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Abstract

:

Polyethylene terephthalate (PET) is one of the most used polymeric substances in production of packaging materials, fibers, textiles, coatings, and engineering materials. This paper elucidates the transport parameters of hydrogen gas through a PET membrane, which was selected to be a sufficiently permeable substrate for setting up an empirical strategy that aims at developing hydrogen barrier coatings. An examination of the structural degradation of PET by prolonged hydrogen exposure was performed. Hydrogen permeation tests were performed on a PET membrane with a thickness of 50 μm. To investigate the behavior of the material by prolonged hydrogen treatment, hydrogen-exposure experiments were carried out at a certain hydrogen pressure and time. Comparisons of the mechanical properties of the material were documented both before and after hydrogen exposure. A strong impact of comparatively transient hydrogen exposure on the mechanical and hydrogen transport properties of PET was observed. After 72 h of hydrogen exposure at 103 hPa and 300 K, the tensile strength decreased by 19%, the diffusion coefficients more than doubled, and material fracture behavior changed from ductile to distinctly brittle. This underlines the importance of developing effective hydrogen barrier coatings in case PET tubing is intended for use in hydrogen transport or storage.
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1. Introduction


Today, in various industries, polymeric materials, known for their cost-effectiveness and versatile properties, have become ubiquitous. The hydrogen industry also identified interesting properties and already incorporated polymer-based coatings and pipelines crafted from these material class [1,2,3,4,5]. The hydrogen embrittlement in metallic materials is well recognized for its potential to cause issues, including corrosion, fractures, and safety-related concerns [6,7,8]. From this perspective the use of polymeric materials and barrier coatings can significantly reduce the risks associated with the structure degradation of materials, reduce costs and weight, and avoid the loss of hydrogen as fuel [9,10,11]. In contrast to metallic materials, this distinction arises from the physisorption of hydrogen in polymers and the absence of chemical interactions between hydrogen and the polymer matrix. However, during the prolongated permeation of hydrogen in polymeric materials (spec. at high pressures in hydrogen pipelines, tanks, and storage), there is a risk for the structural degradation of material caused by fatigue fracture [12]. Exemplarily, when designing tanks for storing media, e.g., vertical non-pressurized tanks made of thermoplastics for hydrogen storage, the effect of the stored medium on the polymer needs to be considered and reduction factors for characteristic mechanical properties are to be assessed [13]. All such phenomena increasingly emphasize the importance of barrier coatings in preventing the structural degradation of materials exposed to hydrogen.



Recently, different approaches for developing hydrogen barrier coatings have been presented [14,15]. Some approaches involve using carbides and silicates as protective coatings to reduce permeation, while others rely on oxide and metal coatings [16,17,18,19,20]. The choice of approach depends on the substrate and its stability with respect to the coating process. In general, metal and oxide barrier coatings exhibit lower transport properties compared to polymer materials. This is expected from the dissociation process of hydrogen molecules on metal surfaces and the diffusion in ionic or atomic form through the denser metal crystal lattice. Polymer materials exhibit more internal cavities, and a larger free volume is required for particle diffusion within the material. However, the development of hydrogen permeation barrier coatings using polymer-based materials may have several advantages such as a relatively easy coating process and the avoidance of high temperatures, compared with metal and oxide coatings. Such gas permeation barrier coatings based solely on polymeric materials for permeation resistance have already been successfully developed, e.g., Yang and al. reported the development of polymeric gas barrier films utilizing polyethylenimine (PEI) and polyacrylic acid (PAA) crosslinking [21]. This approach significantly reduces the material internal volume available for gas molecule permeation, effectively slowing oxygen permeation by several orders of magnitude. The development of gas barrier coatings based on PEI and modified graphene oxide (GO), as reported by Li, is also noteworthy [22]. We infer that durable barrier coatings may boost the use of polymeric materials in hydrogen technology, and we suggest that understanding hydrogen transport through polymers will support a targeted development of barrier coatings. The permeation through solid material sheets involves three stages: adsorption of the permeant on the contact surface, diffusion through the bulk material, and final desorption of the permeant on the opposite surface. When permeating through polymers, the gas saturates the material, penetrating the cavities and free spaces between the polymer chains, causing local structure changes. Repeated treatments result in an escalating degree of cracks and structural damages, leading to the formation of voids (“blisters”) in the polymer matrix, exhibiting various geometric shapes [23,24,25,26]. The degradation of the polymer structure itself under the influence of various factors is an undesirable process and typical for rubber seals and O-rings in diverse gas storage equipment [23].



A more detailed assessment of the gas diffusion process within the polymer matrix reveals that diffusion is not reliant on the gas pressure at the contact surface of the membrane but is influenced by the size and nature of the diffusing particles, the materials’ porosity, and the geometry of these pores (tortuosity). Sorption is an intrinsic material property also influenced by the presence of free volume between molecular chains. The semi-crystalline polymers exhibit superior barrier properties compared to amorphous polymers due to their non-absorbing crystalline phase [24,25,26]. However, the structural organization, the orientation of molecular chains within the material and at the adsorbing surface, plays a significant role in sorption properties as well. Nevertheless, the significant influencing factor is not merely the absence of diffusant sorption by polymer crystallites but rather the semi-crystalline morphology. The presence of crystalline sites within the material increases the tortuosity, thereby impending diffusion, influencing the sorption, and resulting in a heterogeneous distribution of the diffusant throughout the material [27,28]. Hydrogen usually has a higher diffusion and permeation coefficient compared to other gases, due to its small size, minor polarizability, and the absence of a dipole moment, which implies a lower accumulation potential in the material. However, the degradation of the polymer structure after hydrogen treatment is observed [19,20,21,22,23,24,25,26,27,28,29,30,31,32]. Models for predicting and characterizing these kinds of structural degradations are based mainly on theoretical concepts, molecular dynamics simulations, and several assumptions [33,34,35]. In essence, they elucidate the degradation of the polymer structure subjected to mechanical stress and strain elongation, use a mathematical idealization of the crack propagation geometry, as well as an empirical relationship between deformation and internal structural stress in the material.



This study is dedicated to examining the practical degradation of a PET structure induced by hydrogen exposure, with a primary emphasis on alterations in transport parameters resulting from structural modifications. A sample of semi-crystalline PET, known for its enhanced barrier properties, was utilized to examine the material’s behavior during hydrogen exposure and permeation. A key consideration in characterizing materials for the hydrogen industry includes transport parameters and structural stability. The work presented here is part of the authors’ strategy that aims to develop hydrogen barrier layers for versatile (substrate) materials. Thin PET membranes were selected as reference substrates that were expected to be permeable for hydrogen and allow an assessment of the hydrogen permeability with measurements over a few hours of time and facilitate revealing and differentiating the effects of distinct optimal barrier coatings in an empirical screening approach. In industrial applications, the thickness of polymer materials, such as in pipe walls, liners, or coatings, is notably greater than the thickness of specimen discussed in this paper. However, the extended service life at relatively high pressures is a characteristic of materials intended for industrial use. Thus, comprehending and assessing the degradation processes of polymeric material structure during prolonged hydrogen permeation holds paramount significance for achieving the defined objectives.




2. Materials and Methods


2.1. Material


A PET membrane (Bleher Folientechnik GmbH, (UST Umweltsensortechnik GmbH, Geratal, Germany) with a thickness of 50 μm was used for the experiments.




2.2. Hydrogen Permeation Measurement


The first methods for the practical determination of transport parameters by transmembrane gas transport were reported by Daynes and Barrer [36,37]. Over time, several methods based on adsorption and further diffusion of gas through the polymeric materials have been proposed and described [38,39,40,41,42,43,44,45]. Typically, in such experiments, a permeation cell is used, which provides a gradient of chemical potential on different surfaces of the specimen. Permeation proceeds by a solution–diffusion mechanism, and diffusion occurs in the direction opposite to the concentration gradient. Transport parameters—permeation coefficient, diffusion coefficient, and solubility constant—can be calculated based on the behavior of permeation. Experiments on hydrogen permeation through the studied materials were carried out using a permeation cell (Figure 1) equipped with a high-resolution hydrogen sensor (UST Umweltsensorik GmbH). The permeation cell was split into two chambers by the test specimen, where the permeant hydrogen gas (CANgas hydrogen 99.999%, Messer SE & Co. KGaA, Bad Soden am Taunus, Germany) flowed from the first chamber, a reservoir, with a constant partial pressure into the second chamber, the acceptor, from where it was removed by constant degassing through purging lines. This provided a gradient of chemical potential on different surfaces of specimens and a certain concentration profile of permeated hydrogen in the acceptor chamber, due to the controlled hydrogen permeation flux and acceptor degassing. The concentration profile in the acceptor allowed us to directly determine the permeation rate. Since the thickness of the specimen (50 μm) was significantly small compared to the permeation area (6.28 cm2), the transverse permeation of hydrogen was neglected. When the test specimen was fully saturated with a permeant, a steady-state diffusion profile was established, and the flux of gas passing through the specimen was equalized. To model hydrogen permeation, the resulting differential curve of the flux was converted into an integral curve, showing the change in the total amount of gas permeated through the specimen in a time unit. The initial conditions determined the zero concentration of hydrogen (C0) at the interface between the specimen surfaces at the start of the experiment, the change in the concentration of hydrogen due to the experiment, and the establishment of an equilibrium concentration (C∞) during prolonged permeation. At a certain pressure, the dependence of the equilibrium gas concentration in the test specimen was assumed to follow Henry’s law [46]:


  S =      C   ∞     p       



(1)




where S represents the ambient pressure solubility, and p is the partial pressure of permeants in contact with one of the specimen surfaces. Considering the one-dimensional gas diffusion through the polymer membrane, the change in the concentration of the diffusant in the polymer matrix could be expressed in terms of Fick’s second law [46]:


     ∂ C ( x ,   t )   ∂ t    = D      ∂   2   C ( x ,   t )   ∂   x   2               



(2)







The solution of this partial differential equation of diffusion, proposed by Crank for the concentration profile evaluation can be written in the following form [47]:


  C ( t ) =   C   ∞     1 −    8     π   2        ∑  n = 1   ∞       1   ( 2 n − 1 )    e x p     − ( 2 n − 1 )   2     π   2      D t     l   2               



(3)




where D and l represent the diffusion coefficient and specimen thickness, respectively, and n is an integer from one to infinity. The evaluation of the concentration profile allowed the formulation of the gas flux as well, using Fick’s first law [42]:


  J ( t ) = − A D    ∂ C ( x ,   t )   ∂ x      |   x = l   ,                                         J   ∞   =    A D   C   ∞     l         



(4)




where A is a permeation area. By rearranging the variables, a general relation for the flux evaluation from the specimen over time could be written in the following form [42,43]:


  F ( u ) =    J ( t )     J   ∞      = 1 + 2   ∑  n = 1   ∞      ( − 1 )   n   e x p   −   n   2     π   2   u        



(5)




where u = Dt/l2. The flux curve by non-steady-state diffusion has a typically asymmetrical sigmoidal shape, which is caused by the time-oriented achievement of saturation (or equilibrium concentration of diffusant) in the specimen. In the case of non-steady-state diffusion, the estimation of transport parameters can be achieved through several methodologies, including the finite-element method, conversion to a functional scale, and further analysis of breakthrough curves, and the application of the Einstein–Smoluchowski equation for the integral curve of permeation [42,47,48]:


  D =      l   2     6   t   l a g       



(6)




where tlag represents the “lag-time”. When the steady-state diffusion is established, a constant flux of permeant J∞ is reached, from which the permeation coefficient can be calculated [42,49]:


  P =    ∆ m   l   A   p   ∆ t    =      C   ∞     p    D = S   D        



(7)




where Δm expresses the total amount of gas permeated through the membrane in a unit of time Δt (Δt = t − tlag). The resulting parameters of the equilibrium concentration and solubility constant can be calculated from Equation (7).




2.3. Hydrogen Exposure Repetitions


To perform the hydrogen exposure repetitions on the test specimen, five cycles (12 h, 24 h, 36 h, 48 h, 72 h) of exposure in 99.999% hydrogen (CAN Messer® AG Schweiz, Lenzburg, Switzerland) were carried out at a partial pressure of 0.1 MPa and a temperature 300 K. Each cycle lasted twelve hours. After each cycle, we waited 24 h at atmospheric pressure for the complete degasification of the sample and equipment. After complete degassing, hydrogen permeation experiments were performed to re-determine the transport parameters.




2.4. Scanning Electron Microscopy


Scanning electron microscopy was carried out on a Helios Nanolab 600 machine (Thermo Fisher Scientific, Eindhoven, The Netherlands) with a resolution of about 1 nm. Prior to imaging, about 5 nm of Iridium was sputtered onto the sample surfaces to prevent charging. In addition, all images were acquired at 10 kV using a concentric back-scattered (CBS) detector to rule out any charging artefacts in the images.




2.5. Mechanical Analysis


The mechanical characterization of test specimens was performed via a Modular Force Stage (Linkam Scientific Instruments, Salfords, UK) at room temperature and a strain rate of 2 mm/min. The experiments utilized a flat sample with a rectangular geometry, featuring a length of 40 mm and a width of 10 mm.




2.6. ATR-FTIR Analysis


The experiments of infrared spectroscopy were carried out on Bruker Alpha II Platinum ATR Spectrometer, a diamond crystal with a reflection of 1, 32 scans, and a 2 cm−1 spectral resolution.




2.7. DSC Analysis


DSC measurements were performed using DSC Discovery (TA Instruments, New Castle, DE, USA). According to DIN EN ISO 11357-3 [50], two heating experiments were carried out with initial and exposed PET specimens. In increments of 10 K/min, the samples were heated from 323 to 573 K, isothermally maintained for 5 min at 573 K. After reverse cooling (10 K/min) and 5 min of exposure at 323 K, they were heated again at a rate of 10 K/min up to 573 K. In line with ISO 11357-3, a secondary heating procedure was employed to assess and quantify the heat capacity and crystallinity calculation.





3. Results and Discussion


To process the results of the permeation experiment, the results were normalized, and the original function u was determined using the scientific computation library (SciPy) in python by a 1D interpolation of the initial F(u) function. After the determination of the values of the u function, the curve was fitted using the linear least-squares method for functional scale (Figure 2a). The evaluated new values of u (fitting results) were used in the reconstruction of the normalized flux function (Figure 2b) as a functional scale for the Fourier form (Equation (5)). By performing a reverse denormalization of the reconstructed permeation curve, optimized differential curves for initial and exposed PET specimens were compiled (Figure 2d). Further, to determine the diffusion coefficient and solubility constant, the permeation curve was integrated, and subsequently, the time-lag method was applied on the integral curve (Figure 2c). The graph differential curve of hydrogen permeation exhibited an asymmetric sigmoid shape, suggesting a gradual saturation of the test specimen with hydrogen and the stabilization of the gas flow at the membrane outlet. The graph for the untreated PET specimen indicated that permeation reached a steady state around 3 × 103 s. The integral curve graph depicts the overall diffusant quantity that traversed the specimen in the experiment, along with the asymptotic line indicating a steady-state diffusion phase, used for determining the diffusion coefficient. The transport parameters calculated according to the expressions given in the experimental section are listed in Table 1. The lower graph in Figure 2c illustrates a notable alteration in permeation behavior upon varying the exposure of the test sample to hydrogen. It is worth mentioning that the saturation time of the specimen with hydrogen and the stabilization of the diffusant flux at the outlet membrane surface underwent changes. Longer sample exposure to hydrogen resulted in earlier saturation and transition to a steady-state diffusion. Also, the transition to the steady-state diffusion phase with prolonged exposure revealed a relatively smooth hydrogen flux curve. Moreover, the mathematical expressions derived from Fick’s laws in the experimental section employ an approach based on the phenomenological thermodynamics of irreversible processes. This method treats diffusion and transport as external phenomena, allows the determination of the diffusion coefficient in the space direction and time but disregards atomic processes and particle diffusion geometry [51,52]. Yet, as previously stated, diffusion is contingent upon the size of the diffusing particle, the material’s porosity, and the geometric characteristics of the pores and cavities facilitating the diffusion process. In line with this, a decrease in the size of pores and cavities within the material corresponds to increased storage potential (solubility) and decreased diffusion rate. Conversely, larger cavities within the material result in higher particle diffusion rates and reduced storage potential. To provide a more detailed explanation of this dependency, one can refer to Knudsen’s description of diffusion as an alternative [53,54]:


    D   m   =    θ   τ      D   p   =    θ   τ    r    2   3        8 R T   π M      



(8)




where Dm represents the diffusion coefficient in the medium, Dp the diffusion coefficient in pores, ϴ the porosity, τ the tortuosity, r the pore radius, and M the molar mass of the diffusant. The challenge in this methodology stems from the intricacy of accurately determining the complex geometry of pores or cavities within the material, which have irregular structures and cannot be described by simplified models. However, the empirical description suggests a direct relationship between the diffusion coefficient and escalating porosity of the material, as well as the adoption of a simplified pore geometry. The calculated transport parameters of hydrogen for PET membrane before and after exposure in Table 1 show an increase in the diffusion coefficient and a decrease in the solubility constant with prolonged hydrogen exposure. This outcome is interpreted to stem from an augmentation in material cavities following exposure, leading to a diminished accumulation potential. Consequently, the diffusant exhibits accelerated movement within the polymer matrix, against the concentration gradient. In our case, the permeation process could be conceptually classified into three stages: diffusion from the reservoir into the sample, internal diffusion within the sample from the contact surface to the opposite outlet surface, and diffusion from the outlet surface into the acceptor. In the assessment of transport parameters using Fick’s and Henry laws, the determination of the solubility constant relies on establishing the diffusant’s equilibrium concentration within the material, achieved after saturation at a specified partial pressure (initiating stationary diffusion through the material). Here, the equilibrium concentration (C∞) denotes the equilibrium between inflowing and outflowing diffusant within the test sample. While the material’s diffusion coefficient increases, less diffusant is retained, consequently lowering the equilibrium concentration in the sample. This, in turn, leads to a decrease in the effective solubility constant, as determined by the diffusant’s equilibrium concentration during the diffusion process.



Significant changes were also observed in the behavior of the material during tensile stretching experiments (Figure 3). For the reproductive analysis of changes in mechanical properties, four analyses were performed (two initial samples and two samples after hydrogen exposure). After hydrogen exposure, the material showed a relative decrease in mechanical properties—Young’s modulus and ultimate tensile strength (Table 2). A decrease in the Young’s modulus and ultimate tensile strength indicated the structural degradation of the material after hydrogen exposure. While the formation of visible voids and “blisters” following hydrogen exposure did not occur, notable differences were observed via electron scanning microscopy of the material fracture regions by tensile strength. The fracture edges of both the initial PET sample and after 72 h of hydrogen exposure were primarily oriented either parallel or perpendicular to the tensile direction at the ultimate tensile strength. However, the stronger offset of neighboring perpendicular edges in the tensile direction (exemplified by blue arrows in Figure 4a,d) and the more frayed local arrangement of the fracture area in the thickness direction of the foil (exemplified by green circles in Figure 4a,d) differentiated the fracture image of the initial PET specimen from the exposed one. As is known, when mechanical stress is applied to a polymeric material, the ductile fracture can be caused by the ultimate tensile stress from the outer surface or an internal defect of the material. In that case, the ridges are usually directed at an angle to the fault surfaces, and with a rapid crack propagation, bulges or stretched films are formed. In the case of a brittle fracture of the polymer, due to the heterogeneity of the material, the rupture occurs in multiple areas, which are reunited later along the failure. As a result of the relatively low-tension stress and the brittle nature of the failure in areas with a structure irregularity, so called ladder-shaped patterns are formed [55]. Figure 4 presents scanning electron microscope images of the PET specimens’ fracture regions after the tensile strength experiments, both before and after hydrogen exposure. The images of the initial PET sample (Figure 4a–c) clearly show the ductile nature of the fracture, in which the material shows typical ridges and stretched films, whereas the sample after hydrogen exposure shows a more pronounced brittle fracture and typical ladder-shaped patterns (Figure 4d–f). There is also a significant difference in the structure of the sample surfaces before and after hydrogen exposure in the regions of rupture. The surface of the PET sample without hydrogen exposure in the regions of rupture is smooth, whereas the sample exposed to hydrogen shows a predominant roughness and fractures on its surface. Notably, such surface differences are evident only in the regions of rupture of the specimen following the tensile strength. The main factor influencing the nature of the rupture is the temperature effect, since plastic materials express brittle properties at low temperatures, but in the absence of a temperature difference in tensile strength experiment, the ductile–brittle transition in the rupture of the polymer can occur due to the structural alterations in material [56,57,58,59].



For a comprehensive understanding of structure degradation mechanisms, it is essential to highlight the nature of the PET structure. PET exhibits a linear, unbranched polar molecular configuration, facilitating robust intermolecular interactions among its constituent groups, thereby fostering the formation of a semi-crystalline macrostructure. For technical applications, PET materials with diverse crystallization levels are viable, with even highly amorphous PET (as in our case) potentially containing trace amounts of crystalline regions. The macrostructure of PET is primarily governed by dipole–dipole interactions among ester groups and π–π interactions among benzene moieties. While the molecular chains of the polymer can traverse both crystalline and amorphous regions, the terminals of these chains predominantly accumulate within the mobile amorphous domains. The PET structure incorporates ethylene glycol segments existing in two conformations: trans and gauche. Simultaneously, the gauche conformation induces an increased entanglement and disorder among molecular chains, attributed to additional interactions. S. J. M. Van Den Heuvel et al. reported a conformational transition from gauche to trans in PET yarns observed during mechanical stretching [60]. There is also a tendency toward the crystallization of amorphous PET induced by mechanical stretching between glass transition and melting temperatures [61,62]. These interactions and resulting structural characteristics play a crucial role in determining the mechanical properties of the material. Two methods, IR spectroscopy and DSC analysis, were chosen to study this kind of structural features caused by hydrogen exposure in PET. For a comprehensive analysis, three FTIR analyses were carried out for each sample, both before and after exposure to hydrogen (Figure 5a). To determine the content of certain conformations, the intensities defining these conformations were used [63,64,65]. As can be seen from Figure 5a, it is evident that there was no discernible pattern of intensities change within the specified conformations, nor was there any significant increase in the content of one conformation accompanied by a decrease in another following exposure to hydrogen compared to the initial sample. Here, it is necessary to highlight that the ATR-FTIR experiments were performed within a randomly chosen region of the sample surfaces, both before and after hydrogen exposure. While certain alterations in the peaks assigned to the C-H wagging vibrations of trans and gauche conformations were observable (1370 cm−1 and 1386 cm−1), deriving a definitive conclusion regarding conformational changes throughout the sample volume based on these ATR-FTIR experiments is unattainable. For a more detailed study of changes in crystallinity, DSC analyses of the initial sample and the sample after hydrogen exposure were performed. The following expression was used to determine the degree of crystallinity [63]:


    X   c   =    ∆   H   m     ∆   H   m   0      · 100 %    



(9)




where Xc is the weight fraction extent of crystallinity, ΔHm is the specific melting enthalpy, and ΔHm0 is the empirically calculated specific enthalpy of fusion of the theoretically 100% crystalline polymer. The calculated crystallinity degrees of the initial PET membrane and after hydrogen exposure are given in Table 3. To determine the specific enthalpy of melting according to the standard mentioned in the experimental section, the integral peak area of the heat flow rate at the melting temperature with a given basis line was used. The DSC study did not show any significant changes in the crystalline part of the sample before and after hydrogen exposure. Typically, a higher crystalline part content in a material leads to an increased ultimate tensile strength, due to the presence of additional interactions between molecular segments and oriented structure, which requires more energy to rupture [66,67]. In this case, as with the FTIR experiments, randomly selected regions of the material were used for the calorimetric analysis, before and after hydrogen exposure. Since the amorphous content prevailed in material, the heterogeneity of the material structure across different regions could not be excluded.



Alterations in the material’s behavior under mechanical stress following the hydrogen exposure signified changes in its structural features. When examining the stress–strain curve of the test specimen, observable alterations became apparent at yield strength points and in plastic deformation regions. The emergence of localized voids in the material upon gas decompression impacted on its resilience and elasticity. Apparently, material saturation with a diffusant during hydrogen exposure triggered the uncoiling of molecular chains, facilitating the merging of resultant cavities, and inducing disruptions in the material’s structural integrity and local density. For a comprehensive understanding of the ongoing changes occurring in the structure, one can refer to the three-phase model of the PET structure (Figure 6a). According to the three-phase model, the physical structure of PET consists of a crystalline (CF), a rigid amorphous (RAF), and a mobile amorphous fraction (MAF) [69,70]. The content of mobile and rigid amorphous fractions in PET may vary depending on the material. Thus, Menczel determined a 45%/18% ratio of mobile and rigid amorphous fractions, and Arnoult 75%/17% in PET—defined as amorphous [71,72]. In this work, no studies were performed to determine the ratio between the mobile and rigid fractions of amorphous phase, since this was not the purpose of this work. As noted in the introduction part, the presence of crystallites within the polymer matrix enhances sorption capabilities due to the semi-crystalline morphology of the polymer and changes in the tortuosity compared to a confined amorphous material. The mobile fraction of the amorphous phase implies a highly chaotic arrangement of the terminals of polymer chains, the absence of any ordered structure, and, accordingly, a higher mobility of segments in the region. Additionally, it is worth considering the structural orientation of PET molecular chains in the amorphous regions, which is established during the material’s manufacturing process at a specific temperature. In gas permeation through a membrane, the driving force for diffusion is the chemical potential gradient, signifying a concentration gradient. A higher elevated concentration gradient corresponds to an increased diffusion rate. In initial experiments without hydrogen exposure, the equilibrium concentration of the diffusant in the sample was relatively high (Figure 6b), resulting in a comparatively lower difference in hydrogen concentration between the saturated sample and the reservoir (with a constant hydrogen partial pressure). This lower concentration difference correlated with a reduced diffusion coefficient, especially from the reservoir to the sample. In that case, the polymer’s molecular chains acted as a barrier, impending hydrogen diffusion and maintaining a high equilibrium concentration. Upon hydrogen exposure, we noticed a deterioration in the mechanical properties, an increase in the diffusion coefficient, a decrease in the equilibrium concentration of the diffusant in the polymer matrix, which indicated a faster transport of hydrogen through the material. It is likely that changes in the diffusion coefficient and equilibriums’ concentration (solubility constant) without changes in the crystalline phase of the material may indicate the process of a morphological perturbation, occurring specifically in the amorphous regions as a result of hydrogen sorption by exposure and permeation processes (Figure 6c). Hydrogen sorption may allow the overcoming of energy barriers in the physical polymer network of oriented PET and promote the mobility of chain segments, contributing to relaxation and an increase in conformational entropy, e.g., following a Rouse-like relaxation of chain segments as suggested by Oultache et al. for thermally induced mobility changes in chain segments in extended PET specimens [73]. In this context, molecular simulation studies are essential for a deeper understanding of sorption processes and morphological perturbation [74,75,76]. We suppose that this type of relaxation may microscopically lead to conformational changes, influence physical interactions between neighboring macromolecule segments, which macroscopically result in alterations in the transport and mechanical properties of the polymer. The permeation coefficient exhibited a rise corresponding to the product of the diffusion coefficient and solubility. When comparing the diffusion coefficient experimentally calculated for the initial sample and the sample after 72 h of hydrogen exposure, a notable increase in the diffusion coefficient by more than twofold was observed (Figure 6d). By combining Knudsen’s diffusion definition with the effective hydrogen diffusion coefficient experimentally defined for PET after 72 h of hydrogen exposure, it was assumed that an increase in the porosity of the material was equivalent to an increase in the diffusion coefficient. For achieving an in-depth understanding of the effects of hydrogen exposure on the structural/macromolecular arrangement, physical and conformational changes in the PET material, hydrogen exposure for significantly more than 72 h appears to be recommendable in order to potentially even further increase the magnitude of the observed changes in the diffusion coefficient and the solubility constant that were still ongoing between 48 and 72 h of exposure (Table 1). However, aiming at developing a material platform for the empirical design of barrier coatings, we expected to gather pathbreaking insights already within a few hours of hydrogen exposure, exemplarily when measuring permeation graphs (Figure 2) and observing the changed inset times of hydrogen flux as compared to uncoated specimens of PET membranes. In addition, as previously mentioned, composite and polymer materials are currently used in the construction of third- and fourth-generation hydrogen tanks [31]. In this context, PET can be evaluated as a cost-effective barrier coating substrate, capable of incorporating various pigments, nano-flakes, and other structures to enhance hydrogen permeation resistance.



Summarizing the results of our analyses before and after hydrogen exposure, the following changes in the PET specimen can be highlighted: an increase in the diffusion coefficient and a decrease in the equilibrium concentration of hydrogen during the permeation. There was also a change in the mechanical properties and rupture behavior of the material during the tensile strength experiments. The material exhibited altered mechanical properties characterized by a reduction in ultimate tensile strength following exposure to hydrogen. The SEM analysis clearly revealed significant changes in fracture behavior from the ductile to the brittle fracture after hydrogen exposure. The results of these studies indicated the degradation of the physical structure of PET after hydrogen exposure in the amorphous phase of the material. This in turn led to a decrease in mechanical properties and a change in the parameters of hydrogen transport through PET.




4. Conclusions


To investigate the degradation of the PET structure after hydrogen exposure and gas decompression, experiments involving hydrogen permeation, ATR-FTIR, DSC, and mechanical stretching were performed. The results of hydrogen permeation experiments revealed significant alterations in both the diffusion coefficient and solubility constant, suggesting an increase in cavities and pores within the material. Experiments on the mechanical stretching of the PET specimen showed a decrease in the modulus of elasticity and ultimate tensile strength after hydrogen exposure, in contrast to the original material. Scanning electron microscopy revealed noticeable differences in the nature of the material’s rupture in samples before and after hydrogen exposure as well. Thus, the initial sample (without hydrogen exposure) showed a ductile nature of the material fracture, whereas the sample after hydrogen exposure shows the brittle nature of the fracture at the ultimate tensile strength.



No special changes were observed in the FTIR and DSC analyses of the samples before and after hydrogen exposure. This can be explained by the localized specificity of these methods, which characterize only specific small regions of the material, where in turn, structural heterogeneities cannot be entirely excluded. These methods indicate changes in the crystallinity of the material, which represents only a small portion of the crystalline phase. Additionally, the crystalline phase itself does not absorb hydrogen; instead, hydrogen sorption and permeation occur through the material’s amorphous phase.



The experimental findings demonstrated significant alterations in the material’s properties attributed to structural modifications, with a focus on structural degradation induced by extended exposure to hydrogen. Despite performing the experiments using a relatively thin specimen, which may expedite earlier structural changes, the hydrogen exposure was also carried out at a relatively low pressure. We found a significant and readily measurable hydrogen permeability for PET membranes. Surprisingly, we found a strong impact of rather mild and short-term hydrogen contact on the mechanical and hydrogen permeation properties of PET. We discussed our findings in the context of available literature. As we expect a suitable barrier layer to decrease hydrogen flow by several orders of magnitude, we consider the selected PET membranes a reasonable reference substrate for our further developments.
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Figure 1. Schematic representation of the differential method of hydrogen permeability measurement. 
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Figure 2. The permeation graphs of hydrogen through a PET membrane: (a) functional curve of interpolated u values (u = Dt/l2, as detailed in the text), calculated for experimental data of the initial PET (not exposed) and fitting results for u by the linear least-squares method; (b) normalized experimental data of hydrogen permeation of the initial PET sample (differential curve) and Fourier reconstruction of the permeation curve using the fitting results of the functional curve u; (c) integral curve of permeated hydrogen amount through the initial PET sample, (d) experimental and reconstructed permeation curves of hydrogen through the initial PET sample and after hydrogen exposure. 






Figure 2. The permeation graphs of hydrogen through a PET membrane: (a) functional curve of interpolated u values (u = Dt/l2, as detailed in the text), calculated for experimental data of the initial PET (not exposed) and fitting results for u by the linear least-squares method; (b) normalized experimental data of hydrogen permeation of the initial PET sample (differential curve) and Fourier reconstruction of the permeation curve using the fitting results of the functional curve u; (c) integral curve of permeated hydrogen amount through the initial PET sample, (d) experimental and reconstructed permeation curves of hydrogen through the initial PET sample and after hydrogen exposure.



[image: Energies 17 06478 g002]







[image: Energies 17 06478 g003] 





Figure 3. Stress–strain curve of initial PET specimen and after 72 h hydrogen exposure. 
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Figure 4. Specimen fracture surface SEM micrographs (fracture edge and 1000× magnification) of PET after tension tests: initial (a–c) and after hydrogen exposure (d–f). 
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Figure 5. ATR-FTIR spectra of initial PET specimen and after 72 h hydrogen exposure (a); DSC curves of initial PET specimen and after 72 h hydrogen exposure (b). 
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Figure 6. Physical structure or PET (a) and illustration of the effect of polymer structure degradation on the diffusion of hydrogen through the specimen. A structure with a preliminary orientation of chains, segments, and diffusant flux passing through the amorphous phase of the polymer (b); the modified structure of the amorphous phase, which, as result of changes, provides a faster local diffusant flux and lower equilibrium concentration (c); graphical representation illustrating the change in the diffusion coefficient with respect to hydrogen exposure time (d). 
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Table 1. Hydrogen transport parameters of the PET membrane before and after hydrogen exposure.
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	Exposure Time/h
	Exposure Temperature/K
	Exposure Pressure/Pa
	Permeation Experiment Pressure/Pa
	Diffusion Coefficient/m2/s
	Permeation Coefficient/mol/m s Pa
	Solubility Constant/mol/m3 Pa





	0
	300
	105
	104
	3.145 × 10−13
	4.097 × 10−13
	1.199



	12
	300
	105
	104
	4.301 × 10−13
	4.178 × 10−13
	0.971



	24
	300
	105
	104
	5.009 × 10−13
	4.149 × 10−13
	0.828



	36
	300
	105
	104
	5.141 × 10−13
	4.153 × 10−13
	0.807



	48
	300
	105
	104
	5.844 × 10−13
	4.175 × 10−13
	0.714



	72
	300
	105
	104
	7.218 × 10−13
	4.181 × 10−13
	0.579










 





Table 2. Mechanical properties of the PET membrane before and after hydrogen exposure.
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	Specimen
	Young Modulus/Pa
	Ultimate Tensile Strength/Pa
	Reference





	Initial
	1.84 × 109
	70.41 × 106
	This work



	Initial (2)
	1.99 × 109
	66.41 × 106
	This work



	72 h
	1.59 × 109
	53.97 × 106
	This work



	72 h (2)
	1.69 × 109
	57.57 × 106
	This work



	PET
	2.16 × 109
	60.1 × 106
	[56]










 





Table 3. Calculated crystallinity degrees of PET specimen before and after 72 h hydrogen exposure.
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	Specimen
	ΔHm/J/g
	XC/%
	Reference





	Initial
	40.18
	27.7
	this work



	Initial (2)
	36.27
	25.0
	this work



	72 h
	37.5
	25.9
	this work



	72 h (2)
	36.36
	25.1
	this work



	PET
	145
	100
	[68]
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