction. 21 To point out the problems that can occur during the acquisition of a phase image, some phase profiles were acquired with different acquisition parameters. At first, the phase angle profile of the interface was recorded with two different free amplitudes and the same ratio of R sp 5 A sp /A 0 5 0.84, where A sp stands for the set point value and A 0 stands for the free amplitude value. The phase angle deviation, DF 5 F 2 F 0 , is displayed in Figure 3 for sample 2; F is the current phase angle, and F 0 is the reference phase angle. The result was obtained with a scanning range of 40 lm at a scan frequency equal to 0.5 Hz; the left part corresponds to BR, whereas the right part corresponds to SBR. The chosen phase reference (F 0 ) is equal to the mean phase of the BR (left) part. The contrast inversion suggests that the oscillation mode changed for SBR. For a weak value of the free amplitude (32 nm), the set point vibration amplitude can be reached in the attractive regime: van der Waals forces alone are able to reduce the amplitude of the cantilever to the working value. This regime is to be avoided because a weak mechanical response is expected. High driving amplitudes are then preferred for the interphase studies. In the following, the free amplitude is set to a value close to 180 nm.

To investigate the phase contrast when a phase image is recorded in the tapping mode, the phase profile of the interphase of sample 1 (narrower than the interphase of sample 2) was studied (see Fig. 4) with various values of the set point ratio and with a high value of the free amplitude (180 nm). The phase contrast increases with the R sp ratio decreasing. This is in agreement with the relation between the phase measurement and the energy dissipation during a tapping cycle, showing that increasing energy dissipation of the tip-sample interaction leads to an increasing value of the phase. 21 The relative phase between the two elastomers is kept constant whatever the set point values are, showing robust conditions in a regime of repulsive tip-sample interaction. Both a high driving amplitude and a low A/A 0 ratio ensured that we worked in the repulsive tip-sample interaction regime.

As mentioned previously, phase images are a measurement of the dissipation of the interaction between the tip and the surface. The origin of this dissipated energy can be found in adhesion or in the viscoelastic properties of the material. It has been recently shown 22 that, on elastomers, adhesion effects dominate. Then, one expects the tip radius and elastic modulus of the sample to play an important part in the observed contrasts. When the tip is damaged, a larger contact radius may increase the attractive part of the interaction. This may lead to poorer contrasts between both rubbers. Such an effect is exemplified in Figure 5. The profile acquired with a high set point ratio (0.99) is typical of an attractive regime. Increasing R sp induces a gradual evolution in which the contrast between the two elastomers disappears. In the interphase region, a nonmonotonic behavior can be observed, confirming the complex origin of the phase contrast in these intermediate imaging conditions.

To conclude this section, robust conditions could be found: a high free amplitude (180 nm) and a low A/A 0 ratio (<0.8). For an undamaged tip, these conditions guaranteed a good measurement of the interface between the two elastomers for most of the cases by favoring a repulsive interaction regime. These conditions were used to assess the interphase width for both samples: the interphase width is defined from the profiles by the distance between the two plateaus (Figs. 2 and3). Both samples were prepared with the same procedure. The only difference lies in the miscibility of the two polymers put into contact: the elastomers in sample 2 were miscible, whereas the elastomers in sample 1 were immiscible. The AFM signal shows an interfacial width of around 8 lm for the miscible couple, whereas the width of the immiscible couple was about 100 nm. In a recent study carried out on elastomer systems, 22 it was shown that in hard tapping conditions, the response of the tip can be affected by an inclusion 80 nm from the tip. This value is inferior to the measured interfacial width between the two elastomers (100 nm). This measurement is then believed to be the true value of the interfacial width. The confirmation of this argument is given in the next section.

It has to be stated that attenuated total reflection/ infrared spectroscopy was used on these samples to check that these micrometer-scale gradients measured by AFM indeed were linked to elastomer chain interdiffusion. The miscibility is a fundamental parameter of the interdiffusion of polymers, and a difference in the interfacial width between miscible and immiscible samples was expected. Measuring an interphase width of the order of 10 lm meant that macromolecules in these samples were able to cross distances equal to 1000 times their gyration radius ( 10 nm).

Interphase width measurements by contact-resonance microscopy

This section is devoted to the measurement of the interphase width by contact-resonance microscopy. Displayed in Figure 6 are the topography image, frequency image, and gain image of the BR/SBR interface of sample 2. These images were acquired with a scan size of 30 lm and a sweeping frequency of 0.1 Hz.

The main information extracted from these images is that only the frequency image and the gain image reveal the interphase between the two polymers (BR in the left part and SBR in the right part). Indeed, focusing on the frequency image, for example, we find that the contact-resonance frequency of the cantilever in the BR area is centered at 120 kHz, whereas it is centered at 132 kHz in the SBR area. The profiles extracted from these images in both cases give the same value of the interphase width, which is for sample 2 equal to 8 lm (Fig. 7): the frequency varia- tion is displayed with a frequency reference (120 kHz) equal to the mean frequency of the cantilever in the BR part (left).

It clearly appears that the resonance frequency on contact is essentially controlled by the mechanical properties of the elastomers. However, it is also observed that the topography, frequency, and gain images are correlated. This correlation between the three images is briefly discussed to properly assess the interphase width.

First, the examination of the profiles of each image indicates that a topography deviation as a sudden increase of the slope if the tip meets with a wall leads to a transient increase of the frequency and a transient decrease of the gain. The frequency and gain can then be changed without any modification of the mechanical properties of the material because of the scanning of the tip on a nonflat surface: the frequency and gain contrasts depend then on the roughness of the sample and the velocity of the tip; the frequency and gain are instead related to the derivative of the topography profile.

Second, for this reason, to obtain information independent of the topography, the mean resonance frequencies (mean gains) in the BR region on a flat area and in the SBR region on a flat area were compared. The comparison reveals unambiguously that the mechanical properties of the two elastomers are different. Moreover, it appears that the influence of the topography on the resonance frequency and gain variations is small compared with the influence of the nature of the elastomer: in the SBR part, the frequency variation is 2 kHz, and this value has to be compared to the frequency gap between BR and SBR (12 kHz).

Third, if the topography variations induce a gain change, it is possible to observe a gain or resonance frequency variation on a flat surface: close observation of the SBR part of each image shows, for example, that gain variations reveal more details than the topography images. Indeed, the gain variation is the result of a change for a fixed frequency of dissipated energy at the contact tip-sample.

In conclusion, even if the roughness and topography variation of the surface is strongly correlated to the gain and resonance frequency, the main source of the variation of the resonance frequency and the gain arises from the difference in the mechanical properties of the two elastomers. The roughness and topography induce only a second-order effect in comparison with the effect of the difference in the mechanical properties. It also should be noted that it is always possible to slow down the velocity of the tip on the surface, which decreases the topographyinduced contrast of the gain and frequency images.

In the topography, phase, and gain images of sample 1 (Fig. 8), it also appears clear that the frequency image and gain image provide good evidence for the interface. The profile extracted from these image gives an interphase width equal to 100 nm according to the result obtained by phase measurements. It should be noted that in comparison with the tapping experiment, the solicitation of the elastomer in a contact-resonance experiment is very weak, and this confirms that the interphase width of 100 nm obtained by the phase measurement under hard tapping conditions is the true width.

CONCLUSIONS

In this study, two methods have been presented to measure the interdiffusion at an interphase between two polymers in contact. The first is well-known tapping-mode AFM. Because of the frequently observed phase contrast inversion, it has been shown that both a high free amplitude (ca. 180 nm) and a reduced set point ratio are required to obtain good mechanical sensitivity and therefore a precise measurement of the interdiffusion. These particular conditions (hard mechanical solicitation) are allowed on very soft materials such as those studied. The interphase width has been precisely assessed between two miscible or immiscible polymers. These measurements have been confirmed by contact-resonance microscopy (very weak mechanical solicitation), in which the tip in contact with the sample is electrostatically excited at the resonance frequency of the cantilever. The gain and frequency imaging have allowed us to precisely measure the interphase width between the same polymers. The same interphase widths are obtained by both methods (weak and hard mechanical solicitation), and this confirms that the true interphase width is measured.

Figure 1

 1 Figure 1 Schematic diagram of the phase-controlled oscillator setup used for contact-resonance microscopy. G: Gain; AGC: Automatic Gain Controller.

Figure 2

 2 Figure 2 (a) Topography and (b) phase images of sample 1 acquired with a free amplitude of 175 nm, an R sp value of 0.85, and a sweeping frequency of 1 Hz. The left part corresponds to BR, and the right part corresponds to SBR. The Z-axis scale is displayed with the corresponding color for the topography image and phase image. The phase angle deviation (DF 5 F 2 F 0 ) is displayed in degrees with F 0 equal to the mean phase of the BR part.

Figure 3

 3 Figure 3 Two-phase profiles extracted from the twophase images of the interface of sample 2. The left part corresponds to BR, and the right part corresponds to SBR. A 0 and R sp are displayed. The phase angle deviation (DF 5 F 2 F 0 ) is displayed with F 0 equal to the mean phase of the BR part.

Figure 4

 4 Figure 4 Phase profile of the interface of sample 1 obtained in the tapping mode with a free amplitude equal to 180 nm, a scan frequency of 0.5 Hz, and different R sp values. The left part corresponds to BR, and the right part corresponds to SBR. The phase angle deviation (DF 5 F 2 F 0 ) is displayed with F 0 equal to the mean phase of the BR part.

Figure 5

 5 Figure 5 Sample 2 phase profile extracted from a phase image of the interface with a partially damaged tip. The left part corresponds to BR, and the right part corresponds to SBR. A 0 was equal to 178 nm. The different R sp values are displayed.

Figure 6

 6 Figure 6 (a) Topography, (b) frequency, and (c) gain images of sample 2 obtained with electrostatic excitation and with a sweeping frequency of 0.1 Hz.

Figure 7

 7 Figure 7 Sample 2 frequency variation profile extracted from the frequency image of Figure 6. The frequency variation is displayed with a reference frequency equal to the mean frequency of the cantilever in the BR part (on the left).

Figure 8

 8 Figure 8 (a) Topography, (b) frequency, and (c) gain images of sample 1 obtained with electrostatic excitation and with a sweeping frequency of 0.2 Hz.