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Abstract
This study investigated the effect of microstructure on elastic properties of spread carbon fiber (SCF)/epoxy (EP) laminates containing microcapsules. Finite element analysis (FEA) was performed using a three-dimensional representative volume element (RVE) models to predict the elastic properties of the SCF/EP laminates containing microcapsules. Two RVE models with different dispersion state of microcapsules were constructed. The well-dispersion model considers the well distributed microcapsules in the SCF/EP laminates and the aggregation model presents the aggregation of microcapsules in the interlayer of the SCF/EP laminates. The results indicated that the predicted shear modulus of the well-dispersion model was higher than that of the aggregation model. It is expected that the well dispersion of microcapsules leads to improvement in the elastic properties of the SCF/EP laminates containing microcapsules. 


1.	Introduction

Carbon fiber reinforced polymers (CFRPs) have been used in many structural materials such as airplanes, cars and ships because of their high specific strength and stiffness. However, mechanical properties of these materials are highly susceptible to damage generated under mechanical and thermal loadings in service. These damages are very difficult to detect and repair because they can form deep within the structures. Recently, a novel approach to repair itself automatically has been reported, i.e., self-healing material. Such materials are designed to repair damage automatically, thereby prolonging the durability and reliability of the structures. 

Usually, self-healing has been demonstrated with containers incorporating healing agents such as hollow fibers and microcapsules. When damages occur in the structures, cracks propagate and rupture the embedded containers, thereby releasing the healing agent into the damage area. Then, polymerization of the healing agent is occurred, and the crack plane is bonded. 

Pang and Bond [1] conducted four point bend testing after impact damage to investigate flexural strength recovery of glass fiber reinforced polymer laminates containing hollow glass fibers. Trask et al. [2] embedded hollow glass fibers within a carbon or glass fiber reinforced polymer laminates and assessed self-healing efficiency based on four point bend testing. Kessler et al. [3] used a self-healing polymer as the matrix of the plain weave glass fiber laminates and showed the recovery of interlaminar fracture toughness: the self-healing polymer which dispersed catalysts and microencapsulated healing agents in an epoxy was developed by White et al. [4]. Sanada et al. [5-7] proposed a self-healing strategy of the interfacial debonding in unidirectional CFRPs by using fiber strands coated with the self-healing polymer. They also used the self-healing polymer as a matrix of spread carbon fiber (SCF) /epoxy (EP) laminates and investigated the apparent interlaminar shear strength and the self-healing efficiency [8, 9]. The results showed that as the microcapsule concentration increased, the healing efficiency increased and the apparent interlaminar shear strength decreased. The self-healing system is illustrated in Figure 1. Many researchers have described that the use of SCF leads to improvement in damage resistance properties of the CFRP laminates [10, 11]. Therefore, the initial properties of the laminates can be improved by using SCFs. It is also expected that the aggregation of microcapsules was prevented by using SCFs, thereby increasing the strength recovery of the laminates.

In this study, the effect of microstructure on elastic properties of SCF/EP laminates containing microcapsules have been examined by using Digimat-FE software (MSC software). The three-dimensional representative volume element (RVE) models were generated. Finite element analysis (FEA) was employed to evaluate the elastic properties of the RVE models. 
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Figure 1. Schematic image of the microstructure of the self-healing SCF/EP laminates.


2.	Finite element analysis

2.1. Material properties

The individual materials were modeled as linear elastic and isotropic materials as shown in Table 1. In a real microcapsules consisting dicyclopentadiene (DCPD) core and urea-formaldehyde (UF) polymeric shell, UF shell is very thin. Thus, the core-shell microcapsule was homogenized as a spherical isotropic inclusion having negligible Young’s modulus and incompressible. Moreover, the interface of these materials were assumed to be perfectly bonded. 

Table 1. Material properties used in this study.

	Material
	Microcapsule
	SCF [12]
	Epoxy matrix [13]

	Young’s modulus (GPa)
	10-30
	230
	3.4

	Poisson’s ratio
	0.499999
	0.2
	0.3




2.2 Model description

The three-dimensional periodic RVE models were generated by using Digimat-FE software. Two cases for RVE model with well-dispersed and aggregated microcapsules were investigated. The RVE size was taken to be 0.5 mm × 0.5 mm × 0.3 mm. In the RVE analysis, the microcapsule diameter was set to be 113 µm and the microcapsule volume fraction was varied from 11.7 to 23.1 vol%. The SCF volume fraction and microcapsule volume fraction,  and , were determined by following equations, respectively: 

	
	(1)

	
	(2)



where ,  and  are the respective volumes of the SCF, matrix and microcapsules. The SCF volume fraction was set to be 12.4 vol%. 

2.2.1 Well-dispersion model

[bookmark: _GoBack]Figure 2 shows the schematic image of well-dispersion model of the SCF/EP laminates containing microcapsules. A rectangular Cartesian coordinate system (x, y, z) is used. The RVE model contained the homogenized SCF/EP composites and the homogenized core-shell microcapsules. The SCF/EP composites in well-dispersion models were modeled as a homogeneous, elastic and transversely isotropic material with properties as shown in Table 2. These properties of the homogenized SCF/EP composites were calculated with the cubic RVE model of 0.1 mm size containing the continuous SCFs with diameter of 7 µm and fiber orientation along x direction. 
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Figure 2. Schematic image of well-dispersion model (dimensions in mm).


Table 2. Material properties of the homogenized SCF/EP composites in well-dispersion model.

	Volume fraction (vol%)
	Young’s modulus (GPa)
	Shear modulus (GPa)
	Poisson’s ratio

	
	
	
	
	
	

	11.7
	35.2
	4.61
	1.73
	0.281
	0.399

	15.2
	36.0
	4.65
	1.74
	0.281
	0.397

	18.6
	37.7
	4.72
	1.77
	0.280
	0.396

	23.1
	39.4
	4.80
	1.81
	0.279
	0.399




2.2.2 Aggregation model

In order to consider aggregation of microcapsules in the interlayer of the SCF/EP laminates, two layers were constructed: microcapsule/EP and SCF/EP composite layers as shown in Figure 3. From experimental results, the thickness of microcapsule/EP and SCF/EP composite layers were set to be 0.195 and 0.105 mm, respectively. The SCF/EP composites in aggregation models were assumed to be a homogeneous, elastic and transversely isotropic material with properties as shown in Table 3. 
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Figure 3. Schematic image of aggregation model (dimensions in mm).


Table 3. Material properties of the homogenized SCF/EP composites in aggregation model.

	Volume fraction (vol%)
	Young’s modulus (GPa)
	Shear modulus (GPa)
	Poisson’s ratio

	
	
	
	
	
	

	11.7
	74.1
	6.45
	2.54
	0.260
	0.378

	15.2
	76.6
	6.64
	2.63
	0.259
	0.379

	18.6
	78.2
	6.67
	2.64
	0.258
	0.379

	23.1
	81.7
	6.93
	2.75
	0.256
	0.376




3.	Results and discussion

Figure 4 presents the predicted shear modulus of the SCF/EP laminates containing microcapsules. As the microcapsule volume fraction increased, the shear modulus decreased. Moreover, the shear modulus obtained from the well-dispersion model was higher than that obtained from the aggregation model. It is expected that the well dispersion of microcapsules leads to improvement in the elastic properties of the SCF/EP laminates containing microcapsules. 
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Figure 4. Effect of microcapsule volume fractions on predicted shear modulus of the SCF/EP laminates containing microcapsules.


4.	Conclusions

The effect of microstructure on elastic properties of SCF/EP laminates containing microcapsules were investigated. Finite element analysis was carried out to predict the elastic properties of the SCF/EP laminates containing microcapsules. The shear modulus obtained from the well-dispersion model was higher than that obtained from the aggregation model. Therefore, the well dispersion of microcapsules leads to improvement in the elastic properties of the SCF/EP laminates containing microcapsules.
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