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Abstract
Water sorption-desorption-resorption and swelling were studied for a model epoxy system based on DGEBA resin and triamine curing agent. Four types of carbon nanofillers were incorporated into the epoxy matrix: multiwall carbon nanotubes, graphite nano-platelets, expanded graphite platelets, and carbon black. Two-stage sorption and swelling behaviour was observed for all types of nanocomposites. An extent of the anomalous sorption depends on temperature, time and history of the test, and type of the filler. Diffusion-relaxation model of Berens and Hofenberg finely described sorption and resorption experimental curves, while desorption of all samples obeyed the Fick’s law. The only additional parameter – relaxation time of polymer network – was introduced into general equations. The relaxation time increased with the addition of nanofillers and decreased with temperature increase. Dynamic mechanical thermal analysis was done to evaluate the plasticizing effect due to the absorbed water and to give an insight into the structural changes of the nanocomposites caused by their hydrothermal ageing. Water absorption resulted in plastification of the polymer that appeared in drop of glass transition temperature and lowering and broadening of tan  peak, while after-cure and physical ageing effects appeared in the increased storage modulus.   

1.	Introduction
Epoxy resins are one of the most used thermosetting polymers in a variety of applications owing to their good thermal and mechanical properties combined with satisfactory processing characteristics. These are used as coatings, adhesives, microelectronic packaging materials, and matrixes for high-performance fiber reinforced composites. One of drawbacks of many polymers, and epoxies in particular, is their susceptibility to moisture and water absorption from the environment and related deleterious effects on their service performance. For quantitative characterisation and control of the extent of moisture-induced degradation of an epoxy-based material, two issues have to be specified: i) an amount of the absorbed moisture and ii) the mechanism of moisture uptake. A variety of models has been proposed for characterisation of moisture absorption in epoxies, however there are still gaps in understanding of mechanisms of penetration of water molecules into the polymer network and related structural reorganizations [1–9]. 
Incorporation of nano-sized fillers into common polymer matrixes is a promising way to improve their effective properties and introduce additional functionality. Due to their high electrical conductivity and low weight, carbon nanofillers are advantageous for health monitoring applications [10, 11]. Despite on a large variety of studies devoted to characterisation of effective properties of different epoxy-based nanocomposites, relatively a few papers are focused on studying of moisture sorption mechanisms and hydrothermal ageing effects on such systems [12–16]. Moreover, there is no unique interpretation among the present studies about the role of nanofillers on the overall sorption behaviour of epoxies. 
The aim of the present study was to get deeper understanding of water sorption phenomenon in epoxy nanocomposites and its relation to the polymer relaxation nature. Additionally, hydrothermal ageing effects and efficiency of various carbon nanofillers on some mechanical and thermal properties of the host epoxy matrix were estimated.  

2.	Experimental details
2.1. Materials and sample preparation
The epoxy system used in this study is a commercially available DGEBA-based resin Araldite®  LY556 cured with a triamine curing agent Jeffamine® T-403 (Huntsman, Switzerland). This epoxy is characterized by low processing viscosity, controllable reactivity, and good overall mechanical properties for composite applications [17]. Specific interest to this epoxy system in the present study is explained by its particular susceptibility to moisture absorption and its flexible network that could contribute to the structure of nano-reinforced composites and time-related phenomenon in them [9]. 
Four types of carbon nanofillers were incorporated into the epoxy matrix: multiwall carbon nanotubes (MWCNT), graphite nano-platelets (GnP), expanded graphite (EG) particles, and carbon black (CB). In-house grown MWCNT produced by a conventional tube furnace aerosol-assisted chemical vapor deposition (AACVD) method with an average diameter of 24 nm were used [18]. GnP were purchased from Punto Quantico S.r.1® (Italy). The GnP are prepared from graphite through metal intercalation followed by thermal treatment for exfoliation of the sheets. The GnP have an average flake thickness of 12–15 nm and a lateral size of 20–50 m as per the data sheet of the supplier [11]. Expanded graphite ECOPHIT® GFG5 having nominal particle sizes of 5 μm in lateral dimension were supplied by SGL Technologies GmbH (Germany). Printex® XE2 carbon black with an average particle size of 30 nm was supplied by Degussa (Germany). 
Pristine nanoparticles (0.5 wt.%) were mixed into the resin by using a lab-scale three-roll-mill (Exakt
120E; Exakt GmbH, Germany) [11,14]. The fillers were manually mixed into the epoxy resin, then seven cycles were applied to effectively disperse the filler in the suspension by passing through the rolls and varying the gap size between them. The hardener was added into the dispersed epoxy/filler suspension in the ratio 70:30. The uncured suspensions were degassed in a vacuum dissolver at room temperature and then poured into open metal moulds or aluminium caps. The curing cycle of the material was 80°C for 4 hours and 120°C for 8 hours, as recommended by the supplier. 
2.2. Tests
Bar-shape samples of average dimensions 2.3×5×50 mm were used in water sorption/desorption/resorption tests. Sorption studies were conducted under temperatures T = 20, 50, and 70 °C, while desorption and resorption at T = 50 °C were only considered. Gravimetric measurements were made with an accuracy of 0.01 mg. The relative water content w [%] was determined as weight gain per unit weight: w = 100×(mt−m0)/m0, where mt is the weight of the wet sample at time t, and m0 is the weight of the reference sample. Dimensional chages of samples conditioned at T = 20oC and 50oC were measured with an accuracy of 0.001 mm. Swelling strain sw [%] was calculated as relative change of length of the sample: sw = 100×(lt−l0)/l0,where lt  is the length of the wet sample at time t, and l0 is the length of the reference unexposed sample. Up to six replicate samples of each composition were used for each gravimetric and dimensional change measurements. Total duration of water sorption-desorption-resorption tests was more than 16 months.
Dynamic thermal mechanical analysis (DMTA) was carried out on reference samples and after  saturation in sorption and desorption cycles. The measurements were performed on Eplexor 500 N device of Gabo Qualimeter in tensile mode (1 N) at a frequency of 10 Hz and a heating rate of 3 K/min. Measurements were repeated for two duplicate samples.
3. Results and Discussion
3.1. Water absorption by epoxy nanocomposites
Representative water sorption curves of the materials under investigation at T = 50 oC are shown in Figure 1. Sorption curves at T = 20 and 70 oC showed similar character. All samples, neat epoxy and nanocomposites filled with different carbon fillers, exhibited two-stage sorption behaviour. Fickian-type sorption behaviour is observed at the early stage of water uptake (up to 3 months at T = 50 oC for samples of thickness a = 2.3 mm): linear dependence w vs.√t/a followed by asymptotic approaching the equilibrium. Such a behaviour indicates to a predominance of the diffusion mechanism of absorption and applicability of the Fick’s model [1,4,6,13,14]. Fick’s diffusion is characterised by two parameters: the diffusion coefficient D and equilibrium water content w∞ . As seen from the graph, sorption curves of the neat epoxy and samples filled with MWCNT and EG almost fit to each other, while addition of CB and GnP resulted into a noticeably higher water sorption capacity (w∞ ) compared to the neat epoxy samples. The rate of water diffusion keeps the same for the neat epoxy and nanocomposites filled with EG, CB, and MWCNTs and D = 0.0035 mm2/h, while the diffusion coefficient of epoxy/GnP composite is for about 15% lower. 
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[bookmark: _Ref514400050]Figure 1. Water sorption curves of epoxy filled with various carbon nanoparticles, T = 50 °C.
Temperature dependences of the diffusion coefficients and equilibrium water contents of the neat epoxy and nanocomposite samples are shown in Figure 2a and Figure 2b, respectively. Arrhenius equation [1,4,9] is used to describe temperature dependences of the diffusion coefficients. The activation energy of the diffusion Ud calculated from the slope of lines shown in Figure 2a increases up to 12% with the addition of 0.5wt.% of MWCNT and GnP: from 37 kJ/mole up to 42 kJ/mole for the neat epoxy and nanocomposites, respectively. At the same time,  incorporation of CB and EG into the epoxy didn’t demonstrate any hindering effect on the diffusion and the activation energies for these types of nanocomposites are the same as for the neat epoxy. Equilibrium water content of all the materials under investigation increases with growing temperature (Figure 2b) that is related to a higher contribution of Type II or bound water and ability of water molecules to reside in a hydrothermally plasticized polymer [1,4,5,13].
The two-stage character of water sorption curves (Figure 1), called also as anomalous or non-Fickian diffusion, appears in a continuous increase of weight gain at the later stage of water uptake or slower approaching of an equilibrium plateau compared to the Fickian-type sorption [4,7,20–25]. A majority of models are proposed to explain anomolous water diffusion into glassy polymers, which in fact are based on two conceptually different approaches considering different states of water molecules inside the polymer and the polymer itself during water uptake. In the former Langmuir-type model, it is assumed that absorbed water could exist in mobile and bound states [7]. The latter approach is based on viscoelastic nature of polymers and network relaxation accelerated by water ingress and appeared in plasticization, ageing, and after-cure effects [3,5,6,9].
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[bookmark: _Ref514405521]Figure 2. Temperature dependences of the diffusion coefficients (a) and equilibrium water contents (b) of epoxy nanocomposites filled with various carbon nanoparticles.
3.2. Diffusion-relaxation model of water absorption
The diffusion-relaxation model of Berens and Hopfenberg was used to describe two-stage sorption behaviour of epoxy nanocomposites [20–26]. According to this model, the diffusion of water in a glassy polymer is contributed by two phenomena: concentration gradient (Fickian diffusion) and time-dependent polymer relaxation appeared in free volume changes. These two processes can exist independently and can be combined using simple linear superposition [20,26]. The total weight gain w(t) is then given by a sum

					 (1)
where wF and wR are weight gains related to the Fick’s diffusion and relaxation of polymer network, respectively. The first term is given by well known equation [6,13,19]   

		            	(2)
where w0 and wF  are initial and equilibrium water contents in the Fick’s formulation, respectively. D is diffusion coefficient and a is thickness of sample.
The relaxation term is expressed similarly to various relaxation-type models (e.g. for description of creep or dynamic mechanical properties of polymers [2,22]) as following

				(3)
where wR is the equilibrium water content specified by the network relaxation and R is the first-order relaxation time. The total equilibrium content is determined by relation

					(4)
As seen from Eq. (4), wR can be uniquely determined if experimental values of the total and Fickian equilibrium water contents are known. 
Sorption behaviour is determined by the relative magnitude of the rates of the diffusion and    relaxation. A dimensionless diffusion Deborah number De [20–23], is used to compare time scales for concentration gradient-driven diffusion (D) and polymer relaxation (R): De = R/D. The time constant for Fickian diffusion is estimated by the length of diffusion (thickness of sample) and the diffusion coefficient: D = a2/D. When the time scale for polymer relaxation is much larger (De  >> 1) or much lower (De << 1) than the time scale of diffusion, simple Fickian behavior is observed. At comparable diffusion and relaxation time scales De ~ 1, anomalous or non-Fickian behaviour is observed. Obviously, time scales of both phenomena are influenced by temperature, especially with approaching glass transition temperature. 
Equations (1)-(4) were applied for description of the experimental water sorption data of epoxy and epoxy nanocomposites. Rather similar dependences were obtained for all compositions, thus data for the neat epoxy and epoxy/MWCNT samples are shown below as representatives ones. Water sorption curves obtained at T = 20, 50, and 70 oC and their approximation by the diffusion and diffusion-relaxation models are shown in Figure 3.  
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[bookmark: _Ref514501572]Figure 3. Water sorption curves of the neat epoxy (a) and epoxy/MWCNT (b) samples at T = 20, 50, and 70 oC. Symbols are experimental data; dashed and solid lines are calculations by Fick’s and Berens-Hophenberg’s models, respectively.
The proposed model of Berens and Hophenberg finely describes the experimental data. Deviations from the Fickian behaviour vary with temperature changes and are the more extensive for the neat epoxy samples. As seen from Figure 3a, the neat epoxy experiences the diffusion-type sorption in approximately 180 and 16-day time periods when conditioned at 20 oC and 50 oC, respectively. No anomalous sorption behaviour is observed at 70 oC. According to the above discussion, such differences in character of sorption curves are related to different time scales of diffusion and relaxation processes characterized by De number. In the case of epoxy/MWCNT samples, deviations from the Fickian sorption behavior are observed later (Figure 3b) compared to the neat epoxy: after 100 and 270 days at 20 oC and 50 oC, respectively. This fact is explained by the increased relaxation time of nano-reinforced polymers related to their restricted segmental mobility. As determined by fitting the experimental curves by Eqs. (1)-(4), there is almost fourfold difference between R of the neat epoxy and epoxy/MWCNT. Temperature dependences of the relaxation times of all materials under investigation are shown in Figure 4. Restricted segmental mobility of nanocomposites appears also in a lower extent of swelling due to water ingress (Figure 5). It is worse to note also that character of the swelling kinetics is similar to that of sorption curves (not shown herein). The swelling strain curves are finely described by the diffusion-relaxation model with the same relaxation times R. 
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[bookmark: _Ref514507134]Figure 4. Temperature dependence of the relaxation times for epoxy nanocomposites.
[bookmark: _Ref514509360]Figure 5. Swelling strain of studied materials at T = 50 oC. 

Desorption and resorption tests were performed in order to reveal structural changes in the polymer caused by water ingress. Representative sorption/desorption/resorption curves of neat epoxy are shown in Figure 6. Similar curves were also obtained for nanocomposites.   
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[bookmark: _Ref514662738]Figure 6.  Water sorption/desorption/resorption curves of neat epoxy samples at T = 50 oC. Symbols are experimental data; dotted and dashed lines are calculations by Fick’s and Berens-Hophenberg’s models, respectively.
Desorption obeys the Fick’s law, while the resoprion data are finely fitted by the diffusion-relaxation model. Moreover, the resorption curve is overlapping the long-term sorption curve with only a time shift indicating to a “memory effect” of the material. Obviously, the balance between the diffusion and relaxation phenomena contributing to the total water absorption during resorption is changed towards the latter one.    
3.3. Characterization of thermo-mechanical properties 
DMTA is considered as a useful tool to characterize structural changes in the polymer network caused by presence of nanofillers or environmental effects [2,8,9,13,15]. For the present epoxy system, addition of 0.5 wt.% of carbon nanofillers resulted into a noticeable increase of the storage modulus (up to 20%), broadening and decrease of tan  peak (up to 13%), and almost unchanged glass transition temperature Tg (variations didn’t exceed 5 oC). These data indicate to the higher cross-link density and lower mobility of polymer chains in epoxy nanocomposites compared to the neat epoxy and are in agreement with the data on water absorption. Water absorption results in plasticisation of polymers and appears in drop of Tg as well as lowering and broadening of tan  peak. Representative thermo-mechanical curves of “as produced”, water saturated and re-dried samples of epoxy/MWCNT at T = 50 oC are shown in Figure 7. Similar trends were also observed for all compositions conditioned at 20 and 70 oC. Maximal drop of Tg due to water absorption for all samples was about 18-20 oC. Interestingly, the storage modulus of water-saturated samples is higher than that of the “as produced” ones. After desorption, Tg and maximum of tan  peak are almost retained, while the storage modulus of re-dried samples is slightly higher compared to that ones of the water saturated samples. These facts indicate to an appearance of after-cure and physical ageing effects in the polymer facilitated by its water-induced plasticization.
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[bookmark: _Ref514678131]Figure 7. Thermo-mechanical curves of epoxy/MWCNT: storage modulus E’ (1, 2, 3) and tan (1’, 2’, 3’) for “as produced” (1, 1’), water saturated (2, 2’) and re-dried (3, 3’) samples at T = 50 oC.
It is worth mentioning that besides DMTA an extensive experimental testing programme has been conducted to characterise some physical and mechanical properties of the produced nanocomposites. By summarizing the results, MWCNTs are determined as the most effective nanofillers: their addition into the epoxy resulted into a decrease of the diffusion coefficient and coefficient of thermal expansion, increase of the thermal and electrical conductivity, and storage modulus in the greatest extent compared to EG, CB, and GnP.

4.	Conclusions
Water absorption by neat epoxy and epoxy filled with various nano-sized carbon inclusions is derived by the same mechanisms. Dominance of the Fick’s diffusion is observed at the early stage of water uptake, whereupon contribution of the relaxation-driven diffusion increases that appears in a two-stage sorption behaviour. An extent of the anomalous sorption depends on temperature, time and history of the test, and type of the filler. Addition of GnP into the epoxy resulted into a decrease of the diffusion coefficient down to 15%, while other fillers didn’t show noticeable improvement in barrier properties of the host matrix. The diffusion-relaxation model of Berens and Hopfenberg with an only additional parameter – relaxation time – finely described the experimental data. The relaxation time increased with the addition of nanofillers and decreased with temperature increase. Nanocomposites are characterised by longer relaxation times compared to the neat epoxy: almost twofold increase is obtained for epoxy /MWCNT samples. This fact is related to restriction of segmental mobility of the polymer and is in agreement with DMTA data.  
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