Comparative flexural behaviour of cement composites reinforced with Carbon black and Carbon fibres.
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ABSTRACT
The flexural performance of cement composites reinforced with Carbon black (CB) and Carbon fibres (CF) was investigated according to ASTM D790-2003 and IS 516-1999.The variation in flexural behaviour like flexural strength, flexural modulus, toughness index, ductility index and displacement at failure was different according to the proportion of CB used. Though the use of CB only, did not show promising results mainly owing to stiffening of the composite, the trends observed when CB was hybridized with CF were encouraging, primarily leading to a 32 % increase in toughness and ductility index over the plain cement sample for an optimum loading of 5% CB and 0.25% CF by wt of cement. Although the mechanical strength of pure CB composites is reduced, they satisfy the basic requirements of lightweight construction materials.
1. INTRODUCTION
A material with both strength and ductility is the need of the hour, and more so in the construction industry. Since reinforced concrete sections are relatively less ductile in compression and shear, flexural yielding is an attractive proposition, ensuing ductile behaviour of the structural elements and their connections. The much-celebrated union of the quasi-brittle cement matrix and ductile steel reinforcement is plagued by stiffness degradation, which subsequently hampers the structures ability to adapt to load reversals, unexpected overloading post-construction, settlement effects etc. In addition, the deformation incompatibility between the matrix and the reinforcement leads to non-uniform strain distribution in reinforcement and composite matrix, high interfacial bond stress, disintegration at loads lower than the expected capacity of the composite section, ultimately affecting serviceability of the structure.
Khaloo(1995) has pointed that it is necessary to develop concrete from non-conventional raw materials to protect the environment and also for the economy by reducing costs. A promising science in this direction has been the use of rubber composites and recycled rubber wastes in the form of aggregates, granules and powder to replace the inert filler content in concrete.

Previous research by Nacif et al(2012), Benazzouk et al(2007), Jingfu and Yongqi(2008) has indicated that though there is a definite reduction in mechanical properties of cement composites and concrete incorporating rubber, but on the positive side there is the increase in ductility and deformation capability.
Carbon black is an elemental form of Carbon. Carbon black can be broadly defined as very fine particulate aggregates of carbon possessing an amorphous quasi-graphitic molecular structure. Most carbon black is produced by the oil furnace process from liquid, aromatic hydrocarbons. Carbon black is used as a pigment in plastics, inks and coatings, an electrically conductive or UV stabilizing agent in plastics and most importantly as a reinforcing agent in rubber. Wang et al(2001) have reported that specifically, adding about 50% by weight of functionalized Carbon black increases the road-wear abrasion of the produced tire by as much as 100 fold and improves the tensile strength of the tire by as much as 1008%. In any event, Carbon black works as a reinforcing filler in rubber, which increases the durability and strength of the rubber. It would be an appreciable if the same especially with respect to flexural properties could be replicated with respect to cement composites, which could open up huge opportunities for using cement composites as plastics.
As validated by Kim et al(2011), the flexural performance of fibre cement composites are influenced by parameters like strength, stiffness, aspect ratio and Poisson’s ratio of the fibre; the strength, stiffness and shrinkage of the matrix and the interaction between the matrix and the fibre phase. Additionally, the research conducted in the field of fibre reinforced cement composites has led to higher durability, enhanced ductility, dense and impervious matrix, enhanced tensile and compressive strength, in comparison with plain cement composites. To further enhance the flexural performance of fibre reinforced composites, Rossi et al(1997 & 2005), and Hossain et al(2011) have suggested hybridization of fibres both in terms of length and diameter at different scales of reinforcement.
The fundamental properties of the cementitious matrix such as strength, ductility, early age rheology, creep, shrinkage, fracture behaviour, durability, etc which are regarded as responses to external stimuli (stresses and ambient exposure) are intimately governed by constituent elements, their effect on the cement microstructure and phenomena predominant at micro, nano and perhaps even smaller scales. As pointed out by Shah et al(2009), that the microstructure of cement matrix is plagued with randomly distributed and discontinuous microscopic-cracks for precise reasons eluding researchers. These very micro-cracks, which make their presence, felt during the transition of the matrix from a suspended phase to a hardened load-bearing phase; amalgamate into macroscopic continuous cracks upon loading proving detrimental to the integrity of the matrix. Their propagation, if not their initiation can be arrested by reinforcing the matrix at multiple levels, right from nano-scale to macro-scale.
This study aims to show that some, if not all of these characteristics can be greatly improved by the reinforcing the quasi-brittle cement paste at macro and micro with Carbon fibers (CF) and Carbon black (CB) respectively.

The present study deals with comparison of the flexural performance of cement composites reinforced with CB and CFs with that of plain cement composites. 
However, the cost of the fibre being many folds greater than the matrix, hinders the economic prospects and acceptability of such novel composites.
Hence this study also tends to replace the reinforcing fibres to some extent by CB, thus making the composites more economically feasible, at the requisite service levels.
2. RESEARCH SIGNIFICANCE
Recent research on utilization of rubber products and rubber wastes in cement composites to develop a light-weight construction material has shown promising results. Results from research by Dhir et al(2001),Fedroff et al(1996) Topcu(1995), and Eldin et al(1993), have indicated rubberized cement composites in particular concrete, possess increased toughness and ductility, lower density, lower mechanical strength and higher impact resistance. Considering rubber composites, it is worth mentioning the positive reinforcing action of Carbon black on the labile rubber when vulcanized. Carbon Black has only been experimented with, for its electrical conductivity and compressibility in multifunctional strain sensing cement matrix composites.
No prior research has been undertaken to understand why rubber, influences the performance of cement composites. Only quantitative trends have been highlighted and explained in previous research. Is it because of its chemical composition or surface activity or particle size or other rationale, are intriguing research queries.

The present research aims at investigating the effect of Carbon black, the chief chemical constituent of rubber, on the flexural performance of cement composites. It is expected that the Carbon black exhibits the same reinforcing nature in cement composites as it does in rubber composites, thus possibly improving the ductility and toughness of the composite.
In addition, since the cost of fibres has led to poor reception of fibre-reinforced cement composites, the present research tends to experiment with replacement of a fraction of fibre content with Carbon black, to achieve satisfactory flexural performance, coupled with economic feasibility.
As such, the composites have been reinforced at two structural levels, at the macro and micro level with Carbon fibres and Carbon black. This could also lead to decrease in crack initiation and propagation due to strengthening of the brittle cement matrix.

The present research experiments with effect of varying proportion of Carbon black at 10%, 5% and 2.5% wt of cement, with and without constant Carbon fibre content at 0.25% wt of cement on the flexural performance of cement composites.

It is envisaged that such composites can lead the way for light weight construction materials in pavements, retaining walls, crash barriers, expansion joints etc.

3.EXPERIMENTAL TESTING

3.1 Materials
The cement used was OPC 43 grade manufactured by J K cements, in accordance with IS 8112-1989. The specifications of the same have been tabulated in Table 1.

The Carbon black used was of N330 grade of the Orient black series manufactured by Phillips Carbon Black Limited. For the present research N330 grade was employed since it is widely used in industrial applications, is cheap, and affords better dispersibility due to its high structure. The high Iodine adsorption and Dibutyl phthalate (DBP) absorption values (Table 2), indicate that this grade has high surface area and structure. Also, the particle structure analysis of the same as stated in Table 3, indicates that 45% of the structure is branched and 41% is linear, implying that the structure is highly reticulated, with less than 10% of the structure comprising of individual unbound particles.

The carbon fibres employed were Nitowrap FRC 300 manufactured by Fosroc chemicals Pvt. Ltd. The length of carbon fibres used were hybridized and were of the size ranging from 3 to 6 mm length. The two sizes were mixed in the proportion of 2 parts of 6mm length to 1 part of 3mm length, to give an average length of 5mm.The specifications are tabulated in Table 4.
	Sr.No.
	Tests
	Results

	1
	Normal consistency
	30%

	2
	Initial setting time
	80 min

	3
	Final setting time
	250 min

	4
	Specific Surface
	255 m2/kg

	5
	Compressive strength

	
	For 3 days
	35 MPa

	
	For 7 days
	44 MPa

	
	For 28 days
	52 MPa


Table 1: Properties of cement
	Sr No
	Physico-Chemical paramter
	Experimental Values (as cited on Certificate of Analysis)

	01
	Iodine Number (g/Kg)
	80.5

	02
	DBPA (cc/100g)
	101.1

	03
	% Fines (10% max)
	5.4

	04
	Nitrogen Surface area (m2/kg)
	85


Table 2 : Physico-Chemical Properties of Carbon black grade N330
	Grade
	DBPA
cm3/100g
	Spheroidal
	Ellipsoidal
	Linear
	Branched

	N330
	100
	0.2
	10.2
	44.1
	45.5


Table 3 : Weight Percentage of Aggregates in  four Shape Categories for CB orient black N330
	Fibre orientation
	Unidirectional

	Weight of Fibre
	200g/ m2

	Density of Fibre
	1.8g/cc

	Fibre thickness
	0.3mm

	Tensile strength
	3500N/mm2

	Tensile modulus
	285x103N/mm2

	Ultimate elongation
	1.5 %

	Modulus of elasticity
	1.65 × 105 N/ mm2

	Poisson’s ratio
	0.25


Table 4 : Properties of Carbon Fibres 
3.2 Synthesis
For each trial, ten prismatic samples of size 80 X 20 X 20 + 2 mm were prepared.The Cement was sieved from 75µm sieve, and the part passing through the sieve was weighed as per the requirement. A number of earlier trials to attain requisite workability, showed that addition of Carbon black (CB) was adversely affecting the workability and consistency of the cement paste as soon as it was added in the mix. Hence from a number of trials, it was found that the best workability was achieved when CB was pre-dispersed in a mixture of 1/4th mix water and super-plasticiser BASF Rheobuild 921 (ZR) (1.0% wt of cement), stirred thoroughly and dispersed in the ultrasonic water bath(Fig 1). Similarly, Carbon fibres were dispersed in 2/5th mix water using Hydroxyethyl Cellulose (HEC) and dispersed in the ultrasonic water bath. The SMPS Electronics Pvt. Ltd. sonicator emitted ultrasonic waves at Frequency of Oscillation: 30 + 3 MHz. After the sonication, cement was added into the Carbon black and Carbon Fibre dispersions and the materials were mixed thoroughly and gauged for atleast 5 minutes. The paste was subsequently placed into the cleaned and lubricated moulds with proper compaction; moist gunny bags were wrapped around the fresh specimens, which were subsequently demoulded after 24 hours and immersed in water bath for 28days at a temperature of 25 + 2ᵒC.
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Figure 1 : Ultrasonic Bath Dispersion of Carbon Fibres(Left) and Carbon Black(Right).
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Figure 2 : (a), (b) Variation in Workability of gauged samples with variation in CB proportion, (a) at 2.5%CB, (b) at 5.0% CB.
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 Fig 3(a) : Casting of specimens in progress ;
       3(b) : Curing of specimens in progress.


3.3 Experimental set-up
The geometry of the flexural specimen and the test set-up is shown in Fig 4. The aspect ratio of the specimen was fixed as per ASTM D790-2003 specifications. To simulate actual site-conditions, the specimens were tested a cast. The specimens were tested in saturated surface dry condition under a 10kN capacity Load frame at a constant strain rate of 0.125mm/minute. The whole set-up was displacement controlled. A seating load of 0.1kN to ensure simply supported end conditions and minimise lateral sway due to slip on the roller supports. 
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Fig 4 : Bending specimen geometry and test set-up

4. TEST RESULTS AND DISCUSSION
The load v/s displacement curves were plotted to illustrate the flexural response of all trials(Fig 5).
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Fig 5 : Averaged Load v/s Displacement curves
As there is an increase in the Carbon black content the composite beams showed greater amount of load carrying capacity with reduced deflections. This is an indication of stiffening nature of the Carbon black filler. Thus with increasing stiffening behavior, the toughness of the composite decreases.
Although the maximum load carried by the CB-CF composite is essentially the same as that on the CB composites alone, the composite continues to carry decreasing loads after the peak resistance. The post-peak resistance is primarily provided by the pulling-out of fibres from the cracked surfaces. Moreover the toughness represented by the area under the load deflection curve of the composite beams was increased significantly up to the tune of 30% with the addition of Carbon black and carbon fibres, as evident from the load deflection curves. In addition, the ductility of the composites has also increased in the case of CB-CF composites, as can be observed from the longer yield plateau post peak load (almost 70-100% of the displacement at peak load). This has manifested itself in larger displacements at failure. The general trends with respect to flexural properties can be assessed from Table 5.

	Specimen
Particulars
	Failure load
(kN)
	Displacement
at Failure
∆max
(mm)
	Modulus
of Rupture
(N/mm2)
	Flexural Modulus
E
(N/mm2)
	TI
	DI

	
	
	
	Theory of Bending
	ASTM D790
	Deflection criteria
	ASTM D790
	
	

	PC
	788.34
	0.36
	8.73
	9.71
	1082.75
	1071.88
	1.00
	1.16

	II^.
	672.34
	0.27
	7.3
	8.52
	1330.5
	1100.08
	0.60
	1.08

	II+
	629.34
	0.3
	8.14
	9.16
	1304.44
	966.16
	0.68
	1.10

	II \
	545.67
	0.46
	6.69
	7.4
	679.34
	691.08
	0.77
	1.27

	III
	754.64
	0.65
	9.62
	10.83
	711.3
	792.64
	1.44
	1.44

	III \
	653.45
	0.63
	6.87
	8.26
	783.41
	769.93
	1.12
	1.40

	III +
	782.34
	0.72
	9.12
	10.8
	655.29
	618.01
	1.44
	1.53

	III ^.
	751.34
	0.74
	8.52
	10.16
	598.41
	580.52
	1.34
	1.45


Table 5 : Comparison of overall behaviour of the composites under three point bending test.
4.1 Effect of Carbon black proportion on the flexural strength of the composite beams:

Flexural strengths were calculated via two deterministic approaches, one employing the Elastic theory of bending and another based on recommendations of ASTM D790 (Standard Test Methods for Flexural Properties of Unreinforced and Reinforced Plastics and Electrical Insulating Materials). Whilst the Elastic theory gives due cognizance to the location of crack and hence acknowledges its influence on the flexural strength of the composite, the ASTM recommendation only focuses on the Failure load.
From Fig 6,7 & 8, the trend is unanimous, there is no significant increment in the flexural strength of the pure CB cement composites over the Plain cement composites.

However, the flexural strength is enhanced by 11% in the composition of 5%CB + 0.25%CF, as compared to the plain cement sample.

The average flexural strength of the composite varies between 16-25% of the compressive strength of cement (43 N/mm2), which is a marked improvement over the thumb-rule of 8-10% of the compressive strength of cement.

4.2 Effect of Carbon black proportion on the Flexural Modulus of the composite beams:
Flexural moduli were calculated via two deterministic approaches, one employing the Elastic theory of bending i.e., specifically on deflection control and another based on recommendations of ASTM D790. Whilst the Elastic theory gives due cognizance to the magnitude of displacement at failure and hence acknowledges its influence on the flexural modulus of the composite, the ASTM recommendation is inclined towards accounting for the slope of the stress-strain curve in the initial elastic region.
In the pure CB-cement composites (Series II), it can be observed that as the proportion of Carbon black increases, so does the Flexural Modulus. Thus, there is almost 60% and 40% increment in the Flexural modulus of 10%CB and 5%CB composite respectively over the 2.5%CB composite (Fig 9& 10).
This has resulted in increasing stiffness of the composite as the CB proportion increases. This trend is validated by the fact that as the CB proportion increases the observed experimental displacement at failure also decreases (Table 5). Surprisingly the inclusion of Carbon fibres has reversed the trends, at constant Carbon fibre content, the Flexural Modulus is observed to decrease as the Carbon black proportion increases. Specifically, a reduction of 26% and 20% in the Flexural modulus of 10%CB and 5%CB composite respectively over the 2.5%CB composite, is observed.

This suggests an increase in ductility of the composite as the CB proportion increases, only in case it is reinforced with CF. This trend is validated by the fact that as the CB proportion increases the observed experimental displacement at failure also increases (Table 5), and is mainly attributed to the reinforcing nature of the Carbon fibres

However, the ductile behaviour of CB-CF composites over plain cement-CF composites, does suggest a probable positive impact of addition of CB, possibly owing to modified structure due to interaction of CF and CB, the nature of same needs to be verified and studied in greater detail using SEM imaging and surface chemistry studies.
4.3 Effect of Carbon black proportion on the Toughness Index:
As is evident from the load-displacement curves (Fig 5), since in majority of the cases, the stiffening of the composite takes place, which leads to lower displacement at failure and with no marked improvement in Load carrying capacity, the area under the curve is certainly lower in all the pure CB composites (Series II) as compared to plain cement samples. As the carbon black content increases, the toughness index decreases (Fig 11).
Additionally, as observed from Fig 5.2, for the CB-CF composites, since there is a marked improvement in displacement at failure, due to the ductile behaviour of the composite, the area under the curve is greater as compared to plain cement samples.

It can be observed that highest toughness is achieved at the proportion of 5% CB + 0.25% CF, resulting in 44% improvement in toughness, whilst for the proportion of 10% CB + 0.25%CF, it stood at 34% increment.

Higher toughness indicates the ability of the composite to undergo large deformations before failure.
4.4 Effect of Carbon black proportion on the Ductility Index:
Though the ductility of the pure CB composites (Fig 12 & 13) did not increase with respect to the plain cement sample, the governing trend was that as the Carbon black content increased, the ductility index of the specimen decreased. This could be attributed to the inert filler or aggregate like behaviour of the Carbon black which could not effectively reinforce the matrix.

Also, as expected the Carbon fibre did enhance the ductility index of the plain cement composite by as much as 25 – 32 %, with displacement at failure being almost thrice that of the pure CB and Plain cement composites.

5. Additional Remarks - Critical points in light of available Literature:
As pointed by Vilgis (2005), Carbon black particles are strongly bonded to other elementary particles (10 up to 100) to form an aggregate, the size of which is of the order of 100 nm. A closer look at the structure of Orient Black N330 manufactured by Phillips Carbon Black Limited shows that 45.5% of the structure is Branched, 44.1 % of the structure is linear and only 10.4% of the structure consists of free elementary spheroidal or ellipsoidal particles.
In light of the same, one of the possible reasons for the phenomena of loss of consistency of cement paste on addition of Carbon black and loss of mechanical strength could be that the highly reticulated structure, with extremely high surface area ( ̴ 85 m2/g) of the Carbon black particles could entrap, more specifically adsorb the water particles within the highly branched aggregate structure, in preference to unhydrated cement particles. As reported by Kohls & Beaucage (2002), this branched aggregate structure is capable of resisting macroscopic deformation (E = 10 GPa of the branched structure only), and this could probably explain the hypothesis that even on gauging or mixing, since the branched structure is capable of withstanding deformation, the adsorbed mix water cannot be expulsed out from the core of this aggregate. However, interestingly the addition of Superplasticizer does improve the workability of the mix, probably by deflocculating the branched aggregates of CB and freeing the entrapped water, if not the adsorbed water. Further research into the same is necessary to decisively explain the phenomena.
Meissner B(1992), Leblanc JL(2002) and Heinrich G et al(2002) have attributed this reinforcement effect in rubber composites to the filler–rubber interactions, due to which polymer chains are strongly linked on carbon black surface and a layer of rubber with modified properties, also called bound rubber, surrounds the filler particles, upon vulcanization.

Apart from these, the reinforcing nature also depends on the distance between aggregates, specific surface, surface activity and their structure.
However, the dismal results with respect to mechanical properties of the CB-cement composites could be attributed to any of the following possibilities:

· High difference between the Modulus of Elasticity of the Carbon black aggregate and brittle cement matrix, leading to the increase in the Inter-transition zone. The stiffer carbon black aggregate cannot deform as much as the surrounding matrix and micro-cracks are formed in the vicinity of the particles.

· The hydrophobic nature of the Carbon black particles leads to incompatibility between it and the hydrophilic cement matrix, and this might lead to improper adhesion between the two.

· The hydrophobic nature of the Carbon Black particles leads to inclusion of air bubbles, which is also validated by experimental observation, and this decreases the mechanical properties by facilitating a weak plane.

The lack of adhesion between the matrix and the Carbon black particles could be attributed to the lack of surface activity or functionalization of the highly reticulated carbon black particles.

Enhancement of ductility and displacement at failure in case of CB-CF cement composites, hints at better bonds between fibre-matrix and/or fibre-Carbon black, than Carbon black-matrix. However, to prove this hypothesis, investigation of the surface chemistry and interaction between the matrix and Carbon black particles is a pre-requisite, probably by employing Scanning Electron Microscopy, which is being mulled at this stage.
6. CONCLUSION
The following conclusions are drawn from the experimental results:
Effect of addition of CB : 
1. No improvement in Failure Load;
2. No improvement in Flexural strength;
3. Displacement at Failure decreases, as CB content increases;
4. Modulus of Elasticity increases as CB content increases;
5. Toughness Index decreases as CB content increases;
6. Ductility Index decreases as CB content increases;
Trends 3 to 6 indicate that the composite has undergone increasing stiffening as the CB content increases.
Effect of addition of CB and CF both : 
· The optimum proportion of CB can be observed to be at 5% in cognizance with 0.25% CF which has resulted in : 
1. Improvement of 5% in Failure Load over PC sample;
2. Improvement of 11 % in Flexural strength over PC sample;
3. Displacement at Failure increases by 94%, over PC sample.
4. Modulus of Elasticity decreases by 46%, over PC sample .
5. Toughness Index increases by 31%, over PC sample.
6. Ductility Index increases by 32%, over PC sample.
Trends 3 to 6 indicate that the composite has undergone increasing ductility as the CB content increases.
· The optimum % of CB loading is achieved at 5% for the best results in terms of flexural strength, flexural modulus, ductility, and toughness.
· The addition of 5%CB and 0.25%CF has significantly increased the ductility index by 30 %, thus indicating a economic alternative to pure CF composites.
· All final deflections (short-term) are within IS 456 :2000 Cl 23.2 Control of deflection limit of Span/350.
7. FUTURE SCOPE 

During the course of the experimentation, a number of interesting trends were encountered and these form the basis of future scope of this research:
· A low structure CB type could be experimented with.
· A comparative study of mechanical properties in 3-point v/s 4-point bending can be performed.
· Effect of variation of grade of Carbon black and water cement ratio on mechanical properties can be studied.
· Effect of functionalized CB (surface treated) on the mechanical properties of cement composite can be studied.
· Nature of interaction and bonding between CB and cement paste, and CB-CF can be studied.
· Effect of CB on reaction kinetics of cement hydration can be studied.

· What is the nature of interaction between HEC and SP, between HEC and CB and between CB and SP? Are they compatible?
· What is the effect of size of specimen on rheology of the mix and flexural performance?
· What is the acceptable range of errors and variation? 
· How to disperse CB? Is dispersion of CB affected by air content? Is SP sufficient to disperse CB or even a defoamer is required? Can’t effective vibration reduce air content and eliminate the use of a defoamer reagent? 
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Fig 6 : Variation in ultimate load at failure.




Fig 7 : Variation in flexural strength (based on theory of bending)
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Fig 8 : Variation in flexural strength (based on ASTM D790 Formulae)

Fig 9 : Variation in flexural modulus (based on deflection criteria)
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Fig 10 :Variation in flexural modulus (based on ASTM D790 Formulae)



Fig 11 : Variation in Toughness Index
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Fig 12 : Variation in Displacement at failure.





Fig 13 : Variation in Ductility Index
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