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Compatibility of ethylene vinyl acetate (EVA)/ethylene vinyl
alcohol (EVOH)/EVA films with gamma, electron-beam, and
X-ray irradiation
Yelin Ni 1✉, Tucker T. Bisel1,8, Md Kamrul Hasan2,9, Donghui Li1, Witold K. Fuchs1,10, Scott K. Cooley1, Larry Nichols3, Matt Pharr2,
Nathalie Dupuy 4, Sylvain R. A. Marque5, Mark K. Murphy1, Suresh D. Pillai6, Samuel Dorey7✉ and Leonard S. Fifield 1✉

Many polymer-based medical devices are sterilized by gamma irradiation. To reduce the use of cobalt-60 gamma-ray sources,
transition from gamma ray to alternative irradiation technologies was proposed, namely electron beam (e-beam) and X-ray. A major
impediment for such a transition is the knowledge gap in material compatibility with the different radiation sources. In this study,
multi-layer films consisting of ethylene vinyl acetate (EVA) and ethylene vinyl alcohol (EVOH) components were irradiated to target
doses of 30, 45, and 60 kGy by gamma-ray, e-beam, and X-ray sources. Effects of irradiation were evaluated on 12 material
properties, and statistical comparisons between gamma irradiation and alternative technologies were conducted using the two
one-sided t-test (or “equivalence test”) and classic t-test. Melting temperature and UV absorbance below 300 nm showed dose
dependencies, while other investigated properties such as discoloration and mechanical durability did not change with dose up to
60 kGy. Based on these results, there is no material compatibility issue associated with the transition from gamma to e-beam or to
X-ray as source of sterilization radiation of the studied multi-layer film.

npj Materials Degradation            (2023) 7:93 ; https://doi.org/10.1038/s41529-023-00413-x

INTRODUCTION
Single-use, sterile plastic bags have been used in food and
biopharmaceutical packages with the advantages of low cost and
minimized potential cross-contamination. These packaging mate-
rials are required to be flexible, airtight, watertight, and optically
clear. Multi-layer or polymer blend films have been designed to
meet these requirements.
Sterilization is a critical step to prepare these packages for

microbiological safety. Currently, for the medical devices and
healthcare products that use ionizing radiation for sterilization,
40.5% of products are irradiated with cobalt-60 gamma rays, 4.5%
with electron beams (e-beams), and less than <1% with X-rays1,2.
The rising costs of cobalt-60, along with concerns of safety,
security, and availability, are forcing the transition from cobalt-60
gamma irradiation to other alternatives, namely e-beam and X-ray
irradiation. Regulatory acceptance of these alternative radiation
sources requires testing of the compatibilities of the polymer
products with the alternatives and comparing them to the
compatibilities with the standard cobalt-602,3. Ideally, the ionizing
radiation source should have high microbicidal efficacy but cause
minimal degradation. Studies on radiation microbicidal effective-
ness4,5 and modifications on material properties6,7 have been
reported for limited types of healthcare products, but a dataset of
material compatibilities of common materials is still lacking.
The ionizing radiation can initiate photodegradation of poly-

mers once a chemical bond absorbs the photon energy from
radiation sources and free radicals form from the electronically
excited states8. The free radicals propagate and result in various
chemical reactions depending on the molecular structure and the

ambient conditions9. Scission of polymer chains and crosslinking
are the two main reactions, typically leading to deterioration of
mechanical properties10. In ambient atmosphere, oxidation of
carbon bonds follows the initiation and generate carbonyl species,
which can be detected on Fourier Transform Infrared Spectro-
metry (FTIR). In commercial products, antioxidants and stabilizers
are added to polymeric materials. The polymer itself and the
additives can degrade to cause discoloration, often in the form of
yellowing for initially white or transparent materials11.
In this study, a multi-layer film plastic bag comprising of ethylene

vinyl acetate (EVA) and ethylene vinyl alcohol (EVOH) copolymers
was selected for testing. EVA is a barrier to water and EVOH is a
barrier to oxygen and to carbon dioxide12. The two polymers also
possess excellent durability, low-temperature toughness, and high
optical transmission, and thus are good candidates for medical
encapsulants12,13. EVA is also used in the encapsulation of
photovoltaic modules, whose degradation behavior under UV
radiation is a concern14. Discoloration from light yellow to dark
brown was reported for EVA encapsulants after exposure to heat,
UV and moisture14, accompanied with the broadening of the peak
in carbonyl region (near 1740 cm−1) on FTIR15. Tensile strength and
elongation at break of EVA were reported to decrease dramatically
after 800 h of thermal-UV aging, due to chain scission as evident by
a remarkable drop in molecular weight16. Melting temperature of
EVA increased by 2 °C after 127 kWhm−2 UV exposure at 60 °C, and
by 20 °C after 200 kWh m−2, the latter of which was attributed to
deacetylation which could be considered as chemical degrada-
tion17. The surface of an EVA-based adhesive was modified by
5-min UV treatment where surface energy and wettability increased
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with an increase in oxygen content18. The EVA/EVOH/EVA layered
product irradiated using cobalt-60 gamma ray, e-beam, and X-ray
sources was thoroughly tested (i) to identify photodegradation
during sterilization in terms of discoloration, changes in thermal
and mechanical properties, UV and FTIR spectra, and surface
wettability; (ii) to explore the mechanism for any change in
aforementioned properties if it shows a dose dependence; (iii) to
evaluate material compatibilities of the three sterilization technol-
ogies based on statistical analyses of the material properties. Here
we assume that the microbicidal effectiveness of different radiation
sources is the same at the same radiation dose4,5, and that a
radiation technology would be more compatible if it causes less
material degradation and smaller modification on material
properties.
It was hypothesized that there would be equivalence in the

material properties after exposure to equal doses of the
alternative radiation sources as compared to cobalt-60 gamma
radiation. Statistical tests were performed to evaluate the
hypothesis. When the objective of a statistical hypothesis test is
to conclude that data series are equivalent, an equivalence test
should be utilized19, and such use is described herein.

RESULTS
Spectroscopic, thermal, and mechanical properties of EVA/EVOH/EVA
specimens after gamma ray, e-beam, and X-ray irradiation were
measured and quantified as single-value indices, such as yellowness
index, melting temperature, tensile elongation at break, etc. Using
these single-value properties, comprehensive datasets were con-
structed for statistical comparison between the effects of radiation
source, i.e., whether gamma and alternative technologies (e-beam
and X-ray) cause the same degree of change in these material
properties at the same doses. The answer to this question depends
on the choice of comparison method (such as statistical testing
method) and criteria (such as equivalency criteria or significance
level). Since classical difference tests do not allow concluding parity
in the case that the statistical test does not indicate a significant
difference, equivalence tests were employed on our data to
demonstrate sameness or similarity rather than showing differences
between options. A common procedure used to perform

equivalence analysis is the two one-sided t-test (TOST), which
assumes that two sets of data are not equivalent until sufficient
evidence is accumulated to prove equivalency. When using
equivalence tests, the first step is to specify how large of a difference
between the sets of data would represent a practically important
difference. Smaller differences than the threshold are considered
insignificant when comparing the sets of data and equivalence can
then be concluded.
A set of industrial equivalency criteria provided by the film

manufacturer was proposed for the TOST analysis, as listed in
Table 1, to fill the current lack of standardized criteria of quantified
equivalence limits in terms of polymer properties. Following
industrial equivalence criteria, equivalence can be claimed for
effects of gamma ray versus alternative technologies (e-beam and
X-ray) on total color difference (ΔE), melting temperature (Tm),
glass transition temperature (Tg), Tensile elongation at break and
ultimate tensile strength.
An obvious limitation of the practice of using TOST and

industrial equivalency criteria is that the criteria are summarized
from test data accumulated during years-long research, and are
not always available for all the material properties or metrics of
interest. As a temporary mitigation, t-test with 95% confidence
level was conducted and the results were given in Table 1. Based
on t-test results, the majority of material properties are not
different after gamma vs. e-beam or X-ray irradiation at same
dose, except for two material properties where we cannot
conclude on their equivalences, namely UV absorbance (Abs)
near 280 nm wavelength and Tm.
There is an apparent contradiction on whether the effects of

different radiation technologies on Tm. Based on TOST with
industrial criteria, they were considered equivalent, but t-test
result cannot conclude on the equivalence based on 95%
confidence level. The reason for the different conclusions is
because the 95% confidence level is a much stricter criterion due
to a limited sample size and lack of randomization in t-test
samples. Specifically, the sample size is only 3–6 replicates at each
condition and the material property data used for statistical
analyses were measured on films manufactured and irradiated in
the same batch and using the same instrument. It should be noted
that although t-tests were able to identify subtle differences

Table 1. Statistical testing results to examine equivalence between gamma irradiation vs. alternative technologies (e-beam and X-ray) in terms of
their effects on polymer material properties.

Material Properties Metrics/Datasets Industrial equivalency criteria
for TOST

TOST conclusion based on industrial
equivalency criteria

T-test conclusion (95%
confidence level)

Coloration Yellowness index, YI N/A - ND

Total color difference, ΔE <2 E ND

Thermal Melting temperature, Tm <5 °C E CC

Degree of crystallinity, χc N/A - ND

Glass transition
temperature, Tg

<5 °C E ND

Mechanical Elongation at break, EAB <25% loss E ND

Ultimate tensile strength,
UTS

<35% change E ND

Secant modulus, Es N/A - ND

Tensile toughness, UT N/A - ND

Spectro-scopic UV (280 nm) absorption,
Abs

N/A - CC

Carbonyl index, CI N/A - ND

Surface free energy, SFE N/A - ND

The conclusions of two one-sided t-test (TOST) were based on industrial criteria, and the conclusions of t-test were based on 95% confidence level. “E”: can
claim equivalence at all doses (30 kGy, 45 kGy, 60 kGy). “ND”: not different at any of the three dose levels. “CC”: cannot conclude on the equivalence with the
current dataset. “N/A”: not available.
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between datasets, the ability to draw general conclusion
regarding material compatibilities of sterilization technologies
from the t-test results in Table 1 is limited. The t-test results can
rather be used as a screening check to identify the material

properties that might be more susceptible to a switch in radiation
technology than other material properties. In this study, UV
absorbance near 280 nm and Tm data will be further discussed in
following sections in order to better understand what specific
consequences may result if gamma radiation would be supple-
mented by e-beam or X-ray technology.

UV absorbance
UV absorbance (Abs) values between 200 nm and 800 nm are
plotted in Fig. 1a for the unirradiated film and for the film exposed
to a maximum dose of 100 kGy under X-ray irradiation. In the
optical wavelength range (380–780 nm), the two curves are flat
and almost overlap, where the Abs values in both curves are lower
than 0.23 and their differences are smaller than 0.04 (relative
difference smaller than 18%). This is consistent with UV
absorbance behavior for generic EVA materials, which are
transparent at wavelengths above 350 nm14,20.
Abs values in a more focused wavelength range (260–340 nm)

are displayed in Fig. 1b for all doses and irradiation technologies
where one representative curve out of three replicates is plotted.
The absorbance curve of unirradiated samples exhibits a wedged
peak at 276 nm and a shoulder at 283 nm. The peak and shoulder
shift to a shorter wavelength and become less pronounced as the
dose increases. A comparison of Abs at 276 nm across doses is
shown in Fig. 1c. Abs at 276 nm increases sharply when going
from 0 to 30 kGy (for all three technologies) but increases only
mildly from 30 to 60 kGy (as can be observed for Gamma and
E-beam irradiated samples) or even decreases (in the case of X-ray
irradiated samples). The changes in the shape of UV curve and the
increases in Abs values below 290 nm are related to decomposi-
tion of antioxidants in the multilayer film21. Many such additives
degrade upon irradiation into byproducts22,23 that contribute to
UV spectral changes.
As shown in Fig. 1b, c, the radiation sources resulted in varying

amounts of increase in Abs below 290 nm. Abs of gamma-
irradiated films were highest while those of e-beam were lowest. It
should be noted that the observed increase in Abs below 290 nm
will not necessarily cause malperformance of the irradiated
product, especially when the irradiation doses are lower than
100 kGy which are far below the dose required to cause
photodegradation of bulk polymers24,25. Assuming that the
observed increase in Abs is attributed to degradation of the
additives, the fact that the Abs below 290 nm increased fastest
after gamma irradiation indicates that the alternative technologies
(e-beam and X-ray) caused less degradation of antioxidants than
the conventional accepted technology (gamma) at the same dose.

Melting and relaxation temperatures
Thermal properties of EVA and EVOH components in the
multilayer films were studied in temperature scans by differential
scanning calorimetry (DSC) and dynamic mechanical analysis
(DMA) with tensile fixture. Representative signals are plotted in
Fig. 2 for an unirradiated film. Other DSC and DMA curves of
irradiated films and dose dependencies of thermal properties are
given in the Supplementary Fig. 1.
Features in DSC and DMA plots can reflect certain molecular

events. The characteristic signals in the same temperature range
are compared and interpretated in Table 2. EVA exhibits rich
thermal behaviors including melting and second-order relaxations.
The γ transition typically occurs in the temperature range of
−150 °C to −100 °C in polyethylene (PE) and ethylene copoly-
mers26–28. Schatzki29 proposed the famous “crankshaft” motion
involving four methylene groups as the molecular mechanism for
γ transition. The β transition observed between −40 °C and 10 °C
is also characteristic of semi-crystalline ethylene copolymers and
polyethylene containing structural irregularities such as branch-
ing27,28,30,31. Popli30 and Mandelkern32 attributed the β transition
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Fig. 1 UV absorbance of EVA/EVOH/EVA films. a UV absorbance of
an unirradiated film compared to the maximum irradiation, i.e.,
100 kGy under X-ray, in the full wavelength range. b UV absorbance
in 260–340 nm wavelength of films irradiated at different doses and
technologies. c UV absorbance at 276 nm as a function of actual
delivered doses. On each box, the cross indicates the sample mean,
the central line is the median, the bottom and top bounds of the
box represent the 25th and 75th percentiles, and the whiskers
extend to the extreme values which are within 1.5 times the
interquartile range away from the box bounds.
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to the segmental relaxation of molecules at the interfacial regions
associated with the crystallites. Although the molecular origin of
the β transition is different from that of glass transition, β
transition temperatures (Tβ) of EVA have often been reported as
glass transition temperature (Tg) in literature33–35. None of these
second-order relaxation temperatures showed dependences on
dose or irradiation technologies, as can be seen from Supple-
mentary Figs. 2–4.
It has been reported that Tm and degree of crystallinity (χc) of

EVA are affected by environmental aging16,36,37. In this study, we
observed a decrease in Tm (Fig. 2d) and no change in χc
(Supplementary Fig. 5a) with irradiation dose. Specifically, Tm of
EVA decreased from that of the non-irradiated material by 1–2 °C
with the first irradiation dose (30 kGy), by 3 °C up to 60 kGy, and
did not further decrease when X-ray dose increased to 100 kGy, as
shown in Fig. 2d. Reduction in Tm during irradiation is often
explained by radiation-induced crosslinking in the polymer
amorphous phase that restricts rearrangement of EVA chains
and hinders growth of crystallites38–41. However, crosslinking in
the amorphous phase would cause an increase of Tg

39,42 and a
reduction in heat of fusion (ΔHm) or χc, neither of which was
observed to change with absorbed dose in this study as shown in
Supplementary Figs. 3 and 5. To figure out the possible
mechanism causing a decrease in Tm without changing Tg or χc,
extensive literature studies were performed on semi-crystalline
polymers especially PE and ethylene copolymers possessing
molecular structures similar to that of EVA. Zoepfl et al. reported
a 7 °C decrease in the Tm of high-density polyethylene (HDPE) after
1-MGy irradiation, where crosslinking only induced a decrease in
Tm of less than 1 °C43. It was proposed that the additional 6 °C
decrease in Tm of HDPE was related to the decrease in mean
lamellar thickness and the broadening of lamellar thickness
distribution on recrystallization43. Assuming that the shape of a
melting endothermic peak in a DSC trace reflects the lamellar
thickness distribution, and that the peak location is associated

with the melting of the lamellar of the largest population37,43, it is
likely that the decrease in Tm of EVA observed in Fig. 2d was
caused by a decrease in mean lamellar thickness. In that case, the
effect of irradiation on the melting behavior of EVA is not
remarkable, since the decrease in Tm (3 °C) was much smaller than
the span of the endothermic peak (~50 °C).
Melting of EVOH manifested in the DSC curves as a small peak

around 165 °C since the EVOH layer constitutes only 1.4% of the
thickness of the multi-layer film. The Tm of EVOH decreased after
irradiation but followed different trends for different source
technologies as shown in Fig. 2c. The Tm of EVOH following
gamma irradiation decreased the most with dose, which dropped
by 4~5 °C after exposure to doses of 30~60 kGy. The Tm of e-beam
and X-ray irradiated EVOH films decreased by 2~3 °C at
intermediate doses (30~60 kGy). The decreasing trend of e-beam
data appeared more progressive and more linearly correlated with
dose than the others. The machine sources (e-beam and X-ray)
posed smaller effects on Tm of EVOH than gamma rays at the same
dose levels. The X-ray irradiated films exhibited a 5 °C drop in Tm
of EVOH at 100 kGy, equivalent to 30 kGy gamma irradiation.

Stress-strain response in uniaxial extension
The stress-strain behavior of EVA/EVOH/EVA films exhibited
anisotropy in tension. Such anisotropic response was related to
semi-crystalline structure of the ethylene copolymer, and was also
observed in a previous study on the same materials44. As shown in
Fig. 3, specimens tested in the film machine direction (MD)
exhibited higher stiffness and earlier breakage than specimens
tested in the transverse direction (TD). The anisotropy is typical for
blow extruded semi-crystalline polymers44,45. In the blowing
process, chain orientation can occur in the melt state under shear
stress, but can also relax before cooling to the crystallization
temperature45. For the particular specimens studied in this work,
no preferred orientation of crystals was observed prior to tensile
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tests from SEM images44, indicating that chains were fully relaxed
to an isotropic state before folding themselves into lamellae.
Four characteristic regions could be found in the tensile

responses as shown in Fig. 3, including an elastic deformation
region before point (I), double yielding points at (I), a plateau
region between (I) and (II), and a strain hardening region between
(II) and (III). TD and MD specimens in their respective elastic and
strain hardening regions exhibited similar behaviors. Double
yielding labeled by points (I), instead of a sharp or well-defined
yield point, was observed for both MD and TD specimens. The
double yielding or a diffused yield region has been reported for
polyethylene46–48 and ethylene copolymers44,49,50. Bifurcation in
stress-strain curves of MD and TD specimens was most apparent in
the yield and post-yield regions, between point (I) and (II) in Fig. 3.
A plateau existed for TD specimens ranging from below 100% to
300% strain where the stress was approximately constant at
6 MPa, but such a plateau was absent for MD specimens. Two
mechanisms are found in literature to explain the plastic
deformation of semi-crystal polymers in yield and post-yield
regions. The first involves crystal block shearing, slipping, and
lamellar fragmentation47,51,52. The second mechanism considers
semi-crystalline polymers as a network with amorphous chains
confined in a lamellae skeleton, where partial melting and

recrystallization could be induced by stress in the post-yield
region48,53. Despite the debate in mechanisms, the absence of a
plateau region in MD specimens indicates that a certain degree of
plastic deformation had occurred before tensile testing so that the
material directly entered the strain-hardening region after yield. A
possible pre-test deformation history of MD specimens could
include drawing and rolling at a temperature below Tm.
From the stress-strain curves, mechanical properties including

ultimate tensile strength (UTS), tensile elongation at break (EAB),
secant modulus (Es100%), and tensile toughness (UT) were
calculated for TD and MD specimens separately, and compared
to evaluate the material compatibilities of radiation technologies
in Supplementary Figs. 6–9. UTS and Es100% of irradiated samples
were higher than those of unirradiated samples, but the
increasing trend was not monotonic with respect to dose. EAB
was observed to decrease with dose and the amounts of decrease
was larger for TD samples. The phenomena were consistent with
the assumed mechanism for the decrease in Tm, i.e., a decrease in
mean lamellar thickness upon recrystallization, which would allow
the molecular chains more closely packed and to contribute to
macroscopic stiffness. Likewise, and according to TOST results
listed in Table 1, equivalence can be claimed for effects of gamma
vs. e-beam and X-ray irradiations on UTS and EAB, while the
changes in Es100% and UT induced by gamma vs. e-beam and X-ray
were not different based on t-test results.

Other material properties
In addition to the UV absorbance, thermal, and mechanical
responses discussed above, material properties and indicators
sensitive to polymer structure modification were also investigated,
such as yellowness index, total color difference, carbonyl index,
and surface free energy. Results are shown in the Supplementary
Figs. 10–12. These properties did not change significantly with
irradiation up to 60 kGy. There was also no difference between
gamma and e-beam or X-ray irradiation on these properties.

DISCUSSION
Material compatibilities of the EVA/EVOH/EVA multilayer films with
gamma, e-beam, and X-ray irradiations were examined via tensile
tests, thermal analysis, UV-Vis and FTIR spectroscopy, discolora-
tion, and surface energy. Signature thermal behaviors of a semi-
crystalline ethylene copolymer were observed from temperature
scans on DSC and DMA, including β and γ relaxations and melting.
Stress-strain curves obtained from uniaxial tensile testing exhib-
ited anisotropic responses, where a plateau ranging from 100% to
300% strain in between yielding and post-yield hardening regions
was observed for TD samples but not for MD samples. The
anisotropy in tensile responses was associated with blown

Table 2. Interpretations of characteristic signals on DSC and DMA temperature scan responses.

Temperature Range (°C) DSC signal DMA signal Molecular origins

−130 to −100 Slope change in baseline
(ΔCp > 0.5 J−1g−1 °C)

E” and tanδ peak
(truncated)

γ transition (relaxation of methylene groups)28,31,62,63

−40 to 0 Slope change Broad E” and tanδ peaks β transition, glass transition (segmental relaxation
within interfacial region)28,30–32,64

Near 15 - Tanδ shoulder Relaxation of rigid amorphous fraction63,65

40 to 50 Endothermic peak in the first heating
cycle

- Melting of imperfect EVA crystals62

Near 90 Broad endothermic peak Onset of softening EVA melting

Near 110 Small endothermic peak - PE melting*

Near 165 Small endothermic peak - EVOH melting

*PE is used as a tie layer between EVA and EVOH layers in the multilayer film studied.
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machine direction (MD) and in the transverse direction (TD). One
curve out of five repeats was plotted at each dose.
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extrusion process. While most material properties did not change
with dose, UV absorbance (Abs) in short wavelengths (λ < 290 nm),
Tm of EVA and Tm of EVOH were found most sensitive to
irradiation. Mechanical properties especially EAB were slightly
altered by irradiation. The changes in thermal and mechanical
properties were attributed to a decrease in mean lamellar
thickness by radiation, while Abs increased as by-products
accumulated from degradation of antioxidant additives. No
photochemical degradation of the polymer matrix was observed
up to 60 kGy of irradiation.
According to TOST results where industrial equivalence criteria

were available, all five material properties were equivalently
affected by the accelerator-based radiation technologies (e-beam
and X-ray) and the more commonly used radioisotope technology
(gamma), as listed in Table 1. Equivalency criteria were defined
only on independent results (e.g. no criteria for toughness which
combines both UTS and EAB behaviors). No equivalency criteria
can be defined for spectroscopic data as well. It means that 5 out
of 12 measurements can be treated independently with TOST. A
parallel conclusion regarding material compatibility was investi-
gated based on the classic t-test results, and the current
conclusion is that the changes in all investigated material
properties, except Tm and Abs, caused by e-beam and X-ray and
the changes caused by gamma irradiation were not different. Abs
in short wavelengths (λ < 290 nm) and melting behaviors were
examined more closely as t-tests did not determine with current
datasets if effects of the technologies on these two properties
were equivalent (see Table 1). However, as described in Results
section, changes in short-wavelength Abs and in Tm of EVOH
caused by e-beam and X-ray were milder than those caused by
gamma at the same dose, which indicates that e-beam and X-ray
would induce less modifications of the investigated multilayer
films, and supports viability of e-beam and X-ray as alternative
options to gamma for radiation sterilization. Changes in Tm of EVA
induced by irradiation (<3 °C) were most probably caused by a
decrease in mean lamellar thickness, and were insignificant
compared to the broadness of the melting peak (50 °C from
onset to endset). In summary, there is no barrier to replacing
cobalt gamma with alternative technologies of e-beam or X-ray for
sterilizing the EVA/EVOH/EVA films based on the material
compatibilities investigated in this study.
When the objective of a statistical hypothesis test is to conclude

that groups are equivalent, an equivalence test should be utilized,
such as the two one-sided t-test (TOST)54. An equivalence test
forces identification from a practical perspective of how large of a
difference is significant and puts the burden on the data to reach
a conclusion of equivalence. The design of an equivalence test can
be challenging because the analyst must define an acceptance
criterion on the basis of prior knowledge of the measurement as
well as its intended application55. In addition to the acceptance
criteria proposed in Table 1 and by Tavlet et al.56, there remains a
need for criteria, industrial standards, and quantified acceptance
limits in terms of material properties to guide the procedure of
using alternative technologies for sterilization or for other
comparison purposes. The CERN56 proposed initial categorization
of radiation resistance with a criterion of 50% loss in elongation at
break (EAB). The Association for the Advancement of Medical
Instrumentation (AAMI) technical information report (TIR 17)24 is
another source of guidance, wherein the criterion for material
compatibility considers 25% EAB reduction24. Criteria in terms of
other common material properties sensitive to polymer degrada-
tion such as yellowing and carbonyl index change were not found.
To further dive into mechanistic insights, relations between the

molecular structure and measured material properties should be
verified. For example, directly measuring crystal orientation and
lamellar thickness by imaging techniques could help reveal the
changes in crystal morphology induced by irradiation.

METHODS
Material
The samples are multilayer films composed of ethylene vinyl
acetate (EVA) layers sandwiching an ethylene vinyl alcohol (EVOH)
layer, commercially known as S71 film provided by Sartorius Stedim
FMT S.A.S. Figure 4 shows the sandwich structure and thickness of
each layer, being 320 μm/5 μm/35 μm for EVA/EVOH/EVA. Poly-
ethylene (PE) is used as tie layer between EVA and EVOH layers. The
EVOH layer contains 56mol% vinyl alcohol. The direction along
which the film was blow extruded is denoted as the “machine
direction” (MD), whereas the “transverse direction” (TD) is
perpendicular to machine direction.

Radiation processing
EVA/EVOH/EVA samples were pre-cut before irradiated in gamma,
e-beam, and X-ray facilities. Before irradiation, samples were
packed and wrapped in 100 ± 20 μm thick packaging bags made
of polyethylene (PE)/polyamide (PA)/PE so that a partial vacuum,
though not controlled, was formed. Packaging bags were not
degassed and therefore contained some level of oxygen around
samples. The bags were thermo-sealed, placed in a cardboard box,
and then irradiated. After irradiation and before material testing,
the cardboard box was stored in the dark room. The temperature
of the dark room was controlled at 23 ± 2 °C. The doses delivered
to sample surfaces are given in Table 3.
Gamma irradiation was carried out at room temperature

(approximately 40 °C) with a cobalt-60 source at Ionisos (Dagneux,
France) with an average dose rate of 1–2 kGy/h. Multiple
sterilization cycles were performed to obtain target doses, the
waiting time between which as well as the storage condition were
not controlled. The actual delivered dose (absorbed dose to water)
was measured using calibrated alanine dosimeters on a cardboard
box simulating the irradiation geometry of the samples. The
uncertainty in the provided dose values for samples is approxi-
mately ±5% at the 95% confidence level. Standard practice
ISO/ASTM 51702 was followed as applicable57.
The e-beam irradiation was performed using two 10MeV, 20 kW

Mevex accelerators at Steri-Tek (Fremont, California, USA). The
sample packaging was oriented perpendicular relative to the

Fig. 4 Structure of EVA/EVOH/EVA multilayer film sample. The
samples used in this study are multilayer films composed of
ethylene vinyl acetate (EVA) layers sandwiching the ethylene vinyl
alcohol (EVOH) layer. The thickness of each layer is 320 μm/5 μm/
35 μm. Polyethylene (PE) is used as the thermoplastic tie layer
between EVA and EVOH.
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incident radiation beam58, and the average dose rate is estimated
to be approximately 3 kGy s−1. The ambient temperature during
irradiation is estimated to be approximately 25 °C. Calibrated
model B3 dosimeters were used on cardboard boxes simulating
the irradiation geometry to assess the radiation delivered to the
film samples (absorbed dose to water). Standard practice
ISO/ASTM 51649 was followed as applicable59.
X-ray irradiation was performed with a 7 MeV Rhodotron

accelerator at Aerial (Strasbourg, France) with an average dose
rate of 15 kGy h−1 using double-sided irradiation, and an
estimated ambient temperature of approximately 35 °C. Alanine
dosimeters (calibrated in terms of absorbed dose to water) were
placed on the actual samples. Standard practice ISO/ASTM 51608
was followed as applicable60.

Tensile test
Tensile tests were performed following ASTM D882 and ISO 527
standards. Force was measured on an Instron Model 4943
universal test machine equipped with 1 kN load cell and
pneumatic grips. Each specimen was 100mm× 25mm× 0.36mm.
Serrated grips were mounted 25mm from each end. The initial
distance between grips was 50 mm. A small preload of 1.5 N was
applied with a pull rate of 3 mmmin−1. Strain was calculated from
the video recorded on a Canon EOS Rebel T7i digital camera. Four
dark lines across the width were painted on the specimens for
pixel strain calculation. To enhance video extensometry results, a
white background was placed behind the specimen. The nominal
pull rate was 5 mmmin−1 for the first 2% and 500mmmin−1 for
the remaining of the experiment until the specimen broke.
Elongation at break (EAB), ultimate tensile stress (UTS), and
toughness (UT) were determined from the last point before
breaking. Secant modulus at 100% strain (Es100%), instead of
Young’s modulus, was reported due to lack of Hookean region on
the stress-strain curve. The yield point conventionally defined as
δσ/δε= 0 or by an offset yield method was not applicable.

Differential scanning calorimetry (DSC)
Thermal properties were measured using a Differential Scanning
Calorimeter (DSC, TA Instruments Q2000). Approximately 5 mg of
specimen was sealed in a Tzero pan. Between −140 °C and 200 °C,
a cyclic heating-cooling-reheating protocol was used to ensure
consistent thermal history. The heating and cooling rates were
10 °C min−1. Thermal properties were extracted from the second
heating ramp. Relaxation temperatures, including the glass
transition temperature (Tg), were determined as the midpoint of
a step change in heat flow. Melting temperatures (Tm) were
determined from endothermic peaks. Degree of crystallinities (χc)
of EVA and EVOH were calculated as the ratio of heat of fusion
(ΔHf) measured on endothermic peaks to heat of fusion of 100%
crystalized PE and polyvinyl alcohol (PVOH) (ΔHf

0), being
290 J g−1 61 and 156.2 J g−1 61 respectively. The ΔHf

0 of PE was
used to calculate χc of EVA since only ethylene segments in EVA
can crystallize and polyvinyl acetate (PVA) does not crystallize.
Ratio of heat of fusion was normalized by thickness (t) of each
layer, which was proportional to mass assuming density of EVA
and EVOH layers were the same.

Dynamic mechanical analysis (DMA)
Dynamic mechanical analysis (DMA, TA Instruments Q800) was
used to determine relaxation temperatures such as Tg. Temperature
readings of DMA were calibrated with a thermometer at 22.8 °C and
by the melt of Indium at 156.6 °C. Specimens pre-cut into
30mm× 6mm× 0.36mm were mounted in a tension geometry.
The distance between clamps was approximately 15mm. A
temperature scan from −140 °C to 110 °C at 2 °C min−1 was
performed, with an oscillation amplitude of 0.1% strain and a
frequency of 1 Hz. An underlying force was used to keep the
specimen taut, being 10 N at the lowest temperature and
decreasing at higher temperatures as proportional to measured
stiffness. β and γ transition temperatures were determined from
tanδ peaks.

UV-Vis spectrometry
UV-Vis transmittance (T) at 200–800 nm was measured on an
Agilent Cary 5000 UV-Vis-NIR spectrophotometer with solid
sample accessory. Absorbance (A) was calculated based on Eq. (1).

A ¼ log10
1
T

(1)

Tristimulus colors in terms of CIE 1931 XYZ were calculated from
visible spectrum (380–780 nm) following Eqs. (2)–(5) with para-
meters at 5 nm interval provided in ASTM E308. CIE 1967 L*a*b*
color space is converted from XYZ values in MATLAB xyz2lab
function. Single-value matrices, including yellowness index (YI)
and total color difference (ΔE*ab), were obtained based on Eqs. (6)
and (7).

X ¼ k
X

λ

R λð ÞSðλÞxðλÞΔλ (2)

Y ¼ k
X

λ

R λð ÞSðλÞyðλÞΔλ (3)

Z ¼ k
X

λ

R λð ÞSðλÞzðλÞΔλ (4)

k ¼ 100=
X

λ

SðλÞyðλÞΔλ (5)

YI ¼ 100 CXX � CZZð Þ
Y

CX ¼ 1:2985

CZ ¼ 1:1335

�
ðD65; 1931Þ (6)

ΔE�ab ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
L� � L�ref
� �2 þ a� � a�ref

� �2 þ b� � b�ref
� �2

q
(7)

Fourier transform infrared spectrometry (FTIR)
Absorbance at 4000–500 cm−1 was measured on a Fourier
Transform Infrared (FTIR) Spectrometer (Bruker Alpha II) with an
attenuated total reflection (ATR) accessory. Four locations on each
specimen were tested with 64 scans at a resolution of 4 cm−1.
Carbonyl index (CI) was calculated based on Eq. (8) as a ratio of
absorbance of carbonyl groups (AC=O) and hydroxyl groups (AC-H),
peak values of which were found in the range of 1650–1830 cm–1

and 1400–1510 cm−1 respectively.

CI ¼ AC¼O

AC�H
(8)

Surface free energy
Surface energy measurements were performed using a Krüss
Mobile Surface Analyzer (MSA) equipped with ADVANCE software
and diiodomethane (Thermo Scientific; >99% purity) and distilled

Table 3. Doses delivered to surface of films. “N/A”: not available.

Target Dose (kGy) Gamma (kGy) E-beam (kGy) X-ray (kGy)

30 29.9 ± 1.3 31.0 ± 1.6 33.2 ± 0.4

45 44.4 ± 0.2 47.0 ± 2.4 45.3 ± 0.6

60 60.9 ± 0.8 59.0 ± 3.0 59.8 ± 1.1

100 N/A N/A 98.9 ± 0.7
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water syringes. Measurements were performed in quintuplicate
using the double sessile drop program and an unmodified version
of the automation program provided with the ADVANCE software.
Droplet size (2 μL target) was calibrated every 10 measurements.
Contact angles were measured using the automatic baseline
function and the ellipse (tangent−1) fitting method. Erroneous
contact angle measurements were corrected by the manual
baseline method. Surface free energy was calculated using the
Owens, Wendt, Rabel, and Kaelbe (OWRK) method with a
correlation coefficient of 1.00. Additional parameter accounting
for microscale surface roughness was not used in this work.
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