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Abstract 24 

 25 

Barrier films are required for a number of applications such as food packaging or organic 26 

electronics to prevent product degradation results from exposure to water vapour and oxygen. 27 

In order to determine the effectiveness of polymers and deposited barrier films to inhibit water 28 

permeation, the water vapour transmission rate (WVTR) needs to be measured. The calcium 29 

test, MOCON instrument and tritiated water permeation can all be used to determine the 30 

WVTR, but the values produced by these techniques have not been extensively compared. The 31 

WVTR of two polymer substrates and two barrier films deposited onto polymer substrates have 32 

been measured using these three techniques. For a polyethylene terephthalate substrate and a 33 

MOCON reference film, similar WVTR were observed for all three techniques. For two 34 

commercially available barrier films, variable WVTRs were observed and attributed to film 35 

defects. WVTR measurements play an essential role in the use of polymers and barrier films 36 

to retard water permeation, therefore an understanding of the advantages and disadvantages of 37 

each technique is of great importance.  38 

 39 

Keywords: barrier film, thin films, water permeation, water vapour transmission rate, WVTR 40 
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1. Introduction 42 
 43 

Polymers films are used in a number of applications such as food packaging [1, 2] and organic 44 

electronics [3] that require products to be protected from air and moisture as they are 45 

lightweight, cheap, transparent and printable. Polymers typically have water vapour 46 

transmission rates (WVTR) in the 0.1 – 100 g.m-2/day range [4-8] which is usually sufficient 47 

for food packaging but not organic electronic applications [9]. For organic electronics to have 48 

sufficient lifetimes for commercial applications, an additional barrier film needs to be deposited 49 

onto the polymer to inhibit degradation resulting from exposure to water vapour and oxygen 50 

[10]. It has been widely stated that WVTRs in the 10-6 g.m-2/day range are required to produce 51 

organic electronics with a sufficient lifetime [11]. In order to determine the effectiveness of 52 

polymers and barrier films to inhibit water permeation, the WVTR needs to be accurately 53 

determined. A significant research effort is focused on producing barrier films with the lowest 54 

possible WVTRs, with most research groups using one particular measurement technique. But 55 

can the effectiveness of two barriers be compared if their WVTRs were measured with different 56 

techniques? The calcium (Ca) test, MOCON instrument and tritiated water (HTO) permeation 57 

have been used to determine the WVTR of polymers and barrier films, but the values produced 58 

by these techniques have not been extensively compared. The Ca test and MOCON instrument 59 

are the two most commonly used techniques for determining the WVTR, but both have 60 

disadvantages. The lowest detection limit achievable with the most sensitive commercial 61 

MOCON instrument is 5 x 10-5 g.m-2/day [12] while the main disadvantage of the Ca test is 62 

lengthy test durations which can be many months for materials with very low WVTRs. A less 63 

commonly used method for determining the WVTR is by means of HTO permeation, however 64 

only a few studies have used this technique [13-15] as it requires access to radioactive HTO.  65 

 66 
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MOCON instruments have been used to determine the WVTRs of both polymers [7, 16] and 67 

barrier films [17-20]. These instruments use either a modulated infrared sensor (Permatran 68 

model with detection limit of 5 x 10-3 g.m-2/day [17]) or a coulombmetric sensor (Aquatran 69 

with detection limit of 5 x 10-4 g.m-2/day [18] and Aquatran Model 2 with detection limit of 5 70 

x 10-5 g.m-2/day [12]) to detect water vapour transmission through a flat substrate. Commercial 71 

permeation instruments such as the MOCON type or similar, are not capable of measuring the 72 

low WVTRs required for organic electronic applications. 73 

 74 

The Ca test evaluates the WVTR of a film by in situ monitoring the oxidation of Ca films [21, 75 

22]. The electronic Ca test (e-Ca) measures the decrease in conductivity that occurs due to Ca 76 

corrosion resulting from the diffusion of moisture and oxygen through the barrier film [23]. 77 

Optical methods have also been used to determine the WVTR [24-26]. This method records 78 

images of the deposited Ca pads at regular intervals to monitor the rate of corrosion of the 79 

initially highly reflective Ca to almost transparent Ca oxide [24]. WVTR rates as low as 3 x 80 

10-7 g.m-2/day have been detected using the Ca test [9]. The accuracy of the Ca test relies on 81 

the assumption that Ca oxidation is linear with water exposure. However, previous studies have 82 

shown this not to be the case [27, 28]. Ca oxidation kinetics have been investigated using quartz 83 

crystal microbalance where they were shown to be non-linear. When the mass gain was plotted 84 

against time, three distinct regions were identified; lag region, oxidation region and sensor 85 

lifetime. Different WVTR values can be calculated, depending on which region the data was 86 

taken from. The non-linearity of Ca oxidation raises doubts about the accuracy of the WVTR 87 

determined by the Ca test though it has been proposed that reliable WVTRs can be obtained at 88 

short lag times [29]. 89 

 90 
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In the few studies that have used HTO to determine the WVTR of barrier films, the film 91 

separates the top and bottom chambers of a stainless steel vessel. HTO, which is placed in the 92 

bottom chamber, permeates through the film and is absorbed by hydroscopic lithium chloride 93 

(LiCl) in the top chamber. The amount of HTO absorbed by the LiCl is then measured by liquid 94 

scintillation counting from which the WVTR can be calculated [14, 15]. The diffusion of HTO 95 

through a barrier film has also been determined with an inbuilt β-ray detector. In this method, 96 

the HTO that permeated through the membrane was transported by a carrier gas to the detector 97 

for quantification [13, 30, 31]. The detection limit of WVTR for HTO permeation is reported 98 

to be below 1 x 10-6 g.m-2/day [9]. 99 

 100 

Few studies have used more than one technique to measure the WVTR of the same film. Seo 101 

and co-workers [32] used MOCON to determine the WVTR of the PET substrate and the more 102 

sensitive Ca-test to measure the WVTR of barrier films. The Catest has also been used when 103 

the WVTR of an alumina barrier film determined by MOCON was lower than the detection 104 

limit [16]. A combination of MOCON and the Ca test has also been used by Carcia et al. [18], 105 

however only barrier layers with thicknesses less than 7.5 nm could be analysed by MOCON 106 

as thicker layers were below the MOCON detection limit. Although both techniques were used, 107 

direct comparisons between the two techniques were restricted by the MOCON detection limit. 108 

Only one study has directly compared the WVTRs measured using HTO permeation and the 109 

optical Ca test. Both WVTRs were determined under ambient conditions for a 10 nm alumina 110 

film and resulted in similar values of 2 x 10-3 g.m-2/day with HTO permeation and 1.5 x 10-3 111 

g.m-2/day with the optical Ca test [15]. In a recent multi-laboratory study, WVTRs of a 112 

multilayer barrier film measured using the calcium test were compared with those obtained 113 

from cavity ringdown spectroscopy, tuneable diode laser absorption spectroscopy, isotope 114 

marking mass spectrometry and MOCON [33]. In this study, the WVTR was determined under 115 
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two conditions (20 °C, 50% relative humidity (RH) and 38 °C, 90% RH), though not every 116 

technique could determine the WVTR at each condition. At 20 °C, 50% RH, the WVTR was 117 

below the detection limit for MOCON. Reasonable agreement in WVTRs was reported across 118 

the range of techniques, however outliers were observed which were attributed to film defects. 119 

 120 

In the present study, we have used the e-Ca, MOCON and HTO permeation techniques to 121 

investigate the WVTRs of two polymer substrates and two commercially sourced barrier films. 122 

These materials were chosen for study as they possess a variety of the characteristics featured 123 

in barrier film research. A 75 µm PET substrate was chosen as it is a commonly used substrate 124 

for organic electronics due to its low cost. The 127 µm thick MOCON reference material was 125 

selected as it was accompanied by a reference sheet which specifies its WVTRs, as determined 126 

by MOCON, at several of relative humidities. The two barrier films were chosen as typical 127 

examples of  commercially available products, with one possessing a single barrier film and 128 

the other having a multilayer structure. Of particular interest in the present study is an 129 

assessment of the HTO based method relative to the other two techniques, which are more 130 

frequently used to assess barrier performance. Direct comparison of the WVTRs obtained from 131 

the selected methods has been made where possible. This analysis highlighted some of the 132 

strengths and limitations of the various methods chosen for the present study. In addition, it 133 

clearly showed the variability in WVTRs of samples selected from the same batch of substrate 134 

material or barrier film. The aim of this study is to demonstrate that there are many factors to 135 

consider in WVTR measurement and due to this, caution needs to be taken when comparing 136 

barrier films whose WVTRs have measured by different techniques.  137 

 138 

2. Materials and Methods 139 

 140 
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2.1. Materials 141 

 142 

Two polymer substrates were selected for water permeation tests. These comprised 75 µm thick 143 

polyethylene terephthalate (PET) (Multaplex EMCL) and the MOCON 127 µm thick PET 144 

reference material (MOCON, Inc.). Two commercially available films based on PET substrates 145 

with additional barrier layers, designated A (50 µm) and B (200 µm), were obtained from their 146 

manufacturers. Liquid scintillation cocktail (Ultima Gold™ uLLT) and tritiated water (37 147 

MBq/mL) were purchased from Perkin-Elmer. Lithium chloride (99%) was purchased from 148 

Sigma Aldrich. 149 

 150 

2.2. HTO permeation 151 

 152 

The HTO permeation rig is shown in Fig. 1. Determination of the WVTR by HTO permeation 153 

assumes that the tritium atoms diffuse as molecular HTO [14] and that the permeation rates of 154 

water and HTO are the same. A 10 MBq/mL HTO working solution was made by dilution of 155 

the 37 MBq/mL HTO stock. For the polymer substrates and barrier film A, 5 µL of 10 MBq/mL 156 

HTO working solution and 45 µL of Milli-Q water were combined in the hollow of the stainless 157 

steel base resulting in a total droplet activity of 50 kBq. For barrier film B, 50 µL of 10 158 

MBq/mL HTO was pipetted directly into the hollow, resulting in a total droplet activity of 500 159 

kBq. A circular test piece with a diameter of 150 mm was placed over the base followed by a 160 

Teflon seal, resulting in available film area of 0.009 m2. A vial containing 3 g of LiCl was 161 

inserted into the vial holder of the glass vessel. The glass vessel was then bolted onto the 162 

stainless steel base. A RH of ~95% was measured in the lower part of the chamber during each 163 

experiment with an average ambient temperature of 25 °C. After the desired test duration of 1 164 

to 3 days for polymer substrates and 7 days for barrier films, the LiCl vial was removed. In 165 
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addition, the inside of the glass vessel and the top surface of the substrate were each rinsed 166 

with 50 mL of Milli-Q water to capture any HTO which may have permeated through the film 167 

but not absorbed by the LiCl. To determine the total mass of HTO passing through the substrate, 168 

the three separate samples were analysed using a liquid scintillation counter: glass rinse, 169 

substrate rinse and the LiCl from the vessel. 8 mL of Milli-Q was added to the vial containing 170 

LiCl. In two other vials, 3 g of LiCl was added to 8 mL aliquots of the glass rinse and substrate 171 

rinse solutions. All three vials were then shaken vigorously and left overnight to ensure the 172 

LiCl was completely dissolved. 12 mL of scintillation cocktail was then added to each, 173 

followed once again by vigorous shaking and left overnight. Samples were then placed in the 174 

liquid scintillation counter and the counts per minute (CPM) for each was determined. The beta 175 

decay energy of tritium is transferred to the phosphors in the liquid scintillation cocktail which 176 

in turn emit photons in the range of 0 – 18.6 keV that are detected by the liquid scintillation 177 

counter. The CPM of each sample was measured at least 20 times using a Packard Tri-Carb 178 

2900 TR liquid scintillation analyser and the results averaged. The counts per minute were then 179 

used to calculate the WVTR using a linear regression equation determined from a calibration 180 

plot for total activities of 0.005 to 50 kBq. The WVTR (g.m-2/day) was then calculated from 181 

the following equation: 182 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =
𝐷𝐷𝐷𝐷(𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑐𝑐)
1000𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚

 183 

 184 

Where Dv = droplet volume (µL), CPM = counts per minute, c = y-axis intercept of linear 185 

regression, m = slope of linear regression, A = surface area of film (m2), D = experiment 186 

duration (days) and iAc = Initial total activity of droplet (KBq). 187 

 188 



9 
 

 189 

Fig. 1 Schematic diagram of HTO permeation rig 190 

 191 

2.3. MOCON permeation testing 192 

 193 

The MOCON Permatran instrument was used to measure water permeation where the test cell 194 

is divided into two chambers by the film under investigation (Fig. 2). Humidified nitrogen 195 

enters the outer part of the cell and exits via an exhaust port. Pre-dried, moisture-free nitrogen 196 

is continuously admitted to the inner half of the test cell to transfer the water vapour that 197 

permeates through the film to the sensor. For the MOCON reference film, the WVTR was 198 

measured at 23 °C/50 % RH and 23 °C/100 % RH, to enable comparison to HTO permeation. 199 

For the 75 µm PET substrate, the WVTR was measured at 23 °C/50 % RH. The WVTRs of the 200 

two barrier films were determined under three conditions: 23 °C/50 % RH, 38 °C/50% RH and 201 

38 °C/85% RH. The substrate was placed in the instrument and the conditions were initially 202 

set at 23 °C/50% RH. The humidified nitrogen was allowed to flow until the WVTR reached 203 

equilibrium, which was typically around 40 hours, for both uncoated and coated substrates. 204 

The substrate was kept in the instrument and the conditions were then changed to 38 °C/50% 205 

RH and then 38° C/85% RH. In each case, conditions were maintained until WVTR 206 

equilibrium was achieved. A constant humidified nitrogen flow rate of 10 mL/min was used in 207 

all experiments. 208 

stainless 
steel base

LiCl

polymer substrate

tritiated
water

O-ring
seal
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 209 

Fig. 2 Schematic diagram of MOCON permeation testing instrument  210 

 211 

2.4. Calcium testing 212 

 213 

The electrical calcium (e-Ca) testing system used in the present study is shown in Fig. 3. This 214 

system is based on the system developed at the U.S. Department of Energy’s National 215 

Renewable Energy Laboratory (NREL), Golden, Colorado, USA, which has been previously 216 

described [34]. The e-Ca system consists of a Ca sensor on a test card, which is separated from 217 

the barrier film to be tested by a metal spacer block. As water vapour diffuses through the 218 

barrier film into the cavity created by the spacer it reacts with the Ca sensor, converting the Ca 219 

to Ca(OH)2. This reaction is monitored as an increase in resistivity as the Ca is oxidised. From 220 

the stoichiometry of the reaction and the dimensions of the Ca sensor, spacer, and the area of 221 

exposed barrier film, the measured resistivity of the Ca sensor (once a steady vapour 222 

transmission rate has been reached) can be converted into a measure of WVTR by the following 223 

formula [1]: 224 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑛𝑛𝑛𝑛𝜌𝜌𝐶𝐶𝐶𝐶 �
𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒
𝑤𝑤
��
𝐴𝐴𝐶𝐶𝐶𝐶
𝐴𝐴𝐵𝐵

� �
𝑀𝑀𝑤𝑤

𝑀𝑀𝐶𝐶𝐶𝐶
� �
𝑑𝑑�1

𝑅𝑅� �
𝑑𝑑𝑑𝑑

� 225 

where 226 

𝐴𝐴𝐵𝐵 =  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑟𝑟𝑒𝑒 227 

Film

Humidified 
N2 in

Humidified 
N2 out

Carrier
N2 in

Carrier
N2 out
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𝐴𝐴𝐶𝐶𝐶𝐶 = 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝐶𝐶𝐶𝐶 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 228 

𝛿𝛿 = 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝐶𝐶𝐶𝐶 �1.55
𝑔𝑔
𝑐𝑐𝑐𝑐3� 229 

𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ 230 

𝑀𝑀𝐶𝐶𝐶𝐶 = 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 231 

𝑀𝑀𝑤𝑤 = 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ𝑡𝑡 𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 232 

𝑛𝑛 = 2 (𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑜𝑜𝑜𝑜 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑡𝑡𝑡𝑡 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝) 233 

𝜌𝜌𝐶𝐶𝐶𝐶 = 𝑡𝑡ℎ𝑖𝑖𝑖𝑖 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 234 

𝑅𝑅 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 235 

𝑤𝑤 = 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤ℎ 236 

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 = 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 237 

 238 

Test durations of the uncoated polymer substrates were less than 2 days. Barrier films A and B 239 

had test periods of 1 and 9 months respectively. Ca test card fabrication and assembly was 240 

performed in a dry nitrogen atmosphere glove box (<1 ppm water and <1 ppm oxygen). Ca test 241 

cards are fabricated by thermally evaporating, through a patterned shadow mask, a 100 nm 242 

gold layer (with 20 nm titanium under layer) onto a glass substrate for the electrical 243 

connections, followed by a 1000 nm calcium layer for the sensor lines. The Ca test card, metal 244 

spacer block, and polymer barrier film were then assembled using a commercial edge seal tape 245 

(ADCO HelioSeal PVS 101). Testing was performed with the samples in an environmental 246 

chamber set to a temperature of 25 ± 2 °C and RH between 40-55%. A Keithley 2400 247 

Sourcemeter together with a custom switching system and software were used to monitor the 248 

change in resistance of the Ca sensor lines over time. The WVTR is then determined from the 249 

above equation. The WVTR was calculated once the system reached steady state conditions.  250 

 251 
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 252 

 253 

Fig. 3 Schematic diagram of calcium testing setup 254 

  255 
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3. Results and Discussion 256 

 257 

3.1. WVTR of MOCON and PET substrates 258 

 259 

The WVTR of the MOCON reference film was investigated using the e-Ca test, MOCON and 260 

HTO permeation. The WVTR values determined at room temperature (23-25 °C) are listed in 261 

Table 1. Very similar WVTR values were obtained using the e-Ca test and MOCON when 262 

evaluated at similar RH. Increasing the RH from 50 to 100 %, on the same piece of film, 263 

increased the WVTR measured by the MOCON instrument from 1.22 to 2.26 g.m-2/day, similar 264 

to the trend previously observed for polyethylene napthalate films [4]. The MOCON reference 265 

film is accompanied by a list of reference WVTRs for temperatures of 5 – 50 °C at 100% RH. 266 

At 23 °C, the film has a listed WVTR of 2.1 g.m-2/day which is close to the value of 2.26 g.m-267 

2/day measured by the MOCON instrument. For RH of 95-100%, slight differences were 268 

observed when the WVTR was measured using MOCON in comparison to HTO permeation. 269 

The WVTR obtained at a RH of 95% with HTO permeation is lower than that measured with 270 

the MOCON instrument at 23 °C/100% RH. This difference will be discussed below. 271 

 272 

Table 1 WVTRs of 127 µm MOCON reference film  273 

Technique Test period Temperature Relative WVTR 

  (days) (°C) humidity (%) (g.m-2/day) 

HTO 1 25 95 1.27 

e-Ca N/A 25 40-55 1.28 

MOCON N/A 23 50 1.22 

    23 100 2.26 

 274 

 275 



14 
 

HTO permeation of the 75 µm thick PET film was undertaken for test durations of 1, 2 and 3 276 

days to monitor the transmission kinetics. As shown in Table 2, WVTR values of 277 

approximately 1.6 g.m-2/day were observed for all test durations. These results showed that 278 

water permeation was linear for test durations up to 3 days and that 1 day is sufficient for the 279 

system to reach steady state conditions and thus allowing an accurate WVTR of this material 280 

to be determined. Measurements were undertaken of two different PET pieces using the e-Ca 281 

test which yielded WVTRs of 1.20 and 1.95 g.m-2/day. A similar WVTR of 1.88 g.m-2/day was 282 

obtained by the MOCON instrument. All three techniques yield comparable values in the range 283 

1-2 g.m-2/day. WVTRs of PET in the range from 3-17 g.m-2/day have been reported in the 284 

literature [32, 35, 36]. This wide range in values is mostly due to variations in RH, temperature 285 

and substrate thickness. In particular, higher WVTRs have been shown to result from increases 286 

in temperature and RH [37, 38]. The experimental conditions therefore need to be taken into 287 

account when comparing the WVTR of the same polymers and barrier films. Previously it has 288 

been shown that when the measurement conditions are identical between the Ca-test and HTO 289 

permeation, very similar WVTRs are produced [15]. All three techniques used herein yielded 290 

similar WVTRs at room temperature (23 – 25 °C). However, the e-Ca and MOCON tests were 291 

carried out at similar RHs (40-55%) while HTO permeation was undertaken at 95% RH. For 292 

materials that obey Fick’s law, it is generally accepted that permeation is linear with water 293 

concentration [38]. Therefore, a higher WVTR would be expected for the HTO measurement 294 

since the mass of water vapour per unit volume of air at a RH of 95% will be almost double 295 

that at the 40-55% conditions used for the e-Ca and MOCON analyses. The absence of a 296 

significant differences between the three techniques for both the MOCON reference film and 297 

the 75 µm PET substrate suggests that the HTO method may be underestimating the WVTR. 298 

Such behaviour suggests that the assumption that the rates of H2O and HTO permeation are the 299 

same, may not be valid. Unfortunately, the validity of the equal rate assumption, on which the 300 
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HTO method is based, remains unresolved at the present time due to an apparent lack of 301 

reported studies on the relative permeabilities of the two species in polymeric materials. While 302 

higher WVTRs might be expected for the HTO measurements in Tables 1 and 2, it is worth 303 

noting that variability in values obtained with the same or similar techniques is not uncommon 304 

in moisture permeation studies. For instance, in the multi-laboratory study of a multilayer 305 

barrier film carried out by Nisato et al. [33], the results at 20 °C/50% RH varied by a factor of 306 

2-3. It is also worth noting that HTO permeation is not affected by residual water that may be 307 

trapped within the substrate or barrier layers. Water from this source, has previously shown to 308 

influence the measured WVTR in H2O based techniques [39]. Although for both the 75 µm 309 

PET and 127 µm MOCON reference films HTO permeation produced a lower than expected 310 

WVTR based on RH, the differences are only slight thus suggesting that these three techniques 311 

are comparable under these conditions.  312 

 313 

Table 2 WVTRs of 75 µm PET film  314 

Technique Test period Temperature Relative WVTR 

  (days) (°C) humidity (%) (g.m-2/day) 

HTO 1 25 95 1.56 

  2 25 95 1.59 

  3 25 95 1.60 

e-Ca N/A 25 40-55 1.20 

  N/A 25 40-55 1.95 

MOCON N/A 23 50 1.88 

 315 

  316 
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3.2. WVTR of barrier films 317 

 318 

WVTRs were determined for the two barrier films designated A and B. Film A was 50 µm 319 

thick and comprised of an approximately 100 nm thick single metal oxide barrier layer 320 

deposited on PET. For all three techniques, the WVTRs were measured with the barrier film 321 

surface facing the high humidity environment. At room temperature, the WVTR determined 322 

by the three techniques ranged from 2.0 x 10-1 g.m-2/day for the e-Ca test to 4.5 x 10-2 g.m-323 

2/day for HTO permeation, as shown in Table 3. A decrease in the WVTR of approximately 324 

one to two orders of magnitude compared with uncoated PET demonstrates the effectiveness 325 

of a metal oxide layer as a barrier film. Similar WVTR values were observed for the MOCON 326 

(0.90 x 10-1 g.m-2/day) and the e-Ca test (2.0 x 10-1 g.m-2/day). As these measurements were 327 

undertaken under similar conditions, these values once again suggest reasonable agreement 328 

between the two techniques. As found previously, the HTO technique yielded a lower WVTR 329 

value (4.5 x 10-2 g.m-2/day) than either the MOCON or e-Ca test despite being carried out at a 330 

higher humidity. The origin of such behaviour is at this stage unknown, but possible causes 331 

could be unequal HTO/H2O permeation or that residual water does not influence HTO 332 

measurements, as previously mentioned. Very little information is available on the 333 

transmission rates of HTO compared to H2O through polymeric substrates and barrier films. 334 

Previous experiments have been conducted to gain insight if tritium diffuses through a polymer 335 

substrate and barrier film as molecular HTO or atomic tritium [14], but did not compare HTO 336 

to H2O. It would be advantageous if the rates of HTO and H2O diffusion had been 337 

experimentally determined as this would shed light on the validity of the assumption that the 338 

two rates are similar. In the absence of such confirmation, an explanation of the lower WVTRs 339 

obtained with HTO permeation remains in abeyance. 340 

 341 
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To demonstrate the effect of increasing temperature and/or RH on WVTR, barrier film A was 342 

also measured using MOCON at 38 °C/50% RH and 38 °C/85% RH for 3 separate pieces of 343 

film. As expected, increases in WVTR were observed by increasing the temperature and RH. 344 

The temperature and RH at which the WVTR is measured, has shown to have a significant 345 

effect on the calculated values. The WVTR increases as the temperature increases due to the 346 

kinetic theory of gas. As the temperature is increased, the velocity of the water vapour 347 

molecules also increases thus resulting in greater diffusion [40]. The WVTR also increases as 348 

the RH increases at a constant temperature, as the mass of water per unit of volume of air 349 

increases. The greater mass of water vapour on one side of the film has a greater driving force 350 

on the film, thus accelerating water permeation. It has previously been shown that increasing 351 

the RH and temperature increased the WVTR of polypropylene and  polyvinyl alcohol films 352 

[38]. To investigate sample to sample differences, the WVTRs of three pieces of barrier film 353 

A were measured using MOCON. Two of the three pieces had WVTRs that were significantly 354 

higher than the first sample tested, as shown in Table 3. The observed differences were 355 

attributed to defects in the barrier layer in the WVTR, which were not detected by the visual 356 

inspection carried out on all samples prior to testing. Such defects, formed during the handling 357 

or processing of barrier films, have previously shown to have a significant effect on permeation 358 

performance [39]. 359 

 360 

 361 

 362 

 363 

 364 

 365 

 366 
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Table 3 WVTR of 50 µm thick barrier film A  367 

Technique Test period Piece  Temperature Relative WVTR 

  (days) number (°C) humidity (%) (g.m-2/day) 

HTO 7 N/A 25 95 4.5 x 10-2 

e-Ca N/A N/A 25 40-55 2.0 x 10-1 

MOCON N/A 1 23 50 9.04 x 10-2 

      38 50 4.78 x 10-1 

      38 85 9.66 x 10-1 

    2 23 50 4.96 x 10-1 

      38 50 1.31 

      38 85 2.82 

    3 23 50 4.95 x 10-1 

      38 50 1.52 

      38 85 3.08 

 368 

Barrier film B was a multilayer film on PET with a total thickness of 200 µm, as shown in Fig. 369 

4. For all three techniques, the WVTR measurements were undertaken with the more 370 

hydrophobic side of film facing the high humidity environment. The WVTRs of 5 different 371 

pieces of the barrier film were prepared for HTO permeation tests and 9 different pieces for 372 

MOCON analysis. Only a single measurement was made using the e-Ca test due to the long 373 

equilibration time required. The results of all measurements are shown in Table 4. The WVTRs 374 

obtained from HTO permeation ranged 8.4 x 10-3 – 5.5 x 10-5 g.m-2/day across the 5 different 375 

pieces. These values are significantly lower than for barrier film A which demonstrates the 376 

effectiveness of multilayer structures over a single barrier layer in reducing the WVTR, which 377 

is in agreement with previous studies [32, 41-43]. In addition, the greater thickness of barrier 378 

film B (200 µm) compared with barrier film A (50 µm) is also likely to contribute to its lower 379 

WVTR. The single measurement with the e-Ca method yielded a WVTR of 3.6 x 10-5 g.m-380 

2/day, which is comparable with the lowest value obtained from HTO permeation. However, 381 

averaging the WVTRs determined via HTO permeation results an average WVTR of 2.58 x 382 
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10-3 g.m-2/day, which is two orders of magnitude greater than the WVTR determined by the 383 

single Ca test. A previous study observed lower WVTRs determined by the Ca test in 384 

comparison to HTO permeation [14]. Calculating the average WVTR however, does not taken 385 

into account any differences in the WVTR due to defects in different pieces of the film but not 386 

others. It is therefore difficult to ascertain if the difference in the WVTRs determined by HTO 387 

permeation and Ca test are due to instrument or experimental differences. All the MOCON 388 

measurements on film B at 23 °C/50% RH were found to be below the Permatran detection 389 

limit of 5 x 10-3 g.m-2/day. This limitation prevents a direct comparison with the HTO and e-390 

Ca methods, though there is consistency in the fact that the WVTRs measured with HTO 391 

permeation and the e-Ca test all fall below this MOCON detection limit. 392 

 393 

 394 

Fig. 4 Cross sectional SEM of barrier film B 395 

 396 

In order to determine the effect of temperature and RH on the WVTR of barrier film B, these 397 

parameters were increased for two pieces to 38 °C/50% RH and then 38 °C/85% RH. While 398 

the WVTRs for one piece was both below the aforementioned MOCON detection limit at 38 399 
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°C, the other piece returned significantly higher values of 1.94 x 10-2 and 3.33 x 10-2 g.m-2/day 400 

for 50% and 80% RH respectively. This significant increase prompted further measurements 401 

at 38 °C/85% RH on additional pieces of barrier film B. These values are listed in Table 4 and 402 

ranged from < 5 x 10-3 - 1.02 x 10-1 g.m-2/day. A variation of this magnitude, which was also 403 

present to a lesser extent in the HTO measurements at 25 °C, highlights the influence of defects 404 

in determining the permeability of barrier materials even in the case of samples from the same 405 

sheet of barrier film. This in turn implies significant inhomogeneity in the barrier layers due to 406 

defects that were introduced during manufacture or subsequent handling. A similar finding has 407 

been reported by Fahlteich et al. [39] who found the presence of such defects in several 408 

multilayer barrier systems and studied their effect under different test conditions. 409 

  410 



21 
 

Table 4 WVTR of 200 µm thick barrier film B  411 

Technique Test period Piece Temperature Relative WVTR 

  (days) number (°C) humidity (%) (g.m-2/day) 

HTO 7 1 25 95 8.4 x 10-3 

    2 25 95 3.5 x 10-3 

    3 25 95 4.5 x 10-4 

    4 25 95 2.2 x 10-4 

    5 25 95 5.5 x 10-5 

e-Ca N/A   25 40-55 3.6 x 10-5 

MOCON N/A 1 23 50 < 5 x 10-3 

      38 50 < 5 x 10-3 

      38 85 < 5 x 10-3 

    2 23 50 < 5 x 10-3 

      38 50 1.94 x 10-2 

      38 85 3.33 x 10-2 

    3 38 85 1.02 x 10-1 

    4 38 85 1.19 x 10-2 

    5 38 85 8.65 x 10-2 

    6 38 85 8.28 x 10-2 

    7 38 85 4.26 x 10-2 

    8 38 85 4.76 x 10-3 

    9 38 85 < 5 x 10-3 

  412 

 413 

4. Conclusions 414 

 415 

The WVTRs of polymers and barrier films have been determined using HTO permeation, 416 

MOCON and the e-Ca test. A comparison of the three techniques was made using two PET 417 

substrates and two commercial barrier films in order to assess their suitability under different 418 

conditions. For both the 75 µm PET and MOCON reference films, similar WVTRs were 419 
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measured with all three techniques. This similarity occurred even though a higher humidity 420 

was used in the HTO tests. Therefore, it is possible that HTO permeation may underestimate 421 

the WVTR However, previous work by Nisato et al using a number of test methods found a 422 

factor of ~ 3 difference in the WVTRs measured under the same conditions. Thus, in this 423 

context, the lack of a difference due to the higher RH is unlikely to be significant. It is also 424 

worth noting that the WVTR determined by HTO permeation cannot be impacted by residual 425 

water in the film unlike the Ca test and MOCON. For the two barrier films, a comparison 426 

between the three techniques proved more difficult due to variations in the defect densities 427 

present in different test samples. The results for barrier film A at 23-25 °C ranged from 4.96 x 428 

10-1 to 4.5 x 10-2 g.m-2/day with a similar spread observed at 38 °C. The problem of sample 429 

variability was also encountered with barrier film B. In addition, room temperature WVTRs 430 

could not be obtained with the MOCON Permatran due to its detection limit. HTO permeation 431 

at 25 °C yielded values that varied by two orders of magnitude with only the lowest recorded 432 

of these agreeing closely with the single e-Ca measurement. MOCON was the only technique 433 

used to measure samples at the higher temperature of 38 °C. Once again, considerable sample 434 

to sample variability was observed with WVTRs ranging from 1.02 x 10-2 to < 5 x 10-3 g.m-435 

2/day. The results obtained for this barrier film showed that only the HTO and e-Ca methods 436 

are capable of determining the performance of barrier materials with WVTRs below 1 x 10-4 437 

g.m-2/day.  438 

 439 

The biggest challenges when comparing WVTR are the measurement conditions and the 440 

presence of film defects. The WVTR is significantly affected by temperature and RH and 441 

therefore these conditions need to be closely matched to accurately compare the WVTRs of 442 

two samples. However, a previous study by Nisato et al. has shown that even when the material 443 

and conditions are identical, different WVTRs were observed, thus suggesting inherent 444 
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instrument to instrument variabilities. It appears to be necessary to conduct multiple WVTR 445 

measurements of different pieces of the barrier film, to ascertain if any differences in the 446 

WVTR are due to film defects or the actual barrier properties. Each measurement technique 447 

examined in this study has shown to have its own advantages and disadvantages for 448 

determining WVTR. MOCON can determine WVTR at a broad range of temperatures and RH 449 

due to having precise control over both of these parameters but the detection limit of MOCON 450 

is however relatively high, at 5 x 10-3 to 5 x 10-5 g.m-2/day, depending on the model. In cases 451 

where barrier materials contain defects and hence, do not meet specification, the WVTRs can 452 

be evaluated by means of the MOCON method as shown in the present study. For this reason, 453 

the MOCON instruments offer a viable and quicker means of initially assessing the barrier 454 

properties of a material followed by one of the other techniques when the WVTR is found to 455 

fall below the MOCON detection limit. HTO permeation is very sensitive, with a detection 456 

limit as low as 10-6 g.m-2/day, but the RH cannot be easily varied in this static system. The e-457 

Ca test can also be used to determine WVTR over a range of temperatures and RH if placed 458 

under a controlled atmosphere. The duration of the e-Ca test can also be considerably longer 459 

than either of the other two techniques due to the potentially long lag times, which are 460 

dependent on the WVTR of the film. The present study demonstrates that the strengths and 461 

limitations of available WVTR measurement techniques need to be considered in order to 462 

determine which is most appropriate for the barrier film under investigation. 463 

 464 
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Highlights 477 

 478 

• Ca test, MOCON and HTO permeation measured WVTR of 4 films 479 

• Similar WVTR were observed for two polymer substrates with all 3 techniques 480 

• Film inhomogeneities resulted in different WVTR for two barrier films  481 

• Different experimental conditions make direct comparisons challenging 482 
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