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Abstract

:

In our previous studies, we have developed a wet process to synthesize a copper-single walled carbon nanotube (Cu–SWCNT) metal nanocomposite with excellent mechanical properties. The nanostructure of this Cu–SWCNT composite was confirmed independently by energy-dispersive X-ray spectroscopy mapping, spectroscopy measurements, and Transmission Electron Microscope (TEM) images with discernable SWCNT clusters in nano sizes. However, TEM images with discernable nano-sized SWCNT clusters are rare. In this paper, we present analysis of indirect TEM image patterns, such as moiré fringes, to infer the existence of SWCNT clusters within the copper matrix. Moiré fringes or patterns in the TEM images of a Cu–SWCNT nanocomposite could be generated due to the overlapping of more than one thin crystals with similar periodic arrangements of atoms, promoted by SWCNT clusters. However, the presence of moiré patterns is not a sufficient or a necessary condition for the existence of SWCNT clusters. It was found that based on the overlapping angle of two periodic arrangements, it is feasible to distinguish the moiré fringes induced by SWCNT clusters from those by other factors, such as dislocations. The ability to identify SWCNTs within the copper matrix based on indirect TEM moiré patterns helps to widen the usability of TEM images.
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1. Introduction


Carbon nanotubes (CNTs), due to their exceptional structural properties, are ideal reinforcing elements to form composites for structural applications [1,2,3]. CNT-reinforced composite research first focused on polymer composites and, subsequently, metal composites. One major challenge in the synthesis of CNT–metal composites is due to the difficulty to achieve uniform dispersion of CNTs at small cluster sizes. This challenge is a result of CNTs’ tremendous surface area, up to 200 m2/g, for which van der Waals forces can lead to the formation of large clusters. Summaries and applications of metal–CNT composites can be found in several reviews, and one successful example is CNT-reinforced aluminum for high-frequency MEMS resonators [4,5,6].



Synthesis of Cu–CNT composites are considered, in general, more difficult than Al–CNT composites because copper and carbon do not form intermetallic compounds, as in the case of aluminum and carbon, which form aluminum carbide. In addition, copper and carbon are not soluble. As a result, large clusters are often formed in Cu–CNT composites to limit the strength enhancement.



1.1. Wet Synthesis of Cu–SWCNT Nanocomposite


A wet process, denoted as laser surface implanting (LSI), was reported in [7,8] for the synthesis of Cu–SWCNT nanocomposites. This process disperses SWCNTs into molten copper, followed by rapid and non-equilibrium solidification to lock SWCNTs in positions without agglomerating into large clusters. This wet process is different from the typical dry powder metallurgy method, commonly reported in the literature. Rapid and non-equilibrium solidification is achieved when the heat of the molten copper is rapidly conducted away into the copper substrate due to copper’s excellent heat conductivity. The nanostructure of the Cu–SWCNT composite is confirmed independently by energy-dispersive X-ray spectroscopy mapping, spectroscopy measurements, and TEM images with discernable SWCNT clusters, which were achieved to verify the sizes of SWCNT clusters in the nano-dimensions [9].




1.2. Difficulties in TEM Characterization of the Cu–SWCNT Nanocomposite


It is very rare to obtain TEM images with discernable and nano-sized clusters of SWCNT inside the copper matrix. Unless an SWCNT cluster occupies a space through the entire thickness of a TEM sample, it is unlikely an SWCNT cluster can be distinctly identified in a TEM image. This is because a TEM sample with a thickness of 40 to 50 nm contains nearly 100 to 150 layers of copper atoms, which would dominate a TEM image to obscure the carbon atoms. It is generally difficult to thin a TEM sample to be thinner than 40 nm using focus ion beam (FIB) processing. In Figure 1, a TEM sample, processed by FIB, with 40 nm thickness, is shown.




1.3. Nano-Moiré Patterns in TEM Images


Moiré patterns or fringes are produced when two similar patterns are overlapped with different spacings or orientations. In a nanostructure, moiré fringes could be due to the overlapping of two different materials with slightly different lattice spacings at the interface [10,11,12], of two differently oriented lattices of the same materials from different grains [13], of two lattices under stresses and strains [14,15], of two lattices with defects or dislocations or due to a slanted grain interface along the depth direction of the sample [16], or of two lattices with not perfectly repeatable atom arrangements under various conditions and configurations, such as those found in graphene [17,18,19,20,21]. In [22], moiré fringes are used to identify the existence of palladium clusters deposited on γ-Al2O3/NiAl{110}. Palladium clusters only produce a small contrast in TEM images, not significant enough for lattice study. However, palladium clusters could produce high contrast moiré fringes which could be exploited for information related to the lattice structure. Similarly, in this paper, we explore the use of moiré fringes to identify the existence of SWCNT clusters within the copper matrix when SWCNT clusters are not directly observed.




1.4. Hypothesis


We propose a hypothesis that within a single crystal of copper, the SWCNT clusters in the copper matrix could alter the lattice structure surrounding the clusters significantly enough to induce moiré patterns or fringes. In addition, these moiré fringes could be distinguished from other fringes induced by other conditions, such as dislocation. Note that the mere presence of moiré patterns is neither a sufficient nor a necessary condition for the existence of SWCNT within the copper matrix. The hypothesis is related to the possibility that SWCNT clusters could disrupt the atom arrangements more substantially to induce specific moiré patterns which are distinctive enough to be identified.





2. Methods


2.1. Sample Preparation and Imaging


TEM imaging was conducted on JEOL 2010F STEM at the facility of Analytical Instrumentation Facility (AIF) of North Carolina State University (NCSU), Raleigh, NC, USA. Sample preparation was carried out to thin the samples to a thickness less than 40 nm with highly smooth surface finish. TEM samples were prepared on FEI Quanta 3D Dual Beam SEM/FIB at AIF operating at 30 kV using the “Lift-Out” technique. The FIB sample preparation typically takes 3–5 h due to the thinness requirement, while TEM inspection about 7 to 10 h, and post-analysis about 6 to 9 h for one sample. Therefore, it is cost prohibitive to produce many samples to cover the entire Cu–SWCNT implant. Details of sample preparation could be found in [7,8,9].




2.2. Modeling of Moiré Fringes


Based on the hypothesis of Section 1.4, the moiré pattern of interest is related to overlapping one group of equispaced parallel lines (lattice) over another group. In Figure 2, two groups of parallel lines with different spacings and an overlapping angle, α, shown in Figure 2. For Figure 2, all clockwise angles are defined as positive.



Based on the models developed by [23] and Figure 2, the most distinct spacing of the moiré pattern can be calculated by Equation (1),


dM= d0d1(d12+d02− 2d0 d1 cosα) ,



(1)




where, for the case of the Cu–SWCNT composite, d0 is the lattice spacing of pure copper, d1 is the altered spacing of copper, dM is the spacing of the moiré pattern, α is the overlapping angle of the second group with respect to the first group.



The orientation angle, ϕ, of the moiré pattern can be calculated by solving Equation (2),


sinφ= d0 sinα(d12+d02− 2d0 d1 cosα) .



(2)







If α = 0, the resulting moiré pattern is denoted as translational. Its orientation angle, ϕ, becomes zero as indicated by Equation (2), then Equation (1) can be simplified to determine its spacing as


dM= d0d1d1−d0.



(3)







On the other hand, if d1= d0, but the lattice orientation is altered, the spacing and the orientation of the moiré pattern can be determined as


dM= d02sin(α2);



(4)






φ=π2− ∝2.



(5)







Based on Equation (5), the moiré pattern will be nearly perpendicular to the original equispaced lines if α is small. This observation is used for identifying the possible original equispaced lines.




2.3. Measurement Errors Involved in Characterizing Moiré Patterns


In the attempt to characterize moiré patterns, their spacings and orientations are measured directly from the TEM images printed on paper. The measurement errors are related to the caliper used to measure the spacing and the protractor used to measure the orientation angle. The scale bar of the TEM images used in this paper is either 2 nm or 5 nm. The repeatability in measuring a scale bar of 18 mm using a caliper is typically ±0.05 mm, confirmed by repeatedly measuring the same scale bar over ten times and verifying the range of the measured length values. In the attempt to measure the spacing of a moiré fringe, over five fringe lines will be identified, and the length across these fringes will be measured by the caliper. The measurement error is mostly associated with the uncertainty in identifying the exact location of a fringe line due to the insufficient sharpness and resolution of the TEM image. Following the same processes, the measurement error related to determining the fringe spacing is typically ±0.5 mm over at least five fringe lines. As a result, the error is ±0.1 mm per fringe. For example, in a TEM image with a 5 nm scale bar of 17.97 mm, the total span of 7 fringe lines of a moiré pattern are measured to be 19.51 mm. Converting the spacing measurement in mm to actual value in nm based on the scale bar, we determine the fringe spacing to be 0.775 nm. By considering the measurement repeatability discussed above, the uncertainty is ±0.02 nm. Therefore, the spacing is labeled as 0.78 ± 0.02 nm. For a TEM image with 2 nm scale bar, the uncertainty is ±0.01 nm. The repeatability of the angle measurement is found to be ±0.1 degree.




2.4. Diffraction Patterning and Indexing via FFT


TEM images can be converted into diffraction patterns via the fast Fourier transform (FFT) method for crystallographic analysis. The diffraction patterns in this paper were obtained using the software “Gatan Digital Micrograph” installed on JEOL 2010F to control its digital camera system, calibrated by authorized JEOL engineers. The area selected for FFT was usually about 20 nm × 20 nm. The unit of the TEM image and that of its diffraction pattern are reciprocal. The TEM image is in the real space, with a unit such as nm, while the diffraction pattern is in the reciprocal space, with a unit such as 1/nm. Some of the diffraction patterns are not provided with scale bars because these images were zoomed in to provide more details. Although technically, the patterns converted by FFT are power spectrums, not directly obtained through diffraction, these patterns contain the same characteristics as diffraction patterns, and are commonly used for diffraction indexing.





3. Results


In this section, we present experimental results, their interpretation, as well as the experimental conclusions that can be drawn.



3.1. TEM Images Showing Nano-Sized SWCNT Clusters within the Copper Matrix


Figure 3 presents an enhanced TEM image, in which distinctive SWCNT clusters embedded in the copper matrix can be discerned [9]. These SWCNT clusters, curved in shape, range from 5 to 30 nm in size. In addition, there also exist many moiré fringes in the vicinity of carbon nanotubes, pointed out by green arrows. The likely scenario for the inducement of moiré fringes could be described as follows. During the solidification of the copper, due to the presence of SWCNT clusters, a single crystal could grow until its solidification is interrupted by SWCNTs, which introduce defects to the crystal lattice. The solidification of copper then continues with a slight adjustment to the spacing or the orientation of the crystal lattice. Please refer to [9] for more TEM and diffraction images of Cu–SWCNT samples.




3.2. Diffraction Patterns and Indexing


The TEM image of Figure 3 is converted to its diffraction pattern, indexed by a standard indexing template in green dots (Figure 4). The TEM image of Figure 3 is aligned with [001]. The diffraction pattern of Figure 4 contains many seemly randomly distributed clouds, due to SWCNT clusters, different from those bright dots from copper planes (not seen here due to the overlapping of a standard template). For a single piece of SWCNT, in which the carbon atoms are orderly arranged depending its chirality, its diffraction pattern could be simulated to form specific patterns [24,25]. However, for clusters of SWNTs, specific patterns could not be identified, despite that some of the brighter cloud dots appear to be located on the same distances from the center, indicated by the dot-dash rings. This ring-like spot distribution probably is the contribution due to the combination of the orderly SWCNT inner structure and the randomness of overlapping SWCNT clusters.



Figure 5 presents another TEM image, which likely contains one distinct SWCNT bundle in a cross-section view. In this image, the bright spots related to copper plans are clearly shown. Because the TEM image contains likely only one bundle of SWCNTs, whose carbon atoms are orderly aligned (Figure 5a), the corresponding diffraction pattern (Figure 5b) is similar to those presented in [24,25] with bright dots forming lines related to the carbon lattice planes, unlike those faint and more random clouds in Figure 4.



Based on the diffraction patterns in Figure 4 and Figure 5, it is likely that the faint clouds or bright spots outside from those of copper planes are due to SWCNTs. More evidence to support this conclusion can be found in [9]. As a result, the moiré fringes in Figure 3 and Figure 5a are likely induced by SWCNTs because of the presence of SWCNTs nearby. However, as discussed in Section 1.4, moiré fringes could be induced by other conditions. We present these cases in the next section.




3.3. Moiré Fringes not Due to SWCNTs


As shown in Figure 6, Figure 7 and Figure 8, the diffraction analysis is also applied to pure copper samples without melting and rapid solidification (annealed copper), as well as pure copper samples which were processed by the same LSI process but without introducing SWNTs (quenched copper), respectively. The enhanced diffraction patterns of Figure 6b and Figure 7b clearly indicate that no SWCNT clusters exist within the copper matrix [9]. Nonetheless, the TEM images of Figure 6a and Figure 7a still contain moiré fringes although they are not as abundant as in Figure 3.



It should be noted that for pure copper subjected to the LSI treatment, some impurities could be introduced. As a result, some cloudiness in the diffraction pattern (Figure 8b) can still be observed in a pure copper sample, although they are not as distinctive and abundant as those in Figure 4 and Figure 5b. Interestingly, even though some faint clouds are observed in Figure 8b, not many moiré fringes are observed. On the other hand, no clouds are observed in Figure 6b, but many distinctive moiré fringes exist. This confirms the statement of Section 1.4 that moiré fringes are neither a sufficient nor a necessary condition of the existence of SWCNTs. We simply could not draw much conclusion from the mere presence of moiré fringes.



In the next section, we attempt to characterize the moiré patterns based on Equations (1)–(5) with an objective to distinguish those due to SWCNT clusters from those which are not. Furthermore, the fringes identified in Figure 6a, not due to SWCNTs, will be used for comparison.




3.4. Moiré Pattern Characterization


3.4.1. Pattern #1


Figure 9 is a TEM image which contains a discernable SWCNT clusters and several fringes. Five zones, which contain equispaced lines, are identified in Figure 9, and their enlarged views are presented. In Zone A, the equispaced lines are found to be copper lattice plane family {200} because their spacing is found to be related to 0.18 nm, which is close to the 0.1807 nm, based on the published lattice constant of 0.3614 nm of copper. On the other hand, the spacings related to those of Zones B, C, D, and E are found to be 0.31, 0.62, 0.62, and 0.62 nm, respectively, with a repeatability of ±0.02 nm as discussed in Section 2.3. These spacings are basically the same or at a half value.



Because the spacing in Zone E is related to an SWCNT cluster, the fringes in Zones B, C, and D are likely direct but undefined images of SWCNT clusters. Furthermore, this SWCNT spacing is also consistent with the spacing observed in [9] and Figure 5a, where a cross-section of SWCNT cluster was observed, with four tubes over 5 nm. If the fringes in Zones B–E are indeed SWCNT clusters, it also explains why there exist many bright spots in the diffraction pattern, also shown in Figure 9. The intensities of these spots could be close to those of copper planes, due to the orderly structure of SWCNTs.




3.4.2. Pattern #2


In Figure 10, another TEM image of the Cu–SWCNT composite is presented, in which many different fringes are observed. Eleven zones of patterns are identified in Figure 10, and their spacings are calculated and listed in Table 1. In the meantime, the spacings of the lattice families {220}, {200}, {400}, {420}, and {440} are listed in Table 2, along with the spacings of the rings in Figure 10b, according to its reciprocal space. Fringes in zones A and B are consistent with the spacing of the {220} and {200} lattice families, while fringes F and G in Figure 10a are likely related to Pattern #1 observed in the last section, because they are close to 0.62 nm. Fringes C, D, E, H, I, and J are apparently different. The angular orientation of these fringes with respect to Fringe A are also listed in Table 1 and defined in Figure 10a.



Fringes E and G are overlapped, and apparently form a third moiré fringe, J. The spacing of E and G are 0.55 and 0.56 nm, respectively, with a repeatability of ±0.02 nm. The angle between them is α = 51.0 ± 0.1°. We use fringes E, G, and J to test the validness of Equations (1) and (2). Based on Figure 2 and Equations (1) and (2), the moiré fringe J should have a spacing of 0.64 ± 0.03 nm and an orientation φ=116.6 ±0.1°, oriented from fringe E. The respectabilities of ±0.03 nm and ±0.1° are determined through programming to calculate possible results of dM and φ for the values of d0 from 0.53 to 0.57 nm, d1 from 0.54 to 0.58 nm, and α from 50.9 to 51.1°. The measurements from Figure 10a are found to be 0.67 ± 0.02 nm and 116 ± 1° with respect to fringe E. The angle measurement for fringe J is difficult because it is blurrier, and thus it suffers a greater error of ±1°. The calculated and measured values for moiré fringe of J essentially match and are within the error tolerance.



Among these fringes identified in Figure 10a, only fringe F has a spacing close to those of SWCNT clusters, as shown in Figure 9.



Fringes C and D are essentially the same spacing and are perpendicular to each other. They are closely aligned with the lattice family {200} (ring#2 in Figure 10b). Because fringe D is nearly perpendicular to the lattice plane of (200), we could assume that it is formed due to the lattice plane of (200) with a different equispaced lines at a different angle. Equations (1) and (2) can then be used to determine the pattern of the second equispaced lines. Therefore, d0 = 0.1807 nm, based on the published value. Fringe D has an orientation φ=94.2 ±0.1°, based on the definition of Figure 2 and Table 1, and its spacing is measured to be, dM = 0.77 ± 0.02 nm. Solving Equations (1) and (2), we obtain d1=0.176±0.003 nm and α=13.4 ±0.4°. Again, the ranges of these results are obtained through programming to examing possible results from possible values of dM and φ. Because d1 and α are two unknowns of Equations (1) and (2), their values are deterministically calculated with respective to different values of d0, dM, and φ. The results will be meaningful only if the value of d1 matches the spacing of the {200} lattice family. Because the calculated values of d1 are from 0.173 to 179 nm, or rounded to 0.17 to 0.18 nm, which are closely related to the published spacing of 0.1807 nm, it is highly likely that the assumption that Fringe D is induced by lattice plane (200) is true.



Similarly, for fringe C, the same calculation can be applied but for the lattice plane (020). We essentially obtain similar results, d1=0.176±0.003 nm and α=13.0 ±0.1°.



The orientation of fringes H and I are more closely related to the lattice family of {220}. By applying the same calculation for fringe H, with d0 = 0.1278 nm and φ=97.4 ±0.1°, we obtain d1=0.124±0.004 nm and α=14.7 ±0.3°. Similarly, for fringe I, we obtain d1=0.124±0.003 nm and α=14.9 ±0.3°, essentially the same result as the case of fringe H. The calculated d1 values are very consistent with their related lattice spacings, as in the cases of fringes C and D.



Fringe E is likely related to the lattice family {440}, we have d0 = 0.0639 nm, φ= −66.6 ±0.1°, and the same calculation yields d1=0.0666±0.0001 nm and α=−6.4°. Similarly, for fringe G, we obtain d1=0.0638±0.0034 nm and α=5.9 ±0.5°. Again, because the calculated values of d1 are close to the spacing of {440}, 0.0639 nm, we also conclude the fringes E and G are due to the change in the orientation of the copper lattice family {440} at the locations where the fringes E and G appear.




3.4.3. Pattern #3 Found in Pure Copper Samples


We apply the same analyses of Section 3.4.2 to Figure 6a. The related spacings and orientations are listed in Table 3. The angles are measured with respect to zone A in a similar definition as the one defined in Figure 10a. Among them, lattice planes of (200), (220), and (202) are identified as fringes A, B, and C, respectively. Their spacings and orientations match the theoretical values. In addition, five additional fringes D, E, and F, are identified. D and F have essentially the same spacing at 0.91 ± 0.01 nm, while fringe E is 0.87 ± 0.01 nm. Note that these fringes are all at much larger spacings than those in Figure 10a. If we assume that fringes D and F are related to the lattice family {220}, we can apply the same calculation as in Section 3.4.2, and the calculated values for d1 and α are 0.1295 ± 0.0005 nm and 8.1±0.1°, respectively, for fringe D and 0.1289 ± 0.0001 nm and 8.1±0.1°, respectively for fringe F. The calculated value of d1 is very close to the nominal value of 0.1278 nm.



Assuming that fringe E is related to the family {422}, we obtain d1=0.0736±0.0015 nm and α=4.7 ±0.1°. The calculated values of d1 essentially match the nominal value of 0.0738 nm.



These results are consistent with the results earlier with the calculated d1 values matching the nominal value of the corresponding lattice values.






4. Discussion


As discussed in [9], although the SWCNT atoms within the copper matrix display diffraction patterns as seemly random bright clouds, diffusely scattered, this diffuse scattering is clearly ordered, with the {110} diffuse and {200} diffuse, indicating that the SWCNTs incorporation into the Cu-lattice is not completely random. It is likely that the SWCNTs are directionally aligned within the {200} and {220} families of planes of the fcc Cu-lattice. Beyond the ring of {220} in the diffraction pattern, there exists nearly no clouds or random bright spots. Therefore, SWCNT clusters unlikely exist within the {400}, {420}, {422}, and {440} families.



Based on the above observation, For the Cu–SWCNT samples, the fringes related to the {200} and {220} families are likely induced by SWCNT clusters, while those related to the {400}, {420}, and {440} families are not. Note the overlapping angle, α, of fringes related to the {200} and {220} families (C, D, H, and I) range from 13.4° to 15.0°, much higher than those related to the {440} family (E and G), which range from 6.1° to 6.4°. This angle difference most likely is due to the presence of SWCNT clusters, which could disrupt the grown of the crystalline structure during solidification more than other factors, such as dislocations.



On the other hand, for pure copper samples (Figure 6a), the overlapping angle for the fringes related to the {220} family (D and F) ranges from 7.6° to 8.0°, while the one related to the {422} family (E) of Figure 6a is 5.0°. These angles are all much lower than those induced by SWCNT clusters in Cu–SWCNT samples, while similar to those not induced by SWCNTs.



From the results above, it is concluded that the overlapping angle, α, could be a reliable indicator to distinguish those moiré fringes induced by SWCNT clusters from those induced by other factors.




5. Conclusions


Based on the results and discussions presented in Section 3 and Section 4, We confirm that distinct moiré patterns in the Cu–SWCNT nanocomposite could be induced due to the overlapping of more than one thin crystal with similar periodic arrangements of atoms. The patterns of the fringes induced by SWCNT clusters could be distinguished from those by other factors based on the overlapping angle of the periodic arrangements. The ability to identify SWCNTs within the copper matrix based on indirect TEM moiré patterns helps to widen the usability of TEM images.
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Figure 1. A TEM sample of 40 nm thickness processed by focus ion beam (FIB). 
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Figure 2. Two equispaced parallel lines and their resulting moiré fringes. 
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Figure 3. A TEM image with discernable single walled carbon nanotube (SWCNT) clusters within copper matrix; an enhanced image from [9]. 
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Figure 4. Overlapped diffraction pattern of Cu–SWNT and a standard template. 
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Figure 5. The TEM image of Cu–SWCNT with pattern #1 fringes. (a) the TEM image; (b) corresponding diffraction pattern via FFT. 
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Figure 6. TEM image and its indexed diffraction pattern of an annealed copper sample, which is an enhanced image from [9]. (a) the TEM image wit