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Novel composite film materials were fabricated by thiol-epoxy click reaction in the presence of ≤ 1 wt.% graphene oxide (GO). SEM, X-ray diffraction, and FTIR techniques were used for comprehensive characterization of the composites' morphology and structure. The grafting of GO into the epoxy vitrimer network was confirmed. The effect of loadings of GO on the mechanical properties of composite films was examined. The tensile strength and Young's modulus of composite material increase by 69 and 46 %, respectively, with the addition of 0.5 wt.% GO. The flexibility of the composite films improved more than fourfold by adding 1.0 wt.% GO compared to the epoxy vitrimer network.

The gas-microphone photoacoustic approach was applied for the thermal conductivity evaluation of the samples. The composites showed a maximum increase in thermal conductivity almost two times with the addition of 1.0 wt.% GO as compared to the polymer matrix.

Introduction

Thermosets, represented by epoxy resins (ER) are one of the most widely used high-performance materials [START_REF] Mohan | A critical review: The modification, properties, and applications of epoxy resins[END_REF]. Lightweight, low shrinkage, significant chemical and corrosion resistance are advantages of using ER in aerospace, automotive, wind turbines, marine, sports materials, construction, electrical and electronic systems, adhesives, paints, and coatings, etc. [START_REF] Li | Synthesis and application of epoxy resins: A review[END_REF]. Despite the many benefits of ER, their performance is restricted by poor re-processability caused by cross-linked molecular structure. Recently, these frontiers were crossed solely by converting thermosets into vitrimers [START_REF] Montarnal | Silica-like malleable materials from permanent organic networks[END_REF][START_REF] Yue | Vitrimerization: converting thermoset polymers into vitrimers[END_REF]. Vitrimers are covalently cross-linked polymer networks that can rearrange their topology under stimuli (e.g. heat, light, etc.) via bond exchange reactions (e.g. trans-esterification, transamination, transcarbamoylation, transcarbonation, etc. (Fig. 1)) [START_REF] Denissen | Vitrimers: Permanent organic networks with glass-like fluidity[END_REF]. An exciting feature of the networks is that bond breaking and reformation co-occur. Thus, the cross-link density of vitrimers remains approximately constant during the exchange process. In stringent contrast to thermosets, vitrimers possess the ability to be reprocessed, reshaped, healed, welded and thus have attracted significant academic and industrial interest [START_REF] Vashchuk | Chemical welding of polymer networks[END_REF][START_REF] Alabiso | The impact of vitrimers on the industry of the future: chemistry, properties and sustainable forward-looking applications[END_REF][START_REF] Yang | Functional epoxy vitrimers and composites[END_REF].

Graphene materials, which show good compatibility with polymeric materials due to their large π-conjugated system, have been used as an efficient filler to enhance the mechanical properties of epoxy vitrimer [START_REF] Yang | Dual-triggered and thermally reconfigurable shape memory graphenevitrimer composites[END_REF][START_REF] Chen | Vitrimer chemistry assisted the fabrication of aligned, healable, and recyclable graphene/epoxy composites[END_REF]. Moreover, the photo-thermal effect of graphene provides a feasible approach to simplify the composites' shape recovery behaviour with light radiation [START_REF] Yang | Dual-triggered and thermally reconfigurable shape memory graphenevitrimer composites[END_REF]. However, in this case, the downside is the strong tendency to agglomeration of graphene nanoparticles leading to its inhomogeneous dispersion in the polymer matrix. Although the quantities describing mechanical properties of graphene oxide (GO) are lower than graphene, the presence of oxygen-containing groups such as carbonyl, carboxyl, hydroxyl, and epoxide on the surface and edges of the GO sheets provides better adhesive bonding compatibility and performance in epoxy matrices [START_REF] Domun | Improving the fracture toughness and the strength of epoxy using nanomaterialsa review of the current status[END_REF][START_REF] Rafiee | Thermal properties of doubly reinforced fiberglass/epoxy composites with graphene nanoplatelets, graphene oxide and reduced graphene oxide[END_REF][START_REF] Chen | Dual-responsive shape memory and thermally reconfigurable reduced graphene oxide-vitrimer composites[END_REF][START_REF] Hou | Enhancing interfacial bonding between epoxy and CSH using graphene oxide: An atomistic investigation[END_REF]. In addition, GO has stood out among the many graphene-based materials due to its low production cost. Currently, several reports have been published on GO/epoxy vitrimer composites with improved shape memory and mechanical properties [START_REF] Krishnakumar | Catalyst free self-healable vitrimer/graphene oxide nanocomposites[END_REF][START_REF] Krishnakumar | Disulfide exchange assisted self-healing epoxy/PDMS/graphene oxide nanocomposites[END_REF][START_REF] Poutrela | Graphene functionalizations: Conserving vitrimer properties towards nanoparticles recovery using mild dissolution[END_REF]. Nevertheless, it should be stated that a lot of the properties and features of such a system are required to be understood.

Herein, novel epoxy vitrimer composites were prepared by thiol-epoxy click reaction in the presence of ≤ 1 wt.% GO, and a comparative study of the structure/properties relationship of the composites was performed. An advantage of using the 3-functional thiol crosslinker is evident due to the presence of ester groups, which could further participate in the trans-esterification reactions [START_REF] Gablier | Rates of transesterification in epoxy-thiol vitrimers[END_REF].

Moreover, RSH can release H + more easily than ROH because the bond enthalpy of the S-H bond is much lower than O-H. In the frame of this work, it was also interesting to enlighten the thermal conductivity of the composite depending on GO content, as these properties were not reported in GO/epoxy vitrimer systems.

Experimental Materials

Diglycidyl ether of bisphenol A (DGEBA, 172-176 epoxide equivalent weight, M = 340.41 g/mol), trimethylolpropane tris(3-mercaptopropionate) (Tri-SH, M = 398.56 g/mol), stannous octoate (Sn(Oct)2), M = 405.12 g/mol), graphene oxide (GO, 15-20 sheets, 4-10% edgeoxidized) were provided by Sigma-Aldrich. The chemicals were used as received.

Preparation of composite films

DGEBA was mixed with Tri-SH in an equimolar ratio between the thiol and epoxy groups.

The Sn(Oct)2 was added in a 5 mol.% to thiol groups and then stirred for 2 min [START_REF] Hayashi | Colorless, highly transparent epoxy-based vitrimers prepared by thiolepoxy click reaction and evaluation of the shape memory properties[END_REF]. Then, 0.1, 0.5, 1.0 wt.% GO was added to the system. The mixture was subjected to an ultrasonic bath at 50 °C for 20 min. The solution was sandwiched between two glasses coated with one layer of PTFE adhesive tape.

A spacer was placed between the plates to control the thickness of the films. The curing cycle was 120 °C for 2 h followed by a post-curing cycle at 150 °C for 2 h. The composites were highly flexible films with thicknesses of 500 m (Fig. 2). The epoxy vitrimer (EV) samples were prepared to be used as a reference.

The following codes were applied to the composite studied: EV/GO0.1, EV/GO0.5, EV/GO1.0, where the subscripts indicated the GO mass content.

Experimental methods

Scanning electron microscopy (SEM) characterization was performed on a JEM 100 CX ΙΙ scanning electron microscope (JEOL, Japan) at an acceleration voltage of 80 kV with magnification from ×500 to ×10000 times. The samples were prepared in the form of plates with a size of 5×4 mm.

Then, the samples were glued with a conductive adhesive to a metal holding cell. The samples were sputtered with carbon in the thermal spray mode in a vacuum universal post JEE-4X/5B manufactured by JEOL-TECHNICS LTD (Tokyo, Japan) to enhance the contrast.

The X-ray diffraction pattern was investigated by the wide-angle X-ray diffraction using an XRD-7000 diffractometer (Shimadzu, Japan), the X-ray optical scheme used to "pass" the primary beam radiation through the samples. X-ray diffraction studies were performed at 20±2 °C with monochrome CuКα emission and a graphite filter.

The average value of the period d of the short-range molecular ordering of polymer chains fragments during their positioning in space was calculated by Bragg's law:

d = n(2sinθm) -1 ( 1 
)
where n is the sequence number of the diffraction maximum (n = 1 for polymers due to the relaxation character of their structure), λ is the wavelength of characteristic X-rays emission ( = 1.54 Å for CuКα emission), θm is the angular position of the diffraction maximum on the scattering profile.

FTIR spectra were recorded on a Bruker Tensor 37 spectrometer between 4000 and 400 cm -1 .

For each spectrum, 32 consecutive scans with a resolution of 4 cm -1 were averaged; all spectra were recorded at room temperature.

Tensile tests were conducted according to the ISO 527 using a 2054 R5 testing machine with a 500 N load cell. Samples were cut into dog-bone shapes with a cutting mold giving a specific length of 25 mm and a width of 10 mm. The samples were tested with a crosshead speed of 2 mm/min. The Young modulus, E for each sample was calculated as the slope of the σ vs. ε plot between 0.25 % and 0.5 % of deformation ε. Elongation at break is the percentage increase in length that material will achieve before breaking.

The Photoacoustic (PA) gas-microphone technique was used for the thermal conductivity evaluation of the samples. This non-contact and non-destructive method precisely characterizes the thermophysical properties of materials based on the measurement of pressure perturbations generated in the gas adjacent layer to the material irradiated by the modulated light. The detailed description of the experimental setup is shown in Fig. 3 and can be found in Ref. [START_REF] Lishchuk | Photoacoustic characterization of nanowire arrays formed by metal-assisted chemical etching of crystalline silicon substrates with different doping level[END_REF].

A photoacoustic response was excited by a rectangularly modulated ultraviolet (405 nm) laser diode (with optical power equal to 200 mW). The excitation light was modulated in the frequency range of 40-600 Hz, which is non-resonant for the used PA cell. The samples with different content of GO were covered by an optically opaque 11 μm layer of aluminium. This layer was used to minimize the impact of multiple light scattering in the sample [START_REF] Dubyk | Features of photothermal transformation in porous silicon based multilayered structures[END_REF] and the light absorption difference between the optical semi-transparent composite films (EV/GO) and the reference EV sample. The samples' thermophysical properties were analyzed based on the measured amplitude-frequency characteristics (AFC) of the PA response.

Results and Discussion

Morphology and structure of composites

The surface morphology of the composite with 0.1 wt.% GO was examined by SEM (Fig. 4a).

It can be seen that the image of EV/GO0.5 was typical for amorphous structures, and GO sheets were homogeneously dispersed throughout the EV matrix.

The structure of the GO (curve 1), EV network (curve 2), and EV/GO composites (curves 3-5)

were studied by wide-angle X-ray diffraction (Fig. 4b). The XDR pattern for commercial GO shows a sharp diffraction peak at 2θmax = 26.3°, which represents the (002) sheets of GO with an interlayer spacing of d = 3.38 Å (curve 1). In our case, the 4-10% oxygen-containing functional groups were located only at the edges of the sheets. Thus, a typical diffraction peak at 2θ ≈10-12° corresponding to the basal spacing of GO was not observed [START_REF] Besharat | Electric field induced alignment of graphene oxide nanoplatelets in polyethersulfone matrix[END_REF].

As depicted by the X-ray diffraction spectra in Fig. 4b, both EV network (curve 2) and EV/GO composites (curves 3-5) were amorphous in nature. The XDR pattern for the EV network (curve 2) A comparative analysis of the X-ray diffraction spectra of composites (curves 3-5) revealed that the distribution of ≤ 1 wt.% GO sheets had no apparent influence on the EV network resulting in the absence of diffraction peaks representing a regular and periodic structure of GO. The latter could indicate that GO sheets were delaminated by DGEBA/Tri-SH during the mixing process and formed an intercalated system [START_REF] Gogoi | Jatropha curcas oil based alkyd/epoxy/graphene oxide (GO) bionanocomposites: Effect of GO on curing, mechanical and thermal properties[END_REF][START_REF] Chen | Interaction and properties of highly exfoliated soy protein/montmorillonite nanocomposites[END_REF][START_REF] Yoonessi | Preparation, characterization, and properties of exfoliated/delaminated organically modified clay/dicyclopentadiene resin nanocomposites[END_REF]. At the same time, increasing the GO content to 1.0 wt.% led to a decrease in the peak intensity of 18.8° (curves 5) and thus indicated that the lower volume of EV/GO1.0 can diffract. The latter may be explained by the interaction between the EV matrix and GO. In order to elucidate the nature of the interactions, the FTIR technique is discussed next.

shows
Fig. 5 shows the FTIR spectra of the commercial GO (curve 1), EV network (curve 2), and EV/GO1.0 (curve 3). The most typical vibrations of the commercial GO (curve 1) were attributed to the presence of skeletal vibrations of graphene backbone chain at 1566 cm -1 and 1680 cm -1 [START_REF] Nethravathi | Chemically modified graphene sheets produced by the solvothermal reduction of colloidal dispersions of graphite oxide[END_REF], as well as tangential and radial motion of carbon atoms at 507 cm -1 and 432 cm -1 , respectively [START_REF] Socrates | Infrared and Raman characteristics group frequencies tables and charts[END_REF]. Note that the edges of the GO sheets were oxidized by 4-10% and thus resulted in the appearance of bands at 3452 cm -1 , 1177 cm -1 , and 1057 cm -1 corresponding respectively to hydroxyl, carboxyl, and epoxy groups [START_REF] Besharat | Electric field induced alignment of graphene oxide nanoplatelets in polyethersulfone matrix[END_REF]. These functional groups could facilitate better exfoliation and further initiate the formation of a polymer network [START_REF] Aboutalebi | Spontaneous formation of liquid crystals in ultralarge graphene oxide dispersions[END_REF].

Noteworthy, the characteristic bands of thiol (2565 cm -1 ) and epoxide ring (910 cm -1 ) [START_REF] Cheng | Curing behavior and thermal properties of trifunctional epoxy resin cured by 4,4'-diaminodiphenyl sulfone[END_REF])

were not detected in the spectra of the EV network and EV/GO1.0, which evidences that polymerization was accomplished [START_REF] Hayashi | Colorless, highly transparent epoxy-based vitrimers prepared by thiolepoxy click reaction and evaluation of the shape memory properties[END_REF]. The bands at 1732 and 1179 cm -1 correspond to the stretching of C-O-C and the C=O of an ether linkage, respectively [START_REF] Spegazzini | MCR-ALS for sequential estimation of FTIR-ATR spectra to resolve a curing process using global phase angle convergence criterion[END_REF]. The comparison of two spectra of EV/GO1.0 (curve 3) and EV network (curve 2) revealed the most remarkable similarity in the region from 3500 to 800 cm -1 .

However, a weak band between 790-750 cm -1 (curve 2) assigned to C-S stretching vibration [START_REF] Rao | Contribution to the infrared spectra of organosulphur compounds[END_REF] was twisted at 779 cm -1 and 756 cm -1 for EV/GO1.0 (curve 3). It could indicate that the C-S stretching vibration carried the probabilities for the symmetric and asymmetric stretching vibrations in the EV/GO1.0 (curve 3) [START_REF] Socrates | Infrared and Raman characteristics group frequencies tables and charts[END_REF]. Moreover, the appearance of new bands (520 cm -1 , 498 cm -1 , 480 cm -1 , 412 cm -1 ) in the EV/GO1.0 (curve 3) could indicate a decrease in the GO symmetry due to its grafting into the polymer matrix (Fig. 6). It is difficult at this juncture, to identify the exact route taken. However, it may be reasonable to conjecture though that all routes shown in Fig. 6 were perhaps undertaken in varying degrees. Accordingly, such changes in the material structure could affect the mechanical properties and thermal conductivity of the composite.

Mechanical properties of the composites

Fig. 7 shows the typical stress-strain curves obtained from the tensile tests. As one can see, the tensile strength and Young's modulus of the EV network were 19 MPa and 548 MPa, respectively (Table 1). The covalent embedding of 0.1 wt.% GO particles into the EV network resulted in a 52.6 % increase in the tensile strength, and this progressive rise maintains with a further increase in GO loading. The maximum improvement was observed by adding 0.5 wt.% GO to the system. This behavior is consistent with previous works that reported the maximum improvement in properties of epoxies with a GO loading of 0.1-0.5 wt.% [START_REF] Galpaya | Preparation of graphene oxide/epoxy nanocomposites with significantly improved mechanical properties[END_REF][START_REF] Bortz | Impressive fatigue life and fracture toughness improvements in graphene oxide/epoxy composites[END_REF]. It is noteworthy that Young's modulus followed the same trend as that of tensile strength. However, the content of GO smaller than 0.5 wt.% does not have an apparent influence on the elongation value at the break.

Further increase in GO content to 1.0 wt.% resulted in an increase in the tensile strength by 15 %, with a decrease in Young's modulus by 35 % compared to the EV network (Table 1). It is essential to mention that the value of elongation at break increased more than fourfold by adding 1.0 wt.% GO. It may be associated with an increase in the EV network's deformability by grafting GO, which is characterized by high thermal conductivity.

Thermal conductivity of the composites

For the thermal conductivity evaluation based on the experimental PA measurements, the Rosencwaig-Gersho model was used. The frequency dependence for the pressure's perturbations can be presented as follows in this case:

𝑃(𝜔)~∫ 𝜃𝑠 • 𝑒𝑥𝑝 (√𝑖 𝜔𝑐 𝑔 𝜌 𝑔 𝐾 𝑔 ⁄ 𝑧) 𝑑𝑧 = - -∞ 0 𝜃𝑠√ 𝐾 𝑔 𝑖𝜔𝑐 𝑔 𝜌 𝑔 (2) 
where 𝜃𝑠is the temperature variation on the sample's surface that is adjacent to gas in PA cell, Kg, cg, ρgare the thermal conductivity, heat capacity, and density of the gas inside the PA cell (air).

The variable temperature component (θ) distribution depends on the thermal and optical properties (i.e. thermal conductivity, heat capacity, optical absorption, and density) of each layer and can be calculated numerically from the heat transport equation of the two-layered system with boundary conditions, described earlier in ref. [START_REF] Lishchuk | Photoacoustic characterization of nanowire arrays formed by metal-assisted chemical etching of crystalline silicon substrates with different doping level[END_REF].

In our case, aluminium with strong optical absorption and well-established properties (Kal = 203 W/(m•K), cal = 904 J/(kg•°C) ρal =2700 kg/m 3 ) was used as a top layer. The density of the composite samples, which were the lower layer of the system, was measured gravimetrically and was equal to 1150 ± 25 kg/m 3 for all samples, regardless of the GO content. The specific heat capacity of the samples according to their insignificant content of GO was taken as approximately close to the specific heat capacity of DGEBA (~1700 J/(kg•°C) [START_REF] Djemour | Mobility restrictions and glass transition behavior of an epoxy resin under confinement[END_REF]). Thus, it remained to find out the thermal conductivity value of the sample at which the experimental AFC of the PA response coincides with the theoretically modelled ones by fitting Eq. ( 2).

The resulting frequency dependences of the PA amplitude fitted by model calculations are shown in Fig. 8. The evaluated thermal conductivity of the EV/GO composites as a function of GO content is summarized in Fig. 9. It should be noted that the results obtained qualitatively correlate with known similar studies, showing that the presence of GO leads to an increase in the thermal conductivity of the composite [START_REF] Wu | Preparation and thermal conductivity of epoxy resin/graphene-Fe3O4 composites[END_REF][START_REF] Park | Electrical and thermal conductivities of reduced graphene oxide/polystyrene composites[END_REF][START_REF] Wilk | Experimental investigations on graphene oxide/rubber composite thermal conductivity[END_REF]. It was demonstrated that EV/GO1.0 exhibit an enhancement up to twice in thermal conductivity compared to the reference EV. Thus, the prospect of using GO as a filler for thermal management in various materials was emphasized [START_REF] Liang | Epoxy nanocomposites with reduced graphene oxide-constructed threedimensional networks of single wall carbon nanotube for enhanced thermal management capability with low filler loading[END_REF][START_REF] Siraimeettan | Mechanical, thermal and dielectric studies of reduced graphene oxide reinforced cardanol based polybenzoxazine/epoxy nanocomposites[END_REF].

Conclusions

In summary, the composite materials have been successfully prepared by thiol-epoxy click reaction in the presence of ≤ 1 wt.% graphene oxide (GO). SEM analysis demonstrated that GO sheets were homogeneously dispersed throughout the epoxy matrix. X-ray diffraction study shows the formation of highly exfoliated GO layers throughout the polymer matrix. The GO grafting into the epoxy vitrimer network was confirmed with FTIR spectroscopy. The homogeneous dispersion and the chemical changes in the composite network were consistent with the result that low GO content induced significant improvement in the mechanical properties of the composites. The maximum gain of 69 % in tensile strength and 46 % in Young's modulus was observed at 0.5 wt.% GO loading. The grafting of 1.0 wt.% GO into the epoxy vitrimer improved the ductility more than fourfold. A significant enhancement of thermal conductivity of epoxy vitrimer due to the adding of the GO was demonstrated. The latter can be essential for the temperature field distribution equilibration in the process of thermal treatment of the samples. Moreover, the improvement in thermal conductivity of composites was considered to be the direct effect of high-quality dispersion of GO sheets. 
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Table 1

 1 Mechanical properties of EV/GO composites

	Samples	Tensile strength,	Young's modulus,	Elongation at break,
		MPa	MPa	%
	EV network	19.0±0.9	548±40	42±3
	EV/GO0.1	29.0±0.3	555±8	48±3
	EV/GO0.5	32.2±0.8	800±42	43±2
	EV/GO1.0	21.8±0.7	358±17	180±5
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