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Abstract 

 

Here we demonstrate a spatially resolved imaging methodology for water vapor 

transmission rate (WVTR) testing that relies on quantified infrared characterization at water 

absorption bands. This technique is validated using a moisture barrier on a polymer substrate via 

calibration of the infrared image intensity with moisture content in the polymer substrate from 

images taken at different times. The method is compared to existing state of the art techniques 

such as membrane permeation measurement with coulometric phosphorous pentoxide sensor and 

optical calcium film testing. This fast, non-destructive and in-situ method enables defect 

visualization and shows the WVTR with a sensitivity limit of 5·10-5 g/m2/day.  
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Introduction 

 

Protection from water using moisture barriers is critical to a wide variety of applications, 

from food and pharmaceutical packaging1,2,3 to electronic displays and photovoltaic technologies 

such as organic light-emitting diodes (OLED)4,5 and perovskite solar cells6,7, with varying 

requirements for the moisture barrier performance. The food packaging industry necessitates 

materials that have a water vapor transmission rate (WVTR) of 0.1-1 g/m2/day; for thin film 

photovoltaic devices, the expected WVTR for barrier film needs to be less than 1·10-4 g/m2/day; 

OLEDs require barriers with WVTR less than 1·10-6 g/m2/day8,9.  

The development of high-performance moisture barriers requires fast, accurate and 

reliable testing methodologies for materials and processing parameters optimization. The most 

used metric representing moisture barrier efficacy is WVTR expressed as the amount of water 

that passes through the barrier per unit area and unit time and generally measured under constant 

temperature and humidity conditions. Several methods are currently used to measure WVTR, 

such as optical and electrical calcium test10-13, tritiated water (HTO) permeation test14,15, 

membrane permeation test with coulometric sensor16,17, quadrupole mass spectrometry 

(QMS)18,19, and cavity ring-down spectroscopy (CRDS)20,21. Of these, only the optical calcium 

test provides imaging capabilities to allow moisture barrier defect visualization and screening. In 

this work, we develop a novel infrared imaging testing methodology for moisture barrier films 

and provide comparison on imaging capabilities with the optical calcium test and overall WVTR 
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detection accuracy with both a permeation method using coulometric sensor and the optical 

calcium test.  

The optical calcium test relies on the reaction of water with metallic calcium to determine 

moisture transmission rates. A layer of calcium is deposited in the proximity of the moisture 

barrier and sealed from the external environment. When the sample is exposed to water, the 

conductive and opaque calcium will turn into insulating and transparent calcium hydroxide after 

reacting with moisture. The WVTR can be assessed either by measuring the change in the area of 

calcium film or by monitoring the change in the conductance of the calcium layer during the 

degradation process. Although this test method is widely used, it is time-consuming, and its 

reproducibility is affected by the quality of the calcium evaporated. Additionally, calcium is 

extremely sensitive to the atmospheric environment; thus, vacuum condition and glovebox 

equipment are required for the sample fabrication process, adding inconvenience and cost to the 

experimental test. Moreover, the kinetics of calcium oxidation is highly dependent on the test 

setup, and recently calcium test accuracy has been criticized.22,23 

Permeation testing is a widely available method for measuring WVTR using commercial 

instrumentation (Aquatran, Ametek). In this method, the test specimen is held between two test 

chambers, with one side of the sample exposed to water vapor and the other to dry side purged 

by inert gas, such that any water detected is introduced through the barrier film carried by inert 

gas. The WVTR measured with this method has a detection limit of 5·10-5 g/m2/day,16,17 

adequate for measurement of samples with low WVTR. However, the measured samples need to 

be cut to fit the test chamber and only one or two samples can be measured at one time, resulting 

in relatively low throughput.  
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As each method has significant limitations that include generally low throughput, 

destructive evaluation, and time-consuming. The calcium test has higher capital equipment costs, 

tends to have more significant variability and requires specialized testing configurations 

including the calcium layer. The permeation test while less expensive to implement, does not 

include imaging capabilities. A higher throughput method with imaging capabilities to assess 

moisture barriers conveniently and cost-effectively with high throughput and no size limitation is 

needed.  

Here we report a fast, non-destructive and in-situ method by quantifying the infrared 

radiation attenuation upon moisture absorption into the barrier polymer substrate to calculate the 

WVTR with a sensitivity limit of 5·10-5 g/m2/day, on par with existing instrumentation. We have 

demonstrated applicability of the infrared imaging technique by measuring barrier films on 

polymer substrates providing comparisons to results from permeation and calcium tests.   

 

Methods and materials 

Materials  

Two commercially available moisture barrier films obtained from manufacturer 

(Vitriflex, Inc) were selected for WVTR measurement, one comprising 1μm SiO2 evaporated on 

125μm polyethylene terephthalate (PET) (VitriSol125MDTM, FG 60-R3-S3-31) and the other 

comprising 1μm SiO2 evaporated on 50μm PET (VitriSol50UVTM, FG 261-R1-1). Barrier films 

of 2×2 cm size were cut from A4 size barrier sheets for sample fabrication process in the 

following sections.  

Infrared imaging testing 
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The custom-built infrared imaging system is composed of an illumination source, and a 

camera equipped with a band pass filter centered on a water absorption band between 3500-3700 

cm-1, with samples measured either in transflection (forward transmission, reflection off the 

metallization, and backwards transmission) or transmission modes24,25. The illumination source 

consists of a wide area black body heated at a constant temperature (125 °C) to increase its 

thermal emissivity and brightness. A sample of interest is placed such that light emitted by the 

source is reflected off the samples and imaged by the infrared camera, as shown in Figure 1a. 

The presence of water within the sample can be determined based on the attenuation of the 

infrared radiation imaged by the detector.  

During calibration of the black body at 125°C, it is placed at 30 to 60 cm away from the 

sample to minimize heating impact on the sample. Typical images are acquired within 5 minutes 

(including sample positioning, focusing, and imaging). During this time, no change in image 

intensity was observed. 

To generate a calibration curve relating image intensity with moisture content in the 

polymer substrate, samples (2×2 cm) were fabricated with 1µm copper thermally evaporated 

(Angstrom) on the silicon oxide side such that the polymer substrate is easily accessible for 

moisture diffusion, then followed by epoxy mounting a glass slide on the copper to provide 

mechanical rigidity. The samples were stored in a glovebox to equilibrate under dry nitrogen or 

at constant temperature of 30 °C and different relative humidity of 15, 30, 50, 70, and 90% and 

then imaged with infrared camera.   

To measure the WVTR of the moisture barriers, samples (2×2 cm) used in the experiment 

consisted of a PET substrate with a layer of silicon oxide deposited on top and protected by a 

removable peel off film. Tested samples were fabricated by thermally evaporating 1μm copper 
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onto the PET side followed by epoxy mounting on a glass slide to provide mechanical rigidity, as 

shown on Figure 1b. Barrier samples were aged under 38 °C and 90% relative humidity (R.H.) 

environmental condition and taken out of the chamber at set intervals and imaged with the 

infrared camera to monitor and quantify water content in the polymer substrate over time.  

Imaging processing 

The images acquired from the camera were numerically processed using MATLAB (The 

MathWorks, Inc) to generate a calibration curve relating image intensity with water content in 

the polymer substrate. The relevant section of the image representing the sample was identified 

by pixels with intensity above a background threshold. Then, the corresponding sample intensity 

was calculated by taking the average of all pixels within the domain and then fitted with a linear 

dependence against the water concentration measured by Karl Fischer titration to determine the 

slope of image intensity vs. water concentration as following equation:   

𝑠𝑙𝑜𝑝𝑒 =
∆ 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦

∆ 𝑐𝑜𝑛𝑐.𝑤𝑎𝑡𝑒𝑟
           (1) 

The images taken for WVTR calculation were first normalized between the image 

minimum corresponding to background (not belonging to the image) and the maximum of the 

image corresponding to an area where water does not diffuse during environmental exposure. For 

each of the normalized images, the average intensity was calculated by manually excluding the 

perimeter area that corresponds to diffusion from the perimeter and is not representative of 

diffusion across the barrier. The decrease in image intensity between different time points was 

converted to increase in water content through the slope of the calibration curve, and further 

converted to water vapor transmission rate by normalization with respect to area and time using 

the following equation: 
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𝑊𝑉𝑇𝑅 (𝑔 𝑚−2𝑑𝑎𝑦−1) =   
∆ 𝑚𝑎𝑠𝑠𝑤𝑎𝑡𝑒𝑟

𝑡 · 𝐴
    (2) 

where ∆masswater is the mass of water increase in the polymer substrate over the testing time, t is 

the testing time, and A is the area of the barrier sample.  

Karl Fischer titration 

The absolute moisture content in the PET substrate was determined with Karl Fischer 

titration (Metrohm) by equilibrating samples at constant temperature (30 °C) and different 

relative humidity of 15, 30, 50, 70, and 90%. The samples were then transferred into glass vials 

and sealed with a septum cap, then heated to 150 °C to release the moisture dissolved in the 

polymer and further transferred to an electrochemical reaction chamber where the total amount 

of water was measured. The concentration of water was then expressed as a percentage by taking 

the ratio between measured water mass and the mass of the dried polymer film (dry basis 

percentage).  

Fourier transform infrared (FTIR) spectroscopy 

To demonstrate the spectroscopic basis of the infrared imaging, FTIR spectroscopy 

measurement was conducted on samples fabricated with 1µm copper deposited on the silicon 

oxide side such that the substrate is easily accessible for moisture diffusion. The samples were 

equilibrated under the same conditions as the Karl Fischer titration conditions at 30 °C and 

relative humidity of 15, 30, 50, 70 and 90%. For each condition the infrared reflectivity of the 

sample was measured in transflection mode (incident light passing twice through the polymer 

and reflecting off the copper metallization) on an instrument covering the near infrared spectrum 

(Bruker, Billerica MA). The angle of incidence for the measurement was 11 deg, comparable to 
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the angle of view for the infrared imaging. The spectra exhibited interference fringes from the 

air/polymer and copper/silicon oxide interfaces, that were removed with a numerical data 

processing algorithm for clarity. The procedure involves performing a Fourier transform of the 

transflection spectrum, identifying the coefficients that contribute the interference pattern, setting 

them to zero, and then performing an inverse Fourier transform to obtain the spectrum without 

interference fringes.   

Permeation testing  

Permeation testing was performed in an Aquatran instrument (Ametek) where the test cell 

was divided into two chambers by a sample film of size 50 cm2. In one chamber, a constant 

condition with temperature of 38 °C and relative humidity of 90% was maintained. In the second 

chamber, a dry environment with 0% relative humidity was sustained via purging dry nitrogen 

carrier gas, which guides the permeated water molecules to the coulometric phosphorous 

pentoxide sensor. Measurements were taken every 4 hours for a total time interval of 60 hours 

with the silicon oxide side of the barrier film facing toward the dry nitrogen purged low humidity 

chamber.  

Optical Calcium Film Testing  

The samples for calcium testing were fabricated by deposition of a 3 by 3 array of 3mm-

by-3mm squares of 50 nm calcium on the 2×2 cm silicon oxide barrier side of the samples 

followed by thermal evaporation of a 1µm copper film enclosed in a dry nitrogen environment 

glovebox. Then, the samples were sealed using epoxy and attached to a glass slide for 

mechanical rigidity. Sample was aged in a 38oC and 90% R.H environmental chamber and 

imaged with a consumer grade camera at regular intervals. Then, images were digitally 
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processed via MATLAB by selecting the blue color channel of the RGB images with a threshold 

binarization to convert the image into a map of reacted calcium and calculating the WVTR using 

the following equation:   

𝑊𝑉𝑇𝑅 (𝑔 𝑚−2𝑑𝑎𝑦−1) = 𝑛 · 𝛿𝐶𝑎 ·
𝑀𝑊𝑊𝑎𝑡𝑒𝑟

𝑀𝑊𝐶𝑎
· ℎ ·

𝑑𝐴

𝑑𝑡
·

1

𝐴
        (3) 

where n is molar ratio of water to calcium in the calcium oxidation reaction, 𝛿𝐶𝑎 is the calcium 

density (1.55 g cm-3), MWwater and MWCa  are the molar mass of water and calcium respectively, 

h is calcium film thickness, dA/dt is the rate of change of the area of the calcium square, and A is 

the area of the evaporated calcium square (9 mm2).    

 

Results 

  To develop a quantitative WVTR testing method, water absorption properties of the PET 

polymer substrate were characterized with Karl Fisher titration, FTIR and infrared imaging after 

equilibration in identical conditions at 30 °C and relative humidity of 15, 30, 50, 70, 90%. A 

calibration curve was developed to relate the image intensity with the water concentration in the 

PET substrate, such that quantitative measurements of water content are derived from the 

infrared image intensity data.  

Figure 2a presents the dependence of the absolute water content in the PET substrate 

measured with Karl Fischer titration as a function of relative humidity equilibration conditions. 

The water content vs. relative humidity data points were fit with a linear dependence to estimate 

the water concentration for other relative humidity values. The increase in spectroscopic 

absorbance of the infrared region for the PET barriers substrate upon moisture uptake were 

measured with a FTIR instrument configured in transflection mode between 3700-3500 cm-1 as 
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shown in Figure 2b.  The integration of water absorption band is shown on Figure 2d as a 

function of absolute water concentration in the substrate measured with Karl-Fisher titration 

indicating a good linear fit.    

Figure 2c shows the images taken under these conditions indicating a decrease in image 

intensity due to water uptake in the PET substrate, with a similar mechanism responsible for the 

decrease in FTIR transflection spectra. Lower water content results in samples with a brighter 

appearance when imaged with the infrared camera due to less light being absorbed by the water 

dissolved in the polymer substrate. The samples have a uniform appearance indicating negligible 

variations in polymer thickness and the concentration of water across the entire area. The 

average intensity value of the substrate for each relative humidity condition was plotted against 

the corresponding water content measured with the Karl Fisher titration method (Figure 2d) 

showing a linear dependence with a good fit. With this calibration, the water content in the 

substrate can be correlated to a specific image intensity average which can be further used to 

calculate the water vapor transmission rate of the moisture barrier films. The key parameter 

derived from the calibration is the slope of the fit as shown in equation (1), which relates the 

intensity changes in the barrier samples to the absolute water content that diffused into the 

polymer substrate. In its simplest form, the intensity-water content calibration can be performed 

with only two images (e. g. equilibrating under 0% and 90% relative humidity respectively) 

allowing a straightforward calculation of the slope. 

Moisture barrier films (VitriSol125MDTM, FG 60-R3-S3-31) with higher WVTR have 

been evaluated with the IR imaging system to demonstrate the visualization of defects after water 

diffusion through the inorganic film composing the sample. The surface quality was also 

assessed under bright illumination which exhibited light scattering, possibly indicating 
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microscopic pinholes and scratches. Although it is difficult to evaluate from the infrared image 

alone how these defects contribute to an increase in the WVTR, the defects in the barrier are 

readily identified from the infrared images after accelerated ageing exposure. Figure 3a shows 

the infrared images of the barrier film exposed in environmental chamber at 38°C, 90% relative 

humidity for different times, with the most obvious degradation behavior correlated with the 

appearance of defects, such as pinholes and scratches on the silicon oxide moisture barrier layer. 

Since the sides were not protected with edge seal, diffusion from the perimeter can be identified 

as a darker band at the edge that decreased in intensity over longer exposure time in the 

environmental chamber. To measure the water vapor transmission rates through the barrier alone, 

the sample can be sealed around the edges, or as a simpler alternative that was followed in this 

work, digitally excluded the edges from analysis the portion of the sample where the edge 

diffusion of water occurred. Microscopic defects in the barrier can be visualized from their water 

diffusion footprint, appearing as dark spots with an increasing size as more water diffused into 

the sample. Scratches were identified as dark longitudinal segments with increasing apparent 

darkness over longer moisture exposure time. These results highlighted a straightforward 

surveillance of defect shape, size, and distribution that in some cases can be sufficient for a 

qualitative evaluation of moisture barrier performance. 

A quantitative image analysis indicated a decrease in intensity over time (Figure 3b) due 

to water transport through several distinct pathways: diffusion from the edges, through barrier 

defects that result in a microscopic footprint, and through nanoscale size defects or porosity that 

result in a uniform diffusion over the entire barrier area. Samples kept in the environmental 

chamber for longer time absorbed more moisture, resulting in decreased image intensity due to 

the infrared absorption by water.  
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A different set of barrier film (VitriSol50UVTM, FG 261-R1-1) was tested to evaluate the 

lower limit of detection for measuring WVTR with the infrared imaging system, as the previous 

sample (Figure 3) has an estimated WVTR of 1·10-2 g/m2/day, which is more appropriate for 

highlighting defects that result in water diffusion into the substrate. Sequential infrared images of 

the samples were acquired every 24 hours after exposure in 38 °C and 90% R.H. environmental 

chamber as shown in Figure 4a, indicating a decrease in intensity over longer aging time. 

Qualitatively, this barrier film sample shows fewer defects in the infrared images indicating 

better performance. As for the previous sample, diffusion from the unsealed edges can be seen 

clearly as a dark band around the perimeter. To calculate WVTR value of the barrier sample, a 

strip around the perimeter corresponding to edge diffusion, approximately 4 mm wide, was 

digitally excluded from the analysis and only the center of the sample was selected to calculate 

the average image intensity for each measurement as shown in Figure 4b. Then, the amount of 

water diffused into the sample was calculated from the slope of the calibration curve relating the 

change in intensity with respect to the change in water concentration in the sample. Finally, the 

WVTR was calculated as the flux of water diffusing across the inorganic barrier into the polymer 

substrate using equation (2) with the result value of 9.6 ·10-4 g/m2/day.    

The moisture diffusion process into the barrier was modelled using a one-dimensional 

Fick’s second law, that consists of a 1 µm thick silicon oxide barrier layer on top of a 50 µm 

thick PET substrate. The boundary conditions are set at water saturation concentration at the 

silicon oxide barrier side exposed to humid air, and no water flux on the PET substrate side that 

is sealed with a uniform copper layer. At the interface between the barrier and substrate, the 

concentration of water relative to saturation concentration is assumed to be continuous as shown 

on Figure 5a.  The model was used to fit the experimental results by applying least square 
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analysis via minimizing the difference between water concentrations predicted by the model and 

the ones derived from infrared imaging. The diffusion coefficient of the PET polymer substrate 

was set to be 8.5·10-9 cm2/s as shown in literature.26,27 This procedure provides the diffusion 

coefficient of the inorganic barrier as 8·10-15 cm2/s that is further used in the model to generate 

the fit shown in Figure 5b. The transportation of water through the low diffusion coefficient 

moisture barrier layer to the PET substrate layer results in a lag time for about 2 days from the 

modelling, a feature that was not observed obviously from the experimental results, possibly due 

to a small fraction of water diffusing into the barrier during sample transfer at the beginning or 

suggesting that water diffusion through the barrier layer possibly occurred through a fraction of 

high permeation areas distributed across the sample. The data was fitted with numerical results 

after the two-day lag time for better agreement with the experimental results and also providing a 

single value diffusion coefficient reflecting silicon oxide barrier layer water transport property. 

Figure 5c shows the water concentration profile in the sample where the water diffusion front 

passes through the barrier layer until it reaches a linear profile take approximately 4 days. The 

moisture diffusion is limited by transportation through the silicon oxide barrier layer and the 

concentration across the PET substrate is constant due to the fast diffusion of water in this 

material.  

The moisture barrier was also evaluated with permeation measurement to determine the 

steady state WVTR at 38 °C when one side of the barrier sample was exposed to 90% relative 

humidity and the other side to dry nitrogen. Under these conditions, moisture permeation through 

the barrier equilibrated within 4-hour exposure reaching steady state for the moisture gradient 

across the barrier substrate, after which the WVTR is relatively constant (Figure 6a). The 

average WVTR was measured at 1.7·10-4 g/m2/day, with a coefficient of variation of 18%.    
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The infrared imaging method for measuring WVTR was also compared with optical 

calcium test, one of the most common WVTR measurement alternatives, to demonstrate the 

accuracy and highlight the benefits of our approach. The area of calcium films that reacted with 

water diffusing through barrier film as a function of exposure time to the same aging condition 

(38 °C and 90 % R.H.) is shown in Figure 6b. The WVTR was then calculated via the rate of 

reacted Ca area change over 10-day measurement and further normalized to unit time and area as 

shown in Equation (3) resulting in WVTR value of 8.5·10-4 g/m2/day.   

Table 1 shows comparison of the WVTR results for a same barrier sheet measured with 

IR imaging, permeation test, and optical calcium film test. The WVTR values determined using 

the novel infrared imaging approach agreed with those measured using a commercially available 

permeation instrumentation and are close to the result measured from optical calcium film 

testing.     

 

Discussion 

We chose the two most established methods, permeation testing and optical calcium 

testing, to compare with the IR imaging method for measuring WVTR of commercially available 

moisture barrier samples. The three different measurement techniques are performed with 

different principles under distinct boundary conditions corresponding to no moisture flux for the 

sealed polymer substrate (infrared imaging method), zero water concentration (optical calcium 

test) and steady state (permeation test). It is therefore expected that differences in measured 

WVTR are present even when measuring the same sample.  
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For permeation test, the water molecules that pass into the low humidity side is further 

diluted by carrier gas, and there is a penalty on sensitivity as the sensor needs to test a larger 

volume compared to the case when the water is accumulated inside the sample. The permeation 

measurement outputs a global average value for the WVTR, but it does not provide any 

information on the characteristics of the defects that contribute to water permeation, such as 

defect size, density, or location. Additionally, the permeation test measures water diffusion under 

steady state, a condition that is rarely encountered for barrier films during field deployment. The 

most obvious weakness of permeation testing is its low throughput, with WVTR close to the 

detection limit of 5·10-5 g/m2/day taking days to complete the testing.  

Optical calcium test was also compared to infrared imaging method for measuring the 

WVTR of moisture barriers. As the analysis is based on reaction between water and calcium and 

its conversion to calcium hydroxide, the test only detects water molecules that contribute to this 

reaction. At longer exposure times, as the calcium hydroxide area is growing, it is possible that 

more water is present between the defect sites and the reacted front in the calcium film that 

cannot be detected resulting in lower calculated WVTR values. Moreover, the calcium film can 

be partially reacted and not pass the detection threshold for image binarization indicating the 

possibility that a fraction of water diffusing into the barrier is not accounted for in an optical 

calcium test, which can also lead to inaccurate WVTR estimation. The optical calcium test 

exhibited the most variability with some samples having the calcium film completely reacted, 

while others showing no obvious sign of moisture damage, likely related to the small tested 

sample area of 9 mm2.   

WVTR measurements using infrared imaging (9.6·10-4 g/m2/day), optical Ca test (8.5·10-

4g/m2/day) and permeation method (1.7·10-4 g/m2 /day) showed comparable results with each 
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other. It is worth noting that the variability in WVTR values obtained from different 

methodologies is common in moisture barrier property studies. Even if using the same technique 

under identical testing condition to evaluate the same barrier sheet, there could be a factor of 3 

difference in the WVTR values due to variations in the defect densities present in different test 

samples.21,28,29    Therefore, due to the infrared imaging measurements involving multiple images 

indicating the measurement variability as well as sample-to-sample variations, one sample of 

each barrier was measured for WVTR calculation. 

In this work we developed an alternative to the permeation test and optical calcium film 

test for measuring the WVTR of moisture barriers that combines the benefits of both approaches 

and is based on high absorbance of water in the infrared region of the spectrum. The hydroxyl 

groups in water absorb incident light around the 3500 cm-1 band, resulting in a decrease in image 

intensity captured by the camera detector. A calibration curve is established for the polymer 

substrate to derive the WVTR value. The infrared imaging provides localized information of 

water content based on the absorption of the diffused water, and in this aspect, it is similar to 

defect identification revealed by reacted optical calcium films; in contrast, the permeation 

measurement provides only a global WVTR value, with little insight on spatial distribution of 

defects. For both infrared imaging and optical calcium test, the water is accumulated within the 

testing area, while for permeation method the water is diluted and carried to the sensor. The 

sample preparation is simplest for permeation because it requires no additional fabrication, 

infrared imaging requires one single step of sealing the back side of the barrier with a metal 

layer, while calcium film requires patterned deposition, backside and edge side sealing, all steps 

being done in inert atmosphere as calcium is sensitive to atmospheric oxygen and water. Edge 

seals were deliberately not included for the infrared imaging to demonstrate that accurate WVTR 
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data can be determined with minimal sample edges easily excluding from the analysis, which is a 

significant advantage compared to the calcium film testing. 

The limit of detection is estimated around 5·10-5 g/m2/day from the infrared intensity 

resolution of 1 count per pixel, which was extrapolated from the barrier testing given the 

instrumentation capabilities and characteristics. For the WVTR of ~5·10-4 g/m2/day measured in 

this work, it was observed an average change in the image intensity of 10 counts. Therefore, it is 

estimated that the instrument can detect average change of 1 count to infer a limit of detection 

that is 10 times lower at 5·10-5 g/m2/day. In practice, measuring low WVTR is dependent on 

sample, this limit of detection can be improved if the water transport mechanism across the 

barrier is dominated by pinholes, the high concentration of water near defect can be measured 

with higher accuracy, hence the detection limit will be lower compared to uniform permeation 

barrier samples.  

Of the three methods, infrared imaging is the most cost-effective, as calcium test requires 

significant capital investment (glove box, evaporation system) and operational costs, while the 

permeation measurement suffers from low throughput. In contrast, infrared imaging only 

requires a light source and a camera, with testing taking only minutes. The infrared imaging is 

also the most flexible testing method, as it allows samples of any size, and exposure conditions 

to a wide range of aging parameters. For permeation test, the sample size is set to the chamber 

area, a circle of 50 cm2, while the environmental exposure to temperature and humidity is limited 

by the instrument capabilities and spans a narrower range compared to commonly used 

environmental chambers. Measurement precision and reliability was best for permeation testing 

and infrared imaging method, while optical calcium film testing required a significant amount of 

user input for image analysis in determining the threshold for considering completely reacted 
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calcium film. In addition, if the edge is not protected, poor adhesion between calcium and silicon 

dioxide barrier layer results in fast reaction from the edge, rendering the test unusable. The most 

significant disadvantage of the infrared imaging approach is that it requires additional testing to 

determine the slope of the calibration curve relating image intensity with absolute water content 

for quantitative WVTR measurement. At the minimum, a two-point calibration is sufficient to 

determine the slope of image intensity versus concentration, with one image equilibrating under 

0% R.H. and the other under 90% R.H.   

The infrared imaging approach for WVTR measurement offers significant benefits 

compared to existing methods in terms of performance, effectiveness and convenience. The 

measurement can be done on large size samples with a relatively easy preparation process, no 

need for edge diffusion protection and glovebox handling and fabrication environment. It can be 

used qualitatively to visualize defects or quantitatively to determine the WVTR in conjunction 

with a calibration process relating image intensity with water concentration. 

 

Conclusion 

This work demonstrates the use of an infrared imaging system to measure the 

performance of ultrahigh moisture barriers to an estimated detection limit of 5 ·10-5 g/m2/day, on 

par with commercial instrumentation. Measurements can be performed over a broad range of 

sample sizes, temperatures, and relative humidity conditions. A comparison of WVTR results 

from optical calcium test and permeation method, both based on different operational principles, 

confirms the accuracy of the infrared imaging approach, and highlights the benefits of non-

destructive and in-situ evaluation for water transport properties in moisture barriers. The 
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technique has a wide sensitivity range, is easy to employ, and amenable to measuring large 

sample sizes, making the IR imaging a candidate to replace existing moisture barrier testing 

methodologies.    
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Figure 1. (a) Image of instrument setup. (b) Schematic of instrument step. Moisture barrier samples were 

fabricated by deposition of barrier film on the polymer substrate. For testing, the polymer substrate side 

was sealed with 1 μm thick impermeable layer of copper followed by glass slide mounted with epoxy. 

The sample was illuminated with a black body and imaged in transflection mode with a custom-made 

infrared camera. The light passed twice through the polymer substrate and was attenuated in proportion to 

the water content present in the polymer.  
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Figure 2. Calibration of water content in the PET substrate showing a) the Karl-Fisher titration measured 

water concentration in PET substrate equilibrated in moist air at selected RH values and 30oC, and b) the 

normalized FTIR transflection spectra from IR passage through the substrate for the same equilibrated 

conditions as above. The highlighted wavelengths correspond to the water absorption band. c) Sample 

images indicate decreased image intensity due to water absorption at the 3700 to 3500 cm-1. d) The linear 

dependence of the integrated FTIR water absorption band and the average image intensity as a function of 

the absolute Karl-Fisher water concentration (black corresponds to FTIR integration, red to image average 

intensity).  
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Figure 3. Visualization of defects present in the moisture barrier after exposure to 38oC and 90% relative 

humidity showing (a) Infrared images at different exposure time, and (b) decrease image intensity average 

due to moisture ingress across the barrier and from the exposed perimeter as a function of time. 
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Figure 4. WVTR values were calculated for moisture barriers after aging under 38 °C and 90 % R.H. (a) 

Infrared images of the samples were acquired every day after exposure to the aging condition. (b) The 

corresponding image intensity average change over time was determined from image processing 

excluding the edges of the sample, indicating decrease in intensity with longer aging time. WVTR value 

of the barrier calculated from IR imaging method is 9.6 ·10-4 g/m2/day.  
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Figure 5. Numerical simulation of water transport in the moisture barrier and fitting with experimental 

data. a) The sample is modelled with two domains: the PET polymer substrate and a barrier layer with 

lower diffusion coefficient. The air side of the barrier is kept at saturation while at the interface between 

the two domains the relative concentration is continuous, and it’s assumed that there is no water flux on 

the polymer substrate side that is sealed with a uniform copper layer. b) Numerical fit for the moisture 

diffusion data was derived from the infrared imaging measurement results. The fit uses the model 

presented in a) and calculates the diffusion coefficient in the barrier using a least square algorithm. c) 

Diffusion profiles for water concentration in the sample at various times. The water diffusion front passes 

through the barrier layer until it reaches a linear profile. The water concentration in the substrate is 

uniform as the diffusion coefficient in this material is orders of magnitude higher than the one in the 

barrier. 
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Figure 6. WVTR measurement of moisture barriers with permeation method and optical calcium film 

method. (a) WVTR values measured from permeation method show average at 1.7·10-4 g/m2/day (dashed 

line), with a coefficient of variation of 18%.  (b) WVTR values determined from optical calcium testing 

showing the total reacted calcium area over time under the same exposure condition as above. The 

WVTR of the barrier was derived from calculating the equivalent amount of water needed to react the 

calcium layer showing the value around 8.5·10-4 g/m2/day.   

 

 

 

 

 

 

Table 1. A comparison of the WVTR results measured from Infrared imaging, permeation method and 

optical calcium film method.  

 

 


