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Abstract
In this study, as grown VACNTs by CCVD method are subjected to a mechanical densification by a knock-down process to achieve high volume fractions. Through this process, the preferential alignment of CNTs is preserved in the horizontal direction and an easy delamination of VACNTs from the substrate are achieved to fabricate high volume fraction nanocomposites. The knocked-down VACNTs arrays are then used as reinforcing ply for PNCs fabrication by vacuum infusion method specifically using an epoxy sheet as the polymer matrix. Since load transfer in between CNTs and epoxy chains is important to avoid interfacial slippage and reduction in loss factor, a novel approach of applying ozone treatment to CNTs has been used to increase interaction between CNTs and epoxy chains. To observe the effect of ozone treatment on interaction, the viscoelastic response of polymer nanocomposites fabricated with non-ozone treated and ozone treated VACNT arrays at different times have been tested by dynamical mechanical analysis (DMA) under different frequency. In addition, change in contact angle and CNTs quality through Raman spectroscopy depending on ozone treatment time are correlated with DMA results to define the optimal treatment time. The results demonstrated that ozone treatment improved wettability and increased viscoelastic properties of PNCs under multi-frequency for short-term. However, a decrease in storage modulus of PNCs with ozone etching disturbs the physical structure of CNTs at longer durations. 

1.
Introduction
Without sacrificing mechanical strength and stiffness of a polymer, achieving enhanced damping characteristics is crucial for several viscoelastic structures used in industrial applications [1, 

ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1021/nn103104g", "ISSN" : "1936-0851", "abstract" : "Most materials respond either elastically or inelastically to applied stress, while repeated loading can result in mechanical fatigue. Conversely, bones and other biomechanical tissues have the ability to strengthen when subjected to recurring elastic stress. The cyclic compressive loading of vertically aligned carbon nanotube/poly(dimethylsiloxane) nanocomposites has revealed a self-stiffening response previously unseen in synthetic materials. This behavior results in a permanent increase in stiffness that continues until the dynamic stress is removed and resumes when it is reapplied. The effect is also specific to dynamic loads, similar to the localized self-strengthening that occurs in biological structures. These observations help to elucidate the complex interactions between matrix materials and nanostructures, and control over this mechanism could lead to the development of adaptable structural materials and active, load-bearing artificial connective tissues.", "author" : [ { "dropping-particle" : "", "family" : "Carey", "given" : "Brent J.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Patra", "given" : "Prabir K.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Ci", "given" : "Lijie", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Silva", "given" : "Glaura G.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Ajayan", "given" : "Pulickel M.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "ACS Nano", "id" : "ITEM-1", "issue" : "4", "issued" : { "date-parts" : [ [ "2011", "4", "26" ] ] }, "page" : "2715-2722", "publisher" : "American Chemical Society", "title" : "Observation of Dynamic Strain Hardening in Polymer Nanocomposites", "type" : "article-journal", "volume" : "5" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=b1ab21ae-0d25-34e0-b189-4b7e904dfe11" ] } ], "mendeley" : { "formattedCitation" : "[2]", "plainTextFormattedCitation" : "[2]", "previouslyFormattedCitation" : "[2]" }, "properties" : {  }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }2]. Many researchers have been proposed to add nanomaterials such as carbon nanotubes (CNTs) to polymers to achieve polymer nanocomposites (PNCs) for enhancing the mechanical properties [3- 5]. However, if careful attention and engineering are not applied during processing, poor interfacial load transfer between carbon nanotube (CNT) and polymer may cause interfacial slippage that may result as lowering the viscoelastic characteristics[6]. As many researchers reported in the studies, interfacial strength can be correlated to the aspect ratio of CNTs, the inter-wiring spacing between CNT-CNT and adhesion-related to surface energy between CNT to polymer matrix [7- 10].
Increased matrix-reinforcement interface area helps to transfer mechanical load between the reinforcing agent and matrix [11]. Therefore, millimeter-long CNTs with a very high aspect ratio (>106) are used as reinforcement agent by many researchers [12, 13]. Furthermore, CNTs are synthesized in a controlled fashion with a vertical orientation by catalytic chemical vapor deposition (CCVD) and named as vertically aligned carbon nanotubes (VACNTs) having nanometer scale CNT-CNT spacing and then PNCs were fabricated through the capillary infusion of polymers into CNT channels where wetting of epoxy is effective [14

ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1016/j.carbon.2013.12.001", "ISBN" : "0008-6223", "ISSN" : "00086223", "abstract" : "Intrinsic and scale-dependent properties of carbon nanotubes (CNTs) have led aligned CNT architectures to emerge as promising candidates for next-generation multifunctional applications. Enhanced operating regimes motivate the study of CNT-based aligned nanofiber carbon matrix nanocomposites (CNT A-CMNCs). However, in order to tailor the material properties of CNT A-CMNCs, porosity control of the carbon matrix is required. Such control is usually achieved via multiple liquid precursor infusions and pyrolyzations. Here we report a model that allows the quantitative prediction of the CNT A-CMNC density and matrix porosity as a function of number of processing steps. The experimental results indicate that the matrix porosity of A-CMNCs comprised of \u223c1% aligned CNTs decreased from \u223c61% to \u223c55% after a second polymer infusion and pyrolyzation. The model predicts that diminishing returns for porosity reduction will occur after 4 processing steps (matrix porosity of \u223c51%), and that >10 processing steps are required for matrix porosity <50%. Using this model, prediction of the processing necessary for the fabrication of liquid precursor derived A-CMNC architectures, with possible application to other nanowire/nanofiber systems, is enabled for a variety of high value applications. \u00a9 2013 Elsevier Ltd. All rights reserved.", "author" : [ { "dropping-particle" : "", "family" : "Stein", "given" : "Itai Y.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Wardle", "given" : "Brian L.", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "Carbon", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2014" ] ] }, "page" : "807-813", "publisher" : "Elsevier Ltd", "title" : "Morphology and processing of aligned carbon nanotube carbon matrix nanocomposites", "type" : "article-journal", "volume" : "68" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=c74c88b1-7cfb-40ad-9048-359eaf8d4285" ] } ], "mendeley" : { "formattedCitation" : "[15]", "plainTextFormattedCitation" : "[15]", "previouslyFormattedCitation" : "[15]" }, "properties" : {  }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }, 15]. Even though applying such method solves several issues like poor dispersion and poor distribution, there is still a critical aspect of having low interaction between CNTs and polymer that cause a loss on load transfer from matrix to CNTs. Additionally, CCVD methods proposed to synthesize VACNTs having a volume fraction between 1-5% depending on the substrate and/or barrier coatings which means the rest of CNTs array volume is air where mechanical robustness is low and handling of CNTs is difficult [16, 17]. Hence, by densification of CNT the targeted enhancement capability can be achieved and integration of these structures to the polymer may be straightforward. Some researchers have proposed to apply solvent densification in the liquid phase where the aligned morphology of CNTs, that favors the mechanical properties of the final nanocomposite, is interrupted specifically crucial for the mechanical enhancement effect by alignment [18, 

ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1016/j.polymer.2011.10.049", "ISBN" : "0032-3861", "ISSN" : "00323861", "abstract" : "Single-walled carbon nanotube (SWCNT)/epoxy composites with a high nanotube loading up to \u223c39.1 wt% are fabricated by combining the mixed-curing-agent assisted layer-by-layer method and the hot press process. This combined method is an efficient and effective approach for making composite sheets in practical applications since the hot press process makes it possible and easy to readily prepare thick and large composites. The tensile and dynamic properties are greatly improved by the incorporation of SWCNTs. At \u223c39.1 wt% SWCNTs, compared with those of the neat epoxy, the tensile strength and Young's modulus are increased by 183% and 408%, respectively. The storage modulus is also significantly increased by 406% at room temperature due to this high loading of SWCNTs. Moreover, the loss factor in the temperature range -100-200 \u00b0C shows dramatic improvements by the introduction of high loading SWCNTs. Finally, analytical modeling is proposed to predict the strength and modulus of the CNT/epoxy composites by considering the effects of the tubular and wavy morphology of the CNTs. Both composite strength and composite modulus are found to decrease substantially with increasing waviness ratio. The predicted results show reasonable agreement with experimental data. \u00a9 2011 Elsevier Ltd. All rights reserved.", "author" : [ { "dropping-particle" : "", "family" : "Feng", "given" : "Qing Ping", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Shen", "given" : "Xiao Jun", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Yang", "given" : "Jiao Ping", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Fu", "given" : "Shao Yun", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Mai", "given" : "Yiu Wing", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Friedrich", "given" : "Klaus", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "Polymer", "id" : "ITEM-1", "issue" : "26", "issued" : { "date-parts" : [ [ "2011" ] ] }, "page" : "6037-6045", "publisher" : "Elsevier Ltd", "title" : "Synthesis of epoxy composites with high carbon nanotube loading and effects of tubular and wavy morphology on composite strength and modulus", "type" : "article-journal", "volume" : "52" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=e706f686-c866-4044-8cc3-eee0d5da4349" ] } ], "mendeley" : { "formattedCitation" : "[19]", "plainTextFormattedCitation" : "[19]", "previouslyFormattedCitation" : "[19]" }, "properties" : {  }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }19]. For this reason, in this study, a mechanical approach as the knock-down process is applied to increase the volume fraction of CNTs in PNCs with preserving the aligned morphology of VACNTs [20-

ADDIN CSL_CITATION { "citationItems" : [ { "id" : "ITEM-1", "itemData" : { "DOI" : "10.1016/j.carbon.2015.04.085", "ISSN" : "00086223", "abstract" : "The effect of CNT orientation on electrical and mechanical properties is presented on the example of an ultra-high filler loaded multi-walled carbon nanotube (68 wt.% MWCNTs) epoxy-based nanocomposite. A novel manufacturing method based on hot-press infiltration through a semi-permeable membrane allows to obtain both, nanocomposites with aligned and randomly oriented CNTs (APNCs and RPNCs) over a broad filler loading range of ???10-68 wt.%. APNCs are based on low-defected, mm-long aligned MWCNT arrays grown in chemical vapour deposition (CVD) process. Electrical conductivity and mechanical properties were measured parallel and perpendicular to the direction of CNTs. RPNCs are based on both, aligned mm-long MWCNTs and randomly oriented commercial ??m-long and entangled MWCNTs (Baytube C150P, and exemplarily Arkema Graphistrength C100). The piezoresistive strain sensing capability of these high-wt.% APNCs and RPNCs had been investigated towards the influence of CNT orientations. For the highest CNT fraction of 68 wt.% of unidirectional aligned CNTs a Young's modulus of E<inf>||</inf> ??? 36 GPa and maximum electrical conductivity of ??<inf>||</inf> ??? 37??10<sup>4</sup> S/m were achieved.", "author" : [ { "dropping-particle" : "", "family" : "Mecklenburg", "given" : "Matthias", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Mizushima", "given" : "Daisuke", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Ohtake", "given" : "Naoto", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Bauhofer", "given" : "Wolfgang", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Fiedler", "given" : "Bodo", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" }, { "dropping-particle" : "", "family" : "Schulte", "given" : "Karl", "non-dropping-particle" : "", "parse-names" : false, "suffix" : "" } ], "container-title" : "Carbon", "id" : "ITEM-1", "issued" : { "date-parts" : [ [ "2015" ] ] }, "page" : "275-290", "publisher" : "Elsevier Ltd", "title" : "On the manufacturing and electrical and mechanical properties of ultra-high wt.% fraction aligned MWCNT and randomly oriented CNT epoxy composites", "type" : "article-journal", "volume" : "91" }, "uris" : [ "http://www.mendeley.com/documents/?uuid=6ea6a4f2-6cac-488f-b092-68deac28eda8" ] } ], "mendeley" : { "formattedCitation" : "[22]", "plainTextFormattedCitation" : "[22]", "previouslyFormattedCitation" : "[22]" }, "properties" : {  }, "schema" : "https://github.com/citation-style-language/schema/raw/master/csl-citation.json" }22]. Moreover, this process creates the potential of fabricating PNC with orthogonal mechanical properties like conventional fibrous composites just by using multiple layers of VACNTs knocked-down in the different direction: since this process enables to change the direction of CNTs. Just by applying knock-down to as-grown VACNTs, 6% volume fraction (Vf) in the horizontal direction is obtained. However, as reported by Wardle et al. volume fraction can be increased to 20% and further by applying pre-densification to VACNTs before knock-down to desired direction [5]. Even proposed densification process helps to transfer load from the matrix to CNTs by decreasing inter-wiring distance, increasing adhesion in between CNTs and matrix is crucial to further improve the interfacial strength, which leads to better mechanical properties. 

The wettability of CNTs within their superhydrophobic surface is another critical issue to be solved for fabrication of high-performance PNCs [23]. Especially at higher volume fractions of CNTs, during polymer nanocomposites fabrication, the low wettability of CNTs may cause problems during resin infusion: due to that, a surface modification process can be applied for better enhancement capability. Ozone treatment, which is easy to process, is proposed to improve the wettability of VACNTs in this study. Within ozone treatment, as-grown CNTs can be turned into hydrophilic from hydrophobic. In addition to that, since treatment is on gaseous phase, aligned morphology of CNTs can be preserved while surface modification process [24].  Hence, stacking CNTs aligned in different directions in a layer by layer fashion can create a flexibility in achieving higher volume fractions of CNTs without having dispersion, distribution and wettability issues similar to carbon fiber composites. 

As mentioned, load transfer is a complex mechanism depend on various parameters. For the sake of better understanding, micromechanics of the system needs to be understood. As in details explained by Gardea et al. [25], there are three main interactions that define the load transfer from matrix to CNTs. These are van der Waals interactions, chemical bonding, and mechanical interlocking and these interactions can be monitored by investigating shear behavior. Hence, viscoelastic behavior of PNCs studied in here is one of the best representatives of shear behavior. Effect of the volume fraction of CNTs without alignment and effect of surface modifications on viscoelastic behaviors of PNCs are studied separately [4, 26- 28] by many researchers. Here, we propose a PNC structure, which is an advance nanocomposite according to volume fraction, selective alignment and controlled surface interactions, and its viscoelastic behavior is investigated to evaluate the control over surface interactions by ozone treatment.

In this study, the effect of the ozone treatment time on the wettability of VACNTs by epoxy is studied and viscoelastic behavior of horizontally aligned CNT reinforced PNCs is investigated by dynamic mechanical analysis.

2.
Experimental Study
2.1. 
Synthesis of VACNTs Forrest
To synthesize millimeter long VACNT forest, a buffer layer and a catalyst layer of 10 nm Al2O3 and 2 nm Fe were coated onto p-type <100> silicon wafer respectively by using electron beam evaporation (Torr Instrument) at 2-6x10-6 Torr. The growth of VACNTs was performed with a CCVD with 2-inches quartz tube. For CCVD process, catalyst coated wafers were cut to desired dimensions (33x8 mm) and placed into 2-inches quartz tube, then helium and hydrogen were fed to the system with 1600 sccm and 1000 sccm flow rate until temperature reaches to 750 ˚C and followed by a 15 minutes of nucleation time for Fe nanoparticles. After nucleation step, ethylene with 400 sccm flow rate was introduced for 15 minutes to grow VACNT forests.

2.2. Fabrication of VACNTs-Epoxy Nanocomposites
As the first step of CNT-Epoxy nanocomposite fabrication, synthesized VACNTs were treated under 3L/min ozone flow up to 120 s with 30 s frequencies to lower the interactions between CNTs in VACNT forest and increase the wettability. Ozone treatments have been done before knock-down process to have a better gas penetration through VACNTs. For ozone treatment, A2Z ozone generator was employed for a proposed different time. Then, treated VACNTs were knocked-down in the horizontal direction by a polytetrafluoroethylene (PTFE) roller with a diameter of 0.5 cm. Beside of orienting CNTs, the knock-down process increases the packing of CNT forest from 1% to 6% Vf which affects to increase the volume fraction of CNT in nanocomposites. In this study, CNTs were oriented in the horizontal direction and after knock-down densification step, oriented CNT forests were removed from the wafer as free-standing ‘CNT ply’. After obtaining CNT ply, two layers of CNT ply are stacked with epoxy sheet layers in a layer-by-layer fashion. Then the stack was put in a vacuum bag. The purpose of vacuum bagging is helping diffusion of epoxy into the CNT layers during curing step and during diffusion providing a mechanical support to nanocomposite to avoid slippage of layers. For curing, all vacuumed system was heated up to 135 ˚C and kept at that temperature for 1h. Removing agent between nanocomposite and plate, and peel-ply between vacuum bag and nanocomposite were applied to peel away nanocomposite at the end of curing step.

3. Results and Discussions

Raman peaks of as-grown VACNTs and VACNTs with various ozone treatment times were compared to determine ozone treatment effects on the structural defects. As shown in Fig.1 (a), G/D ratios dramatically decreased with increasing ozone time since the intensity of D-peak increased with ozone etching time. Further, Cançado et al. reported a method for estimation of defect density ([image: image2.png]


) based on excitation energy of Raman spectroscopy (EL) and the ratio between ID/IG of VACNTs by Eq.1. [29]. In this study, [image: image4.png]


 values of CNTs were calculated and demonstrated in Fig.1 (b). VACNTs treated by 30 s ozone possess a high density of defects, which is nearly 2-fold that of the ozone treatment free as-grown VACNTs (EL is equal to 2.33 eV). Also, defect densities of ozone treated VACNTs for 30, 60, 90 and 120s have similar values as shown in Fig.1 (b) resulting that the defect density is constant with the increased ozone treatment time.
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Figure 1: (a) Raman shift of VACNTs forests with various ozone treatment, (b) calculated defect density of each treated VACNTs based on Raman analysis.
Storage and loss modulus follows similar characteristics for elastic modulus for all frequency range as shown in Fig.2. Approximately 240% and 260% enhancement on storage modulus of PNC without ozone treatment CNTs and with 30 s ozone treated CNTs were obtained respectively by DMA results. As a result, ozone treatment enhances the van der Waals interactions in between CNTs and epoxy which is attributed from the contribution arisen from enhanced van der Waals interaction which is the only micromechanical system that can be enhanced by improved wettability since mechanical interlocking is a compressive effect and the ozone treatment does not provide any organic group that can improve the chemical bonding. 
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Figure 2: . (a) Storage and (b) loss modulus of PNCs with various ozone treatment time.
4.
Conclusions
This study reports the effects of the knock-down process to increase the high-volume fraction of CNTs and also ozone treatment to improve the wettability of CNTs on the viscoelastic behavior of PNCs. First, VACNTs were treated by ozone generator for 30, 60, 90 and 120 s. After the knock-down process, vacuum infusion method was chosen for fabrication high-performance PNCs without any residual epoxy resin. To understand the ozone treatment changes the morphology of VACNT forests and how these changes affect the wettability of forests was to be characterized by different techniques. According to Raman results, ozone treatment was increased the structural defect on the VACNTs. The defect densities were calculated for each CNTs by the related equation. Although the defect density of ozone-treated CNTs for 30s is two-fold that of the pristine-CNTs, defect densities of ozone-treated at different times are nearly equal to each other like as G/D ratios of them. Also, the wettability of CNTs was observed with increasing of ozone treatment time by contact angle measurements. As a complementary, static and dynamical mechanical tests were applied to fabricated PNCs. We showed that increase of storage modulus of knock-down CNTs/epoxy PNCs without any ozone treatment was 240%. On the other hand, the storage modulus of knock-down CNTs/epoxy PNCs using with 30s ozone treated CNTs showed a 260% increment compared with neat epoxy. However, viscoelastic properties of PNCs decreased compared with knock-down and pristine CNTs/epoxy PNCs with the increasing ozone time up to 30s. According to mechanical test results and considering morphological changes, we conclude that optimal ozone treatment time must be obtained to achieve fabricating PNCs with better viscoelastic properties.
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