The effect of silica/cement microparticles addition on the physic-mechanical properties of carbon fibre reinforced composites
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Abstract

The addition of fibres into fragile materials has been used since the ancient period nearly 3500 years ago in order to improve their strength and toughness. The addition of fibres in polymeric composites has been widely investigated for aerospace, automotive and construction applications due to their high specific properties. In order to enhance the flexural strength and modulus of unidirectional carbon fibre reinforced composites (CFRC), silica and cement micro particles (200/325 US-Tyler) were added at the upper side of the laminate [0C]5. A full factorial design 2¹3¹ was conducted to identify the effect of the following factors: type of particle (silica and cement) and particle addition (0, 5 and 20wt%) on the physic-mechanical properties of the composites, such as bulk density, apparent porosity, flexural strength and modulus. The fibre volume fraction was set constant at 30%. A reference condition was also evaluated with no particle addition. The software Minitab 14 was used to manipulate the results using the tools Design of Experiment (DOE) and Analysis of Variance (ANOVA). It is well known a laminate composite under flexural loading suffer compressive efforts at the upper side and tensile efforts at the bottom side of the beam. The addition of high stiff particles at the upper side of the beam is able to increase not only the stiffness of matrix phase, but also increasing the energy dissipation during the crack propagation. The addition of ceramic particles provided the increase of mechanical properties of CFRC.
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Introduction

In today’s modern world, opportunities and technological innovation demand new composite materials which might be designed based on this new reality. Commonly, the composite materials are used to enhance strength, lightness, durability and versatility (1, 2).
Generally, the composite material is composed by the junction of two or more materials in order to provide effective properties which cannot be achieved separately by the individual phases (3). The main advantage of laminate composites is related to their structural application achieving low density without sacrificing mechanical properties. Therefore, they are much used in aerospace and automotive industries where extreme structural/thermal conditions are required (4).

The materials when subjected to bending stresses provide compressive load at the upper side and tensile load at the bottom side of the sample beam. The fibres are responsible to support the tensile efforts meanwhile the matrix phase the compressive efforts (5, 6).
Continuous research has been developed to increase the strength of the laminate without increasing the mass of the composite and especially the final cost. The enhancement of polymer matrices, especially resin epoxy, by adding stiff particles and chemical addictive is an attempt to obtain high mechanical properties (7, 8).
The addition of ceramic particles into the matrix phase has been investigated to enhance its stiffness and consequently improving the effective properties of laminate composites (9-13). The particles into polymer provide not only the reduction of energy dissipation during the crack propagation, but also can reduce the porosity of laminate composites (14,15). The addition of silica nanoparticles up to 10wt% leads to a considerable enhancement in fracture toughness and an increase in the critical crack length (16). The fracture energy increased from 100J/m2 (unmodified epoxy polymer) to 460J/m2 for the epoxy polymer with 13vol% of nanosilica (17).
This work investigates the effect of silica/cement microparticles addition on the physic-mechanical properties of carbon fibre reinforced composites (CFRC). The response variables such as bulk density, apparent porosity, flexural strength and young modulus were evaluated.
Materials and Methods
Carbon fibres reinforced composites (CRFC) were fabricated and tested based on the recommendations of EN2562A(18) and EN10545(19) standards. The bulk density and the apparent porosity were determined by the use of Archimedes principle based on EN10545.
Five carbon fibres (1.60g/cm³) were assembled at 0° angle direction by hand lay up process using a matrix volume fraction (Vm) of 70% which corresponds to a fibre volume fraction (Vf) of 30%. The composite plates were cured at room temperature (25°C) for 7 days, subsequently; the specimens were cut in dimensions of 100 mm in length, 10 mm in height, 2 mm in thickness (see Fig. 1b). The epoxy resin used was RENLAM M with the catalyst REN HY 956 BR, supplied by Huntsman Company. The 1:5 catalyst/resin ratio was used providing a specific weight of 1.17 g/cm³, flexural strength of 71.22 MPa, and flexural modulus of 1.58 GPa (20).
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Figure 1: (a) unidirectional carbon fibres (b) specimens for condition “A”(with out particles, and only carbon fibre with polymeric matrix phase ).

It is well known a laminate composite under flexural loading suffer compressive efforts at the upper side and tensile efforts at the bottom side of the beam. The addition of high stiff particles at the upper side of the beam is able to increase not only the stiffness of matrix phase, but also increase the energy dissipation during the crack propagation. Hsieh et al(21) report a percent increase of 170% on toughness when 20wt% of silica nanoparticles was added in the polymeric matrix phase.
The silica and cement particle size of 200/325 US-Tyler were added at 5wt% and 20wt% in the upper side of the laminate [0C]5 (see Fig. 2). The setup conditions were denoted by “B” (20wt% of silica particles), “C” (20wt% of cement particles), “D” (5wt% of silica particles), and “E” (5wt% of cement particles).
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Figure 2: Scheme of composite fabrication
Figure 3 shows the mechanical behaviour of the composites under three point bending testing.
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Figure 3: Flexural behaviour of some specimens from replicate 1.
A full factorial design 2¹3¹ was conducted to identify the effect of the following factors: type of particle (silica and cement) and particle addition (0, 5 and 20wt%) on the physic-mechanical properties of the composites, such as, flexural strength, flexural modulus, apparent porosity and bulk density. The software Minitab 14 was used to manipulate the results using the tools Design of Experiment (DOE) and Analysis of Variance (ANOVA).
Two replicates were used in this experiment. The replicates can estimate the true error variance and also detect the effect significance. The P-values indicate which of the effects in the system are statistically significant, based on examination of the experimental data from replicate 1 and replicate 2. If the P-value is less than or equal to 0.05 it is possible to conclude that the effect is significant. An α-level of 0.05 is the level of significance which implies that there is 95% of probability of the effect being significant. The R2 value represents the proportion of variation in the response data explained by the terms in the model(22). 
Table 1: Analyses of variance (ANOVA), P-values (α ≤ 0.05).

	Source
	σb (MPa)
	Eb
(g/cm³)
	Po

(%)
	ρb
(g/cm³)

	Particle addition
	0.000
	0.006
	0.017
	0.003

	Type of particle
	0.000
	0.819
	0.016
	0.132

	Particle addition* Type
	0.000
	0.833
	0.000
	0.485

	R²(%)
	99.21
	75.62
	93.87
	80.40%

	variance
	7.408
	2.394
	1.035
	0.014


note: σb – flexural strength, Eb – flexural modulus, Po – apparent porosity, ρb – bulk density.
Table 1 shows the P-values for the evaluated responses considering 95% of significance. The P-values lower than 0.05 were underlined. When the interaction effect is significant for such response, the main factors will not be interpreted individually, marked in bold letters in Tab. 1(23).

Flexural strength

The flexural strength data varied from 197MPa  to 368.5MPa. Based on Tab. 1 the interaction of “type of particle and particle addition” exhibits a P-value lower than 0.05, for this reason the main factors will not be evaluated separately.
Figure 4 shows the interaction effect plot for flexural strength response. It is observed the percent addition of 20wt% of particle, independently of type, increased the flexural strength. However, the cement particles did not change the strength of the composites by adding 5wt%.The silica particle similarly increased the strength for both levels of particle addition. It is noted the silica addition of 5wt% exhibited a superior strength compared to 20wt% which can be related to the rheology of the system.
[image: image4.png]Interaction Plot (data means) for Flexural Strength (MPa)
380
360 .
340 o

.
320 ,
= 300 ,
g 280 J
= s
260 , [ p—
240 S :
220 Y - 20
200 | S,

CEMENT SILICA
TYPE OF PARTICLES





Figure 4: Interaction effect plot (data means) for flexural strength (MPa).

Flexural modulus

The flexural modulus data varied from 32.75GPa  to 41.25GPa. The main factor particle addition significantly affected the modulus of elasticity exhibiting a P-value of 0.006. 
 [image: image5.png]Mean of FAexural Modulus (GPa)

Main Effects Plot (data means) for Flexural Modulus (GPa)

41
40
39
38
37
36
35
34
33
32

0 5 20
[%] PERCENTAGE





Figure 5: Main effects plot (data means) for flexural modulus.

Figure 5 shows the main effect plot for the flexural modulus response, revealing the increase of 20wt% of particle addition provides the increase of flexural modulus of the composites.

Apparent porosity

The apparent porosity data varied from 8.18%  to 19.31%. Based on Tab. 1 the interaction effect is significant (P-value = 0.000), being shown in Fig. 6. The cement particles provided a superior apparent porosity when compared to silica particles. This can be attributed to the morphology of the powder, implying the silica particle is less porous than the cement particles. The addition of particles into the laminate composites reduces the apparent porosity, which can be the main responsible to increase the flexural strength data. The lower apparent porosities were achieved when 5wt% of silica particles or 20wt% of cement particles were added.
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Figure 6: Interaction effect plot (data means) for apparent porosity.
Bulk density

The bulk density data varied from 1.27g/cm³ to 1.33g/cm³. 
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Figure 7: Main effects plot (data means) for bulk density (g/cm³).
The main factor particle addition significantly affected the bulk density exhibiting a P-value of 0.003. Figure 7 shows the main effect plot for the bulk density response, revealing the increase of particle addition provides the increase of bulk density of the composites.
Conclusion
The main conclusions can be following described.
(i) The addition of cement/silica particles increased the flexural strength and modulus of the laminated composites, mainly when 20wt% was set.
(ii) The addition of silica particles provided the reduction of the apparent porosity, mainly when 5wt% was added. The cement particles provided the reduction of the apparent porosity only when 20wt% was set, exhibiting superior values at 5wt%. The addition of particle (cement/silica) provided the increase the bulk density, mainly when 20wt% was added.
(iii) The cement particles provided superior flexural strength of laminate composites. The cement Portland is cheaper than silica particles; consequently it is possible to enhance the flexural strength as well as reducing costs of CFRC by adding ceramic particles.
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