Development of new graphene/epoxy nanocomposites and study of cure kinetics, thermal and mechanical properties
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Abstract:
[bookmark: _Hlk28688252][bookmark: _Hlk28688339]New graphene/polymer nanocomposites were prepared using graphene nanoplatelets (GNPs) and the epoxy system Epilok 60-566/Curamine 32-494. The GNPs were first dispersed into the curamine hardener using bath ultrasonication, followed by the addition of the epoxy resin. The cure kinetics were studied by DSC under non-isothermal and under isothermal conditions. The kinetic parameters of the curing process were determined using the non-isothermal Kissinger and Ozawa-Flynn-Wall models. The degree of curing increased with the addition of GNPs, while the activation energy decreased by 13.7% for the first reaction and by 6.6% for the second as obtained from Kissinger. An increase in thermal stability by the addition of GNPs was identified in the range of 360-580℃ using TGA. In terms of mechanical properties, addition of an optimum amount of 0.5%wt of GNPs in the hardener improved the Young’s Modulus by 37%. Nanoindentation measurements showed 9.4% improvement in hardness at 0.7%wt.
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1. Introduction
Polymer matrix nanocomposites are materials which provide a good compromise between properties and weight and have found extensive applications in sectors such as aerospace [1], automotive [2], packaging [3], biomedical [4][5] and many others. By choosing an appropriate combination of polymer matrix and reinforcement agent, a new material can be made that exactly meets the requirements of a certain application.
Inorganic nanomaterials were first used as reinforcement agents in the preparation of polymer nanocomposites, owing to their unique properties and numerous potential applications [6][7][8][9][10][11][12]. Research was mainly focused on layered materials of natural origin, such as sodium montmorillonite (Na-MMT) or synthetic clay, such as layered double hydroxide (LDH) [7][8][9][10][11][13][14]. However, the electrical and thermal conductivities of clay minerals are quite poor [15][16]. In order to overcome these shortcomings, carbon based nanofillers such as carbon black [17], exfoliated graphite (EG) [18], carbon nanotubes (CNT) [19] and carbon nanofibers (CNF) [20] have been used. Graphene may be preferred over other conventional nanofillers (Na-MMT, LDH, CNT, CNF, EG, etc) owing to its high aspect ratio, large theoretical surface area of 2630 m2/g [21], intrinsic strength of 130 GPa [22], a Young Modulus of 1TPa [22], high thermal conductivity (5000 W m-1K-1) [23], and electrical conductivity (6000 S/cm) [24]. Due to the combination of these exciting properties, graphene is considered one of the best carbon nanofillers available.
The effectiveness of graphene as a nanofiller in various polymeric systems such as epoxy, polystyrene, polyaniline, polyurethane, poly(vinylidene fluoride), Nafion, polycarbonate, poly(ethylene terephthalate) has been reported in a detailed review by Kuilla et al. [25]. Epoxies in particular, are a class of high-performance crosslinked polymers with widespread applications as the main component of adhesives and matrices for structural composites in various industries. Recent developments in graphene/epoxy nanocomposites are well reported in recent reviews [26][27][28][29]. 
[bookmark: _Hlk39216109]The dispersion of graphene and its derivatives into an epoxy polymer is a crucial step in the synthesis of nanocomposites. A good dispersion of the reinforcing agent ensures a maximum reinforced surface area, which will affect the polymer chains and consequently the properties of the whole matrix [26]. Graphene/epoxy nanocomposites are typically prepared via in-situ curing in which graphene is dispersed within the liquid epoxy oligomer and then the curing agent is added. The high viscosity of epoxy may hinder the uniform dispersion of the nanofiller. For this reason, a solvent is used to facilitate dispersion [26]. Even though the latter method is widely adopted, the necessary solvent removal step consists a drawback, adding manufacturing steps while any solvent residues can deteriorate mechanical properties [30]. 
The physical properties of epoxy nanocomposites also depend on the curing process, i.e. the reactions of epoxide rings of the resin with the amino groups of the hardener. The understanding of the curing mechanism is essential for the effective design of processing operations and control of the final properties of the cured resin. Differential Scanning Calorimetry (DSC) has been utilised to monitor the curing process of epoxy resins [31]. DSC can provide excellent determination of onset of cure, heat of cure (ΔΗ), maximum rate of cure, completion of cure, degree of cure and glass transition temperature (Tg). Although there is a number of DSC studies on graphene oxide (GO)/epoxy systems up to date [32][33][34][35], very few studies are reported on the effects of pristine graphene on the cure kinetics of epoxy systems [36]. This is because GO contains significant amount of chemical functional groups (i.e. epoxide, hydroxyl, carboxyl and carbonyl) which promote interfacial interactions with polymer matrices making it more compatible. 
[bookmark: _Hlk39216004]The type of graphene used (i.e. geometry and surface chemistry) affects the cure kinetics of the particular resin system in use. Prolongo et al. [36], used GNPs (XG Science M25) with an average thickness of 6 nm and lateral average size 25 μm with diglycidyl ether of bisphenol A (DGEBA) (Araldite F, Ciba) and 4,40-diaminodiphenylmethane (DDM) (Acros Organics) and found that the curing reaction becomes less exothermic with the presence of GNPs as the nanofiller hindered the epoxy-amine reaction. Qiu et al. studied the effects of GOs into tetrafunctional epoxy resin tetraglycidyl-4,4’-diaminodiphenylmethane (TGDDM) cured with the aromatic diamine 4,4’-diaminodiphenylsulfone (DDS) and found that GO increased the enthalpy of the cure reaction and decreased the activation energy Ea. Wang et al. observed a maximum reduction of 28.8% in Ea in the system diglycidyl ether of bisphenol-A (DGEBA)/DDS with addition of GO. On the contrary, increase in Ea was reported for GO/epoxy nanocomposites by Jouyandeh et al. [37] and Ryu et al. [38]  and was attributed to viscosity increase with the addition of the nanofiller hindering the chemical reactions. The disparity in results suggests that nanocomposites are sensitive to the detailed chemistry of the epoxy resin system as well as the functional groups on the surface of the graphene [32]. Despite the improved compatibility of GO with polymer matrices, the preparation of GO requires extensive use of solvents and its properties are inferior over graphene. Hence, new approaches that use unaltered graphite would have major advantages in terms of properties, cost, and environmental impact [39]. 
In the present work, new graphene/epoxy polymer nanocomposites were prepared using graphene nanoplatelets (GNPs) and the system epoxy resin Epilok 60-566/Curamine 32-494. The GNPs contained a non-ionic surfactant that aided dispersion in the low viscosity liquid Curamine without the use of solvents. The cure kinetics of the neat epoxy/Curamine system (100/30 w/w=stoichiometric ratio) and the GNPs/epoxy/Curamine system (0.5 or 1.5%wt of GNPs) were studied by Differential Scanning Calorimetry (DSC) under non-isothermal conditions at different heating rates (2, 5, 10 and 20℃/min) and under isothermal conditions (50, 70 and 90℃). The thermal stability of the prepared samples was studied by Thermogravimetric Analysis (TGA) and the Young’s Modulus (E), Ultimate Tensile Strength (UTS), Elongation at break as well as the nanomechanical properties were determined. A reduction in Ea, was observed and improvements in thermal stability and mechanical properties demonstrating that this is a simple and yet efficient fabrication approach.

2. Experimental
2.1 Materials
GNPs Elicarb® were provided by Thomas Swan, UK. According to the manufacturer, the GNPs have lateral size between 0.5-5μm, thickness in the range of 10-60nm and contain a non-ionic surfactant. Epilok 60-566 resin was provided by Bitrez, UK. This is a specially formulated liquid mixture of epoxy oligomers with low viscosity (0.7 Pa·s at 25°C) and contains a) oligo(bisphenol-A-co-epichlorydrin) (CAS number: 25068-38-6 and EC number: 500-033-5) with a number average molecular weight <700 (corresponding to n=0 or 1, Fig.1a) in an amount 30-60%w/w; b) oligo[(phenyl glycidyl ether)-co-formaldehyde]) (CAS number: 28064-14-4 and EC number: 608-164-0) with a number average molecular weight about 345 (corresponding to n=0 or 1, Fig.1b) in an amount 10-30%w/w; c) 1,6 hexane diol diglycidyl ether (CAS number: 16096-31-4 and EC number: 240-260-4) (Fig.1c) in an amount 10-30%w/w. Curamine 32-494 curing agent (or hardener) was provided by Bitrez, UK. This is a specially formulated liquid amine-based curing agent that is low in viscosity (0.1 Pa·s at 25°C) and has moderate reactivity. This is 4,4’-methylenebis(cyclohexylamine) (Fig.1d) (CAS number: 1761-71-3 and EC number: 217-168-8) (60-100%) MW=210.36284. The epoxide equivalent weight (EEW) defined as the grams of Epilok 60-566 containing 1gmol of epoxy groups is reported by Bitrez to be minimum=170 g/eq and maximum 190 g/eq (average EEW=180 g/eq). The Curamine 32-494 amine hydrogen equivalent weight (AHEW) was calculated by using the following equation: AHEW=molecular weight of the amine/number of active amine hydrogens. The 4,4’-methylenebis(cyclohexylamine) with a molar mass 210.36284 g/mol contains four active amine hydrogen atoms and acts theoretically as a tetramine. Thus, AHEW of the Curamine is equal to 210.36284/4= 52.5921 g/eq. Since it is assumed that one amine hydrogen reacts with one epoxy group the stoichiometric ratio of Curamine to use with the Epilok is given by the ratio: AHEWx100/EEW of Epilok or 52.5921x100/180=29.22 phr (phr =parts by weight of Curamine per 100 parts by weight of Epilok). The supplier (Bitrez) of the system Epilok 60-566/ Curamine 32-494 recommends the use of phr=30 and this was used in the present work, which corresponds to the 1:1 stoichiometric ratio of curing agent to the available epoxy groups.

[image: ]
Figure 1. (a-c) Chemical structure of epoxy compounds contained in Epilok resin 60-566: a) Oligo(bisphenol-A-co-epichlorohydrin) n=0 or 1, b) Oligo[(phenyl glycidyl ether)-co-formaldehyde] n=0 or 1, c) 1,6 Hexane diol diglycidyl ether. (d) chemical structure of 4,4’-methylenebis(cyclohexylamine) contained in curing agent Curamine 32-494. 

2.2. Preparation of Nanocomposites
GNPs were first mixed with the Curamine using a bath ultrasonicator (Elmasonic P300) for 20 min. Following ultrasonication, the epoxy resin was added via hand mixing for 3 min at a ratio Epilok:Curamine of 100:30. Samples were prepared for DSC, TGA, mechanical and nanomechanical testing. The methodology followed is summarised in Figure 2.
[image: ]
Figure 2. Methodology followed for the preparation of GNPs/epoxy nanocomposites and their characterisation by DSC, TGA and mechanical testing.

2.3. Curing kinetics by DSC measurements
The DSC study of the neat epoxy system and nanocomposites was carried out using a Differential Scanning Calorimeter DSC Q10 from ΤΑ Instruments. The content of GNPs in these samples was 0.5 or 1.5%wt. Samples about 10-15mg were weighted and sealed into aluminium hermetic DSC pans.  The sample pan was then put in the DSC cell previously maintained at room temperature. All DSC runs were carried out under N2 atmosphere. 
Non-isothermal scans were recorded from 20 up to 300℃ with four different heating rates 2, 5, 10 or 20℃/min. Isothermal scans were recorded at 50, 70 or 90℃. The DSC cell was quickly heated (50°C/min) to the desired cure temperature and then isothermally held at that temperature for 3h. Following this isothermal scan, the DSC cell was immediately cooled down to room temperature and then heated to 300oC at 10℃/min to obtain the residual heat of curing. This was determined by integrating over the exothermic peak with respect to time. The total heat of curing recorded isothermally (ΔHiso) and the residual heat of curing recorded dynamically (ΔΗdyn) were used to determine the degree of curing (α) at various isothermal cure temperatures. 

2.4 Thermal stability study by TGA
The thermal stability of the prepared nanocomposites was investigated by thermogravimetric analysis using a TGA55 thermogravimetric analyser by TA Instruments. Measurements were carried out from 20°C to 800°C, at heating rate of 10°C/min under N2 atmosphere.

2.5 Mechanical characterisation 
Specimens were prepared for tensile tests (⁓15g/per sample) with GNPs content 0.3, 0.5, 0.7 or 1%wt. After the addition of Epilok resin into graphene/Curamine mixture, mechanical stirring was applied. Aluminum moulds were prepared using a CNC milling machine. The final mixture was poured into the moulds and cured for 3h at 150℃ (Fig. 2). Dumbbell-shape specimens were obtained 32mm long and 4mm thick for tensile measurements. Tensile tests were performed using a universal testing machine Zwick Roell Z010 with a load cell of 10 kN at room temperature with a crosshead speed of 5mm/min.  Hardness and E for all samples were obtained by instrumented indentation. For this purpose, nanoindentation measurements were performed with a Micromaterials NanoTest Vantage platform 3 using a diamond Berkovich indenter. The samples were securely clamped to the nanoindenter and a total of 100 indentations, per sample, were performed applying a maximum load of 10mN with an initial load of 0.1mN, a load time of 10s, a dwell period of 20s and an unloading time of 5s. The indentations were performed using a 10 by 10 grid matrix with 100µm spacing between each indentation. All the tests were performed at room temperature. The inbuilt NanoTest Vantage algorithms were used to calculate hardness. E was obtained using the following equation:
	
	
	(1)



where  and  are the Poisson’s ratios of the sample and the Berkovich indenter,  is the elastic modulus of the indenter and   is the reduced modulus of the sample after indentation. The obtained results were processed with one-way ANOVA parametric analysis using a Tukey’s range test. 

3. Results and discussion
3.1 Curing study by DSC
The main reactions that take place during curing include the epoxide ring at the end of the epoxy resin chains with the primary amino groups (Fig.3a), secondary amino groups (Fig.3b) and etherification of oxirane ring with a pendant hydroxyl group (Fig.3c). These reactions may take place, either simultaneously or sequentially, depending on the reactivity of reactants and the process temperature.

[image: ]
Figure 3. Reactions which take place during curing a) epoxide ring at the end of the epoxy resin chains with the primary amino groups b) epoxide ring and secondary amino groups and c) etherification of oxirane ring with a pendant hydroxyl group [40].

Horie et al. [41] observed that the primary amine reaction shows Ea of 58.2 kJ mol-1 (13.9 kcal mol-1) and the secondary amine reaction 56.1 kJ mol-1 (13.4 kcal mol-1). For 1:1 stoichiometry as in our case, or when amine is present in excess, reaction (c) (Fig. 3) is generally insignificant with respect to reactions (a) and (b). In most systems, the primary and secondary amines have similar reactivities and one DSC cure exotherm is observed. In few cases, e.g. with hindered amines [42], the reactivity of secondary amine may be significantly lower, resulting in separate exotherms; one for the reaction of primary amine with epoxy, and the other for secondary amine with epoxy. Such cases are observed in hindered amines in which the nitrogen atom of the amine molecule is partially shielded by neighbouring groups so that larger molecules cannot easily approach and react with the nitrogen. Etherification reaction (Fig.3c) is usually much slower than the amine-epoxy reactions and only becomes significant in epoxy-rich systems above 150℃ when the primary amine is sufficiently depleted [43]; two cure exotherms are typically observed in epoxy-rich systems. 
Curing of epoxy resins is a highly exothermic process, hence reaction kinetics were monitored by recording the amount of heat released with time (rate of heat flow in Watts=J/s) by DSC under non-isothermal and isothermal conditions. The basic assumption underlying the application of DSC is that the measured rate of heat flow (dH/dt) is proportional to the reaction rate dα/dt:
	
	
	(2)



where ΔΗtotal is the exothermic heat expressed as heat per mole of reacting groups (kJ mol-1). In the ideal case, ΔΗtotal is the total heat liberated when an uncured resin is taken to complete cure and this value is independent of temperature for a particular resin system. The degree of curing α at any time t is given by

	
	
	(3)



where ΔΗ(t) is the heat generated up to time t. The ultimate degree of conversion is defined as

	
	
	(4)



For several amine-epoxy systems and model reactions, ΔΗtotal has been measured and found to be reasonably constant and equal to 25.6 ± 1 kcal mol-1 of epoxide (107±4 kJ mol-1 of epoxide); this value may be used as a standard value for analyzing amine-epoxide systems [44], [31]. However, it was found from simultaneous DSC and FTIR measurements conflicting results for ΔΗtotal, that is 83 ± 2, 131 ± 9, and 65 ± 6 kJ mol-1 for primary amine (Fig.3a), secondary amine (Fig.3b) and hydroxyl (Fig.3c) reactions with epoxide respectively; note that the average for the primary plus secondary amine reactions is 107 kJ mol-1 [45]. It is worth noting that values of 25.5±1.5 kcal mol-1 of epoxide are typically measured in epoxy systems with excess amine (e.g. up to 20%), but lower values are often observed for 1:1 stoichiometric mixture suggesting that 100% conversion may be difficult to achieve in stoichiometric systems [46] [47] [48].  

3.1.1. Non-isothermal scanning method
The non-isothermal DSC curves for the neat epoxy resin system and the composite with 0.5 or 1.5%wt of GNPs at different heating rates (2, 5, 10 and 20°C/min) were recorded. Characteristic curves illustrating the change of heat flow with temperature for the neat epoxy resin and the nanocomposite with 1.5%wt GNPs are shown in Figure 4.  
[image: ]
Figure 4. Dynamic scans with different heating rates 2-20°C/min for neat epoxy and with 1.5%wt GNPs. 

All DSC curves showed a broad peak and a shoulder at higher temperature, which further will be referred to as peak-1 and peak-2. An analogous result was reported for the non-isothermal curing study by DSC of the commercial epoxy resin Epikote 828 based on diglycidyl ether of bisphenol A cured by isophorone diamine (Fig.5). One peak was first observed which was attributed to the reaction of epoxy group with the aliphatic group -CH2NH2 and a shoulder attributed to the alicyclic group [49].
 [image: ]
Figure 5. Chemical structure of isophorone diamine a cycloaliphatic diamine [49]. 

A non-isothermal curing study by DSC of two systems Epikote resin 816LV/Epikure F205  and Epikote resin 240/Epikure F205 (at stoichiometric ratio) was also reported in literature [50].  The epoxy resin is based on a diglycidyl ether of bisphenol A and the curing agent is based on isophorone diamine. In both cases, first a peak and then a shoulder was observed in all scans carried out at different scanning rates. Study of isothermal (30, 50 and 70℃) curing kinetics of these systems by Fourier Transform Infrared Spectroscopy (FTIR) showed that the reaction of hydroxyl groups with the epoxy groups does not seem to take place. 
According to the literature data reported above, in our case the first peak observed in DSC (Fig.4) must correspond to the reaction of primary amino group with the epoxy (Fig.3a) and the second to the reaction of secondary amino group with the epoxy group (Fig.3b). It is worth to note that 4,4’-methylenebis(cyclohexylamine) contained in Curamine 32-494 is a hindered amine with the two amino groups -NH2 connected with alicyclic groups (Fig.1d); so the secondary amino group -NH- derived from reaction (a) (Fig.3) shows much lower reactivity than the primary amino group -NH2. Hence, the reaction (b) (Fig.3) gives the shoulder at higher temperature (Fig.4). Since we used 1:1 stoichiometric mixture the reaction between the hydroxyl group and epoxy (Fig. 3c) does not take place. 
The initial curing temperature (Tinit), final (Tfinal) and the peak temperatures, (Tpeak -1) and (Tpeak -2) shift to a higher values with increasing heating rate φ (Table 1). No significant peak shift is observed with the addition of graphene. From a practical standpoint it may be desirable to define processing parameters such as Tinit and Tfinal; for example, a practical definition of Tfinal could be the minimum cure temperature at which total (α=1) or final (α=αfinal) conversion takes place in a reasonable time. 

Table 1. Characteristic temperatures of curing process obtained under non-isothermal conditions with different heating rates.
	[bookmark: _Hlk23854302]GNPs
(%wt)
	φ
(°C/min)
	Tinit (°C)

	Tfinal (°C)
	 Tfinal-Tint
 (°C)
	Tpeak-1 (°C)

	Tpeak-2 (°C)

	0
	2
	18.5
	261.1
	243.7
	81.5
	108.3

	
	5
	   20.9
	273.0
	252.0
	99.8
	130.8

	
	10
	26.6
	291.3
	264.7
	108.8
	147.1

	
	20
	35.8
	298.4
	262.6
	129.9
	171.6

	0.5
	2
	17.9
	278.5
	260.6
	82.8
	108.1

	
	5
	20.3
	274.4
	254.0
	90.4
	121.7

	
	10
	21.3
	285.2
	263.9
	112.2
	149.0

	
	20
	30.5
	292.5
	262.0
	123.7
	168.2

	1.5
	2
	15.4
	270.3
	254.9
	76.5
	104.9

	
	5
	25.8
	284.6
	258.8
	94.5
	127.8

	
	10
	23.3
	286.8
	263.5
	110.5
	147.7

	
	20
	36.6
	291.3
	254.7
	129.9
	171.4



The ultimate heat of curing ΔH1ult (kJ/g) and ΔH2ult (kJ/g) were determined by integration of the peak-1 and peak-2 correspondingly. Taking into account that we have used a ratio of 100g epoxy resin to 30g of amine, 1g of the mixture contains 0.796g of epoxy resin, and since the EEW of epoxy resin used is average 180g/eq (=the grams of Epilok 60-566 containing 1gmol of epoxy groups), the values of ΔH1ult (kJ/mol) and ΔH2ult (kJ/mol) were calculated by ΔH1ult (kJ/g)epoxy x 180 and ΔH2ult (kJ/g)epoxy x 180 correspondingly. The two experimental peaks were deconvoluted using OriginPro and a Lorentzian function with adjusted R2 = 0.998. All values obtained for ΔΗ and α are shown in Table 2.  


Table 2. Exothermic heat of curing (ΔΗ) and degree of curing (α) obtained under non-isothermal conditions with different heating rates.
	GNPs
(%wt)
	φ (°C/min)
	ΔH1ult (J/g)*
	ΔH1ult (kJ/mol)**
	ΔH2ult (J/g)*
	ΔH2ult (kJ/mol)**
	α1 (%)
	 α2 (%)
	 α (%)

	0
	2
	222.02
	51.96
	91.04
	21.30
	63
	16
	79

	
	5
	244.31
	57.18
	108.66
	25.43
	69
	19
	88

	
	10
	213.38
	49.94
	91.28
	21.36
	60
	16
	76

	
	20
	241.44
	56.51
	88.33
	20.67
	68
	16
	84

	0.5
	2
	210.91
	49.36
	103.08
	24.12
	59
	18
	77

	
	5
	211.64
	49.53
	107.32
	25.12
	60
	19
	79

	
	10
	272.91
	63.88
	101.89
	23.84
	77
	18
	95

	
	20
	269.19
	63.00
	111.26
	26.04
	76
	20
	96

	1.5
	2
	155.76
	36.45
	95.48
	22.34
	44
	17
	61

	
	5
	227.01
	53.13
	108.32
	25.35
	64
	19
	83

	
	10
	  282.5
	66.12
	111.72
	26.15
	80
	19
	99

	
	20
	293.25
	68.64
	96.06
	22.48
	83
	17
	100


* ΔH1ult (J/g) refers to 1gr of epoxy determined from the experimental value divided by 0.769. 
**ΔHult (kJ/mol) calculated from ΔHult (kJ/g) x 180 (=ΕΕW of Epilok 60-566).

The degree of curing was calculated from equation 4, where for peak-1 the value of ΔΗtotal =83 kJ/mol was used and for peak-2 (shoulder) the value of ΔΗtotal =131 kJ/mol [45]. Τhe total degree of curing is α = α1 +α2 [51][52]. The lower α values obtained for the loading 0.5 and 1.5 %wt GNPs at low heating rates 2 and 5°C/min than the neat epoxy/amine system can be attributed to the steric hindrance of GNPs.  The main reason is the low interaction between the GNPs and the matrix, generating a very week interface [53]. On the contrary, the higher α obtained for the loading 0.5 and 1.5 %wt GNPs at high heating rates 10 and 20°C/ min, than the α of neat epoxy/amine system can be attributed to high thermal conductivity of GNPs (Table 2). 
One of the most frequently used model-free methods which estimate Ea and the pre-exponential factor (A) in physical or chemical processes from data obtained at several non-isothermal tests conducted at constant heating rates (constant during each test, different among tests) is the Kissinger method [54] and is identical to the ASTM Method E 698-79 [55]. Kissinger derived a useful expression that relate Ea and A for nth-order reactions to φ and peak temperature p [49]
	
	
	(5)



Kissinger argued that  and is independent of the heating rate; obviously, by definition, this is true for a first-order reaction [56] and showed this quantity to be constant and only 2-4% greater than unity for an nth-order cure reaction. Kissinger in his study of reactions of any order n observed that the peak shape of a reaction is independent of heating rate and the values of the kinetic constants and depends only on the reaction order n; to quantitatively describe the peak shape  a “shape index” (S) was proposed defined as the absolute value of the ratio of the slopes of tangents to the curve at the inflection points (S=a1/a2, Fig. 6a). The shape index S is then a function only of the reaction order n: 
	
	        
	(6)



[image: ]
Figure 6. a) Determination of shape index S of DSC curves [54], b) deconvoluted peak-1.

Thus equation (6) leads to the result n=1.26. So, equation (5) can be written as:
	
	
	(7)



And taking the logarithm of eq. (7) we take:
	
	
	(8)



Where R is the universal gas constant (8.314x10-3 kJ/mol·K). By plotting ln(φ/Tp2) versus 1/ Tp, the values of Ea and the A can be estimated from the slope of the linear fit and the y-intercept correspondingly.  However, it must be noted that the Kissinger method is associated with the fact that the determination of accurate Ea values requires ap (eq. 5) to be independent of φ. Otherwise the plot of ln(φ/Tp2) versus 1/Tp would deviate systematically from a straight line. It is reported that for other models α at Tp may vary significantly with φ [51]. A variation of α at Tp with φ can be detected on visual inspection as a change in the peak shape with φ [51]. The peak shape of the studied epoxy/amine system in this work was found to be symmetrical and practically unchanged for all heating rates. The shape index (S) of peaks (representative peak-1 is shown in Fig. 6b) was calculated as S= a1+a2, which corresponds based on eq. 6 to n=1.26.
 From the plot of ln(φ/Tp2) versus 1/Tp shown in Fig.7, the value of activation energy Ea1 was determined for the neat epoxy to be 51.09±4.74 kJ/mol and A1= 3489.9 s-1 and Ea2 = 44.64±2.29 kJ/mol and A2= 101.26 s-1 for peak-2. The values of Ea1 and Ea2 for primary and secondary amino groups of our system obtained by Kissinger method are lower than those reported by Horie [41]. Addition of 1.5%wt GNPs dropped values to Ea1 = 44.10±1.48 kJ/mol and A1= 357.69 s-1 and Ea2 = 41.68±0.90 kJ/mol and A1= 41.35 s-1. 
[image: ]
[bookmark: _Hlk33537478]Figure 7. Kissinger’s plot to determine Ea from the slope of the linear fit and factor A from the y-intercept for peak-1.

Eα is the minimum energy requirement that must be met for a chemical reaction to occur; the factor A is an empirical relationship between temperate and rate constant k and depends on the quantity of molecules or groups in the reaction and their orientation. Both Eα and A connect with the reaction rate constant k with an Arrhenius-type expression:

	
	
	(9)



where k  is the rate constant (for order one, the rate constant has units of s−1). From Ea and A data based on the Arrhenius law, the rate constants k1 and k2 and ratio k1/k2 at different temperature can be derived. The results obtained are shown in Table 3. These results show that the values of Ea and A and k1/k2 are lower for the secondary imino -NH- group. As it can be seen, as the temperature increases both reactions proceed simultaneously; both constants k1 and k2 increase with temperature but the ratio k1/k2 remains constant. This shows that the participation ratio of the primary amino group and the secondary amino groups to the reactions (Fig.3α) and (Fig3.b) correspondingly is constant and the structure of the prepared polymer matrix does not depend on the curing temperature. 
Table 3 shows that the loading of 1.5 %wt GNPs led to a significant decrease of k1/k2, which was due mainly to the significant decrease of k1. Two opposite effects have to be considered in order to explain in the epoxy curing in presence of graphene, the steric hinderance of GNPs that impedes the mobility of the reactants decreasing the curing reaction rate and the high thermal conductivity of GNPs which can explain the accelerating effect for high temperatures [36]. Τhe significant decrease of k1, an order of magnitude, and of k2 and so k1/k2 with the presence of 1.5 %wt GNPs can be attributed to the steric hindrance of GNPs.

[bookmark: _Hlk23274643]Table 3. Rate constants k1 and k2 and ratio k1/k2 at different temperatures.
	
T (K)
	Neat epoxy
	1.5%wt GNPs + epoxy

	
	k1 (s-1)
	k2 (s-1) 
	k1/k2
	k1 (s-1)
	k2 (s-1) 
	k1/k2

	298.15
	3418.70
	99.45
	34.38
	351.38
	40.66
	8.64

	308.15
	3420.99
	99.51
	34.38
	351.58
	40.68
	8.64

	318.15
	3423.13
	99.56
	34.38
	351.77
	40.70
	8.64

	328.15
	3425.15
	99.61
	34.39
	351.95
	40.72
	8.64

	338.15
	3427.05
	99.66
	34.39
	352.12
	40.74
	8.64

	348.15
	3428.84
	99.71
	34.39
	352.28
	40.75
	8.64

	358.15
	3430.53
	99.75
	34.39
	352.43
	40.77
	8.64

	368.15
	3432.13
	99.79
	34.39
	352.57
	40.79
	8.64

	378.15
	3433.64
	99.83
	34.39
	352.70
	40.80
	8.64

	388.15
	3435.08
	99.86
	34.40
	352.83
	40.81
	8.64

	398.15
	3436.45
	99.90
	34.40
	352.95
	40.83
	8.64




It is worth noting that although the Kissinger method produces unambiguous Arrhenius parameters, it yields a single averaged pair of these parameters for the overall cure process in a manner similar to the model-fitting methods, which can be used however for comparative studies e.g. the effect of GNPs on the epoxy resin curing. The resulting average values do not reflect changes in the reaction mechanism and kinetics with the curing temperature and α. However, the process of epoxy curing is known to involve multiple steps that are likely to have different Εα values. Then the contributions of these steps to the overall cure rate measured by DSC should vary with both temperature and α. The amine-epoxy reactions (Fig. 3.a-b) may be uncatalysed (n order) or catalysed by probable impurities (e.g. water, alcohols, phenols, acids) initially present in the reaction system (n order) or by the hydroxyl groups (OH) generated by the epoxy-amine reaction (autocatalysis) (m order) [57][58][59][60]. During curing the reaction system undergoes gelation (liquid-to-rubber) and vitrification (rubber-to glass) transitions. Intensive crosslinking occuring in the region between the above transitions reduces molecular mobility and the cure changes from a kinetic to a diffusion regime [61]. In such cases where changes in the curing mechanism are associated with changes in the activation energy the model-free isoconversional methods can be used to observe how the activation energy changes throughout the entire reaction. One of the model–free isoconversional methods, the Ozawa-Flynn-Wall analysis provide a simple relationship between α dependent Eα, φ and isoconversion temperature (Ti) [62]: 
	
	
	(10)


for each relative degree of curing (αr), A’ is a constant that can be defined as: 
	
	
	  (11)



where g(α) is a conversion dependent function. In order to determine the corresponding Eα and A at each relative α, a plot first was drawn of relative degree of cure (αr) vs curing temperature (T) at each φ, as shown in Fig. 8.a,b and Fig. 8.c,d. for peak-1 and peak-2 correspondingly. 

[image: ]
Figure 8. Conversion α as a function of temperature at different heating rates for a) neat epoxy peak-1, b) neat epoxy peak-2, c) 1.5 %wt GNP/epoxy peak-1 and d) 1.5 %wt GNP/epoxy peak-2.

Then a plot of logφ vs Ti was drawn at each αr as shown in Fig. 9.a,b. The resulting slope is proportional to Eα and the intercept is proportional to A’. 

[image: ]
Figure 9. Isoconversional plots for the logarithmic heating rate versus the reciprocal of the absolute temperature for a) neat epoxy peak-1, b) neat epoxy peak-2, c) 1.5 %wt GNP/epoxy peak-1 and d) 1.5 %wt GNP/epoxy peak-2.

In Fig. 10.a,b the Eα was plotted with α, for neat epoxy resin and GNPs/epoxy composite with 1.5%wt GNPs for peak-1 and peak-2. The high effective value of Eα at the very beginning of curing at α=1 corresponds to the non-catalysed reaction epoxy-amine. Since the hydroxyl groups formed during the curing facilitate the ring opening (autocatalysis) it is reasonable to expect then a rapid decrease in Eα. From Fig.10a-b it observed that Eα1 decreases from 79.5 to 51 kJ/mol for the neat epoxy and Eα2 from 57.1 to 50.9 kJ/mol. The nanocomposite contained 1.5wt% showed a decrease in Eα1 from 58.2 to 44.6 kJ/mol and Eα2 is about 48 kJ/mol. The minimum values are close to the ones calculated by the Kissinger method. 

[image: ]
Figure 10. Ozawa–Flynn–Wall’s activation energy (Eα) as a function of relative degree of cure α for a) peak-1 and b) peak-2.



3.1.2. Isothermal scanning method
Isothermal DSC curves at 50, 70 and 90oC are presented in Figure 11. A single exothermic peak was observed for each isothermal run which corresponds to maximum curing rate. Figure 11 shows that the reaction rate at t=0 is zero which indicate that the epoxy-amine reaction is non-catalysed (n-order) and then as the OH groups forms facilitate the ring opening (m-order) (autocatalysis) [61]. The peak value decreases in intensity and shifts to longer times at lower temperature. The total curing enthalpy ΔΗiso at a certain temperature and time was determined. 

[image: ]
Figure 11.  Isothermal DSC thermograms for neat epoxy and nanocomposites containing 1.5%wt GNPs at different temperatures. 

Following the isothermal scans, the samples immediately cooled at room temperature and then heated to 300oC at 10℃/min. The curves obtained are shown in Figure 12. From the data shown in Table 4, a relative degree of conversion α1 can be calculated as:
	
	
	(12)



The degree of conversion was also calculated from equation 4, using ΔHtot of 107 kJ/mol being the average enthalpy for primary and secondary reactions [45].  
 
[image: ]
Figure 12.  Subsequent non-isothermal DSC scans at constant heating rate of the partially cured samples derived from the isothermal scans.

Table 4 summarises the obtained heat of curing values from the isothermal scans ΔHiso, the dynamic ΔHdyn, α1 and a2 and Tg. The isothermally cured neat epoxy and nanocomposite at 90°C didn’t show any residual enthalpy in the subsequent dynamic scan. As expected, α1, a2 and Tg increase with the increase of curing temperature. It can be seen that α increases with the addition of GNPs.   




Table 4. Exothermic heat of curing during the isothermal scans (ΔΗiso), during subsequent dynamic scans (ΔΗdyn), degree of curing (α) and glass transition temperature (Tg). 
	[bookmark: _Hlk50896550]GNPs
(%wt)
	T (°C)
	ΔHiso*
(kJ/mol)
	ΔHdyn
(kJ/mol)
	α1 (%)
	α2 (%)
	Tg (°C)


	0
	50
	49.51
	14.47
	77.4
	46.3
	54.5

	
	70
	52.17
	1.57
	97.1
	48.7
	72.1

	
	90
	60.56
	0
	100
	56.5
	84.5

	1.5
	50
	37.15
	14.14
	72.4
	34.7
	52.0

	
	70
	72.82
	1.14
	98.4
	68.0
	78.5

	
	90
	80.87
	0
	100
	75.6
	88.5


*ΔHult (kJ/mol) calculated from ΔHult (kJ/g) x 180 (=ΕΕW of Epilok 60-566) where ΔH1ult (kJ/g) refers to 1gr of epoxy determined from the experimental value divided by 0.769. 

It is observed that the values of α1 and α2 for 1.5 %wt GNPs in epoxy system were lower than those of neat epoxy from the isothermal DSC measurements under 50°C, which is different from the trends under 70°C and 90°C. At low temperature 50°C the steric hindrance of GNPs interfered with the mobility of the reactive species. The higher temperatures 70°C and 90°C prompted the mobility of the reacting species, increased the local density of the reacting species and prompted the curing reaction. On the other hand, the high thermal conductivity of the GNPs further weakened the retarding effect of the steric hindrance from the added GNPs. An analogous behaviour is reported in [63].

3.2. Thermogravimetric analysis
Figure 13 presents TGA curves of the epoxy and the nanocomposites containing 1.5%wt GNPs. The initial decomposition temperature which corresponds to 5% weight loss [33] was found to decrease from 339℃ for the neat epoxy to 330℃ for the nanocomposite. This could result from the early decomposition of the interfacial epoxy chains, the cure of which was partially inhibited by the inclusion of GNPs [33]. The dominant weight loss occurs above 350℃ due to the thermal decomposition of epoxy resin. The temperature of the maximum rate of degradation decrease from 392.3℃ of the neat epoxy resin to 378.6℃ in the case of the nanocomposite. The TGA curve of the GNP/epoxy nanocomposite was shifted in the range of 360-580℃ towards higher temperature compared to that of pure epoxy increasing the thermal stability of the cured epoxy composites. The % weight residue at 500℃ is 7.85% for the neat and 22.45% for the nanocomposite.
[image: ]
Figure 13. TGA spectra obtained from neat epoxy and cured nanocomposites containing 1.5%wt GNPs.

3.3 Mechanical Properties
3.3.1 Tensile
Figure 14 presents the mechanical properties of the prepared nanocomposites as a function of the %wt GNPs. The addition of graphene caused an increase in E at low filler content which was peaked at 0.5%wt and then decrease. The maximum enhancement in E was 37% (1.98 GPa compared to 1.58GPa of the neat epoxy). Addition of graphene flakes into the polymer matrix caused a reduction in UTS from 70.3MPa for the neat epoxy to 32.1MPa for 1%wt GNPs. The mechanical properties in graphene/epoxy nanocomposites are strongly dependent on the sample preparation conditions (dispersion steps, use of solvent etc); hence a direct comparison with other reports is difficult. However, similar trend in E and UTS was observed by I. Zaman et al. [64] and Poutrel et al [65] which was attributed to poor interfacial bonding between the epoxy and graphene.   
[image: ]
Figure 14. Mechanical properties of cured nanocomposites; a) Young’s Modulus, b) Tensile Strength and c) Elongation at break.

3.3.2 Nanoindentation
Figure 15 shows the hardness are determined by the nanoindentation test. Analysis of the data showed that there are statistical differences between the samples with the samples enriched with 0.7% GNPs showing a 9.4% improvement over the neat epoxy. 
[image: ]
Figure 15. Instrumented indentation hardness values for all samples. Values are means ±SD. P-values calculated by Tukey’s range test: *p-value < 0.05; ****p < 0.0001.

Figure 16 shows E as determined by the nanoindentation. Analysis of the data showed that there are statistical differences between the control sample and the 0.7% and 1%wt nanocomposites but not for the 0.5% wt. The improvement for the latter is in the range of 1.7% and increases to 4.5% and 5.6% for nanocomposites enriched with 0.7% and 1% GNPs. The E values determined by nanoindentation, although follow the same trend, are higher than those obtained by macroscopic tensile tests. This is in agreement with other reports and is likely due to pile up of material around the contact impression [66][67].
[image: ]
Figure 16. Instrumented indentation elastic modules values for all samples. Values are means ±SD. P-values calculated by Tukey’s range test: ns = no statistical significance; **p-value < 0.01; ****p < 0.0001.

3.5 Acknowledgments
The authors would like to thank Bitrez Ltd and Thomas Swan & Co. Ltd. for providing the epoxy resin and graphene materials respectively. 

4. Conclusions
In summary, we studied the cure kinetics, thermal stability and mechanical properties of GNP/Epilok 60-566 prepared via a solvent-free facile approach by dispersing GNPs in the curing agent Curamine 32-494. DSC analysis showed that the degree of cure was increased with the addition of GNPs at high heating rates (10-20℃/min). It was found that the addition of 1.5%wt GNPs catalysed the curing reactions; Ea was found to decrease by 13.7% and by 6.6% for the reactions of the primary and secondary amino groups with the epoxy group respectively. The GNPs also improved the thermal stability of the epoxy system in the range of 360-580℃. An increase in Young's Modulus was observed in all nanocomposites containing GNPs from 0.3 to 0.7%wt with maximum enhancement of 37% at 0.5%wt. Nanoindentation measurements showed 9.4% improvement in hardness at 0.7%wt.

Data Availability
The raw/processed data required to reproduce these findings cannot be shared at this time as
the data also forms part of an ongoing study.
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