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Abstract

:

Moisture absorption of composites with nanoscale carbon additives such as carbon nanotubes, carbon nanofibers, graphite nanoplatelets, and carbon black is investigated using thermogravimetric data and a non-Fickian hindered diffusion (Langmuir-type) model. The moisture absorption parameters are determined using this model for six different types of carbon/epoxy nanocomposites. The absorption behaviors obtained at different humidity levels and thermal environments are recovered by minimizing the error between the experimental data and model predictions, thus enabling the accurate determination of the moisture equilibrium level. The absorption behavior and the weight gain of all nanocomposites are shown to be accurately represented by this model over the entire absorption period. The presence of carbon nanomaterials is found to induce varying levels of non-Fickian behavior, governed by the nondimensional hindrance coefficient. This behavior is enhanced with the nanomaterial content and separate from the slight non-Fickian behavior of all neat epoxy samples. The molecular bonding during diffusion, as well as the interfacial moisture storage, could be among the reasons for non-Fickian behavior and should be included in the absorption models for accurate characterization of carbon/epoxy nanocomposites.
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1. Introduction


Nanocomposites of thermoset polymers have a wide range of desirable mechanical, thermal, and electrical properties. Due to these enhanced properties and their low density, nanocomposites have been used in a wide variety of industries, including aerospace [1,2], automotive [2,3], and energy [4,5]. In particular, thermosets contain nanoscale fillers or additives at different concentrations to reduce cost or to enhance electrical [3,6] mechanical [7,8,9] and/or barrier [8,10,11,12,13] properties. The type (i.e., nanofibers, nanotubes, and nano-glass spheres) and the amounts of nanofillers used usually determine the extent of property enhancement.



Most composite products are exposed to wet or humid environments for extended periods, resulting in considerable moisture absorption. Polymers readily absorb and retain moisture, which in turn plasticizes the resin, causes swelling and may induce considerable residual stresses and delamination in the material [2,14,15]. These microstructural changes often alter the physical and mechanical properties of the composites, and therefore adversely affect their service life [14,16,17,18,19,20].



Recent progress in carbon nanoparticles (i.e., graphene, carbon nanotube, carbon nanofiber) makes them excellent candidates for performance improvements in polymers [21,22,23]. The addition of carbon nanoparticles in polymers often improves properties but may cause degradation in their long-term durability due to environmental damage. Khoramishad and Alizahed [23] reported a 20–30% increase in tensile strength and a 12–23% increase in stiffness via multi-walled carbon nanotube (MWCNT) addition to epoxy. However, the mechanical properties of these MWCNT/epoxy composites decreased back to the level of neat epoxy when saturated with moisture. Liu et al. [22] reported that 60-day immersion in distilled water results in 42% and 6% decrease in tensile strength of epoxy and graphene oxide reinforced epoxy, respectively. Similarly, Glaskova-Kuzmian et al. [24] found moisture-induced reductions of 29%, 21%, 18%, and 6% in the flexural modulus of epoxy, carbon nanotube/epoxy, glass fiber-reinforced epoxy and carbon nanotube/glass fiber-reinforced epoxy composites, respectively. Both the amount of absorbed moisture and the resulting property degradation are clearly influenced by the amount and type of reinforcing nanoparticles.



Zulfli et al. [21] demonstrated that maximum moisture content absorbed by carbon nanotube/glass fiber-reinforced epoxy is increased by the nanotube content. The addition of 0.5 wt %, 1 wt %, and 1.5 wt % nanotube to glass fiber-reinforced epoxy increased the maximum moisture the composite can absorb by 12%, 22%, and 44%, respectively. On the other hand, the addition of graphene oxide to epoxy was reported to decrease the maximum moisture level [22]. Depending on the type and amount of nanoparticles, nanocomposites may absorb higher [21,25] or lower [8,22,24,26] amounts of moisture. Consequently, accurate prediction of the absorbed moisture is essential for the life cycle design of structural composites.



Several models have been developed to characterize the moisture absorption behavior of polymers and their composites. These models range from the Fickian diffusion [27,28] to more sophisticated anomalous non-Fickian absorption models [29,30,31,32,33]. If the absorption dynamics of a composite is fully understood, then it would be possible to estimate variations in its properties due to the presence of moisture [34,35,36].



For a one-dimensional, classical Fickian diffusion, the diffusivity, D, and the moisture saturation level,    M ∞   , fully characterize the absorption dynamics. However, many composite parts do not follow Fickian behavior, and thus require non-Fickian models with additional absorption parameters [29,31,37]. Varying levels of molecular bonding between water and the polymer network in thermoset polymers, as well as the interfacial moisture storage in composites, result in the continuation of moisture uptake at a lower rate and over a longer period. Fickian-based models cannot explain such anomalous behavior caused by molecular bonding and interfacial storage.



In this article, moisture absorption behaviors of various carbon/epoxy nanocomposites are characterized by using the non-Fickian hindered diffusion model. The published data are used to determine the effect of six different carbon nanomaterials. Changes in the absorption dynamics and maximum absorption levels due to two different types of carbon nanotubes, two different types of carbon nanofibers, graphite nanoplatelets, and carbon black, are identified at different volume fractions. The model predictions quantitatively reveal the changes in absorption behavior and illustrate the discernable effects of having different types of carbon nanomaterials dispersed in an epoxy nanocomposite.




2. Moisture Absorption Theory


In the commonly used Fickian model, absorption of water molecules is entirely based on diffusion, driven by the spatial concentration gradient. During the initial stages of one-dimensional Fickian absorption, the weight of absorbed moisture increases linearly with the square root of time. After the initial linear uptake, the absorption gradually slows down and eventually stops as saturation is reached [27]. However, most high-performance thermosetting polymers such as epoxy and bismaleimide resins exhibit a non-Fickian behavior [29,30,31,32,33]. Several models have been used to characterize this non-Fickian behavior, such as the coupled diffusion-relaxation [29], dual-diffusivity [30], and time-varying diffusion coefficient [31] models. Of particular importance is the Langmuir model [32], which has been recently extended to the three-dimensional, anisotropic hindered diffusion model (HDM) [38,39]. The Langmuir-type absorption model and the HDM were reported to be very accurate in describing the non-Fickian absorption [6,33,40], and were successful in predicting this anomalous behavior in thermoset-based adhesives, composites and molding compounds [6,10,32,33,40,41,42,43,44,45].



The HDM considers both the diffusivity of the polymer and water-polymer affinity by separating the water molecules into two different states: mobile (free to diffuse due to concentration gradient) and bound (not free to diffuse through the polymer network). Thus, the moisture concentration is expressed as the sum of these two distinct components: bound moisture concentration   N  (  x , t  )    and mobile moisture concentration    n  (  x , t  )   . The one-dimensional moisture intake is then described by two coupled differential equations:


   D    ∂ 2  n   ∂  x 2    =   ∂ n   ∂ t   +   ∂ N   ∂ t        ∂ N   ∂ t   = γ n − β N   



(1)




where,  D  is the diffusion coefficient,  γ  is the rate for mobile molecules to become bound,  β  is the rate for bound molecules to become mobile,    n    represents the mobile molecules per unit volume, and  N  represents the bound molecules per unit volume. The coefficients  γ  and  β  account for the interaction between the polymer network and the water molecule, which could hinder the diffusion process. In this framework, after the initial diffusion-driven uptake, the absorption often continues at a slower rate until moisture saturation is reached as:


     N ∞     n ∞    =  γ β  = μ  



(2)




where    N ∞    and    n ∞    are the equilibrium bound and mobile moisture content, respectively. Equation (2) indicates that, when the polymer is fully saturated, the ratio of the bound to mobile moisture can be represented by a nondimensional hindrance coefficient,  μ .



The hindered diffusion model characterizes the liquid absorption behavior using four distinct absorption parameters. The diffusion coefficient, or diffusivity, is the migration rate of diffusing liquid molecules into the penetrated medium. It determines the speed of initial concentration-driven moisture intake. The maximum moisture content, on the other hand, defines the maximum amount of liquid that the medium can absorb and retain. Additionally, statistical parameters (i.e., the rate for mobile molecules to become bound,  γ ; the rate for bound molecules to become mobile,   β ;   and their ratio, hindrance coefficient,   γ / β = μ  ), describe the chemical interactions between the liquid penetrant and the medium. The values of all absorption parameters are dependent on the type of the penetrant, the absorbing medium, and the temperature.



It is important to note that at saturation, both mobile and bound moisture reach their maximum values,    n ∞    and    N ∞   , respectively. Although the ratio of the bound to mobile moisture (i.e.,    N n   ) varies throughout the absorption, at saturation, this becomes,    N ∞  /  n ∞   , which is identical to    γ β  .   The hindrance coefficient is zero for a Fickian diffusion, but it can be much larger for polymers with greater water affinity [33,43,46,47].



For a one-dimensional absorption into a fully immersed part of thickness, h, the analytical solutions of bound moisture concentration   N  (  x , t  )    and unbound moisture concentration   n  (  x , t  )    are given in Equations (3) and (4).


  N  (  z , t  )  =  γ β   n ∞   {  1 −  4 π    ∑   i = 1   ∞  (  o d d  )       (  − 1  )      i − 1  2       r i +  e x p    (  −  r i −  t  )  −  r i −  e x p  (  −  r i +  t  )    i  (   r i +  −  r i −   )    c o s  (    π i x   2 δ    )   }   



(3)






     n  (  z , t  )  =      n ∞   {  1 −  4 π     ∑   i = 1   ∞  (  o d d  )        (  − 1  )      i − 1  2       r i +  e x p    (  −  r i −  t  )  −  r i −  e x p  (  −  r i +  t  )    i  (   r i +  −  r i −   )    c o s    (    π i x   2 δ    )                   +  4  π β      ∑   i = 1   ∞  (  o d d  )        (  − 1  )      i − 1  2     (   r i +   r i −   )    e x p    (  −  r i −  t  )  − e x p  (  −  r i +  t  )    i  (   r i +  −  r i −   )    c o s    (    π i x   2 δ    )  }     



(4)




where,


    r i ±  =  1 2   [   (  K  i 2  + γ + β  )  ±      (  K  i 2  + γ + β  )   2  − 4 K β  i 2     ]     K =    π 2  D    h 2      



(5)







In order to obtain the total weight fraction of the absorbed moisture, the sum of the bound moisture concentration   N  (  x , t  )    and the unbound moisture concentration   n  (  x , t  )    can be integrated over the composite thickness as:


      M  ( t )  =  M ∞      {  1 −  8   π 2       ∑   i = 1   ∞  (  o d d  )        r i +  e x p    (  −  r i −  t  )  −  r i −  e x p  (  −  r i +  t  )     i 2   (   r i +  −  r i −   )              +  8   π 2     (  K  β  β + γ    )     ∑   i = 1   ∞  (  o d d  )       e x p    (  −  r i −  t  )  − e x p  (  −  r i +  t  )     (   r i +  −  r i −   )     }     



(6)







In Equation (6),   M  ( t )    is the weight percent of absorbed moisture and    M ∞    is the weight percent of the saturation moisture.




3. Materials, Sample Preparation, and Moisture Absorption Experiments


In this study, experimental moisture absorption data for six different types of carbon/epoxy nanocomposites published in four different articles are used to identify the effect of various carbon nanomaterials [9,48,49,50]. In most cases, the moisture absorption behavior was analyzed with the simpler Fickian model, thus neglecting the interaction and possible bonding between the water molecules and the polymer. Thus, the non-Fickian absorption effects, often becoming more prominent at later stages of the absorption, have not been fully addressed. The data presented in these four articles, when viewed collectively, represent a broader viewpoint of the absorption of carbon/epoxy nanocomposites, as the experiments were carried out under different humidity and temperature conditions over different periods of time. Although the individual material components and the sample preparation methods are detailed in each article, a brief summary of the relevant points of materials and experimental methods is given below.



3.1. Carbon Nanotube/Epoxy and Carbon Nanofiber/Epoxy Samples


Prolongo et al. [48] fabricated carbon nanotube/epoxy (CNT/epoxy) and carbon nanofiber/epoxy (CNF/epoxy) composites using diglycidyl ether of bisphenol A (DGEBA) epoxy and 4,40-methylenedianiline (DDM) hardener. The CNTs were produced by the catalytic carbon vapor deposition method, functionalized with amino-groups (<0.5% w/w) by Nanocyl (NC3152). Amino functionalization of CNTs makes covalent bonding to polymers possible, thus enhancing polymer additive interface and increasing the mechanical performance [51]. CNFs are produced by electrospinning. The CNTs and CNFs had average lengths of <1 µm and ~35 µm, respectively. The CNTs had an average diameter of 10 nm, whereas the average diameter of CNFs varied between 20–100 nm. Nanocomposite samples were manufactured by first dispersing the CNTs (0.10 or 0.25 wt %) or CNFs (0.25 wt % or 1.0 wt %) in chloroform, followed by adding epoxy and mixing at 150 rpm for 30 min. at 45 °C. After sonicating the mixture for 45 min. and removing chloroform at 90 °C, the DDM hardener was added and the composite parts were cured at 150 °C for 3 h and post-cured at 180 °C for 1 h. The manufactured samples absorbed moisture at 55 °C and 95% relative humidity.



In another study with carbon nanofibers, Saha and Bal [49] fabricated CNF/epoxy composites using CNF (L = 10–40 µm and d = 200–500 nm; Nanostructured & Amorphous Materials, Inc.), Ciba-Geigy, araldite LY-556 based in bisphenol, an epoxy resin and an aliphatic primary amine hardener (HY-951). Nanocomposites were manufactured by first mixing CNF with ethanol solution to disperse individual nanofibers, followed by evaporating the ethanol and mixing the CNF powder with epoxy. After 6 h sonication, the hardener was added, and the solution was mixed for 5 min. The material was cast into a mold, cured first at room temperature and then at 90 °C for 6 h. The edges of the manufactured samples were sealed and then immersed into water for 6 months.



Starkova et al. [9] used a DGEBA-based L135i/H137i epoxy system (Momentive Specialty Chemicals) and as-produced multiwall carbon nanotubes (Baytubes C150P) to produce CNT/epoxy nanocomposites. The nanotubes in this study were non-functionalized and had open ends. The composite samples were prepared by first mixing and dispersing the required amount of CNT with resin using lab-scale three-roll-mill and adding amine hardener (H137i). The suspension was then mixed at 200–600 rpm under vacuum for 10 min., followed by curing at 22 °C for 24 h and post-curing at 80 °C for 15 h. The cured samples were polished into 2.2 × 10 × 110 mm bar-shaped samples and conditioned at 20 °C and 98% relative humidity.




3.2. Graphite Nanoplatelets/Epoxy and Carbon Black/Epoxy Samples


In a complementary study, Starkova et al. [50] used a DGEBA-based epoxy resin Araldite LY556 and triamine curing agent Jeffamine T-403 to produce nanocomposites. The nanocomposite parts contained either Printex XE2 carbon black with an average particle size of 30 nm or Punto Quantico S. r.1 graphite nanoplatelets with an average flake thickness of 12–15 nm and a planar size of 20–50 µm. Both Printex XE2 carbon black and Punto Quantico graphite nanoplatelets are conductive and used for electronically conductive coatings, plastics and rubber. The high BET surface area of Printex XE2 carbon black (1000 m2/g) increases the gas adsorption on the particle surface. This phenomenon can be related to the moisture absorption, since the moisture diffuses in molecular form. The samples were fabricated by first manually mixing the nano-filler into the resin and then by using a three-roll-mill to improve the dispersion. Subsequently, the hardener was added, and the mixture was degassed at room temperature, followed by curing at 80 °C for 4 h and post-curing at 120 °C for 8 h. Samples of 2.0–2.4 mm thickness were prepared and immersed in distilled water at 50 °C.




3.3. Determination of Absorption Parameters from Gravimetric Data


Both Fickian and hindered diffusion models contain a specific set of material properties generally referred to as “absorption parameters” or “diffusion parameters”, which are needed for the characterization of liquid absorption in a particular polymer or composite. The one-dimensional Fickian diffusion model uses only two parameters: diffusion coefficient,  D , and the maximum amount of liquid that can be absorbed,    M ∞   . When the edge effects and/or anisotropy are present, different directions might have different diffusion coefficients, usually referred to as through-the-thickness diffusion coefficient,    D z   , and planar diffusion coefficients,    D x    and     D y   . When the diffusion is non-Fickian, the hindered diffusion model introduces two additional parameters: the rate of bound molecules becoming mobile,  β , and the rate of mobile molecules becoming bound,  γ .



One of the robust methods to determine these absorption parameters has been proposed by Aktas et al. [28]. This method can simultaneously identify all the absorption parameters from the experimental data by using a gradient optimization technique. In identifying the unknown model parameters, the error to be minimized is given as:


  E =   ∑   j = 1  m     [   M j   ( t )  −  M  e x p , j    ( t )   ]   2   



(7)




where   M  ( t )    and    M  e x p    ( t )    are theoretically predicted and experimentally measured weight gains, respectively, and m is the total number of weight gain data collected. In order to improve the accuracy of finding the model parameters, using a large number of weight gain data would be beneficial. The error,  E , is calculated by the summation of individual errors from each point of the weight gain data.



In this paper, an iterative steepest descent method [28] is used to determine the set of absorption parameters. The error minimization procedure is implemented by adjusting the absorption parameters in the opposite direction of the gradient vector at each    k  t h     iteration. The iterative process can be expressed as,


     [   U i   ]    k + 1   =    [   U i   ]   k  −    [    ( ρ  E ¯  U )  i   ]   k   



(8)






    E ¯  i  =     ∂ E   ∂  U i          ∑   j = 1  p     (    ∂ E   ∂  U j     )   2       



(9)




where    ρ i    is a coefficient vector chosen to accelerate the convergence,   k    is the number of iterations,    U i    is the absorption parameters to be recovered (e.g.,    D ,   β ,   γ ,   a n d      M ∞    for Langmuir diffusion model), and  p  is the number of absorption parameters (e.g.,   p    = 2 for Fickian and   p    = 4 for Langmuir diffusion model). An important advantage of this optimization procedure is its minimization of  E  by adjusting the value of each absorption parameter at every step according to their individual effect on  E . The computational effort needed for this method can be reduced by using a recent approach developed by Guloglu et al. [33], where the initial guess for the parameters are taken from faster but approximate solutions of the same data set.





4. Results and Discussion


Figure 1 shows the moisture absorption behavior of CNT/epoxy nanocomposites kept at 95% relative humidity in an environmental chamber at 55 °C for almost 600 h [48]. With the addition of carbon nanotubes, the nanocomposite samples absorbed less moisture and the initial rate of absorption is reduced for those samples with 0.1 % and 0.25% CNT. The rapid initial moisture intake gradually slows down at around after 100 h of humidity exposure. Although the rate of absorption is significantly lower after 400 h (i.e.,    t      > 20   )  , the samples continue absorbing moisture. This small but discernible secondary absorption slope is an indication of non-Fickian behavior. Hence, even if the experiments were stopped before the samples approached full saturation, the maximum absorption amount could be viewed as an unknown and should be determined simultaneously with the other model parameters. Such an approach enables more accurate characterization of the absorption behavior, particularly for nanocomposites with prominent non-Fickian absorption. Figure 1 also shows that the one-dimensional solution of the hindered diffusion model perfectly captures all the salient features of the absorption behavior for the neat epoxy as well as the two other samples with carbon nanotubes.



Figure 2 shows the moisture uptake of the samples with 0.1% and 0.25% carbon nanofibers (CNF) together with the hindered diffusion model predictions. Similar to Figure 1, the absorption behavior of nanocomposites with CNT shows a considerable reduction of both the initial rate and total moisture intake. Moreover, the model predictions can very accurately recover the experimental data for all samples. The nanocomposites with CNT and CNT show similar absorption characteristics and exhibit non-Fickian behavior.



Table 1 gives the moisture absorption parameters obtained from the hindered diffusion model. The maximum absorption amounts and the other parameters given in Table 1 were directly obtained from the optimization method described in Section 3.3. The model results reveal that the neat epoxy is slightly non-Fickian with a hindrance coefficient, µ = 0.1. The addition of CNT and CNF increases the non-Fickian behavior evidenced by the increased µ. The sample that has the most nanomaterials at 1% CNF also has the highest µ at 0.25. A hindrance coefficient of 0.25 implies that the ratio of bound to unbound moisture at saturation is 0.25, thus indicating that a considerable amount of absorbed moisture is stored at the CNF/epoxy interface at saturation.



Figure 3 shows absorption and model prediction results from another set of CNF/epoxy nanocomposite samples. The samples were immersed in water for six months at room temperature [49]. For this case, three different CNF contents were used in addition to the neat epoxy resin. Similar to Figure 2, the presence of CNF reduced the initial rate and the saturation moisture content compared to neat epoxy. Figure 3 shows that the model successfully recovered the experimental data for all CNF/epoxy samples regardless of the CNF content. Moreover, compared to Figure 1, the absorption data extends over a longer time period, making it easier to discern the absorption behavior after the quasi-equilibrium, which is primarily dominated by molecular interactions. In fact, all samples exhibit clear non-Fickian behavior, indicated by the secondary slopes after 2500 h of immersion.



Table 2 lists the absorption parameters recovered by the hindered diffusion model for the samples given in Figure 3. The neat epoxy sample has a hindrance coefficient of 0.145, which is slightly more non-Fickian than the epoxy sample shown in Figure 1 and Figure 2. Table 2 also shows that the hindrance coefficient is positively correlated with the CNF content, leading to a strongly non-Fickian behavior of µ = 0.493 when the CNT content is increased to 1%. This behavior can be discerned by the careful observation of Figure 3. As the CNF content is increased to 1%, the initial absorption rate becomes higher than the samples with lower CNF content. However, the absorption rate slows down at later stages, resulting in a lower saturation level. This indicates that the moisture uptake at later stages is mostly driven by the presence of molecular exchange between the diffused moisture and the storage at the CNF interface.



Moisture absorption for another type of CNT/epoxy samples and the model predictions are shown in Figure 4. These samples were conditioned at 98% relative humidity at 20 °C for nearly 10 months [9]. Again, the hindered diffusion model accurately recovered the absorption behavior of both the neat epoxy and the nanocomposite. Since these experiments were carried out longer than those given in Figure 1, Figure 2 and Figure 3, the difference between the absorption behavior of neat epoxy and the 0.5% CNT sample became clearer. As in the previous samples, the rate of initial moisture uptake is lower for the 0.5% CNT sample. However, the neat epoxy saturates faster, reaching the saturation level earlier than the nanocomposite. In contrast, the presence of CNT promotes further moisture intake at later stages, despite an initially lower absorption level. Eventually, the CNT/epoxy samples would absorb more moisture than the neat epoxy, where interfacial bound moisture plays a significant role in this non-Fickian behavior.



Table 3 gives the model parameters for both cases shown in Figure 4. This CNT/epoxy sample exhibits the highest level of non-Fickian behavior, with a hindrance coefficient of 1.15. The neat epoxy, however, shows a modest level of non-Fickian behavior with a hindrance coefficient of 0.256. The CNT/epoxy sample is expected to absorb a high level of moisture, reaching a total weight gain of 3.43% at saturation.



Figure 5 shows the moisture absorption and the model predictions for the samples containing 0.5% graphite nanoplatelets (GnP) compared to the neat epoxy resin used in this case. The nanocomposite samples were immersed in water at 50 °C for almost two years, whereas the epoxy samples were immersed a shorter time, as they seem to have reached saturation earlier [50]. The predictions of the model are observed to be very accurate for both cases over the entire immersion period. The effect of 0.5% graphite nanoplatelets is significant and somewhat similar to those of CNT and CNF given earlier. The lower initial moisture uptake appears again for this nanocomposite, yet the moisture absorption continues further and exceeds that of neat epoxy during the initial stages of the immersion. Since the absorption tests continued much longer than the experiments given for other cases, a higher amount of water absorption and a longer time required for saturation are clearly observed for this nanocomposite.



Figure 6 shows the moisture absorption of the same epoxy system that contains 0.5% carbon black (CB). The immersion experiments for the neat epoxy and carbon black were carried out up to 14 months where the moisture absorption rates seem to have significantly slowed down. The model predictions successfully recover and explain the absorption behavior of the CB/epoxy nanocomposite. More importantly, the CB, similar to GnP, promotes increased moisture uptake. However, unlike GnP, the CB/epoxy sample gives the false impression of approaching the saturation level earlier, shown by the longer plateau region after the initial diffusion-dominant absorption. However, after the long plateau, a considerable secondary absorption rate appears at    t      > 80  . This behavior further corroborates that the carbon/epoxy nanocomposites can become strongly non-Fickian due to nanoparticles, even at very low concentrations. The hindered diffusion model is able to fully explain and mimic the water uptake throughout the entire absorption process.



Table 4 lists the model parameters recovered for the neat epoxy, GnP/epoxy, and CB/epoxy nanocomposites. Both nanocomposites absorb considerably more moisture at saturation, predicted to be 3.17% and 3.47% for GnP and CB, respectively. These values are higher than those CNT and CNFs dispersed in similar epoxy resins. Geometrical factors may explain this difference, where the platelets and carbon black could provide an increased interfacial surface for molecular bonding and moisture storage compared to nanotubes and nanofibers with a high aspect ratio.



The results indicate that each carbon-based nanofiller has a unique effect on the moisture absorption parameters. In general, the addition of carbon-based nanofillers resulted in an increase in the hindrance coefficient in all material systems when compared to the respective neat epoxy. The increasing hindrance coefficient implies that a higher amount of unbound (diffused) moisture becomes bound when the moisture equilibrium is reached. Clearly, a higher hindrance coefficient means the nanocomposite is becoming more non-Fickian, which is also corroborated by the moisture absorption curves.



Further insight can be gained by considering that the carbon-based nanofillers themselves do not absorb moisture. Yet, their presence, even in very low amounts, creates large interfacial spaces within the nanocomposite that can store moisture. Moreover, there could be molecular interaction and bonding between the moisture and the nanofiller, which contributes to the bound moisture levels. Hence, the combination of interfacial moisture storage and molecular bonding may explain the increase in the hindrance coefficient as the additive volume fraction is increased.



Another small but important effect of increasing the nanofiller content is the change in diffusivity of the nanocomposite. The diffusion of water molecules through the nanocomposite is affected by the reduction of the polymer volume due to the nanofillers. Since usually small amounts of nanofillers are mixed with the polymer, a small reduction in diffusivity is expected. One approach in modeling the effect of carbon fillers on the diffusivity of the nanocomposite may be to use a “rule of mixture”, where the bulk polymer diffusivity is reduced proportionally with the additive volume fraction. At this point, there is not sufficient experimental data to test the predictive capability of such micromechanics models, but the results presented here confirm that the hindered diffusion model is able to describe a broad spectrum of highly non-Fickian absorption behavior, often observed in carbon-based nanocomposites.




5. Conclusions


The moisture absorption behavior of several epoxy-based nanocomposites containing different types of carbon, such as carbon nanotubes, carbon nanofibers, graphite nanoplatelets, and carbon black, is investigated using the non-Fickian hindered diffusion model. The moisture absorption data from six different nanocomposites are shown to be accurately described by this theoretical model over the entire absorption time periods.



All neat epoxy parts are shown to be weakly non-Fickian, displaying a small but discernible secondary slope after the initial diffusion-driven absorption. The non-Fickian region becomes more apparent after the quasi-equilibrium plateau and is governed primarily by the exchange between bound and unbound water molecules. As the carbon content is increased, the hindrance effects are shown to become more prevalent, thus delaying the moisture saturation. These effects are observed to be characterized by the nondimensional hindrance coefficient, the ratio of bound to unbound moisture at saturation. The increased level of hindrance indicates that the moisture intake at saturation becomes increasingly bound moisture, which would accumulate at the carbon/epoxy interface. This effect is even more pronounced for nanoparticles with larger surface areas such as graphite nanoplatelets and carbon black, compared to high aspect ratio carbon nanofibers or nanotubes.



It is important to realize that the carbon nanoparticles, even at very low concentrations, act as possible moisture storage sites, promoting delayed but increased moisture uptake later in the absorption cycle. This delayed response may not be observed in experiments that are terminated early due to a lower initial absorption rate, with an extended, intermediate plateau often seen in carbon/epoxy nanocomposites.
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Figure 1. Prediction of the moisture absorption of carbon nanotube (CNT)/epoxy nanocomposites using the one-dimensional hindered diffusion model. Experimental data are from Prolongo et al. [48]. 
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Figure 2. Prediction of the moisture absorption of carbon nanofiber (CNF)/epoxy nanocomposites by the one-dimensional hindered diffusion model. Experimental data are from Prolongo et al. [48]. 
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Figure 3. Prediction of the moisture absorption of CNF/epoxy nanocomposites by the one-dimensional hindered diffusion model. Experimental data are from Saha and Bal [49]. 
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Figure 4. Prediction of the moisture absorption of CNT/epoxy nanocomposites by the one-dimensional hindered diffusion model. Experimental data are from Starkova et al. [9]. 
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Figure 5. Prediction of the moisture absorption of a neat epoxy sample and a graphite nanoplatelets (GnP)/epoxy nanocomposite by the one-dimensional hindered diffusion model. Experimental data are from Starkova et al. [9]. 
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Figure 6. Prediction of the moisture absorption of a neat epoxy and a carbon black (CB)/epoxy nanocomposite by the one-dimensional hindered diffusion model. Experimental data are from Starkova et al. [50]. 
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Table 1. Moisture absorption parameters of carbon nanotube (CNT)/epoxy and carbon nanofiber (CNF)/epoxy nanocomposites.
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	Materials
	     v f     ( wt   % )    
	     D z     (  10  − 3      mm 2  / h )    
	  β   (10−3 h−1)
	  γ   (10−4 h−1)
	μ
	     M ∞     ( wt   % )    





	Epoxy Resin
	0
	5.32
	4.51
	4.51
	0.100
	1.85



	CNT/Epoxy
	0.1
	4.19
	4.51
	6.47
	0.143
	1.42



	CNT/Epoxy
	0.25
	3.70
	4.73
	5.82
	0.123
	1.69



	CNF/Epoxy
	0.25
	5.52
	5.21
	8.97
	0.172
	1.44



	CNF/Epoxy
	1
	5.69
	11.8
	29.5
	0.250
	1.49
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Table 2. Moisture absorption parameters of neat epoxy and CNF/epoxy nanocomposites.
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	Materials
	     v f     ( wt   % )    
	     D z     (  10  − 3      mm 2  / h )    
	  β   (10−3 h−1)
	  γ   (10−4 h−1)
	μ
	     M ∞     ( wt   % )    





	Epoxy Resin
	0
	2.15
	52.5
	0.762
	0.145
	1.25



	CNF/Epoxy
	0.5
	2.10
	0.577
	0.161
	0.279
	0.895



	CNF/Epoxy
	0.75
	1.79
	1.45
	0.497
	0.342
	0.829



	CNF/Epoxy
	1
	7.83
	9.76
	4.81
	0.493
	0.761
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Table 3. Moisture absorption parameters for the neat epoxy and the CNT/epoxy nanocomposite.
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	Materials
	     v f     ( wt   % )    
	     D z     (  10  − 4      mm 2  / h )    
	  β   (10−3 h−1)
	  γ   (10−3 h−1)
	μ
	     M ∞     ( wt   % )    





	Epoxy Resin
	0
	6.37
	3.77
	0.965
	0.256
	2.78



	CNT/Epoxy
	0.5
	7.55
	8.70
	9.99
	1.15
	3.43
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Table 4. Moisture absorption parameters of GnP/epoxy and CB/epoxy nanocomposites.
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	Materials
	     v f     ( wt   % )    
	     D z     (  10  − 3      mm 2  / h )    
	  β   (10−5 h−1)
	  γ   (10−5 h−1)
	μ
	     M ∞     ( wt   % )    





	Epoxy Resin
	0
	4.77
	31.6
	7.60
	0.240
	2.03



	GnP/Epoxy
	0.5
	1.47
	2.41
	0.89
	0.369
	3.17



	CB/Epoxy
	0.5
	4.47
	2.72
	2.20
	0.807
	3.47
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nav.xhtml


  jcs-04-00021


  
    		
      jcs-04-00021
    


  




  





media/file8.jpg
35

3
<25
g
3 2
S
515
E

05

= Neat Epoxy [50]

*  Epoxyl.

— D
L

5% GnP [50]
indered Diffusion Modcl

20 40

L
60 80
VTime (VHours)

100 120






media/file11.png
Moisture Content (wt%)

3.5}

2.5

1.5

0.5F

®m  Neat Epoxy [50]
¢ 0.5% CB/Epoxy [50]

—— 1D Hindered Diffusion Model
I 1 l 1

1 ‘
40 60 80
VTime (vVHours)

I
100






media/file6.jpg
35 T T T T
~25fF
s
 2f
H .
H o
§
t15f
£ 4k
05F ® Neat Epoxy [9]
«  0.5% CNT/Epoxy [9]
—— 1D Hindered Diffusion Model
| | | |
% 20 50 80

40
VTime (VHours)





media/file1.png
Moisture Content (wt%)

2.5

1.5

0.5

&

® Neat Epoxy [48]
A 0.1% CNT/Epoxy (48]
¢ 0.25% CNT/Epoxy [48]
—— 1D Hindered Diffusion Model |
W T

i _
15 20 25
VTime (vVHours)






media/file10.jpg
= Neat Epoxy [50]

. “B/Epoxy [50]
— 1|) Hindered Diffusion Model
L L
20 40 80 BO 100

VTime (VHou






media/file7.png
Moisture Content (wt%)

3.5

2.5

1.5

0.5

1 I |

IIII

IIII

m Neat Epoxy [9]
¢ 0.5% CNT/Epoxy [9]

—— 1D Hindered Diffusion Model A

IIII

20

40 60 80
VTime (vVHours)






media/file9.png
IIII

Moisture Content (wt%)

®m  Neat Epoxy [50]
¢ Epoxy/0.5% GnP [50]

—_— 1D Hmdered D!ffmmn Model
L L I .

20 40 60 80 ‘IOO 120
VTime (v Hours)

Alllj‘

llllll





media/file5.png
Moisture Content (wt%)

1.5

| ! I 1 ) I

' ) W SIS T I | L A T |
m  Neat Epoxy [49]
¢ 0.5% CNF/Epoxy [49]
A 0.75% CNF/Epoxy [49]
- v 1% CNF/Epoxy [49]
— 1D Hindered Diffusion Model

I 1] T T

I L |

0 10 20 30 40

vTime (vVHours)

50

60

70





media/file3.png
Moisture Content (wt%)

2.5

1.5

0.5

L 3 2

®  Neat Epoxy [48]

¢ 0.25% CNF/Epoxy [48]
A 1% CNF/Epoxy|48]

—— 1D Hindered Diffusion Model |

| L L I | | | L l

|

10

15 20
VTime (vVHours)

25






media/file4.jpg
1.5

T T T T
Neat Epoxy [49]
0.5% CNF/Epoxy [49]
0.75% CNF/Epoxy [49]
1% CNF/Epoxy [49]
—— 1D Hindered Diffusion Model

.
-
N

L L T

|
10 20 30 40 50
VTime (VHours)

60 70





media/file0.jpg
25 T T T T T

05k = Neat Epoxy [48]
4 0.1% CNT/Epoxy [48]
«  0.25% CNT/Epoxy [48]
—— 1D Hindered Diffusion Model
0 s L . L .
0 5 10 15 20 25

VTime (VHours)





media/file2.jpg
Moisture Content (wt%)

25

15

05

® Neat Epoxy [48]
* 0.25% CNF/Epoxy [48]
A 1% CNF/Epoxy[48]
—— 1D Hindered Diffusion Model
| L L

L
10 15 20 25
VTime (VHours)






