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Abstract
This work aims at developing multifunctional composite laminates with thermal energy storage (TES) capabilities. Structural laminates were fabricated with an epoxy resin, a carbon fiber fabric, and a shape-stabilized phase change material (PCM) based on paraffin and carbon nanotubes (CNTs). The PCM kept its ability to melt/crystallize in the laminates, and the total melting enthalpy was proportional to the paraffin content, as well as the thermal conductivity of the laminates through thickness direction. The capability of the TES laminates to contribute to the thermal management was also proven by monitoring their cooling rates through a thermal camera. The flexural modulus was only slightly affected by the PCM, while a decrease of flexural strength and strain at break was detected. Microscopy investigations highlighted that this could be attributed to the preferential distribution of the PCM in the interlaminar region and to the poor adhesion between the PCM particles and the epoxy matrix. Therefore, current activities are aimed at encapsulating the paraffin in a sol-gel derived organosilica shell obtained by hydrolysis-condensation of methyltriethoxysilane in oil-in-water emulsion. Preliminary efforts resulted in the production of submicron spherical capsules with a maximum total enthalpy of 143 J/g.
1.
Introduction
Thermal energy storage (TES) can be defined as the storage of heat to be used later or in another place, thus filling the gap between energy need and availability. Thermal energy can be stored and released as sensible, latent, or thermochemical heat [1]. The most diffused materials for TES are the organic solid-liquid phase change materials (PCMs), such as paraffin waxes, polyethylene glycols and fatty acids 
 ADDIN EN.CITE 
[2, 3]
. These materials are advantageous because they can store and release a high amount of latent heat thanks to their high specific phase change enthalpy. Moreover, they operate in a limited temperature range, are subjected to a reduced supercooling and have a tunable working temperature, which can be adjusted by modifying the molecular weight 
 ADDIN EN.CITE 
[4, 5]
. On the other hand, their main drawbacks are represented by the low thermal conductivity and the need to be confined to prevent leakage above the melting temperature. Two main methods are reported to avoid leakage: i) encapsulation of the PCM in micro- or nano-capsules, which are stable in the PCM working temperature interval and can be made of polymeric or inorganic materials 


[6] ADDIN EN.CITE ; ii) shape stabilization involving a confinement of the PCM in a porous or layered material, or in a nanofiller network [7].
TES applications comprise (but are not limited to) the buildings industry, storage of hot/cold water solar thermal energy collection 


[8-10] ADDIN EN.CITE . In most of the cases, TES systems are a supplementary component which is added to the main structure. Nevertheless, there are some fields in which saving weight and volume is extremely important, and the addition of a component devoted to TES function may increase the mass and volume unacceptably. In these cases, it would be advantageous to include the TES functionality in the structure of the component, by using a multifunctional material. Among all the classes of materials, composite materials are the most suitable to combine more than one function, as they are composed of different phases with a variety of properties. Polymer-matrix composites are particularly suitable to be employed in lightweight applications, given their high specific mechanical properties 
 ADDIN EN.CITE 
[11, 12]
.
The aim of this work is to produce and characterize multifunctional composites combining polymer matrix, high performance fibers and a PCM, considering both microencapsulated and shape stabilized PCMs. The first part of the article concerns the development of a multifunctional laminate that combines an epoxy resin, a carbon fiber fabric and a paraffin wax shape stabilized with carbon nanotubes (CNTs). The second part regards the microencapsulation of paraffin in an organosilica shell via sol-gel route, starting from an oil-in-water emulsion. The production process of the microcapsules is described, and some preliminary results are presented.
2.
Materials and method

2.1 Materials

RT44HC® paraffin wax (melting temperature = 44 °C, melting enthalpy = 240 J/g) density = 0.8 g/cm3) was supplied by Rubitherm Technologies GmbH (Germany). Multi-walled CNTs NC7000® (diameter 9.5 nm, BET surface area 250-300 m2/g) were provided by Nanocyl SA (Belgium). The epoxy system Elan‑tech® EC 157/W 342 was kindly provided by Elantas Europe s.r.l. (Italy). Balanced plain weave carbon fabric Angeloni GG200P (mass per unit area = 192 g/m2), made of intermediate modulus carbon fibers (3000 fibers per tow, linear density = 200 tex), was supplied by G. Angeloni s.r.l. (Italy). Docosane CH3(CH2)20CH3 (purity ≥ 98.5%), melting temperature 43 °C) was purchased from Sigma Aldrich®. Methyltriethoxysilane (MTES) (purity ≥ 98%) was provided by ABCR GmbH (Karlsruhe, Germany) Cetyltrimethylammonium bromide (CTAB) surfactant (purity ≥ 98%) was purchased from Sigma Aldrich. All the materials were used as received.
2.2 Sample preparation
The first step was the preparation of the shape stabilized paraffin. As described in our previous work [13], CNTs were dispersed in the paraffin molten at 70 °C and stirred mechanically at 500 rpm for 30 minutes. The weight fraction of CNTs was fixed at 10 %, as this was observed to be the minimum amount required to avoid leakage of paraffin above the melting temperature. The mixture was then cooled and cryogenically grinded in a cryogenic blade miller Ika Laborteknik M20. The average size of the particles, denoted as ParCNT, was 53 ± 30 m. The epoxy base and the hardener were mixed at room temperature at a weight ratio of 100:30, and magnetically stirred at 500 rpm for 5 minutes. The ParCNT powder was added at different weight fractions (i.e. 0%, 20%, 30% or 40%), and the resulting mixture was stirred to obtain a homogeneous dispersion of the powder in the resin. Laminates were produced via hand lay-up by stacking five plies with an in‑plane area of 120x120 mm2, and the nominal fiber fraction was 50 wt%. The laminates were vacuum-bagged, cured for 24 hours at ambient temperature and postcured at 100 °C for 10 hours. The prepared laminates, with the nominal weight fraction of components, are listed in Table 1.
The capsules were synthesized from an emulsion of 4 g of docosane and 0.0500 g of CTAB in 50 ml of distilled water. The mixture was mechanically stirred at 2500 rpm for 30 min at 60 °C and sonicated at 60 °C for 10 min. Another solution was prepared by mixing 4.2 ml of MTES, 5.1 ml of EtOH, and 6.7 ml of HCl 10-2 M at 350 rpm with a magnetic stirrer for 20 min at 45°C. At this point two different syntheses were performed: (a) synthesis A, obtained adding the MTES solution to the emulsion and (b) synthesis B, obtained by diluting with 20.4 ml of ethanol the pre-hydrolyzed MTES solution which was added drop by drop to the initial emulsion. Both the reaction mixtures were magnetically stirred for 4 h at 60 °C, then filtered, washed repeatedly with warm water to remove unreacted species and non‑encapsulated paraffin, and dried in a vacuum oven at 50 °C for 24 h. For comparison, organosilica capsules without docosane were synthesised with the same procedure described for synthesis A.
Table 1. Nominal weight fractions of the component for the prepared laminates
	Sample
	Carbon fibers (wt%) 
	Epoxy (wt%)
	Paraffin (wt%)
	CNTs (wt%)

	EP-CF
	50
	50
	0.0
	0.0

	EP-ParCNT20-CF
	50
	40
	9.0
	1.0

	EP-ParCNT30-CF
	50
	35
	13.5
	1.5

	EP-ParCNT40-CF
	50
	30
	18.0
	2.0


2.2 Characterization of the CNT-stabilized wax and the laminates
The weight fraction of the constituents was measured by weighting each laminate and subtracting the mass of the fibers from the total weight. The obtained fiber-to-matrix mass ratio was then compared to that obtained by thermogravimetric analysis (TGA). The experimental density of carbon fabric, epoxy/ParCNT matrices and laminates was measured with the Archimedes' balance method in ethanol. In this way, theoretical and experimental densities were obtained and used to calculate the volume fractions of fibers, matrix and voids. To study the microstructure of the laminates, polished samples were observed with an optical microscope (OM) Zeiss Axiophot, equipped with Epiplan Neofluar objectives, and the cryofractured surfaces with a Jeol IT300 scanning electron microscope (SEM), after Pt-Pd sputtering. 
TGA tests were performed with a Mettler TG50 instrument, at a heating rate of 10 °C/min up to 700 °C, under N2 flow. The degradation temperatures of the different components and the experimental weight fractions of the components were determined. Differential scanning calorimetry (DSC) tests were performed with a Mettler DSC30 calorimeter between 0 °C and 150 °C, at a heating/cooling rate of 10 °C/min, under a N2 flow of 100 ml/min. These tests allowed the measurement of the phase change temperatures (Tm, Tc) and enthalpies ((Hm, (Hc) of the PCM, and the glass transition temperature (Tg) of the epoxy resin. Relative melting and crystallization enthalpies ((Hm,rel , (Hc,rel) were determined by normalizing (Hm and (Hc to the paraffin weight fraction. Laser flash analysis (LFA) was performed to measure the specific heat and the thermal conductivity and diffusivity, using a Netzsch LFA 447. Measurements were performed on specimens of 12.7x12.7 mm2, tested at four temperatures (25, 35, 45 and 55 °C), and 3 pulses were performed for each temperature. Thermal diffusivity (α) was calculated using the Cowan method after pulse correction. The heat capacity (cP), was determined with the reference material Pyrex 7740 (ASTM-E 1461). The thermal conductivity (𝜆) was calculated as the product of α, cP and the density ρ. To check the overall thermal management ability of the laminates, specimens with dimensions of 70x100 mm2 were heated at 60 °C for 30 min, and then they were left cooling to room temperature while recording their surface temperature with an infrared thermal camera (FLIR E60). 
Three-point flexural tests were performed on specimens of 120x10x1.3 mm3, with an Instron 5969 universal testing machine, equipped with a 50 kN load cell, according to the standard ASTM D790-03. 

The span length was fixed at 85 mm and the crosshead speed was set for each specimen to have a strain rate of 0.01 mm/mm on the outer side of the specimen. At least five specimens were tested for each composition. The test allowed the determination of the tangent modulus of elasticity (E) and the flexural strength and strain at break (σb, εb). Lastly, the interlaminar shear strength (ILSS) was evaluated through short-beam shear (SBS) tests, following the ASTM D 2344 standard, with the same universal testing machine. The test was performed on specimens of 15x5x2 mm3, at a crosshead speed of 1 mm/min. The span length was 8 mm.
2.3 Characterization of the microcapsules
The obtained microcapsules were subjected to a preliminary characterization, useful to optimize the synthesis conditions. The morphology and microstructure of the microcapsules was evaluated with Jeol IT300 scanning electron microscope, after Pt-Pd sputtering. The FTIR spectra were acquired with a Perkin Elmer Spectrum One spectrometer in attenuated total reflectance (ATR) configuration, in the range 4000-650 cm-1. The background spectrum was acquired before each sample and subtracted from the sample spectrum. DSC analysis was performed with a Mettler DSC30 calorimeter in a temperature range between 0°C and 80°C. The specimens were subjected to a first heating scan, a cooling scan and a second heating scan at a heating/cooling rate of 10 °C/min, under a N2 flow of 100 ml/min.
3.
Results and discussion

3.1 Results of the characterization of the laminates
OM images of the prepared laminates are reported in Fig. 1. The ParCNT particles tend to aggregate, probably due to the pressure and temperatures applied in the curing steps. The PCM phase is mainly distributed in the interlaminar region, and not among the fibers of the same tow, where the matrix is almost exclusively composed of epoxy. This was visible also in SEM micrographs, not reported here for the sake of brevity.
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a)                                                                         b)

Figure 1. OM images of the prepared laminates. (a) EP‑CF; (b) EP‑ParCNT20‑CF
Representative TGA thermograms are reported in Fig. 2a. The degradation of the polymer fraction happens in two steps, at around 230 °C and 380 °C, related to the degradation of the paraffin and the epoxy, respectively. The residue at 700 °C is mainly composed by carbon fibers and CNTs, and partly by epoxy. From the degradation profile of the neat epoxy and ParCNT and the residual masses, it was possible to calculate experimental mass fraction of epoxy, paraffin and carbon fibers, which were close to the nominal ones. This indicates that the paraffin does not leak or degrade during processing. Fig. 2b reports representative DSC curves of the laminates, while the most important DSC results are summarized in Table 2. The phase change enthalpies of the ParCNT powder are proportional to the nominal paraffin weight fraction, which indicates that the CNTs and the cryomilling do not impair the PCM thermal properties. The Tg of the epoxy is not substantially affected by the presence of ParCNT, nor are the paraffin phase change temperatures (Tm, Tc) influenced by the presence of the epoxy. The relative phase change enthalpies are in the range 80-90%, similar to results reported in the literature ((Hm,rel , (Hc,rel) 


[14, 15] ADDIN EN.CITE .
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a)                                                                                     b)

Figure 2. (a) Representative TGA thermograms. (b) representative DSC thermograms of the first heating scan and the cooling scan.
Table 2. Main results of the DSC tests on neat paraffin, ParCNT and the laminates

	Sample
	Tg (°C)
	Tm (°C)
	(Hm (J/g)
	(Hm,rel (%)
	Tc (°C)
	(Hc (J/g)
	(Hc,rel (%)

	Neat paraffin
	-
	44.5
	242.1
	100
	35.0
	241.2
	100

	ParCNT
	-
	43.8
	216.8
	99.5
	34.2
	215.5
	99.4

	EP-CF
	84.0
	-
	-
	-
	-
	-
	-

	EP-ParCNT20-CF
	85.7
	45.0
	20.3
	91.5
	34.3
	19.5
	88.6

	EP-ParCNT30-CF
	82.1
	43.8
	27.3
	81.8
	35.0
	26.3
	79.1

	EP-ParCNT40-CF
	82.0
	45.1
	36.4
	87.4
	33.9
	36.2
	87.3


The values of thermal conductivity obtained in LFA tests are reported in Fig. 3a. For the laminate EP-CF, 𝜆 slightly increases with temperature. For the laminates containing ParCNT, the specific heat and thermal conductivity show a maximum at 35 °C, as the PCM is approaching the solid-liquid phase change. For these laminates, at a fixed temperature, the thermal conductivity and diffusivity increase with ParCNT, due to the presence of the CNTs. Fig. 3b reports the results of the thermal imaging test. In the laminates containing the PCM, the temperature decreases with a plateau-like trend induced by the heat released by PCM crystallization., which decreases the cooling rate noticeably.  This simple test highlights the remarkable differences in the thermal behavior of the laminates as a function of the PCM content and the PCM contribution to thermal management. 
Fig. 4(a) reports representative load‑displacement curves obtained in three‑point flexural tests, while the most important results of the flexural and SBS tests are summarized in Fig. 4b. The laminate without PCM is subjected to a catastrophic failure, while in those containing PCM failure is progressive and comes as a sequence of drops and plateaus, associated to delamination. From the results reported in Fig. 4b, it is evident that the stiffness is only slightly affected by ParCNT, while a decrease of the strength, strain at break and ILSS can be detected. This may be attributed to the preferential location of the PCM in the interlaminar region, which creates a preferential path for damage propagation and favors delamination.
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a)                                                                                     b)

Figure 3. (a) Results of the LFA tests (thermal conductivity). (b) Thermal imaging camera test. Surface temperature of the laminates as a function of time during cooling at room temperature.
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a)                                                                       b)
Figure 4. (a) representative load-displacement curves obtained in the three‑point bending test; (b) main results of the three‑point bending test and the short beam shear test. 
As the PCM size and distribution can affect the mechanical properties of the laminate, our group is working on the encapsulation of paraffin in submicron organosilica shells. Some preliminary results of this work are reported hereafter.
3.2 Preliminary results of the characterization of the microcapsules

Fig. 6(a-b) report the SEM images of the microcapsules obtained through the syntheses A and B, respectively. Those obtained with the synthesis B have a higher average diameter and are less aggregated, due to the higher ethanol‑to‑water ratio adopted in the synthesis. DSC thermograms of the first heating scan and the cooling scan are reported in Fig. 7, while the most important DSC results are summarized in Table 4. The encapsulation causes a decrease of the phase change temperatures, due to a confinement effect, and this is more evident for the synthesis A, which resulted in smaller capsules. The reported value of (Heff is a measure of the encapsulation efficiency, which was calculated as the ratio between the melting enthalpies of the capsules and that of the neat docosane. For the synthesis B, the efficiency was approximately 61 % and the melting enthalpy was 143.8 J/g.
[image: image9.png]
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a)                                                                         b)

Figure 6. SEM images of the microcapsules. (a) Synthesis A; (b) Synthesis B. 
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a)                                                                                      b)

Figure 7: DSC thermograms. (a) heating scan; (b) cooling scan.
	Sample
	Tm (°C)
	(Hm (J/g)
	(Heff (%)
	Tc (°C)
	(Hc (J/g)

	Docosane
	46.2
	236.8
	100
	34.5
	234.2

	Synthesis A
	39.3
	34.1
	14.4
	25.1
	33.0

	Synthesis B
	43.4
	143.8
	60.7
	34.5
	142.78


Table 4: DSC results on the neat docosane and the synthesized microcapsules
4.
Conclusions

In this work, structural epoxy/carbon laminates with CNT‑stabilized paraffin were produced and characterized. The melting enthalpy was almost proportional to the paraffin weight fraction. The ParCNT domains affected the elastic modulus only slightly, but the failure properties decrease with an increase of the PCM content. This could be attributed to the preferential location of ParCNT in the interlaminar region. The results of the characterization of the synthesized microcapsules highlighted the importance of an appropriate solvent polarity, to improve the emulsion stability and tailor the capsules dimensions. Future work on the microcapsules will be devoted to a further optimization of the synthesis parameters to increase the encapsulation efficiency, and more efforts will be put on a deeper investigation of the obtained microcapsules, through x-ray diffraction (XRD) and nuclear magnetic resonance (NMR) techniques, to study the confinement effect on phase change temperatures and enthalpies. 
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