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Abstract

:

The objective of this study is to investigate the effect of long-term static bending on the encapsulation properties of a commercial barrier thin film for flexible optoelectronic devices. Encapsulation properties of the barrier film are evaluated under long-term static bending at various radii of curvature. Experimental results reveal that no significantly detrimental effect on the water vapor transmission rate (WVTR) at 40 °C and 90% RH is found for compressive bending up to 1000 h and for tensile bending up to 100 h with a radius of curvature of 5 mm or larger. However, WVTR of the barrier thin film is significantly increased and cracks are found in the barrier film when subjected to tensile bending of a radius of 10 mm or 5 mm for 1000 h. The expected WVTR of the given barrier thin film is numerically computed using a three-dimensional (3D) finite element model. Numerical results indicate that, with the presence of cracks in the barrier thin film, the WVTR increases for an apparent increase in moisture entrances. The WVTR calculated by the 3D cracking model concurs with the experimental results.
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1. Introduction


To satisfy the need for flexibility in certain applications, flexible and printable electronics have extensively been studied and developed [1]. It has become a promising subject which has attracted more attention and gained significant advances recently. Flexible devices have many advantages, such as good flexibility and impact resistance, light weight, low production cost, low energy consumption, and mass production by roll to roll process [1]. Materials for flexible optoelectronic devices are generally different from traditional electronic materials. Most commonly used flexible optoelectronic materials are organic semiconductors. They have good ductility and flexible characteristics which plays a major role in flexible optoelectronics [1]. However, functional failures of these organic semiconductors are a main challenge in development of the flexible optoelectronic technology, which is in need of consideration.



Organic semiconductor components have been developed and studied in recent years [2,3,4,5,6,7,8,9]. Organic light emitting diode (OLED) and organic photovoltaic (OPV) devices are made on glass substrates or metal substrates which have excellent moisture-blocking ability in commercial products. Organic devices are not stable in the ambient environment. As organic semiconductors are easily degraded by moisture and oxygen, the requirements of water vapor transmission rate (WVTR) and oxygen transmission rate (OTR) for organic semiconductors are stricter than those of traditional electronic components. To reach a lifetime of several thousands of hours, organic electronic devices have very strict standards. The tolerable WVTR for OPV devices is about 10−4 g/m2/day. It is reported that OLED has the most demanding standard among organic semiconductor components in terms of water vapor and oxygen transmission resistance [10]. The tolerable WVTR for OLED is about 10−6 g/m2/day [10]. It is determined on the basis of the allowable quantity of water vapor to corrode the reactive cathode in a typical OLED [11]. However, food-packing, flat panel display, or electronic packaging for solid-state electronics does not require this high level.



In order to block ambient environment or dust, a flexible optoelectronic device needs to be protected and encapsulated. The traditional method is using glass lid and photo-curable epoxy resin (UV epoxy). However, glass and epoxy resin are brittle materials such that they are not suitable for flexible optoelectronic devices. Ultra-thin glass or polymer substrates are acceptable for flexible displays and solar cells. Although ultra-thin glass with suitable thickness, strength, and flexibility is a favorable candidate for flexible substrate, the cost is higher than that of polymer substrate [12]. As polymer is provided with transparency and easy fabrication such that polymer substrate is a favorite for flexible display at present. However, bare polymer substrates still need to overcome several bottlenecks including coefficient of thermal expansion (CTE) mismatch, high WVTR, and high OTR. The WVTR of polymer materials is generally higher than 1 g/m2/day. It is significantly larger than the tolerable water vapor permeation for OPV and OLED. Therefore, it is necessary to develop barrier thin films to overcome the moisture-blocking limitations of flexible polymer substrates.



Many materials in thin film encapsulation have been developed for flexible organic optoelectronic devices [13,14,15,16,17,18,19,20,21,22,23]. As silicon nitride, aluminum, tantalum, and silicon oxide have high densities, thin film encapsulation always makes use of them as barrier films. Moreover, encapsulation performance of these kinds of materials is better than that of defective and porous films [13]. Recently, inorganic–organic hybrid composites have been considered and developed for improving the encapsulation performance of barrier thin film [13,14,15,16,17,18,19,20,21,22,23]. Note that inorganic layers have good ability to block water vapor and oxygen and they are commonly made of ceramic materials. They are normally brittle and rigid, so it is easy to break them after a mechanical bending. However, most organic layers are generally ductile, so they are able to relax stresses between layers and avoid rupture of the thin encapsulation layers. Therefore, these kinds of multilayer barrier films, which have a superior ability to reduce WVTR, can extend the length of water vapor penetration path and decrease the probability in contact with the surrounding environment.



Encapsulation performance of barrier thin film under bending deformation has been investigated in several studies [14,17,19,21,22,23,24,25,26,27,28,29]. Most of those studies were focused on the effects of cyclic bending on the encapsulation performance [14,17,19,21,22,23,24,25,26,27,28]. A study has investigated the long-term static bending behavior of a barrier thin film [29]. They evaluated the encapsulation performance of a barrier structure consisting of hybrid layers of SiOx and Al2O3 deposited on a polyethylene terephthalate (PET) substrate [29]. The WVTR of that barrier structure is about 2.4 × 10−5 g/m2/day at 20 °C and 50% RH [29]. They also studied the effect of neutral surface location on the encapsulation performance of the hybrid barrier structure when subjected to static bending. Their results showed that the moisture-blocking ability of the structure with an epoxy layer was better than that without epoxy layer as the barrier layer is close to the neutral surface and has a lower flexural stress [29]. Although it is just a qualitative demonstration by observing the transparency change of Ca sensor and no quantitative analysis is conducted on the WVTR change, it still indicates that prolonged bending stress dramatically affects the encapsulation performance of barrier thin film [29]. In addition, analyses of time-dependent and environmentally assisted cracking failure mechanisms have been conducted for barrier films under static bending [30,31]. The results reveal that crack growth rates in a humid air are larger than those in dry environments [30].



As flexible optoelectronic components can be curved like paper in certain applications, the most outstanding feature is flexibility. For prolonged use of flexible optoelectronic devices, long-term failure mechanisms related to the water vapor permeability of barrier thin film should be considered. As described above, failure mechanism of long-term static bending in barrier thin film has not been fully studied yet. Flexible optoelectronic devices are often used under long-term static bending situations in applications, e.g., fixed on curved panels. In this regard, it is necessary to study the mechanical failure mechanism of flexible barrier thin film under long-term static bending and its effect on the encapsulation properties.



In this study, changes of WVTR in a commercial barrier thin film are investigated by conducting long-term static bending tests with various radii of curvature. Moisture-blocking performance of the barrier thin film is quantitatively evaluated after 1–1000 h of static bending using a calcium corrosion test. Microstructural and fractography analyses are carried out to characterize the failure mechanism after mechanical bending test. The expected WVTR of the given barrier thin film is then calculated using a constructed three-dimensional (3D) finite element method (FEM) model. Hopefully, such results could help assess lifetime of flexible optoelectronic devices and clarify the relevant failure mechanisms after long-term static bending.




2. Materials and Experimental Procedures


2.1. Materials and Specimen Preparation


The high-performance barrier thin film used in this study is produced by LINTEC Corporation (Tokyo, Japan), and supplied by LINTEC Advanced Technologies (Kaohsiung, Taiwan). As listed in the product specifications, WVTR of this barrier thin film is 5 × 10−4 g/m2/day [32]. Following a patent of LINTEC Corporation [33], a polysilazane compound was spin-coated on a 50-μm-thick PET substrate, and heated at 120 °C for 1 min to form a 150-nm-thick polysilazane layer. A plasma ion implantation apparatus was employed to implant argon (Ar) ions into the polysilazane layer to form a gas barrier layer [33]. The barrier thin films were received in a form of A4 sheets with a thickness of about 50 μm including a 50-μm-thick PET substrate and a 150-nm-thick polysilazane layer, as shown in Figure 1. Square specimens in dimensions of 20 mm × 20 mm are cut out of the as-received sheets to perform bending tests.




2.2. Static Bending Test


In order to investigate the effect of flexural deformation on the encapsulation properties of the given barrier film, static bending tests are conducted, as shown in Figure 2. Each sample is firstly covered by two plastic sheets to keep the surface of barrier film clean. An adhesive tape is then used to attach the sample onto a cylinder of a selected radius (5, 10, or 20 mm), producing a compressive or tensile stress on the barrier layer, as shown in Figure 2. As the specimen is bent in a convex upward state (Figure 2), the gas barrier thin layer is subjected to tensile flexural stress at the top position. When the gas barrier thin layer is placed at the bottom, it is subjected to compressive flexural stress. The flexural strain is calculated according to the mechanics equations given in [29]. The maximum tensile flexural strains at the bending radii of 20, 10, and 5 mm are calculated as 1.262 × 10−3 mm/mm, 2.523 × 10−3 mm/mm, and 5.046 × 10−3 mm/mm, respectively. It indicates that flexural strain in the barrier layer increases with a decrease in bending radius. In such static bending tests, the investigated specimens are bent with a curvature radius of 5, 10, or 20 mm for 1, 10, 100, or 1000 h at room temperature. After static bending test, moisture-blocking performance of the sample is evaluated using a Ca corrosion test to determine the WVTR value.




2.3. WVTR Test


After the static bending test, an electrical Ca corrosion test is employed to measure the WVTR, as shown in Figure 3. Flexible barrier specimens which have been subjected to a certain time period of static loading were dried at 80 °C for about 30 min and transferred to a glove box system to fabricate Ca sensors. Note that glass is assumed as an impassable substance. Thus, glass substrate is capable of preventing significant moisture passing through it for a long period of ambient moisture immersion. It is applied as a protective substrate in the Ca corrosion test, as shown in Figure 3. 1-mm-thick glass substrates were firstly cut into 25 mm × 25 mm pieces. After being carefully cleaned and degassed at 120 °C for about 15 min, each glass substrate was put into the glove box system. Applying a thermal evaporation approach, a 100-nm-thick Al layer was uniformly deposited onto the glass substrate to serve as Ca sensor electrodes. In addition to depositing an Al film, the glass substrate was covered at the center with a Ca layer of 250-nm thickness. To attach the flexible barrier specimen to the Ca-Al-deposited sensor, a UV epoxy (UV epoxy-EPO-TEK®OG142, Epoxy Technology, Inc., Billerica, MA, USA) was pasted at the edges of the barrier film to bond with the Al layer using a UV-curing light source. To avoid the unwanted influence of ambient environment which may damage the Ca sensor, all the preparation processes of Ca sensor were performed in a glove box system with a water vapor less than 10 ppm. Before taking out the Ca sensors from the glove box, all of them were sealed in Al foil bags and then shipped to another laboratory to measure WVTR value. This approach of storage and shipping of Ca sensor follows the procedures given in the study of Subbarao et al. [34].



The Ca sensors were moved to an environmental chamber (GTH-080ST-SP, Giant Force Instrument Enterprise Co., Ltd., Taipei, Taiwan) and tested in a stably controlled environment of 40 °C and 90% RH. For measuring electrical resistance change of these Ca sensors, a source measurement unit combined with a homemade switch system was employed, as shown in Figure 3b. A commonly used two-point electrical resistance measurement method [10,21,23,24,35] was employed to measure the electrical resistance change in Ca sensors. The electrical current, which flowed through each Ca sensor, was continuously recorded by the source measurement unit under a constant source voltage of 20 mV. A sampling rate of once every 10 min was set to record the electrical current data.



The principle of electrical Ca test is derived from the electrical transformation of Ca corrosion [36]. Chemical reactions of Ca with water vapor and oxygen make Ca become calcium oxide or calcium hydroxide [36]. During the reactions, Ca simultaneously transforms from an opaque and conductive state to a transparent and insulating one, so WVTR value can be determined through such reactions. A schematic diagram and a photograph of the Ca-sensor layout for WVTR measurement are shown in Figure 4. A 250-nm-thick Ca sensor of an area of 10 mm × 10 mm is used to measure the WVTR value. The WVTR value can be determined from the slope of the conductance curve versus time [36]. The equation used to determine WVTR value is expressed as [10]:


   P = − n   M ( reagent )   M ( Ca )      A  Ca      A B    δ ρ  l b    d ( 1 / R )   d t     



(1)




where P is the WVTR, n is the molar equivalent of the degradation reaction of Ca with water vapor, M is the molar mass of the reactive elements (moisture and Ca), δ is the Ca density, ρ is the Ca resistivity, l and b are the length and width of the Ca layer, respectively, R is the resistance of Ca, d(1/R)/dt is the slope of the fitted conductance curve 1/R versus time t, and ACa/AB is the ratio of aperture, which is the ratio of the area of Ca layer over the water vapor permeation window. This technique has been employed and validated as an effective method in our previous study [35] for quantitative measurement of WVTR of the given barrier thin film. More details of WVTR measurement by this Ca corrosion test can be found in [35].




2.4. Microstructural Analysis


To determine thickness of the barrier films studied, some specimens were cut along the thickness direction to observe the cross-sectional microstructure using a scanning electron microscope (SEM) (Hitachi S-800, Hitachi, Ltd., Tokyo, Japan). After mechanical test, fracture surfaces of the barrier film specimens were observed using an optical microscope (OM) (BX60M, Olympus Corp., Tokyo, Japan) and SEM to characterize the failure mechanism. Following these analyses, the microstructural changes, interfacial cracks, and bonding defects are correlated with the WVTR change for the mechanically bent specimens.





3. Finite Element Model


In our previous study [35], a 3D FEM model was developed to simulate water vapor ingress through the barrier thin film. The 3D FEM model is applied to simulate Ca corrosion measurement in the present study. In order to compute the expected WVTR of the given barrier film after long-term static bending test, another 3D FEM model with a certain number of uniformly-spaced cracks in the coating barrier layer was constructed in this study, as shown in Figure 5. Note that the crack density is defined as number of cracks per specimen width. The built 3D FEM model consists of two layers, namely a coating barrier film (tc = 150 nm) and a PET substrate (tp = 50 μm). Values of the length and width (L = W = 1000 μm) of the 3D FEM model are set as shown. The boundary conditions of moisture concentration are applied on the top (Cz [t ≥ 0, h] = C0) and the bottom (Cz [t ≥ 0, 0] = 0) surfaces of the given model (Figure 5). An initially dry condition of moisture (Cz [0, z] = 0) in the model is assumed. Details of modeling technique and material properties are given in [35] in which the water vapor transmission mechanism follows the Fickian laws [37].




4. Results and Discussion


4.1. Effect of Static Bending


To ensure the performance reliability of the given barrier film, WVTR of the as-received barrier film is evaluated for two specimens before conducting the static bending tests. WVTR values determined for these specimens are 8 × 10−5 and 4.6 × 10−4 g/m2/day giving an average value of 2.7 × 10−4 g/m2/day which is close to that (5 × 10−4 g/m2/day) in the vendor’s data sheet [32]. Scattering in these two WVTR values may be attributed to the difference in specimen batch of fabrication and preparation. In order to determine bending effect on the WVTR of the given barrier film, two bending stress states are considered, namely compressive and tensile bending stresses. At first, the WVTR values are determined to be 8 × 10−5 and 2 × 10−4 g/m2/day, respectively, under tensile and compressive bending of a 20-mm curvature radius for 1000 h. These WVTR values are comparable with those of as-received barrier film indicating that bending with a curvature radius of 20 mm does not deteriorate the barrier film’s performance at all.



The change of WVTR with time under tensile bending at two radii of curvature is shown in Figure 6. Note that two specimens were repeatedly tested for each given bending condition, one showing a higher WVTR value and the other showing a lower WVTR value. As shown in Figure 6a, the higher WVTR values under tensile bending with a 10-mm curvature radius are 5.4 × 10−4, 6 × 10−4, 7.9 × 10−4, and 8.5 × 10−3 g/m2/day for 1, 10, 100, and 1000 h of bending, respectively. The lower counterpart values are 1 × 10−4, 1 × 10−4, 8 × 10−5, and 1.3 × 10−4 g/m2/day for 1, 10, 100, and 1000 h of bending, respectively. Compared with the WVTR values of as-received barrier film, these WVTR values show that tensile bending could significantly increase the WVTR to 8.5 × 10−3 g/m2/day after bending with a 10-mm curvature radius for 1000 h. However, for a similar tensile bending state with a shorter loading time such as 1, 10, and 100 h, no significant change of WVTR is found, compared to the as-received barrier film. As shown in Figure 6b, the higher WVTR values under tensile bending with a 5-mm curvature radius are 5.8 × 10−4, 5.5 × 10−4, 8.4 × 10−4, and 1 × 10−3 g/m2/day for 1, 10, 100, and 1000 h of bending, respectively. The lower counterpart values are 5.7 × 10−4, 5.2 × 10−4, 2.4 × 10−4, and 8.7 × 10−4 g/m2/day for 1, 10, 100, and 1000 h, respectively. Comparison of these values with those of as-received barrier film indicates that an effect of tensile bending is also found for bending at a 5-mm curvature radius for 1000 h, as the WVTR increases to a value of 1 × 10−3 g/m2/day. Similar to that of 10-mm curvature radius, no significant effect of tensile bending is observed for 5-mm curvature radius with a short loading time of 1, 10, and 100 h. These results reveal that tensile bending effect on the WVTR of barrier film takes place after a long period of time (1000 h) for the given radii of bending curvature.



Variation of the WVTR with time under compressive bending at two radii of curvature is shown in Figure 7. As shown in Figure 7a, the higher WVTR values under compressive bending with a 10-mm curvature radius are 6 × 10−4, 7.5 × 10−4, 6 × 10−4, and 4 × 10−4 g/m2/day for 1, 10, 100, and 1000 h, respectively. The lower counterpart values are 1.7 × 10−4, 2 × 10−4, 1.2 × 10−4, and 2 × 10−4 g/m2/day for 1, 10, 100, and 1000 h, respectively. No significant detriment to the WVTR of barrier film is found for compressive bending with a radius of curvature of 10 mm. The WVTR values for all of the given periods of bending are comparable with those of as-received barrier film. As shown in Figure 7b, the higher WVTR values under compressive bending with a 5-mm curvature radius are 7.7 × 10−4, 7 × 10−4, 8.4 × 10−4, and 6 × 10−4 g/m2/day for 1, 10, 100, and 1000 h, respectively. The lower counterpart values are 3 × 10−4, 5.5 × 10−4, 7.6 × 10−4, and 7 × 10−5 g/m2/day for 1, 10, 100, and 1000 h, respectively. Similarly, a compressive bending of 5-mm curvature radius does not change the WVTR value significantly up to a bending time of 1000 h.



In comparison of Figure 6a and Figure 7a, WVTR of the barrier film is increased under tensile bending with a bending radius of 10 mm for 1000 h, but it remains stable under compressive bending with a similar bending radius for 1000 h. When the bending radius is reduced to 5 mm, a similar phenomenon is also observed. These results reveal that tensile bending is more detrimental than compressive bending to the moisture-blocking performance under a long-term static flexural deformation. However, given a tensile bending time, the lower WVTR value measured for 5-mm curvature radius is greater than the counterpart of 10-mm curvature radius. It indicates that tensile bending at a 5-mm radius is more damaging than a 10-mm one. As described in Section 2.2, the flexural strain caused by bending deformation increases with a decrease in bending radius. These results reveal that bending such barrier thin film with a smaller radius of curvature in a certain period of time apparently generates a larger amount of damage leading to an increase in WVTR.




4.2. Failure Analysis


As pinholes and microcracks serve as the major path and dominate the water permeation process in the barrier film, corrosion process in the Ca sensor may not take place homogeneously as a result of a non-uniform distribution of such defects. Therefore, the slope of the fitted conductance curve in the steady state represents an average moisture permeation rate. In other words, WVTR determined by Ca corrosion method only estimates how much moisture gets through the permeation window of the barrier film, but it cannot show what the types and quantity of moisture permeation path are. In order to investigate how the WVTR is affected by the bending deformation, surface morphology of the as-received and statically bent barrier specimens is observed using OM and the results are shown in the following.



An OM micrograph of an as-received barrier film is shown in Figure 8, which reveals some randomly distributed veins. These randomly distributed veins are present in every barrier film and are presumably formed in the fabrication process. As described in the previous section, for a bending radius of 5 and 10 mm, no significantly detrimental effect is found for tensile bending up to 100 h and for compressive bending up to 1000 h. Exemplified OM micrographs of these bent specimens are given for comparison with the as-received one. Figure 9 shows the OM micrographs of the barrier films after tensile bending with a 5-mm and a 10-mm curvature radius for 100 h. OM micrographs of the barrier films after compressive bending with a 5-mm and a 10-mm curvature radius for 1000 h are shown in Figure 10. Morphologies of these bent barrier films (Figure 9 and Figure 10) are almost the same as those of the as-received barrier film (Figure 8). This is consistent with the WVTR measurements which do not significantly change under these bending conditions.



As mentioned in Section 4.1, the highest WVTR values of the barrier film are about 8.5 × 10−3 and 1 × 10−3 g/m2/day when subjected to tensile bending of a radius of 10 and 5 mm for 1000 h, respectively. OM micrographs of these two barrier films are shown in Figure 11. As shown in Figure 11a, cracks are found in the barrier film after tensile bending of a radius of 10 mm for 1000 h. These cracks are perpendicular to the direction of applied stress, roughly parallel to each other, and appear as straight lines, as expected. The average crack density in the barrier film is about 14 cracks/mm, as shown in Figure 11a. Similarly, Figure 11b shows the formation of cracks in the barrier film after tensile bending of a radius of 5 mm for 1000 h. Again, these straight cracks are perpendicular to the loading direction and parallel to each other. The average crack density in the barrier film is about 13 cracks/mm, as shown in Figure 11b. These cracks could serve as pathways for water vapor to penetrate through the barrier film. However, cracks do not appear in every specimen after tensile bending with a radius of 10 mm or 5 mm for 1000 h. For example, the lower WVTR value in tensile bending with a 10-mm curvature radius is 1.3 × 10−4 g/m2/day after 1000 h of bending, as shown in Figure 6a. These specimens do not exhibit visible damage under OM and their WVTR values do not significantly increase, either. The possible reason is that cracks might develop at pre-existing defects and lead to the rupture under bending [38,39]. As the pre-existing defects are not evenly distributed in the barrier film and the number of defects might vary with sample, they would influence the probability of crack formation and are responsible for the scattering in WVTR data.



To clarify the scattering of WVTR data for a repeated bending condition, a specimen under tensile bending of a 20-mm curvature radius for 1000 h, of which the WVTR value is 8 × 10−5 g/m2/day, is taken as an example to show the Ca corroding process. As shown in Figure 12, a Ca sensor is covered by the barrier film. In comparison of Figure 12a,b, this Ca sensor is partially corroded by water vapor at 40 °C and 90% RH after 610 h. As the partially corroded area in the Ca sensor is not perpendicular to the loading direction, it is confirmed again that no cracks are formed to deteriorate the barrier film’s performance. The OM micrograph of Region 1 in the corroded area of Figure 12b is shown in Figure 12c. It shows that water readily penetrate the barrier film through pre-existing defects such as pinholes. As shown in Figure 12c, the pinhole defects are not homogenously distributed in the barrier film. In other words, WVTR of the barrier film at various zones may be different. Because the tested samples in physical dimensions of 2 mm × 2 mm are cut out from the A4 sheets, the initial defect population in each sample may not be the same. Therefore, scattering of the WVTR data for each repeated bending condition is not avoided in the present study.




4.3. Numerical Analysis


In this study, crack densities of 13 and 14 cracks/mm are separately established in the 3D FEM model to compute the expected WVTR of the given barrier film. Note that these crack densities considered in the 3D FEM model are observed in the OM micrographs of mechanically bent barrier specimens (Figure 11). As described in Section 4.2, these cracks serve as major pathways for moisture to diffuse through the barrier thin film. They lead to an increase in WVTR of the barrier thin film. The expecting WVTR of the 3D FEM barrier model is then calculated to make a comparison with the experimental results. The simulation of WVTR variation as a function of moisture exposure time for the as-received and damaged barrier specimens is shown in Figure 13. As shown in Figure 13, WVTR of the damaged barrier film significantly increases due to presence of cracks. Apparently, a larger crack density results in a higher WVTR (Figure 13). As expected, accumulation of cracking leads to an increase in WVTR of barrier film as a result of an increase in moisture exposure area and entrances. The comparison between numerical and experimental results of WVTR is shown in Figure 14. The average value of WVTR is represented by the height of a certain column and the maximum and minimum WVTR values correspond to the ends of each error bar (Figure 14). As shown in Figure 14, the WVTR values computed using the 3D FEM cracking model agree with the experimental results. The numerical results indicate that the 3D FEM model can be used to predict the WVTR change of a barrier film based on the identified crack density. The 3D FEM model developed shows a good quantitative validation for such a failure mechanism. The present findings of this study could provide an insight into the improvement of encapsulation performance and prevention of damage development of such barrier film.





5. Conclusions


The durability of a commercial barrier film is investigated under static bending and the relevant WVTR value is measured at 40 °C and 90% RH. Using a 3D FEM model, the expected WVTR is calculated and compared with the experimental results. Conclusions of the WVTR measurement, fractography, and numerical results are drawn below.




	
For both tensile and compressive bending of a 20-mm curvature radius, WVTR values are stable for 1000 h. Bending with a radius of 20 mm does not deteriorate the barrier film’s performance.



	
For tensile bending of 10-mm and 5-mm curvature radii, no significant change of WVTR is found for a shorter loading period such as 1, 10, and 100 h. However, tensile bending effect on the WVTR of the given barrier film takes place after a long period of loading (1000 h) for these two radii of bending curvature.



	
For compressive bending of both 10-mm and 5-mm curvature radii, WVTR values are stable for up to 1000 h of static loading.



	
Pinholes and microcracks are found and serve as the major pathways for water vapor in the barrier film. A non-uniform distribution of defects is found in the barrier film and responsible for the scattering of data in WVTR measurement.



	
Numerical analyses show that there are significant increases in WVTR as a result of cracking in the barrier thin film. It corresponds to an apparent increase in moisture entrances.



	
The WVTR values calculated by the 3D FEM model are in good agreement with the experimental results considering a similar crack density observed. The 3D FEM model established is applicable to calculate the WVTR change associated with cracking in the barrier thin film.
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Figure 1. Cross-sectional SEM micrograph of the high-performance barrier film investigated. 
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Figure 2. Schematic diagram of static bending test and setup. 
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Figure 3. Schematic diagram of WVTR measurement: (a) exploded view of Ca test layout; (b) experimental setup. 
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Figure 4. (a) Schematic diagram of Ca-sensor layout for WVTR measurement of barrier film; (b) Photograph of the WVTR sample and Ca-sensor layout. 
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Figure 5. Schematic diagram of a 3D FEM model with uniformly-spaced cracks in the coating barrier. 
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Figure 6. WVTR change of barrier film bent in tensile state: (a) bending radius of 10 mm; (b) bending radius of 5 mm. 
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Figure 7. WVTR change of barrier film bent in compressive state: (a) bending radius of 10 mm; (b) bending radius of 5 mm. 
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Figure 8. OM micrograph of as-received barrier film. 
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Figure 9. OM micrographs of barrier film after tensile bending with (a) a 10-mm and (b) a 5-mm curvature radius for 100 h. 
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Figure 10. OM micrographs of barrier film after compressive bending with (a) a 10-mm and (b) a 5-mm curvature radius for 1000 h. 
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Figure 11. OM micrographs of barrier films after tensile bending with (a) a 10-mm and (b) a 5-mm curvature radius for 1000 h. 
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Figure 12. Corroding of a Ca sensor covered by a barrier film after tensile bending of a 20-mm curvature radius for 1000 h: (a) as attached; (b) after 610 h; (c) OM micrograph of Region 1 in (b). 
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Figure 13. Simulation of WVTR variation through the 3D FEM barrier model as a function of exposure time for the as-received and damaged cases. 
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Figure 14. Comparison of numerical and experimental results of WVTR value for the intact and damaged barrier thin films. 
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