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Nanocomposite based on an elastomer, natural rubber (NR), and pristine multi-walled carbon nanotubes (MWCNT) was prepared using a two-roll mill mixer. The high shearing stress induced homogeneous dispersion of 5 phr. MWCNTs in NR matrix. A procedure based on combination of JohnsoneKendalleRobert (JKR) contact mechanics and “two-point method” together with AFM force measurements, was successfully used to visualize nanomechanical mapping on the resulting nanocomposites. Topography, elastic modulus, and adhesive energy distribution maps were obtained at the same point and at the same time in a single scan. Such maps were successfully used to identify and characterize CNTs and NR regions in nanocomposites. The intermediate modulus region formed around CNTs was investigated on the quantitative evaluation in real space and demonstrated the existence of interaction between CNTs and NR matrix. Ó 2010 Elsevier Ltd. All rights reserved.
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1. Introduction Atomic force microscopy (AFM) has been widely employed to study nano-structured materials, which enables us to investigate topological and mechanical properties at the same point and at the same time [1e6]. The mechanical properties such as Young’s modulus are usually calculated from AFM force-distance curves [7e10]. However, such measurement only provides mechanical information at a single point. In order to map the elastic and adhesive properties of materials with surface heterogeneity, researchers use different AFM techniques such as AFM force volume (FV) [11e13], AFM tapping mode using torsional harmonic cantilevers [14], band excitation method [15], and contact resonance based techniques [16]. In this work, using a procedure based on combination of JohnsoneKendalleRobert (JKR) [17] contact mechanics and “two-point method” [18] together with AFM force volume measurements, we successfully presented a quantitative method to obtain nanomechanical mapping on polymer nanocomposites. Using this technique, maps of elastic modulus, adhesive energy and topography can be obtained simultaneously in a single scan. In addition,
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a procedure to rebuild a true height image is introduced, by which the real surface topography of samples can be presented. Multiwalled carbon nanotube (MWCNT) reinforced natural rubber (NR) was selected as a model nanocomposite because the CNTs are promising ﬁllers for elastomers to improve mechanical, electrical, and thermal properties [19e22]. Our technique is promising in identifying the composition and better understanding the relationship between structure-properties of polymer nano-alloys and polymer based nanocomposites. 2. Experimental Natural rubber (NR) used in this study was a Standard Malaysian Rubber Constant with Viscosity 60 (SMR CV60). MWCNTs with purity greater than 95% and average diameter of about 13 nm, were obtained from ILJIN Nanotech Co. Ltd. The CNTs were used as received. The NR containing 5 phr (NR5) CNTs nanocomposites was prepared as follows [23]: on a six-inch two-roll mill, the respective NR was placed and rolled upon themselves. Then, the required amounts of CNTs and cross-linking agent were added and mixed with the NR. With the mixtures temporarily removed, the nip was tightened to 0.2 mm in order to provide the compound with an extremely large shearing force. The resulted compounds were sheeted into slabs of 1.2 mm and cured by compression moulding at 175  C for 20 min. The sheet sample was then cut by a Leica EM FC6
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ultramicrotome at 180  C to obtain a ﬂat surface. Force Volume (FV) experiments were performed using a commercial AFM system (Multimode series with a NanoScope V controller) under ambient condition. In the FV-mode, force curves were collected over randomly selected surface areas at a resolution of 128  128 pixels (16 384 force-distance curves). The cantilevers used were ORC8-10 (Veecoprobes, USA) whose nominal spring constant is 0.38 N/m. Actual spring constant was measured by thermal tune method with the value of spring constant 0.475  0.003 N/m. The calibrated deﬂection sensitivity with a hard metal surface was used in the following analyses. The obtained force-distance curves were analyzed using JKR contact mechanics. The theory is expressed by the following two equations:



a3 ¼



d¼



 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ R F þ 3pWR þ 6pWRF þ ð3pWRÞ2 K



a2 2F þ 3R 3aK



(1)



(2)



where a, R, and W are the contact radius, the tip radius, and the adhesive energy, respectively. K is the combined elastic modulus and has the relationship to Young’s modulus, E, as follows,



K ¼



4E   3 1  n2



(3)



where v is the Poisson’s ratio. Because the above equations are unable to be converted to a function of sample deformation d and applied load force F (F is derived from the spring constant k and the deﬂection of the cantilever D (F ¼ kD), the least mean square curveﬁtting is not applicable. Therefore, we apply “two-point method” proposed by Sun [18]. In this method a JKR curve is drawn so as to cross the two typical points; one point is where the attractive force and the repulsive force become equivalent, and the other is where adhesive force becomes maximum (F1). Using these two points, JKR equations are converted to the following functions where K and w are explicitly represented:



1:27F1 K ¼ qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ 3 Rðd0  d1 Þ



(4)



2F W ¼  1 3pR



(5)



Thus, equations (3)e(5) give K and W from a force-distance curve. Supplementary data gave the detailed analysis procedures. 3. Results and discussion Fig. 1 ﬁrstly shows a TEM image of the NR5 nanocomposites prepared by open roll mill mixer. The TEM experiments were carried out on a JEM-2200FS instrument operated at 200 kV. It can be seen that the unmodiﬁed CNTs are well dispersed in the NR matrix at 5 phr loading. The homogeneous dispersion of the CNTs can be attributed to the high shear stress exerted during mixing. The compound gets very distorted by the large shearing force when it passes the roll, but the rubber’s recovery force occurs immediately after passing through the roll. By this plastic kneading of repeated distortion and recovery, it is thought that CNTs are taken from the cohesive group, thread by thread, and then are homogenously dispersed. Using an ultrahigh-shear processing extruder, Shimizu also prepared unmodiﬁed MWCNTs/polymer nanocomposites with homogeneous dispersion, such as poly[styrene-b-



Fig. 1. TEM images of NR5 nanocomposites. Scale bar is 0.5 mm.



(ethylene-co-butylene)-b-styrene] triblock copolymer (SEBS), poly (vinylidene ﬂuoride) (PVDF), and poly(styrene-b-butadiene-cobutylene-b-styrene) (SBBS) nanocomposites [24e26]. The high shear stress may overwhelm the electrostatic and van der Waals interactions between the nanotubes and peel each nanotube apart. Fig. 2a shows the tapping mode height image and Fig. 2bed gives the generated apparent height, sample deformation, and true height images obtained by nanomechanical mapping technique. The apparent height image is obtained directly from the FV mode, where the trigger threshold is set to 2.4 nN. The same as TEM result, tapping mode height and apparent height images also show that CNTs are dispersed uniformly throughout the nanocomposite. In our tapping mode experiment, the calculated tapping force is about 0.5e1 nN, is lower than the trigger threshold (2.4 nN). It indicates that the tapping mode height images should show lower deformation than FV apparent height image, which is demonstrated by the section analysis showed in Fig. 3S (Supplementary data). Even though, both the tapping mode height and apparent height images contain artifacts due to the very low elastic modulus of NR matrix. In this work, however, we reconstructed the true height image by superimposition of the FV apparent height and sample deformation images. As shown in Fig. 2d, the true height image shows real surface topography of NR5 sample. The weaker contrast for true height image is due to the larger compensation of deformation at NR region. Although the reconstructed true height images do not indicate much more information, it is a real topographic image free from the effect of sample deformation. Fig. 3 shows simultaneously generated maps of the combined elastic modulus and adhesive energy of NR5 nanocomposites. By comparing the deformation (Fig. 2c), elastic modulus, and adhesive energy images, several interesting structures are observed. Two typical structures are selectively marked by two ellipses and a rectangle, respectively. Corresponding to the deformation image, the blue ﬁber-like structure marked by the ellipse in the modulus image represents smaller deformation, higher elastic modulus (Fig. 3a), and lower adhesive energy (Fig. 3b). Such structures are possibly assigned to CNTs. The light red and light green area marked by the rectangle (Fig. 3a) shows larger deformation, lower elastic modulus, and higher adhesive energy. Such area is possibly assigned to NR matrix. To further conﬁrm the above conclusions, the details of elastic modulus image with 500 nm scan size are
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Fig. 2. AFM images of NR5 sample. (a) tapping mode height image obtained using light tapping, (b) apparent height image, (c) deformation image, and (d) true height image. Scan size is 2 mm.



investigated. As shown in Fig. 4a, the distribution of elastic modulus is divided into two typical regions: two representative points are indicated by open circles and the corresponding force-deformation curves are shown in Fig. 4bed. The curve-ﬁtting against JKR contact is also superimposed in each case. Firstly, the results show that JKR analysis on withdrawing process is fairly ﬁtted. The elastic modulus in Fig. 4b is 3.5  1.5 MPa, typical for a NR. The elastic modulus is 12.0  1.8 MPa in Fig. 4d. Although it is far lower than the typical value of CNTs, we attribute this region as a stiff CNTs region. One



possible reason for the low elastic modulus of CNTs is that the rubber surrounding CNTs is deformed. In this case, it is very difﬁcult to know real mechanical properties of stiff materials ﬂoating on a soft material. (For interpretation of the references to colour in this text, the reader is referred to the web version of this article). In addition to CNTs and NR regions, we also ﬁnd another region, intermediate modulus region formed around CNTs. As shown in Fig. 4c, the elastic modulus of this region is 6.1  0.8 MPa, stiffer than NR region but softer than CNTs region. It is impossible to



Fig. 3. Elastic modulus distribution image (a) and adhesive energy distribution image (b) of NR5 nanocomposites. Scan size is 2 mm.
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Fig. 4. Magniﬁed elastic modulus image (a) and force-deformation curves of local points indicated by open circles in (a). The curve-ﬁtting against JKR contact was superimposed on each curve. (b) NR region, 3.5  1.5 MPa, (c) intermediate modulus region, 6.1  0.8 MPa, and (d) CNT region, 12.0  1.8 MPa.



explain the results by simply considering compositions. We name this as intermediate modulus region. By pullout of CNTs from polyethyleneebutene ﬁlm, Barber also observed the regions had anomalously high shear strength [27]. In MWCNTs/polycarbonate composites, both Ding [28] and Pötschke [29] observed thick (tens of nm) layers of polymer coating CNTs. This indicates that a layer with high shear strength is formed. In case of CNTs/NR nanocomposites, the intermediate modulus region resulted from (i) the interactions of electrostatic and van der Waals result in the limited motions of the NR molecule close to the CNTs and (ii) stress/ deformation arise from the mismatch in the coefﬁcients of thermal expansion between CNTs and the NR has been widely investigated [19e22]. Although a number of studies suggest that interactions with CNTs could result in a region around of polymer with morphology and properties different from the bulk [19e22], this paper would be the ﬁrst report to quantitatively evaluate the intermediate modulus regions in real space. Deformation and adhesive energy mapping also lead to the same conclusion as the elastic modulus studies. Thus, we may conclude that our reconstruction procedure is valid and that the elastic modulus and adhesive energy mapping represent the real topographic features. Using this technique, we visualized the nanomechanical mapping of CNTs/NR nanocomposites.



4. Conclusions Well-dispersed CNTs/elastomer nanocomposite was prepared by open roll mill mixer with high shearing stress. Nanomechanical mapping of such prepared nanocomposites was visualized by the combination of JKR and “two-point method” analysis together with force mapping measurements. We obtained the topography, elastic modulus, and adhesive energy maps at the same point and at the same time in a single scan. Such maps were successfully used to identify and characterize CNTs and NR regions in nanocomposites in which the material properties of different compositions were
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