Effect of High-Intensity Sonication on the Dispersion of Carbon-Based Nanofilaments in Cementitious Composites, and its Impact on Mechanical Performance.
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Abstract 
Carbon-based nanofilaments are promising materials for improving the mechanical performance of cementitious composites. To date, the main challenge in their effective use has been controlling the dispersion of these additives in water and in the resulting mixed composites due to their strong van der Waals self-attraction and hydrophobic surfaces. This study uses high intensity sonication to disperse different nanofilament types in water, and assesses their resulting reinforcing efficiency in cementitious composites. The proportion of nanofilaments used (in this case, multiwall carbon nanotubes MWCNTs, functionalized multiwall carbon nanotubes F-MWCNTs, and carbon nanofibres CNFs) was 0.025% by weight of cement. Aqueous dispersions were examined using transmission electron microscopy (TEM) and optical microscopy, and ultraviolet-visible (UV-vis) spectroscopy. Compressive, flexural and splitting tensile strengths tests, and porosity and density measurements, were used to evaluate the mechanical properties of the composites. High-intensity sonication over short durations significantly improved the dispersion, and reinforcing and filling effects, of carbon-based nanofilaments in cementitious composites, with increases in compressive strength of 24 - 32%, splitting tensile strength of 45 – 50%, and flexural toughness factor of 30 - 40%, observed after 28 days curing. A 17-26% reduction in the porosity of the composite materials was also recorded.
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Introduction

The incorporation of carbon-based nanofilaments (such as carbon nanotubes (CNTs), and carbon nanofibres (CNFs)) into cement composites has been widely studied in recent literature. Use of nanofilaments can significantly delay the formation and propagation of cracks in cementitious materials and enhance energy absorption and ductility [1, 2], due to their remarkable mechanical and physical properties, in particular their enhanced strength (e.g. moduli of elasticity in the order of TPa and tensile strength in the range of GPa [3]). 

Dispersing nanofilaments in cement and other matrices however is still a challenge due to the large van der Waals’ forces between the surfaces of the tubes/fibres [4], their poor wettability [5], and their large aspect (length-to-diameter) ratio [6]. Nanotubes/fibres tend to agglomerate and form bundles, which in turn hinders their dispersion in a liquid or in composites [6, 7]. Several studies have found that the dispersion state of nanotubes has a strong influence on the performance of the resulting nanocomposite, both as a crack retarder and when they are incorporated as a filler to strengthen the matrix, where agglomerated nanoparticles can result in weak zones or potential areas for concentrated stresses that can weaken the performance of the composite [6, 8-10].

Ultrasonication is the most commonly adopted technique used for dispersion of nanotubes for a wide range of applications. In particular, ultrasonication treatment has been reported to significantly enhance the beneficial impact of incorporated nanotubes on the mechanical strength of composite materials [11-14]. However, there have been limited attempts to examine the effect of treatment duration and sonication intensity to optimise the dispersion of carbon-based nanofilaments in cementitious composites [15, 16]. Of the studies which have addressed the effect of sonication duration, Makar et al., [17] used an ethanol/sonication treatment method for four hours to obtain a uniform dispersion of CNTs in cement-based materials, with results showing that this method was effective for dispersion and for acceleration of the cement hydration process at early curing ages.  Li et al., [18, 19], reported that use of chemically functionalized CNTs, dispersed for three hours in an ultrasonic bath at a concentration of 0.5% by weight of cement, led to improvements in compressive and flexural strength of 19% and 25% respectively. Tyson et al., [20]  and Abu Al-Rub et al., [6] found that the addition of nanofilaments (CNTs and CNFs) at concentrations of 0.1% and 0.2% (by cement weight) dispersed via an ultrasonic mixer with a probe for 20–30 min led to an improvement in ductility, modulus of elasticity, and modulus of toughness in the resulting composites. Extended sonication treatment however can modify suspension temperature and viscosity, and has been reported to influence nanofilament structure and reduce the tube aspect ratio, thereby reducing reinforcing effectiveness [21, 22]. 

To date, only two studies [23, 24] have addressed the effect of different ultrasonication energies on dispersion of functionalized multi-walled CNTs in water, and its impact on the engineering properties of the resulting cementitious composite. Chen et al., [23] optimized (theoretically) the effect of ultrasonication on length and concentration of dispersed functionalised nanotubes, at different energies (from very low (25 J/ml) to high (400 J/ml)). These authors predicted that the concentration of dispersed nanotubes in water increases with ultrasonication energy and reaches a plateau after about 250 J/ml. Lower energies (89 J/ml) were predicted to be optimal in generating higher bridging stress with a superior reinforcing effect. Zou et al., [24] experimentally investigated the effects of ultrasonication energies on the engineering properties of CNT–OPC pastes containing functionalized CNTs at 0.094%-1.88% by cement weight. The results indicated that the amount of dispersed nanotubes in water increased with ultrasonication energy until a dispersion plateau was achieved, again after about 250J/ml. The optimal ultrasonication energy for improving composite mechanical properties was found to be between 50 and 150 J/ml, depending on the dosage of nanotubes. For example, the flexural strength of cement paste containing nanotubes at 0.038% and 0.075% wt. was increased from 12% to 25%, and from 13% to 48%, respectively, with an increase in ultrasonication energy from 50 J/ml to 75J/ml. However, these studies are limited to one type of nanofilament (functionalised nanotubes), and did not investigate the combined effect of treatment duration/sonication intensity on dispersion and subsequent composite performance. 

The difficulty in uniformly dispersing highly entangled bundles of nanotubes in water in a repeatable and cost-effective way limits the commercial applicability of these materials [8, 25]. While the cost-effectiveness of dispersion techniques is not explicitly discussed in many previous studies, the need for repeatable, readily scalable and cost-effective techniques to generate effective dispersions of CNTs in fluids and matrices poses a tremendous hurdle that must be overcome prior to realizing wider applications of CNTs as, for example, reinforcement components in bulk composites [13, 26].  

This study examines the use of a high-intensity and short duration ultrasonication technique as a novel, scalable and repeatable method to improve the mechanical performance of cementitious composites containing low amounts of nanofilaments (0.025% by cement weight). The study assesses the effect of this technique on the dispersion and mechanical performance of a range of nanofilament types incorporated into cementitious composites, and discusses the method’s potential wider utility and scalability for practical application.

Experimental work

2.1 Materials 
Ordinary Portland Cement (OPC), meeting the requirements of British Standard BS EN 197-1, and Microsilica Grade 940 with particles over 45 µm in diameter, were used as a cementitious material. Three types of commonly used nanofilaments were investigated, as follows: i) commercially available multiwall carbon nanotubes (MWCNTs); ii) functionalised multiwall carbon nanotubes – with COOH carboxyl functional groups bonded to the surface of MWCNTs (F-MWCNTs); and iii) carbon nanofibres (CNFs).  MWCNTs and F-MWCNTs were purchased from Cheaptubes, Inc. (cat# sku-030102, Brattleboro, VT, USA), and CNFs were purchased from Sigma Aldrich, Inc. FLUKA. Physical properties as provided by the suppliers are presented in Table 1. A superplasticizer based on naphthalene sulfonates (NSF) was used for improving workability. NSF-based superplasticizers are commonly used as dispersion agents to de-agglomerate nanofilaments in cementitious composite systems. Molecules of NSF have long side chains in their structure and are believed to adsorb strongly to the surface of nanotubes, reducing inter-tube attraction and leading to suspensions with higher concentrations of individual nanotubes.







Table 1. Properties of the carbon-based nanofilaments used in this study (based on supplier data).

	ID
	Diameter 
(nm)
	Length (µm)
	Purity (% carbon by mass)
	Bulk Density (g/cm3)

	MWCNTs
	8-15 (outer diameter)
	10-50
	95
	1.95

	F-MWCNTs
	8-15 (outer diameter)
	10-50
	95
	1.95

	CNFs
	100
	20-200
	-
	1.90



2.2 Sonication Assisted Dispersion 
For this study, a 750 W 20 KHz ultrasonic system (Model 705 Sonic Dismembrator) with a 19mm macro probe was used, as shown in Fig.1. The electrical energy delivered to the converter is transformed into mechanical energy, which can be set to a required level using an amplitude controller. Intensity is expressed by the energy delivered (Joules) per unit time (min) over the area of the probe (cm2)[27]. Intensity has a direct relationship with the amplitude settings: the low amplitude setting delivers low-intensity sonication, and the high amplitude setting delivers high-intensity sonication.  
In this study, following previous work [28], high-intensity sonication over short time periods was adopted as the optimal dispersion method, in which the delivered energy to the solution ranges between 388 and 458 J/ml per min (i.e. a total of 970-1145 J/ml over 5 minutes). The specific energy delivered (under a certain intensity) usually varies between treatments due to its dependence on solution viscosity, solution temperature, positon of the probe, etc. [27, 29]. High sonication intensity was found to dramatically increase the suspension temperature over prolonged treatment durations. Thus, to avoid overheating and subsequent structural damage that may occur in the nanotubes [8, 24, 30], the treatment duration was set at a short period (i.e. 5 minutes), and energy was applied in cycles of 20 sec to prevent the suspensions from overheating.  In this study, all experiments were performed in triplicate and the results reported here are the means of the three trials.
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Fig.1 Sonicator used in the dispersion of carbon nanotubes/fibres suspensions. 

2.3 Preparation and Characterisation Techniques of Nanofilament Suspensions

Carbon based nanofilaments (i.e. MWCNTs, F-MWCNTs, CNFs) at a percentage of 0.025 % wt. (by cement weight) were initially dispersed in the mixing water (1/4 of the mixing water quantity) in the presence of superplasticizer (NSF). A NSF-to-nanofilaments weight ratio of 10:1 was used, following [31]. The proportions of the materials used in the dispersion and mixing procedure are summarised in Table 2. The resulting mixtures were subjected to high intensity sonication with sonication duration of 5 minutes (discussed above). One of the objectives of this study was to examine whether this dispersion method effectively dispersed all of the examined types of carbon based nanofilaments (MWCNFs, F-MWCNTs, and CNFs). The changes in dispersion of the carbon based nanofilaments suspensions after pre-treatment with NSF and ultrasonic treatment were observed on a bulk scale through visual examination, and on a micrometer scale using a polarization optical microscope (AMPLIVAL Pol. D, Carl Zeiss, Tena, Germany). Suspensions containing MWCNTs/ F-MWCNTs/ CNFs were prepared by dispersing them in the aqueous solution without and with NSF, respectively. After ultrasonication treatment, a drop of the suspension was pipetted onto a slide for further microscopic examination.  
The morphology of nanotubes/fibres was examined using Transmission Electron Microscopy (TEM) (Hitachi-7100 operated at 125 kV), and Scanning Transmission Electron Microscopy (STEM) (using a Zeiss model LEO 1455VP). Drops of diluted suspension were placed on a grid prior to imaging and allowed to dry in air.
Spectroscopic methods, including UV-Vis spectroscopy, can quantify nanotube dispersion by applying a light source to the suspension and correlating the amount of light absorbed or scattered with particle size [32]. A Perkin Elmer Lambda UV–vis Spectrometer using a conventional quartz cell (light path 1cm) was set to a wavelength range of 350–800 nm. Absorbance values at 500 nm [33] wavelength were used to estimate the degree and stability of dispersion of nanofilaments in the liquid, and to verify visual and microscopic observations. After sonication, three samples were taken from each suspension and diluted with pure water by a factor of 100, after which the absorbance was recorded at various durations (from the time of dilution t = 0 min, after 30 min, 180 min, 1440 min (3 days), and 10080 min (7 days)). This 100x dilution was essential due to the absorbance of the original suspension being higher than the measurement limits of the instrument used. The dilution process, whilst being identical for each sample, increases the free-path spacing between the nano particles (i.e. the distance between two adjacent particles) which, in principle, may reduce the possibility of re-agglomeration[20] compared to the original suspensions. Baseline corrections were carried out using surfactant only solutions.

2.4 Preparation and Characterisation of Nanofilament Reinforced Cementitious Composites 
After dispersion, three batches of cementitious specimens with a water/cement ratio of 0.35, and containing MWCNTs, functionalised MWCNTs, and CNFs were prepared and labeled as “CT,” “CT-f,” “CF”, respectively. A reference specimen of plain cementitious paste, labeled as PC, was used as a control. The cement: sand ratio was selected as 1:1.5 (by weight), and nanofilaments were used at 0.025 wt. by cement weight, with microsilica at a ratio of 10%.[34, 35] (see Table 2).
Mixing procedures were carried out in the following sequence: all dry ingredients (cement, micro silica, and sand) were mixed together for 2 minutes using a high shear mixer (Zyklos Pan Mixer, ZZ 75 HE). The remaining mixing water and superplasticizer were added during this initial 2 minutes mixing. The nanofilament suspension was then added and mixed for a further 4 min [36, 37]. The mixture was cast and vibrated for compaction in (i) cubic moulds of 50mmx50mmx50mm for compressive strength testing in accordance with ASTMC109[38], (ii) cylindrical moulds of 100 mm diameter and 200mm height for splitting tensile strength testing in accordance with ASTM C496 [39], and (iii) a prism bar mould of 40mmx40mmx160mm for toughness measurements. Cores of 30 mm (diameter) and 80 mm (height) were used for porosity measurements. All specimens were de-moulded one day after casting and then cured in a water tank until testing. 

Table 2 Proportions of materials used in the dispersion and mixing procedure. PC = control sample. 
	Proportion of  materials used in the dispersion procedure
	Proportion of  materials remaining for cementitious mixing procedure

	
	1
	2
	3
	Mixing water
	Cement paste ingredient

	Mixture ID
	Water


	Nano-filaments (NF)
	NSF:  Nano-filaments
	Pure Water
	Nano-filaments suspension
 (1+2+3)
	NSF
	Cement
	Sand
	Micro-silica

	PC
	-
	-
	-
	0.35
	-
	0.08
	     1
	1.5
	0.1

	CT
CT-f
CF
	0.09
	0.00025
	0.0025
	0.26
	0.093
	0.078
	1
	1.5
	0.1





2.4.1 Nanofilament Reinforced Cementitious Composite Characterisation - workability

Investigating the mechanical properties of cementitious nanocomposites is a practical proxy method of evaluating the dispersion efficiency of the nanofilaments in the matrix. When improved mechanical properties are observed the dispersion is more likely to be uniform though the matrix, whereas poor dispersion leads to no improvement, or in some cases leads to a decrease in the mechanical performance relative to pure cement mortar. 
  
The workability of the nano cementitious composites was assessed using a standard flow table test  in accordance with ASTM C230/ 230m-14 [40], whereby the mixture was placed on a flow table and dropped 25 times within 15 seconds. The initial and final diameters of the mixes were recorded to calculate the mixture flow. The flow is defined as the increase in diameter divided by the original diameter multiplied by 100. 

2.4.2 Mechanical characterisation  

Compressive strengths of nanofilament composite specimens were examined at 3, 28, and 90 days after casting. Three specimens were examined for each test under a constant compressive load rate of 0.75 kN/s [38, 41]. Three-point bending tests were performed with the aim of characterising the toughness of the nanofilament composites [42]. For the flexural bending test, the prisms were tested under center-point loading with a displacement rate of 0.18 mm/min and span of 120 mm using an Instron Testing Machine (Intron Model 8630). Deflection was measured using two linear variable differential transducers (LVDTs).

The load-deflection curves were analysed to obtain the specimen toughness in accordance with JSCE-SF4 Japan Society of Civil Engineering, Standard for Flexural Strength and Flexural Toughness [43][43][43][43][43][43][43][42]. The Flexural toughness factor (FTδ) is calculated using Eq. 1. 

FTδ=                               (Eq.1)

Where FTδ = the flexural toughness factor at a beam displacement of δ, Tbδ = the area under the load-versus-deflection plot up to a deflection of δ, l = Span length, and b = width and h= depth of the beam.
                                                                         
Splitting tensile strength is a method used to determine the tensile strength of the composite. Tests were performed according to the standard test method for splitting tensile strength using cylindrical concrete specimens (ASTM C496/C496 M-11)[39]. The cylinders were tested using a hydraulic mechanical testing system (MTS) at a constant load rate of 1.5 kN/s. 

 2.4.3   Porosity Measurements   
Although it is not capable of accounting for nano and gel pores, and so may give an underestimate of total porosity, bulk porosity was estimated using the method developed by Khan et al., [44] and Wilson et al., [45].  Tests were carried out for all mixtures using cylindrical cores of 80 mm length and 30 mm diameter, four for each mix. The test procedure was as follows: prior to testing, the samples were taken out of the curing tank and dried in an oven at a temperature of 105±5 oC for approximately 24 hours, then weighed. The samples were then kept in a vacuum desiccator under 1 bar of vacuum, for 24 hours. The desiccator was then filled with distilled water so that samples were fully submerged. Following this, the samples were kept under vacuum for 24 hours and allowed to equilibrate for the next 24 hours. The specimens were then weighed in air and water. The amount of water penetrating into the sample is a measure of the porosity and is calculated as follows:

                                   (Eq.2)

Where: P is porosity (%); A is oven-dry weight; B is saturated surface dry weight; C is saturated submerged weight.

2.5  Microstructural characterization
Characterisation of the hardened composites was performed using field emission scanning electron microscopy (SEM, Zeiss; model LEO 1455VP). Prior to SEM imaging, the sample surface was sputtered with carbon to avoid any charging effects. 

Results 

3.1 Dispersion Characterisation

3.1.1 Visual Examination 

Two sets of aqueous suspensions of MWCNTs, F-MWCNTs, and CNFs were prepared. Surfactant (NSF) was added to the first set and manually mixed for 2 min. After cessation of mixing photographs (Fig. 2) were taken immediately, and after 10 minutes settling time. The second set of suspensions underwent 5 min of high-intensity ultrasonic treatment, then clear glass vials were filled with the suspension and allowed to settle for 30 min, 180 min, 1440 min, and 10080 min, at which intervals photographs (Fig. 3) were taken.  With only manual mixing and NSF addition, large clusters of nanofilaments were suspended for only a few minutes (Fig. 2), prior to their agglomeration and settling to the bottom of the glass vials. After sonication (set two), a more homogeneous suspension was obtained (Fig 3 a), with photographs taken after 180 min and 1440 min (Figs 3 b and c) showing that the suspensions remained stable for several hours (longer with functionalised nanotubes), following which the nanofilaments gradually re-agglomerated and settled due to the high Van der Waals interaction forces. Almost all of the nanofilaments had settled to the bottom of the glass vial after 10080 min (Fig 3 d). CNFs were found to be less effectively suspended than MWCNTs, which can be attributed to higher van der Waals forces between nanofibres due to (i) their greater aspect ratio (L/D ca. 1000, compared to ca. 400 for CNTs) and (ii) their greater surface area (about 1.5µm2/µm for CNF vs. about 0.095µm2/µm  for CNTs). 
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Fig. 2 Suspensions of MWCNTs, F-MWCNTs, and CNFs  de-agglomerated using only NSF. a) shows suspensions directly after agitation was stopped, b) shows suspensions after agitation was stopped for 10 minutes, where all nanofilaments have settled to the bottom of the vial. 


Functionalised nanotubes were found to form the longest lasting suspensions, which can be attributed to hydroxyl functional groups on the walls of the tubes hindering their re-agglomeration, leading to a more stable suspension.  A short duration sonication time was chosen in this study to prevent rises in temperature, as the surfactant parameters are temperature dependent, and higher temperatures may change the suspension properties and reduce the sonication effectiveness [46, 47]. 

[image: C:\Users\Admin\Dropbox\Papers-2016\dispersion optimisation\Ray correction\images\Vitual Images.png]
Fig.3 Suspensions of MWCNTs, F-MWCNTs, and CNFs after applying high-intensiy sonication:  a) shows suspensions after 30 min, b) suspensions after 180 min, c)  suspensions after 1440 min, and d) suspensions after 10080 min. 


3.1.2 Optical Microscopy Measurements
Imaging of nanotubes/fibres suspensions using optical microscopy is fast and easily adaptable to a liquid sample, giving a direct indication of the degree of dispersion with no need for sample pre-preparation (e.g. dilution and/or drying of samples before testing). Unlike electron microscopy, optical microscopy images (Fig.4 and Fig.5) offer a wide field of view and can show the agglomerated state of the nanotubes/fibres suspensions in the microscale. Fig. 4a and Fig 5a show MWCNTs and CNFs in water before sonication, and large and dense clusters of the nanotubes/fibres are observed. Fig. 4b and Fig. 5b show the same suspensions after sonication in combination with NSF, and show a much greater dispersion. High-intensity sonication over a short period, combined with use of surfactant/functional groups, generates a coating of NSF on the nanotubes/fibres, providing functional groups on outer surfaces which induces electrostatic repulsion that can counterbalance the van der Waals attractive force [48], and leads to a more homogenous and stable suspension. As a high intensity ultrasonic wave passes through the solution, it rapidly generates a large number of cavitation bubbles which then collapse, and enhance surfactant penetration between the tubes/fibres. 
[image: C:\Users\Admin\OneDrive - University of Brighton\Papers-2016\dispersion optimisation ch.5\Ray correction\images\Optical 22.png]
Fig.4 photographic and optical microscopic images of MWCNTs suspensions a) before sonication and b) after sonication. X20 and X40 represent the optical resolution. 
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Fig.5 photographic and optical microscopic images of CNF suspensions a) before sonication and b) after sonication. X20 and X40 represent the optical resolution. 

3.1.2  Transmission Electron Microscopy Characterisation (TEM)

TEM images of the carbon nanotubes, functionalised carbon nanotubes, and carbon nanofibres samples, before and after sonication treatment are shown in Fig.6, Fig.7, and Fig.8, respectively. 
Repeat TEM imaging of the nanotube suspensions without ultrasonication treatment show that most of the nanotubes imaged are agglomerated and present as large clusters (Fig.6a-6b). After sonication treatment combined with NSF addition, smaller bundles and abundant individual nanotubes could be observed (Fig.6c-6f). Ultrasonication (following the proposed method) was found to significantly increase the concentrations of individual dispersed nanotubes in the suspension.  Individual nanotubes were observed with varying diameters: the inner diameters were ca. 10nm (which is approximately the same as the diameter data provided by the tube suppliers, Table 1), while the outer diameters were between 25nm and 50nm which were significantly larger than those stated by the suppliers. This large difference from supplier-provided data is likely due to the presence of adsorbed surfactant (NSF) on the outer surface of nanotubes.

Chemical modification of the surface properties of MWCNTs is one of the methods previously attempted to improve the dispersion of nanotubes in water. Chemical functionalization is based on introducing carboxyl functional groups (-COOH) into the nanotube structure. These groups can be generated at the ends or at the sidewalls of the nanotubes, which have many defects[49]. Functionalisation can be achieved by a wide range of methods, including through oxidative damage to the nanotube framework by strong acids, in particular, treatment of MWCNTs with a strong acid such as HNO3, H2SO4 (or a mixture of these) which leaves holes functionalized with oxygenated functional groups[50]. Figs.7a-7d show the dispersibility of functionalised nanotubes before and after sonication treatment. F-MWCNTs in the suspension before sonication remained in large clusters, revealing that the availability of functional groups alone was insufficient to obtain individual dispersed nanotubes (Fig.7a). Fig.7b-d show images of the suspensions after sonication. Differences in the structure of the functionalised nanotubes were observed, as nanotubes appeared to have defects, and be shorter compared to “as received” nanotubes (Fig6c-f). This could be attributed to the pre- functionalisation process and also the ultrasonication treatment used in this study [51, 52]. The inset image (Fig 7d) is a schematic of the molecular structure of the nanotubes showing the defect that could occur due to the functionalization (-COOH) and sonication process, leading to shortening of the nanotubes. Structural damage and shortening of the tubes following functionalization (i.e. an acidic oxidation process) and ultrasonication are probably due to the action of intensive energy delivered to the suspension (shear force) on defect areas (i.e. the bond areas with -COOH), leading to rapid shortening of the tubes and widening of the defect zones. The diameter of nanotubes was also increased after ultrasonication compared to the “as-supplied” functionalised MWCNTs, which (as discussed above) possibly relates to the introduction of a surfactant layer.  
Nanofibres suspensions without ultrasonication treatment were in the form of agglomerates (Fig.8a-8b) with most of the nanofibres present as clusters, and no individual fibres can be observed. The sonication treatment combined with NSF was efficient at breaking up the agglomerates and dispersing the CNFs, and abundant individual nanotubes could be observed following treatment, in addition to smaller bundles (with an average size of 500nm). Fig.8c-8f shows the diameter (with the adsorbed layer of NSF), and length distribution of CNFs after sonication treatment. The diameter of the individual nanofibres was in the range of 150- 200nm, and the observed lengths were in the range of 20um-50um. Although dispersion using ultrasonication will inevitably reduce the length of CNFs [53], high sonication intensity over short time periods was found here to be less damaging (the measured sizes after dispersion remained in the same range as the “as supplied” CNFs). Retaining a relatively high aspect ratio for the CNFs during their dispersion in the cementitious composites is essential for obtaining an effective reinforcing agent, since the improvement in composite mechanical strength will be proportional to the amount of embedded CNFs with less damage[54].




[image: ]
Fig.6 TEM images of carbon nanotubes (MWCNT) suspensions. a-b) show the agglomeration of nanotubes on the grid during the test (before sonication), c-d) represent bundles and individual nanotubes at progressively higher magnification, and e-f) show diameters of individual nanotubes (after sonication).  
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Fig.7 TEM images of hydroxyl functionalised MWCNTs. a) shows a F-MWCNTs suspension manually mixed for 2 minutes, b-d) shows the nanotubes suspensions after sonication treatment, the morphology of functionalised nanotubes, the geometry of nanotubes, and the thickness of the adsorbed layers.  




[image: ]	
Fig.8 TEM images of carbon fibre suspensions. a-b) shows  the agglomeration of nanofibres on the grid during the test (before sonication),  c-d) shows bundles and individual nanofibres at progressively higher magnification, and e-f) shows diameters of individual nanofibres (after sonication).  


3.1.3 UV-vis Spectrometry 
UV-vis spectra of nanofilament suspensions were recorded after sonication treatment (at t= 0 min, 30 min, 180 min, 1440 min, and 10080 min) as shown in Fig 9a-9c.  High-intensity sonication was found to deliver the highest energy to the suspension, resulting in highest absorbance values (i.e. dispersed concentrations). From the absorbance values at a wavelength of 500 nm, a dispersion stability index (Xst) was obtained (as described by Eq. 3) to reflect the effect of high-intensity sonication on the dispersion stability over time after sonication treatment.  

(Eq.3)

where At0= absorbance directly after sonication treatment and Atn= absorbance value after t= 30 min, t= 180 min, t= 1440 min, and t= 10080 min.  

The dispersion stability indices for MWCNTs, F-MWCNTs, and CNFs suspensions were plotted as a function of time after sonication treatment, as shown in Fig.9d. Compared to those at t=0 the indices revealed that suspensions that were sonicated for 5 minutes remain stable for a few hours, and after three hours the nanotubes/fibres started to re-agglomerate (a process which was more rapid with CNFs) and settled at the bottom of the glass vials.  

The electron and optical microscopy and UV-Vis spectroscopy data presented therefore indicate that the short period, high- intensity sonication method used, in combination with the use of NSF, delivered sufficient energy to produce an effective (and relatively stable) suspension with the desired dispersion level. Composite materials produced using this dispersion method were characterized using workability, porosity, and tensile strength tests, and examined under SEM. 





[image: ]Fig. 9. UV-Vis absorbance spectra recorded after different periods of sonication for a) MWCNTs suspensions, b) CNFs suspensions, c) F-MWCNTs suspensions. d) shows the dispersion stability index (Xst) ratio of the treated suspensions compared to the indices at t = (0min), in %.


3.2 Characterization of Nanofilaments Reinforced Cementitious Composites
 
3.2.1 Workability 
In this study, the flow properties (an indicator of workability) of fresh mixtures of the produced nanocomposites were evaluated based on flow table results. The test set up is shown in Fig.10. The nanocomposite mixtures were prepared with a water to cement ratio of 0.35, with nanofilaments incorporated at dosages of 0.025% wt. by cement weight, and a NSF:nanofilament ratio of 10/1. The workability of mixtures containing MWCNTs and CNFs was slightly lower than mixtures without nanofilaments (i.e. control mixtures): flow values were 105% for the control mixture and 100% and 96 % for mixtures containing MWCNTs and CNFs respectively. These results indicated that the addition of low amounts of carbon nanotubes/fibres did not significantly impact (i.e. only slightly reduced) the workability, and higher NSF addition was not required to maintain the mixture’s workability. The rheological properties were slightly enhanced (flow value of 110%) for mixtures containing functionalised carbon nanotubes (F-MWCNTs), which can be attributed to an increased wettability caused by the functional groups present on the tube walls. The presence of functional groups (-COOH) alongside the superplasticizer (NSF) acts to increase the amphiphilic molecules in the mixture which can lead to improved wetting, dispersion and workability properties.
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Fig. 10 Flow test of mixtures containing carbon based nanofilaments. a) shows the flow table set-up, b) shows determination of the flowability value of the matrix after the test.

3.2.2 Porosity and Density Measurement. 
Porosity and density determinations of cementitious composites (with and without nanofilaments) were carried out on a range of core specimens and compressive cubes at 28 days to evaluate the effect of carbon nanotubes/fibres (Fig.11). After 28 days curing, it was evident that the incorporated nanotubes/fibres had filled internal pores and reduced composite porosity. The addition of 0.025% F-MWCNTs, MWCNTs, and CNFs resulted in a decrease in composite porosity by 17%, 21%, and 26% respectively, compared to the mixture without nanofilaments. This reduction in porosity can be attributed to the physical effect of individual nanotubes/fibres filling pores between hydration products and bridging or interrupting nano/micro capillary pores, coupled with possible hydrophobic repulsive effects on water ingress into smaller pores. Optimising the porosity of nanofilament-bearing cementitious composites is vital since porosity significantly impacts the mechanical performance, as crack propagation begins at the pores and the nanofilaments are essential in refining the pore structures [55].  

In principle, the addition of nanomaterials should slightly affect the density of the cementitious composites. The average density measured on control specimens was 2.06 g.cm-3 with a standard deviation of 0.35, whereas with the addition of MWCNTs, F-MWCNTs, and CNFs the density was slightly increased to 2.12 g.cm-3 with a standard deviation of 0.27. The enhanced composite density could be attributed to a higher packing density with the addition of nanofilaments (refining/filling the structural pores). Fig.11b shows the correlation between the 28-day compressive strength (see below) and the measured density, which confirms that although there is no statistically significant effect of the incorporated nano materials on the composite density, they do enhance the mechanical strength. This is further discussed below.
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Fig.11 a) and b) show porosity (%) and density (g.cm-3) results for cementitious composite specimens containing MWCNTs, F-MWCNTs, and CNFs in addition to control specimens (PC) after 28 days curing.

3.2.3    Mechanical strength characteristics of hardened composites 

The inclusion of nanofilaments following ultrasonication and NSF addition was found to significantly improve the composites’ mechanical strength characteristics. The obtained results, and variations observed, from compressive and splitting tensile strength tests after 3, 28, and 90 days curing compared with control specimens are presented in Fig.12. Key findings from these tests are:
· Compressive strength: Improvement in the compressive strength of the mixtures containing MWCNTs, F-MWCNTs, and CNFs at 3, 28, and 90 days of: 30%, 35%, 38%; 28%, 24%, 32%; and 11%, 15%, 20% was observed compared to the control mix (as shown in Fig.12 a). 
· Tensile Strength: The results also showed a significant improvement in splitting tensile strength. A 42%, 35%, 38%; 50%, 45%, 47%; and 75%, 38%, 38% (after 3, 28, and 90 days curing, respectively) increase in the splitting tensile strength of MWCNTs, F-MWCNTs, and CNFs-containing composites was observed (Fig.12b).   

The contribution of nanofilaments to increasing the strength of the composite can be attributed to:
i)  The increased concentration of individual nanofilaments affecting the structure of the cementitious composite by pore filling, leading to a decrease/refinement of void space and an increase in strength. 
ii) Embedding of nanotubes/fibres into cement hydration products (such as calcium silicate hydrates (C-S-H) and ettringite), which provides more effective reinforcement and increases the tensile resistance of the composite. 
iii) The nanotubes/fibres restrain the growth or propagation of internal cracks and thus improve the transfer of load between the fibres and the matrix, and better distribute stresses at the nano and micro scale.
iv)  The geometry of CNFs compared to MWCNTs (i.e. their outer surfaces are conically shaped and angled with respect to the longitudinal fibre axis) can lead to improved bonding with the matrix, and bridging of cracks, improving the load carrying capacity[1]. In addition, their longer fibre length (around four times longer compared to MWCNTs) can lead to better capacity for bridging cracks and thus improve the load carrying capacity. 
v) The dispersion techniques used increases the density of surfactant molecules (NSF) on the surfaces of nanotubes/fibres, which act through non-covalent bonds as cross-linking agents that can enhance the bond between the cement matrix and the nanofilaments [56]. Moreover, the availability of functional groups on F-MWCNTs may lead to a better dispersion level, and improve the bond between the nanotubes and the surrounding matrix[18, 57]. 
vi) The possibility that the nanotubes/fibres form a homogenous inter-connecting entangled network of nanotubes in the matrix with some overlapping each other, such that the matrix is therefore restrained from failure until a failure in the bond or pullout/fracture in the tube/fibre occurs. 

Generally, the high strength gains in compressive and splitting tensile strength (as shown above) with low data scatter demonstrated in Fig.12 confirms the efficiency of the proposed dispersion method for cement composites. These results indicate that the very low content of nanofilaments dispersed using the simple and facile method described herein can reproducibly improve the mechanical performance of cementitious composites, compared to the relatively higher content dispersed using complicated/longer methods as used in most previous studies (a range of which are summarised in Table 4). 
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Fig.12 a) compressive strength, and b) splitting tensile strengths of cementitious mixture (PC), and cementitious composites of MWCNTs (CT), F-MWCNTs (CTf), and CNFs(CF).
 
  3.2.3 Toughness Behaviour  
The toughness of nanofilament-bearing cementitious composite specimens in three-point bending tests is typically measured by calculating the area under the corresponding load–deflection curve, which is related to the energy absorption capacity of the material. The load–deflection curve was analysed according to the Japan Society of Civil Engineers (JSCE) method [43], which yields a flexural toughness factor, FTδ.  

Relationships between the flexural toughness factor and different deflection values at various curing ages (3, 28, 90 days) are shown in Fig.13. Apparently, nanofilament inclusion does not prevent sudden and brittle failure when compared with the plain control mix. The control mix and the composites containing nanofilaments suddenly failed at a maximum deflection of 0.045mm at 3 days and 1.25mm at 28 and 90 days, however, composites containing nanofilaments were found to show significantly increased energy absorption (flexural toughness factor). Significant % increases in flexural toughness factor can be observed from the data in Table 3 depending on the type of nanofilament (MWCNTs, F-MWCNTs, and CNF) added to the composite, and as a function of the recorded deflection up to failure (from 0.01mm to 0.045 mm at early age, and from 0.025mm to 1.25mm at 28 and 90 days). The well-embedded nanotubes/fibres, their high aspect ratio, and improved bond with the surrounding matrix can successfully bridge nano cracks, and pulling out of these nanofilaments requires more energy, leading to an increase in the flexural toughness of the composite. 
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Fig13. Flexural toughness factor as a function of different deflection values, and at various curing ages (3, 28, 90 days)

Table 3 Flexural Toughness factors at 3, 28, and 90 days for control and nanofilaments composites. 
	Specimen designation
	Nano filament %
	Flexural Toughness
	Flexural Toughness
	Flexural Toughness

	
	
	
	
	

	
	
	MPa (3day)
	MPa (28day)
	MPa (90day)

	
	
	Mean
	% increase
	Mean
	% increase
	Mean
	% increase

	
	
	
	
	
	
	
	

	Nano filament composite
	PC
	-
	1.11
	0
	1.88
	0
	1.97
	0

	
	CT
	0.025
	1.34
	21
	2.44
	30
	2.48
	26

	
	CTf
	0.025
	1.50
	35
	2.53
	35
	2.53
	29

	
	CF
	0.025
	1.53
	38
	2.63
	40
	2.91
	48





3.3 Microstructural Characterisation  
Cementitious composites containing the dispersed carbon-based nanofilaments were imaged to understand the relationship between the composites’ mechanical strengths and their microstructural properties. Typical images of a fractured surface of the cementitious nanocomposites containing 0.025% wt. MWCNTs, and CNFs after 28 days of curing are shown in Fig.13 and Fig.14. The SEM images show that the nanotubes/fibres are predominantly uniformly distributed and individually embedded in the composite, in almost all of the imaged areas. The nanotubes/fibres show clear interaction with the host matrix, with hydration products present on the surface of the fibres. This improves bonding strength and consequently load transfer efficiency between the cement matrix and the nano reinforcements, and their bridging effect across voids and cracks. 

The key features of the images can be summarised as:
i- An absence of holes/large voids, which indicates strong bonding/filling between the fibres and the surrounding matrix.  
ii- The observed diameters of nanotubes/fibres appear to be larger than the diameters of those in the suspensions. Diameters of nanotubes and nanofibres as measured in the SEM images were around 35-100nm, as compared to 25nm or less for the MWCNTs in suspension, and around 500nm as compared to 200nm in nanofibres suspensions, respectively. Apparent large diameters on the fractured surfaces can be attributed to an attached/coating layer of cementitious hydration products (mainly calcium silicates formed by the chemical reaction of cementitious materials with the solution (water and surfactant) and functional groups (if present) on the tubes/fibres surfaces). 
iii- Nanotubes/fibres in the cementitious composites retained their original geometry and were not squeezed or flattened due to the initiated pressure during hydration products formation.
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Fig.13 SEM images of carbon nanotubes (MWCNTs) embedded in the cementitous composites. 
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Fig.14 SEM images of carbon nanofibres (CNFs) embedded in the cementitous composites. 


Discussion 
Various researchers have studied the effects of ultrasonication treatment methods for carbon based nanofilaments on the strength of cement-based materials (summarised in Table 4), but no consensus has yet been reached on (a) an optimized, standard method, and (b) the detailed impacts of these methods on different types of nanofilament at a bulk and microstructural level. We observe here a significant improvement in mechanical strength over all the applied tests on composites, following effective dispersion of a low content of carbon based nanofilaments (0.025 wt% added). Individual well-dispersed nanoparticles (with less defects) provide a greater probability of nanofilaments contacting directly with the surrounding matrix, giving a higher arresting capacity with the cement hydration products. Fig.15 shows the considerable improvement in compressive strength observed in the present study, which uses a very low percentage of nanofilaments and / or shorter sonication durations, compared to previous studies (Table 4). The work presented here indicates that combining sonication treatment by high-intensity, short duration sonication with low added amounts of nanofilaments can provide a simple and rapid process for the fabrication of cementitious composites effectively reinforced with carbon nanotubes and nanofibres. Given the relatively simplicity and short duration of the dispersion method used, this should be scalable for practical industrial application, while the use of a lower wt.% of carbon nanofilament additives should reduce composite material and production costs. 
 
Table 4 Comparison of mechanical strengths of cement-based composites reinforced with MWCNTs, F-MWCNTs, and CNFs. 

	Type of nanofilaments
	Research and References 
	Matrix
	Duration
Of Ultrasonication
	CNT content
(wt.% by
cement)
	Compressive strength increase
% 
	Tensile Strength increase
%
	Flexural 
toughness increase
%

	MWCNTs
	*Li et al., [34]
	mortar
	3hours
	0.5
	19
	-
	25

	
	Cwirzen et al., [58] 
	paste
	2.30 min+
	0.042
	-
	-

	20

	
	Konsta-Gdoutos et
al., [59] 
	paste
	-
	0.08 and 0.048
	-
	-
	25

	
	Al-Rub et al., [6]        
	Paste
	20-30 min
	0.2
	-
	-
	81

	
	
	
	20-30 min
	0.1
	-
	-
	65

	
	Collins et al., [15]
	paste
	12 min+
	0.5
	25
	-
	-

	
	Musso et al., [60]
	paste
	4 hours
	0.5                
	10
	-
	-

	
	Xu et al., [61] 
	mortar
	30min
	0.02
	15.9
	-
	20.7

	
	Mohsen et al., [62]
	mortar
	30 min
	0.25
	-
	-
	40

	
	Chen et al., [63]
	cement-based composites
	30 min
	0.067%
	-
	-
	from 12.5 to 21.2MPa

	
	Hamzaoui et al. [64]
	mortar
	Pre-dispersed 
	0.01 wt%
	10
	-
	24

	
	Irshidat et al., [65]
	nanotubes resin 
	30min
	20 wt.%
	-
	-
	42

	
	Present work  
	mortar
	5min
	0.025
	28
	50
	30

	


CNFs
	Metaxa et al., [66]
	paste
	-
	0.048
	-
	-
	50

	
	Bryan et al., [53]
	paste
	30min
	 0.2
	-
	-
	55

	
	Sbia et al., [37]
	paste
	12-15 Stirring 10min sonication
	 0.24
	22
	-
	10

	
	Present work
	mortar
	5min
	0.025
	32
	47
	40 


* surface-treated multi-walled (F-MWCNTs), + sonic-bath used in dispersion process 
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Fig.15 Comparison of improvement in compressive strength with nanofilament dosage, from the current and previously published studies. Lower numbers indicate duration of ultrasonication treatment (in minutes), and reference number (in brackets).    

Conclusion 

Sufficient dispersion of nanotubes is crucial if they are to enhance the mechanical properties of cement-based composites. Therefore in this paper the dispersibility in water of three different types of nanofilaments was investigated using high-intensity sonication over a short time period in the presence of surfactants, as well as the effect of this treatment on the mechanical performance of cementitious composites containing these nanofilaments. Optical microscope images show a dramatic improvement in the dispersion state of nanotubes/fibres suspensions following combined use of superplasticizer and high-intensity, short duration (5minutes) sonication. In addition, high magnification TEM images show that bundle/clusters sizes of nanotubes/fibres became smaller after sonication using this dispersion method. The observed individual nanotubes, and nanofibres, tend to have larger outer diameters (compared to the original, as provided, material) reflecting the presence of an adsorbed layer of surfactant on the wall of the nanotubes/fibres. UV-vis absorbance data, through use of stability indices, highlight that the applied sonication treatment leads to nanofilament suspensions that remained stable for several hours with the ability to withstand re-agglomeration.
 
Mechanical strength and toughness were significantly enhanced by the addition of low amounts of well-dispersed MWCNTs, F-MWCNTs, and CNFs. It was found that the MWCNTs and F-MWCNTs were more effective in increasing the compressive and tensile strength, while flexural toughness was significantly enhanced with the addition of CNFs at all ages. The gain in mechanical strength can be attributed to three main reasons: i) Highly dispersed nanotubes/fibres can successfully arrest cracks developing between the cement hydration products; ii) Addition of carbon nanotubes/fibres can fill internal pores and bridge or interrupt nano/micro capillary pores within the composites, indicated by a decrease in bulk porosity; iii) Improved bonding strength between the matrix and nanotubes/fibres improves the load-transfer efficiency from the cement matrix to the reinforcement across voids and cracks. Overall, using the same added percentage of the nanofilaments improved the cementitious composites’ compressive and splitting tensile strength by 24 - 32% and 45 – 50% respectively, and the flexural toughness factor by 30 - 40%, after 28 days curing. A 17-26% reduction in the bulk porosity of the cementitious composite was also observed. 

From the above it can be concluded that the technique of high-intensity sonication over short time intervals is an effective (and potentially scalable) dispersion method, which can generate desired dispersion levels and be used to manufacture structurally-enhanced cementitious composite materials.
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